Journal of Physics: Condensed Matter

ACCEPTED MANUSCRIPT

Doping dependence of the phase diagram in one-dimensional extended
Hubbard model: a functional renormalization group study

To cite this article before publication: Yuan-Yuan Xiang et al 2019 J. Phys.: Condens. Matter in press https://doi.ora/10.1088/1361-648X/aafd4d

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2019 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 157.89.65.129 on 16/01/2019 at 01:39


https://doi.org/10.1088/1361-648X/aafd4d
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-648X/aafd4d

Page 1 of 8

oNOYTULT D WN =

IOP Publishing

AUTHOR SUBMITTED MANUSCRIPT - JPCM-112871.R2

Journal Title

Journal of Physics: Condensed Matter XX (XXXX) XXXXXX

https://doi.org/XXXX/XXXX

Doping dependence of the phase diagram in‘one-
dimensional extended Hubbard model: a
functional renormalization group study

Yuan-Yuan Xiang’, Xiao-Jie Liu'?, Ying-Han Yuan’, Jie Cao?, and Chun-Mei Tang*

! Department of Physics, College of Science, Hohai University, Nanjing, China

2 Institute of Mechanics, Chinese Acadamy of Science, Beijing, China
E-mail: yyxiang@hhu.edu.cn

Received XXXxXxx

Accepted for publication xxxxxx

Published xxxxxx

Abstract

Using functional renormalization group method, we studied the phase diagram ofithe one-dimensional extended Hubbard
model at different dopings. At half filling, variety of states strongly.compete with each other. These states include spin-
density wave, charge-density wave, s-wave and p-wave superconductivity, phase separation, and an exotic bond-order wave.
By doping, system favours superconductivity more than density waves. At'1/8 doping, a new area of extended s-wave
superconductivity emerges between charge density wave and bond-order wave regions. If the system is doped to 1/4-doping,
a new area of p-wave superconductivity emerges between charge-density wave and spin-density wave regions.

Keywords: functional renormalization group (FRG), extended Hubbard model (EHM), phase diagram (PD), bond-order wave
(BOW), charge-density wave (CDW), spin-density wave (SDW), s-wave superconductivity (SSC), p-wave superconductivity

(PSC)

1. Introduction

The one-dimensional extended Hubbard model (1d-EHM) is a
practicable simple model for.describing strong electronic
correlations in quasi-one-dimensional, (Q1D) materials. At
half-filling, a important feature is the existence of the exotic
bond-order wave(BOW)_between spin-density wave(SDW)
and charge-density wave(CDW)[1] and a tricritical point at
intermediate coupling strength for repulsive interaction[2,3].
Superconductivity(SC)and phase separation(PS) will emerge
for attractive interactions[4]."Until now, part or full of its half-
filling phase diagram(PD), on the U —V plane has been
studied by exact»diagonalization(ED)[4-6], g-ology[7-9],
quantum Monte-Carlo(QMC)[2,3,5,10,11], density-matrix
renormalization group[12-18], and some other theoretical
methods[19-24]. In the scheme of functional renormalization
group(FRG) which provides an unbiased approach to handle
strongly-correlated systems with many possible competing
instabilities, Tam et al get the BOW state at weak-coupling
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region[25]. However, the full PD at half-filling haven't been
invested by FRG until now.

For real Q1D superconductors such as KoCrsAsz and related
materials with the same structure[26-29], KCrsAs3[30-32]
and KoMo3As3[33], the system is doped away from half-filling.
The pairing is proposed to be unconventional spin-triplet
pairing induced by electron-electron correlations.[26,34]
Despite of multi-band electronic structure of the real materials,
study of the PD of doped one-band 1d-EHM may elucidate the
effects of doping and correlation on possible electronic
instabilities. Previously, p-wave spin-triplet pairing have only
be found on V' < 0 region for 1d-EHM at both half-filling and
quarter-doping, while no SC is found for repulsive interactions.
Inspired by our previous FRG calculations, we may expect
unconventional pairing induced by spin or charge fluctuations
upon doping.

