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Motivated by the discovery of superconductivity in the two-leg, quasi-one dimensional ladder
compound, BaFesSs we present a renormalization group study of electrons moving on a two leg, two
orbital ladder, subjected to Hubbard repulsion U and Hund’s coupling J. In our calculations, we
adopt tightbinding parameters obtained from ab-initio studies on this material. At incommensurate
filling, the long wavelength analysis displays four phases as a function of 0 < J/U < 1. We show
that a fully gapped superconductor is stabilized at sufficiently large Hund’s coupling, the relative
phases at the three Fermi points are “+,--”. By contrast, when the system is tuned to half filling,
Umklapp scattering gives rise to Mott insulating phases. We discuss the general implications of our
study for the broad class of iron-based superconductors.

PACS numbers: 75.50.Bb, 74.70.Xa, 71.10.Pm

I. INTRODUCTION

The origin of the superconducting phase of iron pnic-
tides and iron chalcogenides remains an open and fas-
cinating puzzle. The robust nature of iron-based super-
conductivity, found in both tetrahedral iron-pnictide and
iron-selenide structures, despite a wide variation in Fermi
surface geometries and crystal structures, is particularly
striking[1—4]. The transition temperatures appear to be
broadly independent of whether the particular compound
displays hole pockets, electron pockets or both types of
carrier. In view of substantial on-site Coulomb repul-
sion, this makes the quest for a generic pairing mecha-
nism particularly challenging. Moreover, superconduc-
tivity has been reported in systems in both tetragonal
and orthorhombic phases.

A particularly exotic example of this superconduct-
ing robustness within the zoo of iron-based materials is
BaFeyS3 under pressure [5]. While the sulfide shares the
same staggered tetrahedral structure as its quasi-two di-
mensional (q2D) cousins, with a band of delocalized d-
electrons forming between Fe?t ions, here the tetrahedra
are organized into two-leg ladders, forming a quasi-one
dimensional (q1D) structure (see Fig. 1). One of the fas-
cinating aspects of this system, is that it opens up the
possibility of analyzing the physics of iron based super-
conductivity using the powerful tools of one-dimensional
renormalization group and bosonization.

The experimentally observed phase diagram [6—8] re-
sembles that of q2D materials, with a superconducting
dome developing at the end point of an antiferromag-
netic (AF) phase. A further analogy is the ”stripe” or-
dering of spins, in the ladder system this corresponds to
a ferromagnetic ordering on the rungs and AF ordering
along the legs [5]. On the other hand, a major difference
between BaFesS3 and the 2D materials is the insulat-
ing nature of the antiferromagnet, which contrasts with
the bad metal behavior in more conventional materials.

FIG. 1. (a) Ladder structure of BaFe;S3 shown running
along Z axis, with sulphur tetradhedra (gold) surrounding
iron atoms (blue). (b) Staggered antiferromagnetic “stripe”
structure along ladder in magnetic phase at ambient pressure
(c) Following ab-initio calculations [9, 10] we consider an effec-
tive two-orbital tight model composed from the d,2_,2 = |a)
orbital and a |b) orbital composed of a superposition of dg.
and dg, orbitals.

Three years after the discovery of superconductivity in
BaFe;S3 theoretical studies of this novel superconductor
are still relatively sparse. Two groups [9, 10] reported
ab-initio calculations extracting an effective two orbital
tight binding model. The dispersion relation in ladder
direction and the orbital content near the Fermi surface
(see also Fig. 4) [11] qualitatively agree in both studies.
A rough summary of energy scales follows: the Hubbard
U ~ 3¢V, the bandwidth (intraladder hopping) A ~ 2eV/,
the Hund’s coupling J ~ 0.5eV, the interladder hopping
t, ~ 0.25eV. The effects of interactions on this com-
pound are discussed in Ref. [9] based on the analysis of
the Lindhard function, while the authors of Ref. [10] in-
vestigate the interplay of Hubbard and Hund’s coupling
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FIG. 2. Phase diagram and critical temperature as a function
of U. As explained in the main text, the nature of the ground
state depends on the ratio J/U, only. The numerical solutions
of the RG equations presented here were obtained for Fermi
velocities as defined by Fig. 4. Panel a): Phase diagram for
three values of U/A, data points are marked by dots (C352),
squares (C2S1a), diamonds (C2S1b) and triangles (C1S0) cor-
responding to four different phases in ascending order of J/U.
Panel b): The critical temperature T.(U) associated to the
instability of RG equations. Straight solid lines are obtained
using Eq. (13) with 7¢(A) as the only numerical input, addi-
tional numerical solutions are again presented as dot, square,
diamond and triangle, respectively. We used A = ¥/a and as-
sumed A ~ 1eV to estimate T. in Kelvin on the right vertical
axis.

using density matrix renormalization group. Both papers
correctly reproduce the ”striped” AF state, which was
also reported in earlier density functional theory stud-
ies [12]. A slave spin approach [13] based on the tight-
binding model of Ref. [9] reveals orbital selective correla-
tions. The first order, pressure induced magnetic transi-
tion was recently scrutinized [14] for BaFeoS3 and related
materials. We note that stripe order may also be under-
stood in terms of a J; - Jo AF Heisenberg model: As soon
as the diagonal coupling Jo exceeds .J;/2, stripe order
is energetically favored over a Néel-type order[15]. Su-
perconductivity is discussed qualitatively in Ref. [9] and
the calculation of Ref. [10] indicates a pairing tendency
in hole doped systems at sufficiently strong interactions.
In a recent follow-up [16], the same group reports pair-
ing tendencies in single-leg chains with the same orbital
content and the importance of Hund’s coupling was em-
phasized. It is important to realize, that density matrix
renormalization group studies for multi-orbital Hamilto-
nian are numerically costly and thus restricted to small
systems.

Motivated by these recent experimental and theoreti-
cal advances, here we present a weak-coupling renormal-
ization group study of a two-orbital, two-leg ladder with
on-site Hubbard and Hund interactions. The orbital con-
tent of Fermi-surface excitations is chosen in accordance
with Refs. [9, 10] and we employ the same tight binding
parameters as in [10] to determine the Fermi velocities
at three pairs of Fermi momenta. A crucial step in our
approach, is the reformulation of the onsite Coulomb and
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FIG. 3. Schematic summary of the RG flow obtained numer-
ically in Figs. 8-11 of the Appendix. At the initial stage, cou-
pling constants flow towards a quantum critical point (QCP),
which in the present 1D study is just a spinful Luttinger liquid
(LL) with three charge and three spin modes (C3S3). Near
the QCP, the flows diverge towards four possible attractive
fixed points (phases), discussed in Fig. 2. At intermediate
J/U, the RG flow approaches the QCP very closely, it there-
fore slows down and 7T is suppressed in the phases C2S1a and
C2S1b.

Hund’s interactions as a set of eighteen interaction pa-
rameters g, (u € (1,18)) defining the strength of inter-
action between the left and right moving spin and charge
currents in the various orbitals. From this formulation,
we are able to construct a set of coupled RG equations
that have the general form

W) s )00, m
Y

where y = In A is the logarithm of the energy cut-off. Our
analysis of coupled RG equations for the ladder model is
the 1D analog of the parquet-RG approach to q2D iron
based superconductors [17-19] and, being a weak cou-
pling - long wavelength study it provides a complimen-
tary perspective to the strong coupling DMRG compu-
tations on finite ladders [10].

The key result of our paper is the identification of four
stable ground-state phases which fan out from a central
quantum critical point described by a gapless Luttinger
liquid (LL). Crucially, it is the strength of the Hund’s
coupling which tunes between the four phases. (see fig-
ures 2 and 3). Moreover, by analyzing the effect of
umklapp scattering at half-filling we can show that these
phases emerge from a Mott insulating phase that devel-
ops at half-filling.

To characterize the excitation spectrum of these
phases, we have used bosonization to perform a semi-
classical strong-coupling analysis which permits a charac-
terization of the gapless modes that dominate the quasi-
long-range order. Following the convention of 1D ladder
systems, we use the notation “CmSn” to describe a phase
with m gapless boson modes in the charge sector and n
gapless modes in the spin sector. The four stable phases
can be summarized as follows:

e C1S0 (J/U > 0.55) Orbitally selective singlet su-



perconductor, characterized by strong intraband
pairing with relative phases +, —, — on the three
Fermi momenta.

e C2S1b (J/U € [0.45,0.55]) Singlet, equal sign, in-
traband superconductor at two Fermi momenta de-
coupled from a LL at the third Fermi momentum.

e C2Sla (J/U € [0.18,0.42]) Orbitally ordered
charge density wave decoupled from a LL.

e C352 (J/U < 0.18) Long range superconduct-
ing and charge density wave correlations stemming
from one out of the three Fermi momenta.

The structure of the paper is as follows: The micro-
scopic model is introduced in Sec. I1, the RG analysis and
the discussion of the rich phase diagram are presented in
Sec. I1I. We conclude with a summary and outlook. Full
details on the model and the RG calculation are included
in the appendices A and B.

II. MODEL

In this section we present the model under investiga-
tion. At each rung of the ladder, see Fig. 1, there are
eight degrees of freedom: the chain index 7 = 1,2, the or-
bital quantum number v = a, b and the spin z-component
o =1,]}. The corresponding electron annihilation opera-
tor at site j is then written d.(j). We incorporate the
chain and orbital indices into a four-component spinor,
defined for each site j and spin component o as follows:

diao (J )

inli) = | a0 | @
d2b0(.j)

A. Kinetic term

The dispersion relations presented in Refs. [9, 10] are
qualitatively similar to Fig. 4. For details of the tight
binding model see Appendix A 1. The important, robust
features of the model are as follows:

1) In the interval k € [0, 7], there are two Fermi points of
right movers at kr, ki1 and one left mover at —kyy;. For
each of them, time reversal symmetry imposes Fermi
points of opposite velocity at the reversed momentum.

2) The excitations near ky; and krpp are even parity un-
der reflections in the mirror plane running along the
ladder (Y — —Y), whereas the excitations near k; are
odd-parity under this reflection.

3) The excitations near +kj; or £k approximate pure
orbital states a and b respectively, while excita-
tions near +k; are in an orbital superposition (|a) +

i[0))/V2.

4) At half-filling the integration over filled states implies
k1 + ki + ki = 0 (we took into account that crystal
momenta of 0 and 27 are equivalent).

In the continuum limit, this motivates an expansion in
low-energy modes. For convenience, we label the continu-
ous position along the chain by x; = aj and set the lattice
constant @ = 1 everywhere in the paper. (Note that by
using x, we have tacitly rotated the co-ordinate system
relative to Fig. 1 and introduced (z,y,z) = (Z,X,Y)).
In the continuum limit, we can factor out the rapidly
varying components of the electron field, and decompose
it into right (R) and left (L) moving components as fol-
lows:

do(z) = Y [e*"Wgall, () + e *orWhaf, (x)] (3)
BE[LIIT)

where ag(;L(a;) corresponding to right and left-moving
components of the fields and the three Fermi momenta
are kg = (kr, ki, kir). The spinor components of the
wavefunctions are

1/2
() 2 (e) - |42

o, —i/2
e (12),(4), )
0

(1)) 4]

The kinetic part of the long-wavelength Hamiltonian is
then

Hgn = —Z'U,g/dx [agavaago - aéoTvxa[ga - ()

where we use an index notation for summation over the
repeated variables § = (I, II, III) and o = (1,}). The
Fermi-velocities vy 1,1 as well as the values k1 are
non-universal and may continuously vary as a function
of the microscopic parameters.

B. Interaction terms

We assume a simplified model of onsite Hubbard and
Hund interactions, Hine = >_; Hy (j) + H(j), where the
interactions at each site are

Ho() = 5 3 oo nrror (), (60)
Hy(j) =47 Sra(h) - Sr(4), (6b)



FIG. 4. Dispersion relation using the tight binding pa-
rameters determined in Ref. [10] for an applied pressure of
12.36 GPa and including next-nearest neighbor hopping. The
dashed (solid) curves correspond to states which are sym-
metric (antisymmetric) under y — —y reflection and at the
avoided crossing at k =~ 7/3 (k = 0) the orbital character of
the eigenstates changes. For the symmetric states, we use
dark green to represent orbital |a) and blue for |b). For
the antisymmetric states the superposition [|a) 4 i[b)]/v/2
([|@) — 4 |b)]/v/2) is represented in red (cyan).

where the summation symbol 3" excludes (vy,0) =
(#',0’) and we have introduced density and spin oper-
ators, defined as follows:

erad) = L (0o (), g
S0 =S o) (§) drrl) ®

More complicated Hubbard-Kanamori interactions with
non-equal intra- and interorbital repulsion do not alter
the main conclusions of our study and are therefore dis-
cussed in Apps. A 2 and B5. In the continuum limit, it is
useful to represent the interaction term in terms of scalar

ap(@) =) al, (@) ag,(x),  (re{R.L}) (9)

and vector currents

)

Too@) = Y ai @) (3) | abot)  (0)

involving states near the Fermi points «, 5 = I, II, III.
Writing Hi,e = [ daHin(2) in terms of the Hamiltonian
density, then

Hint () = &5 T (2) T () + f2 3T () T4 ()
~ s T8 @) Th(@) + Fs TR @) - Thy(@)]
(11a)

where we have used an index summation on the indices
a, . The bare interaction constants are given by

033
~£B:g 304 , (11b)
8 340)
g [0t 011
Fe=5 100 +s(102]) | (110
100/, 120)
811 300
agﬁ:% 140 ,% 000 ,(11d)
104) 000/,
g (011 100
Eo=5|(140] +J(000) . (i)
104/ 000/,

see Appendix A 2 for derivation.

By convention [20], the diagonal elements of forward
scattering amplitudes fag are chosen to vanish and are
absorbed into the Cooper channel constants ¢,g. Com-
pletely chiral interactions of the form (J%)aa(J%)ss
will also be disregarded since they are not renormal-
ized and do not renormalize the above couplings at one
loop order. Formally, the itinerant approach assumes
v=7,va/3>U/(2m) and we consider U > J.

C. Umklapp scattering

The effective low-energy Hamiltonian presented above
is restricted to two-body interactions, which are marginal
operators. Interactions involving a higher number of
fermionic operators are generated during RG but are ir-
relevant near the non-interacting fixed point and there-
fore usually disregarded. However, as the strong coupling
regime is approached such terms can become relevant.

An example of such a three-body interaction that en-
codes qualitatively new physics is given by umklapp scat-
tering. It develops at commensurate filling, only, by
means of the processes represented in Fig. 5. In the
present model umklapp scattering is a three body inter-
action even at half filling in view of the aforementioned
constraint Zgil kg = 0: Three right movers, one for
each Fermi point, have to conspire and collectively trans-
fer twice their total momentum (a crystal momentum) to
the lattice. The difference between our model and more
conventional Hubbard models, where umklapp scatter-
ing is typically a two body interaction, derives from the
detailed band structure of Fig. 4.

Umklapp scattering implies the following terms, see
Fig. 5

111
Rt L —i2k
Humklapp ~ —Jqu H (aﬁggaﬁ‘75> e erBT —+ H.c.
B=I
(12)
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FIG. 5. For the model defined by Fig. 4, the umklapp pro-
cess at half filling is a three body interaction. On the tree
level, such processes are generated by means of two-body in-
teractions and involve one virtual state away from the Fermi
energy. Note that momentum is conserved modulo an inverse
lattice vector only. This diagram indicates that the bare cou-
pling is of the order U?/3.

Note that momentum is conserved only modulo the re-
ciprocal lattice vector 2. For the present model, there
is a multitude of such interactions which differ by dissim-
ilar spin indices (only the total spin is conserved). All of
them have bare coupling constants gy ~ U? /v.

IIT. RG ANALYSIS AT INCOMMENSURATE
FILLING

In this section we present the RG analysis for the model
defined in the previous section. We first concentrate on
the case of incommensurate filling.

The low-energy theory introduced above is analogous
to that of a three leg ladder [21-23], albeit with rather
anisotropic interactions. It is known that the 18 in-
dependent parameters ¢g ¢ and fg 7 form a closed set
of running coupling constants under one-loop RG. The
RG equations for a generic N-leg ladder were derived in
Ref. [20]. Collecting the coupling constants into a sin-
gle eighteen component vector g,, = (¢, fgﬁ, s fgﬁ)”,
the RG equations have the form of Eq. (1). Physically,
the logarithmic scale factor y = In(A/T) is determined
by the ratio of the UV cut-off A ~ v and temperature 7.
The detailed form of the structure factors f,,, is given
in App. B. Typically, the coupling constants diverge at
a characteristic scale T.. As a working definition we as-
sociate this scale with the onset of a symmetry broken
phase, bearing in mind that strictly speaking, the di-
vergence of one-loop RG in 1D marks the onset of the
strong coupling regime and the development of gaps in
some parts of the spectrum. In view of the simple struc-
ture of one-loop equations (1), the critical temperature
T.(U) has the following functional form (see App. B)

T.(U) = A (T?AJ . (13)

The reference scale T..(A) depends on J/U, therefore both
the magnitude of U and of J/U determine the scale of the
instability. In contrast, rescaling of the running scale and

>

coupling constants demonstrates that the phase diagram
depends on the ratio J/U, only.

The RG equations were solved numerically using start-
ing values defined by Egs. (11) and Fermi velocities
v1 &= 0.80eV, v = 0.86eV, vip =~ 0.57¢V as obtained from
Fig. 4, restricting the values to the range J/U € [0,0.8].
We considered a large variety of U/v € [0.02, 10], all lead-
ing to the same phase diagram as presented for three ex-
emplary values of U/? in Fig. 2. As we have mentioned
above, the Fermi velocities are non-universal and depend
on the chosen microscopic parameters. Therefore, a dif-
ferent set of Fermi velocities is explored in Appendix B,
yielding similar results.