Motivated by the above two considerations, we ultilize the
recently developed singular-mode FRG(SMFRG) method to

© xxxx IOP Publishing Ltd
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study the PD of 1d-EHM at different dopings. The paper is
organized as follows. In Sec. 2, we introduce the model and
method. In Sec. 3, we first give the phase diagram at half-
filling as a benchmark of SMFRG method in one dimension.
Then we give the PD at two specific dopings to show the
effects of doping. In the last, we give some discussions and
our conclusion.

2. Model and Methods

The model hamiltonian reads:

H= —tZ(CLCHM + h. c.)

+UanTnll+VZn M1

where c; ; is the anmhllatlon operator of spin g onsite i, n; =
Yoo = 2o Ci,oci.d is electron number operator on site i. t is
the hopping integral on nearest neighbor(NN) bonds which is
set to 1 during our calculation. We define the filling factor f =
n,/2 (n, is the average number of electrons per-site) and the
doping level § = f—1/2. U and V are on-site and NN
interactions respectively. During our calculation, we confined
the interaction parameter space to be U € [—5,5], V € [-3,3]
(in unit of t).

We utilize the SMFRG method to determine possible
instabilities in this model. Details of FRG can be found in ref.
[35] and here we give the basic ideas of SMFRG. The general
four-point  vertex  function in  the interaction
cf ¢ (~Tizsa)ci,ci, is rearranged into the pairing(P);
crossing(C) and direct(D) channels in such a way. that a
collective momentum q can be associated and the. other
momentum dependence can be decomposed as:

I111c+q,—11c,—1a,p+q - Z Jm () B (@ D)
I1k+q,p,k,p+q - Z fr;kz (k)Cmn (Q)fn(P) )

I1k+q,1a,za+q,k - Z frZ(k)Dmn(q)fn(B

mn

Here {f,,} is a set of orthonormal lattice form factors, which
describe the form of the fermion bilinears. Principally, the
decomposition is rigorous if all-form factors--the number of
which diverges in the thermodynamic limit--is considered.
Actually, only a finite set{of form factors truncated up to a
certain range are important 'in_a<potentially diverging
scattering mode. For example, limiting the fermion bilinears
to site-local spin-density. and d-wave pairing on 1st NN bonds
proved already successful for.the Hubbard model describing
cuprates.[36] In this paper, we choose the following seven
form factors:

folk) =1
k) = \[Z_COSk;]‘lp(k) =+2sink;
2l = A2 cos 2k ; 7 (k) = V2 sin 2k ;

£ () =V2cos3k; fF (k) = V2Zsin3k;
where the subscripts 1,2,3 denote 1st NN, 2nd NN, 3rd NN
respectively. We have checked that longer-range form factors
will not affect the results qualitatively.
We considered all one-loop correction to the vertex function
and the partial flow equations for each channel ¢an be written
as:

daP ,

an ~ Paeohs

ac ,

an ~ HmC

aD , ,

% =(C- D)XphD + DXph(C - D),

where A is the flowing energy scale (the infrared limit of the
Matsubara frequency in_our case) and y,, ., are loop
integrations projected by the form factors:

dk
Cop) i = =57 g Fm (G e + 4, iM)G (—ke, =in) £ ()
+ (A = ~A),
(o) o = —g fm(k)G(k +q,i0)G (k, i0) 7 ()

where Gy is the bare” fermion propagator. As usual FRG
implementation, the self-energy correction and frequency
dependence of the vertex function are ignored. The full flow
equations can be written as:

dP 0P A(BC BD)

an~an Plantaa
dc _ac Lo (ap N aD)
an—on“\aataa
dD _6D+D(6P+6C)
dA ~ 9A oA ' AN

where P, C, D are the projection operators which project the
contributions from the other two channels.

It can be shown that the effective interaction in SC, SDW,
and CDW channels are given by Vs =—P,Vspy =
C,Vepw = C — 2D  respectively. By  singular-value
decomposition, we monitor the evolution of the collective
momentum gy and the most-negative singular value Sy in
channel X (X=SC, SDW, CDW). The flow is stopped if any
Of |P|maxs |Clmax: OF |D|max DECOMES roughly ten times of
the bandwidth or A is less than the mesh-gap due to
discretization of the k points. The most diverging Sy at some
critical scale A, determines the leading instability. Form-
factor of the order parameter is determined by the
corresponding eigenvector of the decomposed effective
interaction. In our calculation, CDW, PS and BOW
instabilities are all in the CDW channel, with their differences
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Figure 1. Phase diagram at half-filling. In the Fermi liquid(FL)
region, no instability is found during our calculation.

lying in the collective momentums or form-factors which will
be explained later.