Our analysis identifies four different phases, as illus-
trated in figures 2 and 3. The distinguishing character-
istic of each phase is the set of coupling constants that
diverges and the signs of the divergences. Near the phase
boundaries, large finite values and true divergencies are
numerically indistinguishible, leading to minor numerical
uncertainties in Fig. 2. In three out of four phases, several
coupling constants diverge at the same scale preserving a
finite, often universal, ratio. We derive these fixed ratios
analytically, they imply an enhanced symmetry|[24] at the
attractive fix point and a connection to the integrable
Gross-Neveu models discussed below. To determine the
physical meaning of the phases, we bosonize the degrees
of freedom

oL o VT (Pa,0E00,0) (14)

a,o

and perform a semiclassical strong coupling analysis near
the instability. The latter allows to characterize gapful
bosonic modes and to classify the operators displaying
quasi-long range order. Following the lingo of 1D lad-
der systems, we use the notation “CmSn” for a phase
with m (n) massless bosons in the charge (spin) sector.
Details on this procedure can be found in Appendix B.
Here we summarize its outcome and discuss the phases
in ascending order of J/U.

A. Phase C3S2

For small Hund’s coupling J/U < 0.16 only &7, di-
verges towards negative infinity (attraction in the Cooper
channel), while all other coupling constants remain fea-
tureless. This is due to the small starting value of ¢f; = J
which places the system close to a Cooper instability and
in turn is due to the different orbital structure of left and
right moving particles near k;. A spin gap is developed
near k; while all excitations near ki p remain gapless.
Long-range correlations for singlet superconducting (SS)
and also of charge density wave (CDW) order parame-
ters occur in the C3S2 phase. When transformed back to
the orbital and chain space, the superconducting order



parameter takes the form

a~ st =3 (1 ) e() )
4\ -1 1 ) i1 "

(15)
We have included indices 7 and v in the matrix repre-
sentation to clarify the direct product of chain and or-
bital spaces. Thus, the gap function contains a significant
amount of orbital entanglement [25, 26] and has opposite
sign along the rung and the steps of the ladder. As such it
could be referred to as ”d-wave”, however, in 1D the no-
tion of s-,d-, ... (p-,f-...) wave pairing is not well defined
and we use the term even- (odd-) parity superconductiv-
ity instead. The gap function may be transformed to a
real matrix by means of a m/2-rotation about the z-axis
in orbital space.

B. Phase C2S1a

At intermediate 0.16 < J/U < 0.41 coupling constants
involving only Fermi points kj; and ky;p diverge, while
those which involve Fermi point kr are unaffected. The
coupling constants scale as follows: ¢7 5, fgﬁ — 400 and

&5, f33 — —oo for a, B € {ILIII}. For all starting val-
ues within phase C2S1a, the divergence of diagonal spin
components is subdominant, such that ¢7,/éf iy — 0,
while the other coupling constants diverge with a univer-
sal, finite ratio near the fix point. This corresponds to
the runaway flow in a certain, well defined direction of
parameter space, such that the flow becomes effectively
one-dimensional. In the Appendix, we expand the full
RG equations about this ray and determine the ratios of
divergence, amongst others ¢} ;;; = —¢7 11/4-

As compared to the three other phases; C2S1a displays
repulsion in the Cooper channel. By means of the out-
lined semiclassical evaluation of the bosonized theory we
find that the following bosonic modes are gapped

@ — @7y, Ofp — Py, Ofp + Oy, (16)

where ®2° = (O, 4 + ®,)/V/2 are charge and spin
modes, respectively. The refermionization of bosonic de-
grees of freedom in these three sectors yields a Gross
Neveu model and highlights the emergent SO(6) ~
SU(4) symmetry, see App. B. Physically, the symmetry
broken state corresponds to an orbitally ordered charge
density wave. Returning to orbital and chain space, the
order parameter is

11 )
OCDW(I) = ( 11 ) ® vy ® 1, 6*1(k11+k11177r)x. (17)

C. Phase C2S1b

A rather narrow phase occurs for 0.42 < J/U < 0.53.
Again, coupling constants involving only Fermi points kg

and krr diverge, while those which involve Fermi point
ki are featureless. As in the C2Sla phase, the ratios
of the divergent coupling constants is universal and the
effective one-dimensional RG flow is derived in Appendix
B. The divergent quantities are ¢,y — —oo and fl; —
~+00, while fgﬁ/é(‘;a — —0. Amongst the various finite
ratios, we remark that 7 1/vrr = ¢y yyp/vim and ¢y pp =
¢f /4. Such a phase was discussed in detail in Ref. [20]
and contains two massless charged and one massless spin
mode while

O11, O, P11 — P, (18)
are gapped. Again, the connection to an SO(6) Gross
Neveu model with enlarged symmetry can be obtained by
refermionization in the three sectors in which the bosons
condense. Physically, this phase corresponds to an intra-
band superconductor with gaps Ay, Ap on the Fermi
points ki, krrr, in which AppApp > 0. In orbital and
chain space, the spin singlet gap function is the sum of
the following contributions

A 11 10
AU} (o) [Ty ()" = 5+ (1 1) ® (0 0) ,
T il

(19a)

A 11 00
AP () [Py (2)]" = % ( 11 ) ® (O 1 ) :
T Y

(19b)

This superconducting state relies on intraorbital pair-
ing and has the same sign along and across the ladder.

D. Phase C1S0

Finally, for 0.53 < J/U coupling constants involving
any Fermi surface diverge. The Cooper coupling con-
stants ¢{Y], ¢{fj; — +oo while all other é7f — —oco. As
in the C3S1b )phase, for non-equal o # 3 the relationship

4e s /€5 — 1 holds. In the forward scattering channel
fgﬁ /et — 0, while fgﬂ/égﬂ approaches a small con-
stant value for o # 8. The C1S0 phase is the analog of
the C2S1b phase, with the only difference that now all
three Fermi points display an instability towards a sym-
metry broken state and that intraband Cooper couplings
diverge independently ¢fy/vr # & /v # Cfpyppr/ v
The semiclassical analysis of the bosonized theory pre-
dicts spin gaps for all three spin modes ©; and charge
gaps for the following two degrees of freedom.

o — fy, OF — Dfy. (20)

This state represents a fully gapped superconductor with
gaps Ap 1111 and the charge modes lock in a manner such
that

SigH(AIAH) = sign(AIAIH) = —sign(AHAHI). (21)



This follows from the positive signs of ¢} {]; and ¢/}. Such
a state may be called “s;__ 7, its gap function is the sum
of Egs. (15) and (19) with signs as imposed by Eq. (21).
The only massless bosonic mode is the overall phase of
the superfluid.

E. Discussion

In this section we include a discussion of the results,
in particular of the superconducting phases.

1. RG flow

We begin with an examination of the RG flow. In this
context it is useful to introduce the Luttinger parameter
matrices K5 = dag — 2Cl 5, K75 =~ dap + CJ5/2 with

~P;0 P50 Fp,0

1 11 L Jran
P — p,o P .o (22)
LII 11 Jr T .
P w(va+vp) | o

~p,C
LIII II,III 111,111 B

The RG flow can be subdivided into two stages, see
Fig. 3: In a first step, Kz renormalizes down to-

wards 0,5 with K ZB being barely affected. Techni-
cally, this is due to terms of the standard Cooper form
dCZs/dIn(A/T) = —(CJ4)* in the RG equations (B1).
This state corresponds to a spinful LL with a non-
interacting spin sector, as is customary. Its quantum
critical nature is crucial in the present context as it rep-
resents a repulsive fixed point. Near the fixed point the
flows diverge and, in the second stage, the system flows
towards one of the four phases discussed abov~e By con-
sequence, the set of coupling constants (¢275, aﬁ ;) in the
infrared bears very little resemblance with the bare high-
energy parameters. The pattern of interactions is com-
pletely reshuffied by many body effects. Notably, K, —1
changes sign from intraband repulsion to intraband at-
traction for ae = II, III (o = LILIII) in the superconduct-
ing phases C2S1b (C1S0) at lowest energies.

When a trajectory approaches the quantum critical
point very closely, the flow slows down and T, shoots
up, this is the origin of the small T, in the C2S1 phases.
Furthermore, since small starting values of U are closer
to K75 = dap this also explains the dependence 7¢.(U)
as found in Eq. (13). We also note that the appearance
of phases with gaps on a subset of the Fermi points is
rather generic in N-leg ladders [20)].

More specific technical observations follow. The tra-
jectories towards C3S2 and C1SO do not approach the
QCP so closely leading to higher T,. In particular, the
vanishing bare value ¢f | at J — 0 places the system close
to the superconductmg instability already. At larger J
the repulsive flow near the QCP is driven by the RG
equations (B1) which imply that the initially vanishing
cH‘fH are increasing in magnitude due to finite fn -

Finally, the divergence of ¢&jf;; feeds back into the
other channels, which are small at intermediate scales.
This provides a mechanism to explain the transition near
J ~ U/2 between phases C2Sla, in which éfj;; —
+00, and C2S1b, in which ¢fj ;j; — —o0. Namely, the
RG equation for ¢fj jj; contains the term Eﬁ,IH[prI,III -
ff’im /2]. The square bracket changes sign at J = U/2,
see Eq. (11). It is important to stress that i’y have van-
ishing initial Values While the other interpocket Cooper
interactions, &7y and e 111 are repulsive (positive). Even
after renormahzatlon cI 11 and 5?1p11 retain their positive
sign, which ultlmately leads to the s4+__ superconductor

in the C1S0 phase at largest Hund’s coupling J.

2. Physical implications and comparison to 2D

We now turn the attention towards the physical impli-
cations of the results. Based on Fig. 2 b), in which T,
is estimated in Kelvin based on a bandwidth A ~ 1eV/,
we conclude the following: First, none of the phases has
an experimentally relevant T, (above 1K) in the con-
trolled weak coupling regime. We therefore extrapolate
our analysis to larger interaction amplitudes under the
assumption that the RG flow is at least qualitatively un-
changed. Second, the phases with realistically observable
T. at intermediate coupling are C352 and C1S0, both
of which have long-range superconducting correlations.
The orbital order charge density wave C2Sla occurs at
unrealistic energy scales, only.

It is interesting to compare the present 1D RG for
the ladder material with previous studies of parquet
RG [17, 18] designed for materials with cylindrical Fermi
surfaces. Both approaches involve weak coupling the-
ory, and the basic form of RG equations, Eq. (1), is the
same, and thus Eq. (13) has an analogue in the 2D case.
While the general observation that many body effects
completely reshuffle the pattern of interaction constants
persists to the higher dimensional systems, the clear two
stage RG as observed in Figs. 8-11 seems to be spe-
cific to quasi 1D. In contrast with our q1D study, the
2D kinematics implies a “parquet-to-ladder” crossover
scale given by EFr < A, below which the general weak
coupling form Eq. (1) (parquet) takes the simpler form
Buvp = 660,08, (ladder). Finally, an important com-
mon observation valid both for 2D and 1D is that intra-
band Coulomb interaction changes sign in the last stages
of RG. Hence the RG predicts superconducting pairing
states with sign changes between Fermi surfaces.

In view of this last point, it is often assumed that RG
resolves the “Coulomb problem”: the question of how
Coulomb repulsion is overcome in the superconducting
state of iron pnictides and chalcogenides in a wide va-
riety of different Fermi surface configurations, without a
significant impact on the transition temperature. We re-
cently investigated this issue in more detail [27] and came
to the conclusion that generically RG is not sufficient to



explain the robustness of superconductivity against the
Coulomb repulsion. In the present study the diverging
Cooper attraction develops at the end of the scaling tra-
jecties in channels with small or even vanishing bare cou-
plings. The energy scale at which this occurs is strongly
dependent on detailed microscopic interactions, suggest-
ing a corresponding dependence of T, on the microscopic
details. Consequently, although RG is able to account for
the appearance of pairing in a variety of different Fermi
surface structures, it does not provide a natural explana-
tion of the robustness of the superconducting transition
temperatures in iron-based superconductors, and does
not solve the Coulomb problem. This unsolved problem ,
which lies at the heart of the ubiquituous superconductiv-
ity in the family of iron-based superconductors remains
an important challenge for the future.

IV. HALF-FILLING: UMKLAPP SCATTERING

The goal of this section is to qualitatively discuss umk-
lapp operators, Eq. (12), by analyzing their scaling di-
mension d,,. We remind the reader that two electrons oc-
cupy each site at half filling, cf. Fig. 1, as a consequence
umklapp scattering involves six fermionic operators. Due
to the different spin structure discussed in Sec. I1 C, there
is a total of 27 = 128 umklapp terms. Their coupling
constants are most conveniently parametrized by seven
complex numbers AP, A2 BS

111
H., = Re[A7eV0mO] TT Re[A3e'V270% 4 B3 elV2m®a].
a=I
(23)
We introduced ©f,, = > ©%/v/3 in the sector of to-
tal U(1) charge, the associated Luttinger parameter is
Kl = > o KlLg/3. We discuss the scaling dimension
of the umklapp operators in the vicinity of the five fixed
points presented in Fig. 3, details are relegated to Ap-
pendix C. If umklapp scattering is RG relevant, it can
lock the bosonic field ©%. .. Then the system becomes an
insulator with respect to the electromagnetic U(1) charge
and all superconducting phases are suppressed.
At the repulsive quantum critical point, the scaling
dimensions of the coupling constants are equal for all
128 umklapp terms and

dy, = (1 - 3K€0t)/2 (24)

Umklapp operators are relevant only at strong repulsion
K{, < 1/3. We also remark that for an n-body inter-
action d, = 2 —n "=t

point.

In the phase C352 the phase ©f condenses and there-
fore the product in Eq. (23) involves o =ILIII, only. As-
suming K75 = dap for o, € {II, 1T} the scaling dimen-
sion becomes

1 at the non-interacting fixed

d, =1-3Kl, /2. (25)

(o}

Mott localization occurs at intermediately strong cou-
pling Kf, < 2/3, only.

The phases C2S1a and C2S1b are characterized by a
spin gap near both Fermi points ki; and k. Effectively,
the remaining umklapp terms have the form

M, = Re[APe"YOm Ok Re[A7e!V2TOT + BielV2Ti] (26)
and (for K{j = 1) the scaling dimension
d, =3(1—-KL,)/2. (27)

The transition occurs now at weak coupling, K{,, = 1.
Note, however, that K’ ; flows to attractive values near
the fixed points. If Mott localization occurs C2S1a be-
comes a phase C1S0a in which the long range CDW cor-
relations survive. Similarly, C2S1b becomes C1S0b, here
superconducting correlations are suppressed but long
range CDW correlations stemming from the Fermi point
k1 persist.

Finally, the phase C1S0 has a spin gap at all Fermi
momenta such that, effectively, 7, = Re[AreiV6mO%:],
The effective scaling dimension of the umklapp terms at
the C1S0 fixed point is thus

dy, =2— 3Kl /2, (28)

and Mott localization occurs at Kf,; < 4/3, i.e. formally
even for attractive interaction. Then the system is fully
gapped. In practice, the scaling dimension becomes rel-
evant even before the C1S0 fixed point is reached. As
we show explicitly in the Appendix, the dominant four
umklapp operators have the form

M, = guRe[APe!VOTOli|Re[A%V0mO]  (20)
with ©3, = (0 — 0§ — ©3;)/V3. Even in the weak
coupling limit, the scaling dimension of these operators
change sign from irrelevant to relevant before reaching
the C1S0 fixed point, see Fig. 15 of the Appendix, and
generate a C252 Mott insulating phase.

In order to illustrate the appearance of a Mott phase
we numerically solve Eq. (1) along with dg,/dy =
du({9,})gu in the parameter regime of strong Hund’s
coupling, see Fig. 6. For sufficiently large U/A (e.g.
U/A 2 1.6 for J = 0.6U) d, > 0 even at the initial
stage of RG. The divergence of the coupling constant is
then dominated by the repulsive quantum critical fixed
leading to

P

gu(y) ~ gu(0)6[173Kmt(y:0)]y/2' (30)

In Fig. 6, we employ a working definition of the Mott
activation gap Tyott by means of the scale ynorr =
In(A/Tmott) at which gy, (ymott) = (2wA) for starting
value g,(0) = U?/(2rA). For a density n away from
the density of half filling ng, the divergence of g, is
cut at an energy scale ln — ng| leading to Tyott(n) =
Vot (10)2 — (0]n — ng[)2.  For clear illustration we
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FIG. 6. Phase diagram at J = 0.6U, taking umklapp scatter-
ing into account. The quantity U/A = Ua/v on the x-axis de-
creases with pressure, while the y-axis variable 1/In(A/T) in-
creases with temperature. At large U/A and perfect commen-
suration, the superconducting 7. (numerical solution: brown
dots; Eq. (13): dashed brown) always lies below the Mott
localization temperature Twott(n0) defined heuristically by
gu(Ymott) = (2wA) (numerical solution: black squares; ap-
proximate solution, Eq. (30), valid for U/A = 1.6: black
dotdashed). Away from half filling the Mott phase bound-
ary is modified by the finite energy scale associated with
doping (purple, here (3|n — no|/A)?* = 0.3) giving rise to a
superconductor-insulator transition.

chose (v|n — ng|/A)? = 0.3, i.e. a rather large value, in
Fig. 6. We note that using A ~ 1eV, the phase bound-
aries of 6 occur at unrealistically low temperatures, which
is a direct consequence of our weak coupling treatment.
However, we conjecture that the qualitative outcome of
our controlled calculations still holds in the strong cou-
pling limit.

All in all, we conclude that Mott physics can be impor-
tant for the present itinerant model. Umklapp scattering
at half filling may be RG relevant near the attractive
fixed points even though it is strongly irrelevant at the
non-interacting limit.

V. SUMMARY AND OUTLOOK

In summary, we have investigated a single ladder
for the quasi 1D iron based superconductor BaFesSs
on the basis of the tightbinding model as suggested in
Refs. [9, 10] and a simple onsite Hubbard and Hund inter-
actions. The long-wavelength low-temperature physics
was studied using an RG analysis of excitations close to
the three pairs of Fermi points.