3. Results
3.1 Phase diagram at half-filling

3.1.1 Three general phases and their boundaries

Fig. 1 shows our PHD of 1d-EHM at half filling which'is
consistent with previous DMRG results. The PHD can be
roughly divided into three regions where the main instabilities
are SDW, CDW, and PS respectively. The “collective
momentum for the three phases are 7, T and 0 respectively.In
the Fermi-liquid(FL) region, no divergence is.found.

3.1.2 BOW phase

Around these three PB's, new states emergeas the lgading
instabilities. In the first quadrant, a nafrow @ion of BOW

phase emerges around the PB between SDW/and CDW phases.

As interaction strength increases;, this region expands first and
then shrinks into a tri-critical pointaround (U, V) ~ (3.6,1.8).
Hence, we get all the main features naturally without any
presumed assumptions. In this region;, the'SDW and CDW
channel strongly compete with each other at high energy level.
During the flow to lower.energy level, . CDW channel becomes
logarithmically diverging after a crossover from on-site CDW
state to extended p-wave/CDW/state, i.e. the BOW phase.
From the final form factor.and the associated wave vector
qeow = T, We/obtain the)order parameter operator of the
BOW phase in real space as:

Opow D =D Y (el ti10 + o obio)
o

—a-U=2t —a-U=2t
40
0 15‘ A U=-3t ‘.l *\ U=-3t
. ‘k * —* —U=-4t 30| &, *‘*\ —* —U=-4t
_ t* o l‘ %*,
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Figure 2. (a) Dependence of y of SSC gap function on V for U =
—2 (red triangle), U = =3y(yellow square), and U = —4 (purple
pentagram) respectively. (b) The same as (a) but for the singular
value of PS. interaction vertex Spg at the end of FRG flow. (c)
Dependence of . of PSC gap function on V for U =1 (red
triangle), U = 2 (yellow square), and U = 3 (purple pentagram)
respectively. (d)The same as (c) but for the singular value of PS
interaction vertex Sp¢ at the end of FRG flow.

The sign factor (—1)' reveals the p-wave nature of this phase
whichrenormalizing the effective hopping staggered along the
1d.chain, leading to dimerization.

3.1.3 SC phases

Between CDW and PS, s-wave SC(SSC) becomes the
leading instability. We found U < 0 for the whole SSC region.
The pairing formfactor takes a general form a + y cos 2k. In
the majority of this area, the y component is negligible,
indicating the dominating intrinsic on-site pairing induced by
attractive U. However, when close to the PS phases, the y
component becomes non-negligible. We plot the dependence
of y on V for there different U in Fig. 2(a). The range of V for
a special U corresponds to a cut line of the SSC region. As we
can see, the value of y increases rapidly as V close to the
lower boundary. We found that the dependence of Sy in the
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Figure 3. Phase diagram at 1/8 doping.

final step of FRG on V almost shows the same behaviour as
shown in Fig. 2(b). By this comparison we conjecture that the
y component in SSC gap function is induced by the PS
fluctuation.

Between SDW and PS, p-wave SC(PSC) becomes the
leading instability. The gap form is written as fsink +
n sin 3k for the whole region. We found that the n term is
negligible in the majority of this region, indicating p-wave
pairing is mainly on NN bonds which is induced directly by
attractive V. This state is expected to have some similar
aspects to that of the Kitaev chain model in whichsthere
appears Majorana edge states at the ends of the chain, [37]
When close to PS region, the n term which corresponding te
p-wave pairing on 3rd NN bonds becomes non-=negligible. We
plot the dependence of n and Sy on V for three vertical cut
lines with U =1,2,3 in Fig.s 2(c) and (d). Thesimilar
behavior of n and S, indicate a positive correlation between
them. Associating with the SSC cases me claim that‘the PS
fluctuation may induce pairings on bonds.