In the case of incommensurate filling the weak cou-
pling RG analysis yields four phases depending on the
ratio of Hund J to Hubbard U interactions, see Fig. 2.
We have shown analytically and checked numerically that
the absolute value of the interaction U at given J/U does
not affect the ground state, but T, increases rapidly as
a function of U. In particular, a fully gapped supercon-

ductor is stabilized at sufficiently large ratio J/U = 0.53.
The intraband pairing gaps have signs +, —, — on the
three pairs of Fermi points and the critical temperature
T, is estimated to be of the order of 10 K for interme-
diately strong coupling. This theory provides a way to
understand the conducting high pressure part of the ex-
perimental phase diagram [6]. In order to account for
the observation of a Mott phase at low pressure we fur-
thermore investigated umklapp scattering at half filling.
In our three band model, umklapp processes are repre-
sented by three-body interactions and are hence irrele-
vant at weak coupling. However, we have shown that
umklapp scattering does become relevant near some of
the strong coupling fixed points. In this circumstance a
charge gap develops, giving rise to a correlated insulator.
Near commensurate filling these results indicate a Mott
insulator-superconductor quantum phase transition (see
Fig. 6) into a Hund’s-driven superconducting phase at in-
termediate repulsion. This corroborates DMRG studies
on very similar models [10, 16].

One of the fascinating aspects of our model, is that
it is able to realize several different ground states which
develop a dynamically enhanced symmetry, each char-
acterized by different universal fixed-point ratios of the
coupling constants. In the real 3D material the 1D renor-
malization group flows will be cut-off by interchain hop-
ping, which is a relevant perturbation. In this spirit, the
present study provides insight into the predeliction to-
wards certain superconducting and magnetic states that
the real material inherits from its 1D building blocks.

There are various lessons that we have learnt that are
relevant to the wider theoretical study of iron based su-
perconductors. First, we have seen that the orbital struc-
ture of wave functions near the Fermi surface plays a
crucial role in the formation of the order parameters.
Second, the interorbital and orbital selective pairings are
ubiquitous as soon as the orbital structure of the wave
functions is taken into account. Third, even in weak
coupling theories, the Hund’s coupling has a dramatic
impact. Finally, although RG studies enable us to un-
derstand the appearance of pairing in a wide variety of
qlD Fermi surface structures, this pairing still requires
a channel with a weak bare Coulomb interaction, and a
generic mechanism which accounts for the weak bare re-
pulsion in the iron-based superconductors is still needed.
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Appendix A: Microscopic model
1. Tight binding model

In this Appendix we present further details on the tight
binding model [10], which we use to obtain input param-
eters for the numerical integration of RG equations.

We consider a ladder as shown in Fig. 1. Our approach
employs the following notation for the 2 x 2 x 2 = 8
degrees of freedom at each site: a) Spin is represented
by Pauli matrices o. Spin eigenvalues are 1,|. b) Pauli
matrices in chain space are 7. We denote the chains by
1,2 (upper, lower chain). Due to mirror symmetry along
the chain direction, 7 = +1 is a good quantum number
%. ¢) Pauli
matrices in orbital space are denoted by <. The two
orbitals are called a,b. The tight binding Hamiltonian
contains nearest and next nearest rung hopping,

which corresponds to parity eigenstates

Hkin = Z {[djtZl'rderl + hC] + [d;rtQZ]_deJrg + hC}
jo
+[dftziymidig + hee] + [df taz iy Tidjss + hucl

+ d;_tyTldj + Ad;_’}/?,dj — p,dj_dj} (Al)

We note that ¢, with p = Z,Y, Z+Y,2Z,2Z+Y are 2x2
matrices in orbital space and that their off-diagonal parts
are antisymmetric and that we returned to the coordinate
system (X,Y,Z) to make contact with Ref. [10]. We
omitted the spin index for notational simplicity, following
Ref. [10] ty is a diagonal matrix.

We introduce the Fourier transform d; = % S etidy
and perform a transformation in chain space into the
basis of bonding/antibonding states. We define

dp = er=r1 ) 2T (s
drr=—1 V2 Cr2 )’
where spin and orbital quantum numbers have been sup-
pressed for convenience. This leads to the following result

(A2)

(A3a)
where dj, - 7 are two spinors in orbital space, 79 = 1, and
we have introduced

W = 2cos(k)[tS) + 7ty ] + 2 cos(2k)[1S) + Tty y]

— 47t (A3b)
hg) =2 sm(k)[t(ZQ) L‘(sz_y] +2i 51n(2k)[t(2) t;22)+y]
(A3c)

h(%g) =2 cos(k‘)[t(;) + %t(ng)rY] +2 cos(2k‘)[t§2 + H;SZ)+Y]
+ A+ 7Y (A3d)
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We have also introduced t,(f) = trlt,vi]/2 with p =
ZY,Z +Y,22,2Z +Y and i = 0,2,3. In this no-

tation, h(2) is real and the time reversal symmetry

[Zi:O,Q,S he )'71} - [Zl 0,2,3 hg)%} k——k

The spectrum of the tight binding Hamiltonian is then

is apparent.

er(R) = h + /()2 + ()2 (A9)

The plot of the spectrum for the parameters given in Eq.
(3) of Ref. [10] is given in Fig. 4.

2. Interaction terms

Here we provide more details about the interaction
terms. It is useful to disentangle interorbital from in-
traorbital contributions in the Hubbard interaction, even
though we set U = U in the main text. In the following
P, +.0 are projectors onto a given orbital, chain, and spin
respectively.

Hy=UY > > (d,PPrdjy)(d] PyPrdjy)

j vy=a,bT=1,2

Hy =0 Y (diP.Pr1,d;)(diPyP-1,d;)

j T=1,2

As a next step, we carry out the long-wavelength ex-
pansion, Eq. (3), into the interaction terms of the Hamil-
tonian. As usual, the overall momentum conservation
may be preserved in three different manners, correspond-
ing to direct, exchange and Cooper channels.

a. Intraorbital Hubbard interaction We begin by
rewriting the intraorbital Hubbard interaction, Eq. (A5)
in terms of low-energy modes.

In the density channel we then obtain

0) el /d:c Z ( (af Tal 4+ 2aa haq, T>>
a=II,I1T r
X <Z:(aI i au + 2a, ’jag ¢)>

r

(ATa)

while in the exchange channel the interaction takes the

form
/dx Z < aITaquZa i))
a=IIIIT T
X (Z(au ap4 + 2aafa; T)>

HSY =

(ATb)

Finally, in the Cooper channel we obtain

o U
H( ) = /dx Z ( a”aIl +2aaTaalT)>

a=II,III

X (Z(GUGIT + 2al, iaaT)>

r!

(ATc)



b. Interorbital Hubbard interaction Next we look at
the interorbital Hubbard term, Eq. (A6). In the density
channel we obtain

H(O = /dx ( ClI gal ot QQ;)I’TaanﬂLU)>

o
x Z (aI o101, Tt 2“111 a’aHI o) |

o’ r

(A8a)

while in the exchange term,

H(X /dx (Z Tafiafa ) (Z r'ay jafg> .
(A8b)

In the Cooper channel
Hl(}c) = %/dxz ( ra;iafa T) (Z r’af:{,,ai;)
’ (ASc)

only operators from the Fermipoint kj are involved.

c. Hund’s coupling. The treatment of Hund’s cou-
pling is analagous to the treatment of the interorbital
Hubbard interaction.

In the density channel we obtain

0 J g Far
H§) = —g/dl‘ (Z( ’Taal + QaHTJaH))

T

X (Z(al Teaf + 2“111’T5af11)> (A9a)
while in the exchange,
(X) /dm Z (Z raajay’ T)
X <Z r'Gay al ’T> (A9Db)
and Cooper channel, |
HE) = /dxz Z (3T)o5 ()0 (Z ray U,aI s )
X (Z r’a{}@iﬁj) . (A9c)

only operators from the Fermipoint k; are involved.

At U = U, the interaction terms presented in this Ap-
pendix may be rearranged in the form of scalar and vec-
tor current densities and ultimately yield Eq. (11) of the
main text. In contrast, if U = U — J additions to the

11

coupling constants with the following form arise

~ J 011
6f£ﬁ__z 102 , (A10a)
120
apB
6fos =0, (A10b)
j 300
56(% =7 000 , (A10c)
000
apB
100
dcag=J 1 000 (A10d)
000 o

Appendix B: RG flow - incommensurate filling

In this appendix we collect representative numerical
solutions of the RG equations for each of the four phases
presented in Fig. 2 of the main text. We also present
some technical details from the analysis of the phases,
begining with the J = 0 phases, in increasing order of
J/U. In Fig. 7 we show the phase diagram obtained for
a different set of Fermi velocities to those used in Fig. 2,
showing how the phase boundaries shift with velocities.
We have left the discussion of finite J for appendix B5

1. RG equations

The RG equations for an N-leg ladder without umk-
lapp scattering were derived in Ref. [20]

. 3 -
hs=(chg)® + E(caﬁ)27 (Bla)
.O' (on (oa 1 (o
8= —(fa5)2 + QCgﬂcaB — 5(%,8)2) (B1b)
. 3 o (o
CZB == Z{aaﬂﬁ(cg’ycgﬂ + Eca'yc'yﬁ))}’
v
3 o o
+(chghts + Ecaﬂhaﬂ) (Blc)

: 1
Cap =~ Z{O‘aﬁ,w(cgch,@ + ngcffﬂ + icg,yc%))},
B!