As we can see, f{(k), 5 (k) and £ (k) is missing in our
SSC and PSC gap functions. At half-filling, they are
energetically unfavorable since all of them generate nodes on
the two Fermi points located at +7/2. We will see this is also
true for the doping cases.

3.2 Results at 1/8 doping
The phase diagram at'1/8 doping is shown in Fig. 3 to see
the effects of slight doping. The main features of the phase

diagram are similar to that of half-filling. We will talk about
the properties.of the.various phases in the following.

3.2.1 CDW, SDW and PS

(a) (b)

—scC —scC
-0.5 —SDW -0.5 —SDW
" cow| . cow
= - =
1.5 1.5
2 ] 2 i
102 10° 102 102 10° 102
A A

Figure 4. Flow diagrams for U = 2.95,V"=11.95 (a) andU =
2.95,V = 1.97 (b). The vertical axis is multiplied by 5 to
enhance the visualization.

At 1/8-doping, we found the g-vector for SDW changes to
0.75m which is the nesting, vector/ at this doping level.
However, we found q4py, remainsto be mr for the majority of
the CDW region. On'one-hand, the bare effective interaction
for CDW is U + 2V cos q, which is most attractive at g = 7.
On the other hand, we found that the CDW channel diverges
at high energys level in . most cases, hence it can't take
advantage ofsthe nesting/If we going to the boundary of the
CDW region, we foundits critical scale decreases and its g-
vector gradually evelves to g,,.s.. Properties of the PS state
remains;the same as half-filling case.

4
3.2.2 BOW

For BOW region, the form factor now can be written as a +
B, cosk + y; cos 2k + B, sink + y, sin2k. The first three
terms correspond to on-site, NN, NNN s-wave particle-hole
pairings and the latter two are NN and NNN p-wave particle-
hole pairings. We found the main term two be a and S, for the
whole region, indicating this phase can be simply regarded as
a mixed state of CDW and BOW.(We refer to this phase as
BOW for simplicity.) At first glance, the mixture of s- and p-
wave seems conflict with the original C,, lattice symmetry
since the form-factor is not a irreducible representation of it.
However, the wave vector associating with BOW now is
qsow = 0.75m, which breaks the original lattice symmetry. In
this sense, we conclude that the mixture of s- and p-wave
phases is reasonable.

3.2.35C

At 1/8 doping, previous SSC and PSC regions slightly
expand. The main pairing terms remain the same as the half
filling case. However, since kg changes to 3m/8 now, cos k
and sin 2k terms appear to be the minor pairings for SSC and
PSC respectively. Surprisingly, we found a new narrow SC
region between CDW and SDW phases in the first quadrant.
In particle-hole channel, CDW and SDW fluctuation are
comparatively strong in this region. For example, Figs. 4
shows the flow diagrams for U = 2.95,V = 1.95 in (a) and

Page 4 of 8
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Figure 5. Phase diagram at 1/4 doping.

U =295V =197 in (b). Inthe CDW channel, the leading
g-vector is always located at r. Hence it cann't take advantage
of the low-energy scatterings and saturates at high energy
scale. However, in the SDW channel, the leading q-vector
evolves form  to 2k, = 0.75m. Hence it still grows at low
energy scale. The relative strength between CDW and SDW
fluctuation depends on the final diverging energy scale as in
the two cases we shown. The pairing function takes the form
a + B cosk + y cos 2k with B -term dominant, indicating a
extended SSC state. From the real space configuration of the
CDW and SDW fluctuations, we conjecture that they may
both contribute to the extended SSC.

3.3 Results at 1/4 doping

Fig. 5 shows the PD of 1/4-doping. Properties of.CDW,
SDW and PS phases are similar to those of 1/8-doping. (Note
that k changes to /4 now.) The BOW._region, shrinks to a
small region around the origin in the 2nd quadrant. The wave
vector changes to /2 and the form-factor/can be written as
a + B(cosk + sink) + y sin 2k, With @,_and B terms
dominating. In the following, wefocus.on the properties of SC
phases.