Parameters without the tilde are defined by fgﬁ =
fa,@/w(va +vg) etc., the ratio aaBA, = (Vo —|— vy)(vg +
vy) /20 (v +vp)] and hYZ = 2f57 + dapclyy. The dot
indicates the derivative with respect to the runmng scale,
¢ =dc/dIn(L/a), where a is the UV length scale.
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FIG. 7. Phase diagram for small Hubbard U and Hund’s
J < U, for the set of Fermi velocities used in Fig. 4 (top) and
vr = vir = 0.8¢V,vir = 0.6eV (bottom). In the second case,
the system at U = 0.1v,J = 0.04v and U = 0.1279, J = 0.05v
flows to the phase C2S1b (dashed circles), thus the boundary
between C2S1b and C2Sla is shifted downwards.

2. Relationship 7.(U)

Here, we derive Eq. (13) of the main text. It is useful
to employ the schematic representation Eq. (1) of the
RG equations. If the coupling constants g, (y) obey the
RG equations, so do g, (y) = ¢.(y/U)/U. Let g, have an
instability at y.( gﬁ), where y.( gﬂ) is an unknown function
of the bare values gg. Clearly, the instability of g,, occurs
at y.(gp/U) and in view of the relationship between g, (y)
and g, (y) it follows that

yc(gg/U) = Uyc(gg)'

Using y. = In(A/T,) Eq. (13) of the main text follows.

(B2)

3. Analysis of RG flow

a. (€352 phase The phase of smallest J/U is char-
acterized by the lone divergence of ¢f; — —oo, while all
other coupling constants remain featureless (see Fig. 8).
Expanding the set of RG equations in powers of c¢f; one
we confirm that the flow of ¢f; decouples from all other
RG equations and diverges as ¢f; = —(cf1)*.
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FIG. 8. Numerical integration of RG equations for starting
values determined by U/t = 5 and J/U = 0.1. In this case,
the system flows to the C3S2 phase, which is characterized by
divergent cf;.

b. (C2S1a phase. The phase of second smallest J/U,
plotted in light green in Fig. 2, is characterized by a
divergence of several coupling constants, while the ratio
to ¢fy j;p — +oo is fixed throughout the phase

Ry,
Cfl,n = Cfll,m = —§CII,1H (B3a)
1 (o
Cfl,ln = —1011,111 (B3b)
fIPI,IH = §R2Ci71,1n (B3c)
fﬁ,ln = _R3CIUI,III' (B3d)

The intraband, spin-spin interactions are equal and have
a subdominant divergence cfjy; = cfjrp — +00 but
are small in comparison to the coupling constants of
Eq. (B3), i.e. ¢fiyp/cfim — 0. All other coupling con-
stants remain small (see Fig. 9). The ansatz (B3), when
introduced into the full RG equations, proves to be con-
sistent provided (¢ = 1/2 + vp1/[4vmnr] + v /[4vr] is non-
universal)

Rl = CRQ (B4a)
2R3
= B4
Fa RI+1 (B4b)
N RS
R3 = 4 9 (B4C)

For vyt — vpp all Ry 2,3 approach unity. The set of RG
equations reduces to a single equation for one of the six
parameters, ¢7y 1 = 2(0?17111)2/}%2.

c. C251b phase. The C2S1b phase is characterized
by the following diverging running coupling constants
where the sign of ¢f] ;;; — —oo constitutes the key differ-
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FIG. 9. Numerical integration of RG equations for starting
values determined by U/t = 5 and J/U = 0.3. In this case,
the system flows to the C2S1a phase.

ence with the phase previously discussed.

Ry
P — P _ .0
i = Cmm < g (B5a)
g _ g — g
L = i — R2CH,IH (B5b)
P _ 1 o (B5 )
i = €I ¢
R3
14 _ o
fH,IH = _KCH,HI' (B5d)

Though the coupling constants ff 1, increase near crit-
icality, they remain relatively small ff 1/cfyr — 0.
Again, the ratios Rj23 are constant throughout the
phase and given in terms of « by the following functions
which approach unity as ( — 1.

Ry = (R3 (B6a)
8+l 1

Ry = 1 3 (B6b)
2R,

Rg = R% —I-C (BGC)

The coupled divergences are captured by the single RG
equation ¢fj 1 = —Q(Cﬁ,nl)2/R3.

d. C150 phase Finally, at the largest J we con-
sidered, coupling constants involving any of the three
Fermi points diverge. As in the C2S1b phase and in
Ref. [20], the ratio ¢} ; = c73/4 for a # 3 is preserved
and f75 — 0. In contrast with the previous discussion,
the divergence of the intra Fermi point couplings ¢, i8
generically i dependent. The sign of the diverging cou-
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FIG. 10. Numerical integration of RG equations for starting
values determined by U/? = 5 and J/U = 0.5. In this case,
the system flows to the C2S51b phase. Note that, as compared
to Fig. 9, cfi 1 flows towards negative infinity.
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FIG. 11. Numerical integration of RG equations for starting
values determined by U/t = 5 and J/U = 0.6. In this case,
the system flows to the C1S0 phase.

pling constants is

2, — —00 (B7a)

ch, — —00 (B7b)

= 40{)’II — 400 (B7c¢)
L = 40?1,111 — —00 (B7d)
= 4clp’m — 400 (BT7e)
fhs — +o0 (BTf)

Once again, ap > 0 is small as compared to the cou-

plings discussed in Eq. (B7) and formally fJ; — 0 at the
fixed point.

4. Physical meaning of the different phases

In the previous section we analyzed the RG flow and
distinguished four different phases, characterized by the
divergence of four different sets of coupling constants at
a critical, exponentially large length scale L,. Here, we
study the physical implications of these four cases. In



this analysis we follow Ref. [20] and bosonize the theory
near L, subsequently using a semiclassical analysis.

a. Bosonization Dictionary

For the bosonization we use the dictionary

r ! WG, (@)
T) = ac€ il BRa
a,o’( ) \/%77 ( )
with the following identities
{77(1,07 770/,0’} = 2000/ 00,57 (B8b)

[ g,a (:E), ¢g¢/’,a’(‘r/) = %Sign(x - xl)arr’(saa’(sa,o/

ir
+ *67",—7"60104’60',0’ .

1 (B8c)

The length scale a, is the UV cut-off of the renormalized
theory. Since we have assumed the same Majorana Klein
factor for creation and annihilation operators, normal or-
dering must be imposed prior to bosonization in order to
preserve the consistency of signs. We assume that any
operator under consideration contains an even number
of fermionic operators from each Fermipoint 8. Thus, in
the Klein factor Hilbert space, each operator involving
Fermi point 8 contains one of the following 4 operators
at least once:

Nener = Lingung,L = Lingans.s = 98i7p,108.1 = —(g/g)
The algebra of gg is gg = —1 and [g,, 93] = 0, a repre-
sentation of this algebra is

gs =1, Vj. (B10)
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We introduce density and displacement fields

R _ q)a,(f + ea,cf

= B11
o0 2 ’ ( )
q)a o 6(1 o
L, =—"2 =7 (B12)
’ 2
Spin charge separation is accounted for by the
parametrization
op = Lot T Pay (B13)
V2
Py — P,
g5 = ol ot (B14)

« \/5
and analogously for © variables. Using our bosonization

convention, ®2 turns out to be proportional to the col-
lective phase for a superconducting ground state.

b. Operators under consideration.

The phases under consideration are of the supercon-
ducting and charge density wave (CDW) /spin density
wave (SDW) type. We study correlation functions of
CDW, SDW, (z-component of the SDW order parame-
ter), singlet superconductivity (SS) and the z-component
of triplet superconductivity (TS,). The phases under
consideration regard the following intraband operators,

() _ ( Ri L Rt L \_—i2ky
Ocpw = (%,TT%,T‘F%,L%,L)G et

1 e ,
~ —— e V2TOU (os(V27 O3 ) 2ka

(ma)
R, R, —i2ka

Ostw, = (aqfal s —adlag e 2=
1 o i ; .