3.3.155C

At 1/4-doping, preyviousSSC region, significantly extends
to V > 0 region. The main pairing remains on-site while the
minor pairing changes withilocation on the U — V plane. As
we found, the minor pairing terms are cos k for V < 0 and
cos 2k for V > 0. Both of their weights in the gap function
increase with |VV|. Atthe top right corner of this region VV >
U>0, we found| the weight of cos2k term becomes

30 @) 40 (&)

20\ [ %z:\ ;f

| i
10/ | (e -=
\\/\/‘f 10

-1 0 1 -1 0 1
qlw qlm

SC:DW

Figure 6. g-dependence of S¢py (q) for U =102,V = 1.99 (a)
and U = 1.2,V = 2.14 (b).

comparable to on-site term/which is similar to the extended
SSC case at 1/8 doping.

3.3.2PSC =

For PSC, there are two distinct regions on the PD. In PSC |
region, the main pairingterm is sin k which is pretty similar
to the former tworcases. In the PSC Il region between SDW
and CDWj no intrinsicrpairing interaction exist since both U
and V are repulsive.. The gap function can be written as
B sink +ysin 2k with § = y. The pairing mechanism is a
little bit subtle.nIn this region, we found it's the ¢ = 7 CDW
fluctuation or g E /2 SDW fluctuation to be the dominating
fluctuation in particle-hole channel. However, these two kinds
of fluctuations both favor extended SSC with strongest pairing
on:>NNN bonds, corresponding to cos 2k term in the gap
function. At 1/4-doping, this pairing term is 0 at the two Fermi
points, making it energetically unfavorable. So we further
checked the subleading fluctuations in the particle-hole
channel. As shown in Figs. 6, we found a second peak at g =
0 for Scpw (q). This corresponds to PS fluctuation which can
induce the PSC obtained in our calculations.

4. Discussion and Conclusion

Here we compare some of our results with existing studies.
At half-filling, we get a “FL” region which is absent in
previous studies by ED, QMC, and DMRG. [6,10,11,14,15]
This is due to our truncation of the flow parameter and
interaction vertex since numerical calculations will become
unreliable if we go further. At the truncation point, if we
assume leading channel as the possible instability, the existing
PD at half-filling can be recovered.

After doping, we found the q.py remains to be w,
indicating a phase-separated state with high and low density
regions. This is qualitatively consistent with ED and QMC
calculations. [38,39] An important issue here is the existing of
narrow SC regions found in the first quadrant on the U — V
plane, which seems to conflict with previous QMC study, in
which the authors ruled out the possibility of SC for repulsive
interactions.[39] They argue that although K, has the
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tendency to exceed one when approaching the boundary of PS,
due to strong spin fluctuation SDW should be the leading
instability. However, from FRG point of view, strong charge
or spin fluctuations may induce unconventional SC such as the
case of iron-based superconductors. The extended SSC for
1/8-doping here is consistent with this picture. For the PSC we
found at quarter-filling, pairing is induced by g = 0 charge
fluctuations. In this sense, we conclude our finding of SC for
repulsive interactions is reasonable and we expect further
confirmation by other methods.

It should be noted that our results should be understood by
the competitions among different kinds of instabilities. Some
non-perturbative features of one-dimensional correlated
systems may not be properly captured by our FRG scheme.
For example, Lieb and Wu found the ground state is Luttinger
liquid for U > 0,V = 0,8 # 0 via Bethe’s ansatz.[40] Since
the framework of FRG is based on Fermi liquids, it’s hard to
obtain Luttinger liquid or featureless Mott insulator without
any long-range order. Whether inclusions of frequency
dependence and higher order flow diagrams can overcome this
difficulty is still an open question.

In summary, we studied the PD's of 1d-EHM at half-filling,
1/8-doping and 1/4-doping. The PD at half-filling showed the
reliability of our SMFRG method in one dimension and
intermediate coupling strength. Two doping PD's showed the
possibility of new unconventional SC induced by chargeor
spin fluctuations in the particle-hole channel in this model. For
the real Q1D superconductors, experimental results suggest
possible spin-triplet pairing. Despite their multi-band
electronic structure, our theoretical results based on one-band
model may provide the possibility of triplet pairing induced
by charge or spin fluctuations in Q1D systems.
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