~ ﬁe_l 2708 sin(V21 03 )e2kaT  (B15b)
Ta
Rt L, Rt L,
05§ = (agifog] = affa])

(B1b5a)

1 _
~ e VT cos(V21O3), (B15c)
(ma)
(o) _ ¢ Rt L, Rt L,
Ors, = (aafeq] +aglaz])
1 - I3
~ ﬁe_“/ﬂq)a sin(v2707), (B15d)
ma
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as well as the following interband operators in the particle-hole channels

1 n »
Oé%g\av = §(a Taﬁ ++ag Laﬁi)e ihaths) o ¢y B
—iyFert
~ e_i(ka'f‘kﬁ)ﬂﬂe MG
Ta
1

B) Rt L Rt L —i(ka+k
Oé%w = §(aa’;@ﬂn~ aICLﬁ J,)e Z( + ﬁ)w +Oé < 6

o~ iVTOLh
~ e Z(k} +kﬁ)x
Ta
B L g, : —i(katk
OCQD\],V: 2( TaﬁT+aaja5¢)e ikatks)z _ o o5 B
4 ort
Ne_i(ka"rka)xe WTOas
Ta
B 1 R, , —i(katk
Oftw, = 5(a atafs —aglaf e BT —a o
- fea[ﬂ
~e —i(ka +k3)a:
Ta

c. Interactions

For the purposes of classifying the instabilities pre-
sented in Figs. 8-11, it is sufficient to keep only those
interactions which generate potential terms (e.g. cosine
terms) of bosonic fields

Hint = Z aﬁza‘a :‘L 026
+ZZ<~O¢5+ > ;alaﬂo/aﬁo

a#p o,0
5 R, L, R
- Z fa = Qq ;a’a l’aﬁ Gaﬁ o’ (B16)
(a,0)#(B,0")

where from now on ¢7 5 etc. are to be understood as the
renormalized coupling constants. The notation & means
1 (1) for 0 =1 (0 =|). A bosonization of these terms is
presented for each phase separately.

In addition, interactions can generate gradient terms
of bosons

Vo +vg)C
Hy: = w [vggv@g — VP Vq>g]
('Ua + Ug)Cgﬂ s s s .
g [VaLvey — Ve ves] (BiTa)
with

" Cgﬁ gp(lg fi(ITI

Coi =1\ fin arn fim (B17Db)

p,o p,0 p,0

Lir Jirir G B

(cos(\/;r@;g) cos(v/mO, ) sin(vr®S ;) — isin(v/7®) ;) sin(v/7O5 ;) cos(\/%l)zg))

(B15e)

(cos(xf o0 sin(v/7OL ) sin(Vrds ;) — isin(va®, ;) cos(VTOL)) cos(\/;q>;73))

(B15f)

(cos(\/;r‘bgg) sin(\/%@zz) cos(\/?rq)Zg) — isin(\/?r(I)Zg) cos(ﬁ@ig) sin(ﬁ@i}))

(B15g)

(con(V/725) cos(VROLS) con(V/A®25) — dsin(v7L5) sin( V7O 5) sin( V7035 )

(B15h)

For the RG procedure it is useful to express the con-
tractions of fast fields in terms of a Luttinger parameter
matrix

, 1
0,5 QP5 _ = N
<@a e >fast 5= In(L/a") K05 (B18)
1
L) = n(L/a) () Mag (BI
(04705%) = - In(L/a")[(K"") o (B19)
where L is running length scale.
Ky o b5 —2C0,, (B20a)
K75~ Gap +CJ5/2. (B20b)

d. Phases under consideration

We now investigate each of the four phases obtained
from the RG analysis.

a. C352 phase. The potential part of the bosonized
Hamiltonian in the C3S2 phase is

1
Hint ~ 571 cos(V8mO1). (B21)

(2may)?
Since ¢f; < 0, the system locks into one of the minima
\/2/70} € Z and thus only two out of three spin modes
remain gaplebb Comparing with Egs. (B15), we read-

ily see that O cpw and O & have algebraic correlations,
while SDW and T'S correlations are massive. Fermions
near kpr i1 remain unaffected of the condensation of ©f.



b. (C2S1a phase. Using Egs. (B3), Eq. (B16) be-
comes
lnt Y Z { Z Ba‘gla’g iaﬁ o’a’ga

a;ﬁﬁ o

+anﬁ aa aa”aéaagcr}
s+
27ra (97a )2 Z{ ap COS 2\F( aﬁ+@aﬁ)]

+E5 cos(2\/77<1>a5) cos(2VT®;5)

—Cop cos(2V/T®) ;) COS(Qﬁ@z'E)}. (B22)

Here we have introduced @pﬁ = (92 + @p)/\[ and anal-

ogous notations for all other channels. Since fZ ap —r —00
and Cop — 00, there are two sets of solutions which

minimize the potential energy for a, 8 € {ILIIT}; o0 # B

L /T EL, 0o/ VT EL, @sﬁ/\/%eZJrl/z,
(B23a)

O55/VT € L.
(B23b)

DL /NTEL+1/2, Bip/VT €L +1/2,

The low energy theory perturbing about any of the given

minima is the same for either solution. Fermions with
momenta close to k; remain unaffected. Only two charge
and one spin mode remain gapless, hence the notation
C2S1. Comparison with Egs. (B15) demonstrates that
for any of the two solutions of (B23) the operator OgIDIII,‘I,
orders. Note that, in view of the locking of @gﬁ into a
minimum, the conjugate variable @Z,E
. (11,111) [11,111] .
certain and thus Ogg " and Op¢ ' do not display long
range correlations in either case.

is maximally un-

It is instructive to refermionize the interaction term
of excitations near Fermi points II,III in the basis of
fermions describing fluctuations in the relative charge,
relative spin and total spin sectors. Assuming vi; = vyrp
for simplicity, Eq. (B22) may be written as

Hing = *‘fﬁ,HIHMS—Ms‘*' - Mp— M- + Ms"'Mp—]v
(B24)

where we introduce mass terms

M, = alTal +abTa®, witha=p~,s7,st. (B25)

If we further perform a gauge transformation in the (s, +)
sector, aSL’Jr — —aSL’Jr, Eq. (B24) corresponds to the in-
teraction term of an SO(6) ~ SU(4) Gross-Neveu model.

c. (C251b and C150 phases. Again, we keep only the
dominant coupling constants and exploit ¢/, 5 =Cap /4 for
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«a # (. Then

aa R LT L R
%int:*E J[ Ua,500,6%:,5

_ZZ aﬁ RT aj’; é,oag,ﬁ

atp o

- “é,fr“g,o)

1 ~0 S
~ W{CQ(X COS(\/877T604)

+4 Z s cos(\/ﬂfbgg) cos(V2m03) COS(\/%@E)}.
= (B26)

We note that in the C2S1b phase, ¢7 5 — —oo for o, f =
ILITI. Thus the minimum of the potential is

\/2/71'@1175 €L, / 2/7‘(@11175 €7, @f{ul/\/g € 7.

(B27)
Thus the C2S1b phase has two gapless charge modes and
one gapless spin mode. It is, in essence, a spinful Lut-
tinger liquid near Fermi point k; and a superconductor
with equal gaps (&1 = éfr.p) at Fermi points kir i
Again, we can refermionize the interaction term of the
(C2S1b phase in the same channels as in the case of C2S1a.
At v = v we obtain

Hine = —2|Crrn|[Mg+ My- + M,- (Mg+ + M,-)] (B28)

which represents an SO(6) Gross-Neveu model, albeit in
a different phase then in the case of C2S1a.

The C1S0 phase is characterized by ¢, — —oo,
¢frn — —oo and ¢y — oo, ¢fyy — oo. Therefore,
the minimum occurs at

V2/mOas €L, /T €L +1/2, (B29)
IIH/\f €Z+1/2, ®f; /v € Z. (B30)

Since @} = P — Py there are two independent
constraints on bosons in the charge sector and three in-
dependent constraints on bosons in the spin sector, jus-
tifying the notation C1S0. This phase is a fully gapped
spin singlet s4__ intraband superconductor with the fol-
lowing products of gap functions: AjApn < 0, AtAp <
0, ArrAqr > 0.

5. Unequal interorbital and intra-orbital repulsion

This appendix examines the effect of unequal inter and
intra-orbital repulsion, i.e. J # 0 in Egs. (11),(A10). We
note that at J = J, the Hubbard-Kanamori interaction

takes the form
) U / . .
HU(]) = D) Z nT’yd(.])nT'y'a’(])
T,7,0,
¥ o'
+27 ) [T G))?

WGP (B31)
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FIG. 12. Summary of the integration of RG equations at fi-
nite J/J and U/9 = 5. In addition to the phases C3S2 (red
dots), C2Sla (light green squares), C2S1b (dark green dia-
monds), C1S0 (brown triangles) we find an additional phase
C2S1c (orange pentagons). For all of those phases the diver-
gence occurs at running scales y. < 100 (for C1S0 and C3S2
Yo < 27) while in the extended critical region (blue stars), no
divergence occurs for any y < 1000.

Here, T (j) = d} ,7.d, /2 is the orbital isosopin oper-
ator and 7, are Pauli matrices in orbital space.

The integration of RG equations for general 0 < J/U <
0.7 and 0 < J/J < 1.2 reveals five phases and a rather
extended critical regime (see Fig. 12). In addition to the
four phases discussed in the main text there is an ex-
tended critical regime corresponding to the C3S3 QCP
of Fig. 3 where the numerical integration of RG (consis-
tently performed at U = 5v) does not reveal a divergence
for any y < 1000 (see Fig. 14). This corroborates the
finding summarized in Fig. 3 and highlights the impor-
tance of the critical phase.

A typical RG flow for the phase C2Slc is shown in
Fig. 13. Among the data points of Fig. 12 which fall into
the C2S1c phase, J = 1.2J,J = 0.5U has the highest
T, ~ 0.1mK for A = 1eV at U/ = 5. This phase is
characterized by ¢f; =~ ¢fy ~ —dcfy =~ —¢fy — —00
with cLI ~ chH = fLH — —oo0. We now can exploit
Eq. (B26) for «, 8 € {I,II}, revealing that the minimum
given by

V2/mO1s € Z, \/2/7Oms €L, Py /VT €L+ 1/2.
(B32)
describes a two band superconductor with relative phase
.

Appendix C: Umklapp scattering

In this appendix we provide details on umklapp scat-
tering as a discussed in Sec. IV.
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FIG. 13. Numerical integration of RG equations for starting
values determined by U/v = 5 and J/U = 0.5, J = 1.2J. In
this case, the system flows to the C2S1c phase.
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FIG. 14. Numerical integration of RG equations for starting
values determined by U/o =5 and J/U = 0.3 and J = 0.4J.
In this case, the system remains critical for any y < 1000.

1. Bosoniziation of umklapp terms

We consider
Hy = a, aa> 6{6,}’{0}} + H.c..

w(2ma) [ (ﬁ a,
(C1)

The symbol 64,1} (o} implies equality of the two sets
{ofofo11} and {oromom} of spin indices, which reflects
the overall spin conservation. Note that the spin is not
conserved within any given pair of Fermi points, i.e. in
general o, # ol, (see Fig. 5). A summation over all
permutations of spin indices which preserve the overall
spin conservation is implied. For this section we there-
fore concentrate on the term which is fully symmetric
under exchange of spin indices, more generic terms are
discussed afterwards.
Bosonization of Eq. (C1) leads to

Hu — gue*inglzl ez

111

X H [COS(\/%@&) - isin(\/ﬂ@Z)] + H.c.(C2)

a=I



In principle, g, = i2G,/(7a)? can have both real and
imaginary parts. This leads to an overall of 16 umklapp
terms, all of which may have different bare values in the
case of spin dependent G,. In addition, under RG, in-
terband interaction generates additional terms.

2. Analysis of umklapp scattering

We first analyze umklapp scattering in the Luttinger
phase prior to an instability, proveeding to each of the
phases obtained above. Employing fermionic diagrams,
Fig. 5, illustrates that the three-body umklapp scattering
can not renormalize two-body interactions at weak cou-
pling in the one-loop approximation. Therefore we can
determine the scaling dimension d,, of the most dominant
umklapp process without considering its backreaction on
the other coupling constants.

a. Umklapp scattering in the Luttinger liquid phase
When CZ 5 has predominantly positive entries and K ? has
eigenvalues large than unity, the umklapp terms with the
largest dimension involve @7, so we disregard all terms
with ©F,. We introduce ©f,, = [>__ 02]/V3

Hy = cos(V6r0L,, ) x
X [gsss sin(v27r®$) sin(v2r®5;) sin(vV27®{y;)
+ Gsce (V27 ®F ) cos(V2m ;) cos(v2m )
+ gese cos(V2m @7 ) sin(v/2r ;) cos(vV2r )
+ Gecs COS(v/27 ] ) cos(vV2m i) sin(v 27 fyy)
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By contrast, when CJ; has (predominantly) negative
eigenvalues we disregard terms with ®2, and keep

Ha = cos(V6rOL,, ) x
X |Gece 08(vV/2767) cos(v2rOfy) cos(v2Ofy)
+ Gess cos(V2mOF) sin(V27Of;) sin(V27O5y)
+ Goes SIn(V27OF) cos(V2Of ) sin(V27Ofy)

+ Gsse Sin(vV210F) sin(v2w03;) cos(V2mO3) |
(C4)

In both cases, terms with cos(v/6mO% ) — sin(v/67OL,,)
may also exist. They have the same scaling dimension as
the cosine terms shown here.

(C3) The tree level RG equations are
|

Gsss \ L 0 (K” D (K7 Do (K77 D Gsss

gsse | _ |9 _ 3K + 20 (K" Daa (K7 ) —(K” Y —(K7 Yim Jssc

Jese 2 (K Yo — (K7 Y 0 —(K” Mmm Jese

Jees L (K7 " —(K” Yim — (K Ymm 0 Jees
(C5)

Jece i 0 (K (K71 (K7 )1 Jeee

Jees | _ 9_ 3K + 20 (K7 )aa i (7)1 0 —(K ) —(K7)1m Jees (C6)

Jscs 2 (K)1m —(K7 )i 0 —(K) Jscs

Jssc L (K —(E)um —(E )i 0 Jssc

At the bare level interections in the spin sector are
weak and repulsive Cgﬁ > 0, renormalize downwards as
the QCP is approached (see Fig. 3). The Luttinger pa-
rameter in the total charge sector is

The largest scaling dimension, which occurs in Eq. (C5),
is typically negative and as [K%]|,3 — dap from above,

K‘fot = (07)

(

becomes [1 —3K{.|/2. Thus, a three band LL with weak
interactions does not display Mott localization.

b. Umklapp scattering in the C3S2 phase. In the
C3S2 phase, ©f condenses, while the Luttinger parame-
ter in the sector of channels II, IIT remains positive and
approximately cf; ;; = ¢fip;p = ffm < 1 reflecting the
spin symmetry being enhanced at the interband level.



The dominant umklapp terms are

u = cos(V6rOL,)x
Jee cos(V 21D cos(V 2 Dyy)
+ gss sin(vV 27 D) sin(vV 27Dy ). (C8)

In this phase, there are three other pairs of operators
which have the same RG equations, namely

Gss 2

n ( 0 (K% Yim ) ( Jee )
o,—1
(K™ i 0 Jss

(C9)

111 o,—
(gcc ) — l2_ 3Ktpot+2a II(K 1) ao

The dominant operator is obtained for g.. = gss and has
3Kfot+221n(K" "Daa—2(K” i N

5 ~
. Therefore, the Mott transition occurs at Ko =
2/3 Wthh requires rather stong interactions.

c.  Umklapp scattering and the phase C251a. In this
phase the spin sector of channels II, IIT is fully gapped
and 0 < ¢f; < v. We therefore concentrate on an umk-
lapp term for which there is spin conservation within
Fermi surface I, i.e.

scaling dimension 2—
1_ 3Ktot

Hy = gcos(V6mOL ) cos(vV2rOy7). (C10)
and the analogous term obtained by cos(v/67O%L,) —
sin(v/6m0O% ;). The scaling dimention of these terms is
2 — 3K{,/2 — K7}/2 and thus the transition occurs at

2 K7
Kb, == [2 - “} ~ 1. (C11)

We observe that the ordering in the spin sector promotes
a Mott transition in its vicinity and we expect Kf, <
1. When the Mott transition occurs, the total charge
mode ©F . freezes, corresponding to an electrical charge
insulator. At the same time ©f freezes. Taken together,

the phase phase C2S1a becomes a phase C1S0a.

The long-range correlations of O(gjlvl\; of the C2Sla

phase survive the Mott transition and additional long-
range correlations of Oé}aw appear.

d. Umklapp scattering and the phase C2S51b. The
umklapp terms of relevance for the phase C2S1b are the
also given by Eq. (C10) and the transition to a phase
C1S0b again occurs at K, ~ 1. All superconducting
correlations are killed by the ordering of ©f . the only
long range correlations occur for (’)EDW.

e. Umklapp scattering and the phase C150. In the
phase C1S0 all spin modes are frozen and only the pair

19

07, ®7 . displays long-range correlations. The umklapp
term is

H, = gcos(V6rOL,), (C12)
0.5¢
0.4}
0.3}
0.2}

0.1F

20 30 40
o Fﬂf
-0.2

FIG. 15. Scaling dimension d., see Eq. (C14), for the umk-
lapp operator given in Eq. (C13) as a function of RG-time.
Here, J/U = 0.6 and U = 1.50 were assumed and we used
Egs. (B20) for the evaluation of the Luttinger parameters.
Clearly, the umklapp operator becomes relevant before the
transition to the superconducting state at In(L/a) = 48.

Ln(L/a)

which has dimension 2 — 3K{,, /2 and thus appears to be
relevant for K[, < 4/3, i.e. even for attractive inter-
actions. This seems physically inconsistent and a more
appropriate treatment of the umklapp scattering for the
phase C1S0 follows.

In the present case where CJ, — —oo for all three di-
agonal matrix elements, the Mott transition at half fill-
ing occurs prior to the instability to the fully gapped
superconductor. Indeed, as we see from Eq. (C6), the
dominant operator has the form

H, = gcos(V6rOL,)x
x [cos(\/ﬂ@f) cos(V2703) cos(V2rO3 )
— cos(V2Zr6}) sin(v2r07) sin(v2rOf;)
+ sin(V2705) cos(v2rOF) sin(v2rOf;)
+ sin(v270f) sin(v27Ofy) cos(v2mOfy) |
)

= gcos(V6mOL,) cos(V6mO?,, (C13)
with /302, = O — O — ;. The scaling dimension of
this operator is
dy =2 3% (C14)
where
o Yoo Koo+ 2Kf‘1,ng_ 2 Za:H,IH Kff,a‘ (C15)

When the operator Eq. (C13) orders prior to the C1S0
instability, an insulating C2S2 emerges, see Fig. 15.
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