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Motivated by theory and experiments on strain-induced pseudo-Landau levels (LLs) of Dirac fermions in
graphene and topological materials, we consider its extension for Bogoliubov quasiparticles (QPs) in a nodal
superconductor (SC). We show, using an effective low-energy description and numerical lattice calculations for
a d-wave SC, that a spatial variation of the electronic hopping amplitude or a spatially varying s-wave pairing

component can act as a pseudomagnetic field for the Bogoliubov QPs, leading to the formation of pseudo-LLs.
We propose realizations of this phenomenon in the cuprate SCs, via strain engineering in films or nanowires,
or s-wave proximity coupling in the vicinity of a nematic instability, and discuss its signatures in tunneling

experiments.
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I. INTRODUCTION

The ability to tune electronic properties with strain in a
wide range of quantum materials has led to the emerging area
of “straintronics” [1]. Strain has been shown to be an important
knob in graphene, topological materials, and oxide electronics,
allowing one to tune band dispersion and topology [2-10],
and to control magnetism [11,12] and ferroelectricity [13] in
thin films. Uniaxial strain has also been used to shed light on
fundamental questions in correlated materials, from searching
for chiral p, & ip, pairing in Sr,RuQOy [14], to understanding
nematicity in pnictide superconductors [15] and in the “hidden
order” state of URu,Si, [16].

In graphene, a two-dimensional (2D) electronic membrane
[17], strain modifies the wave-function overlap between neigh-
boring orbitals and causes a momentum-space displacement
of the massless Dirac point in the dispersion, thus simulating
the effect of a vector potential [2,4,18]. A spatial variation of
the strain in graphene nanobubbles and “artificial graphene”
leads to colossal pseudomagnetic fields of up to ~300 T, and
a pseudo-Landau level (pseudo-LL) spectrum [3,5,6]. Strain
also induces a deformation potential which acts as a “scalar
gauge potential”; the corresponding in-plane electric fields
can lead to a breakdown of the pseudo-LLs [18-21]. There
have been theoretical studies of Josephson coupling through
pseudo-LLs [22,23], and interaction effects which can lead
to exotic correlated states [24,25]. Strain effects have also
been generalized to three-dimensional (3D) Dirac and Weyl
semimetals [26-29], Kitaev spin liquids [30], and atoms in
optical lattices [31,32].

In light of these developments, we address in this paper
the important question of how these phenomena manifest
themselves in superconducting phases of matter. Specifically,
we consider the possibility of engineering time-reversal
invariant pseudo-gauge fields for Bogoliubov quasiparticle
(QP) excitations of nodal superconductors (SCs). Our key
observation is that the QP Dirac nodes of the SC will shift
in momentum space under the modification of the single-
particle dispersion or the form of the pairing gap. Thus,
spatial variations of the dispersion or the pairing term can
mimic a spatially varying gauge field. Using an effective
low-energy theory for 2D d-wave SCs as well as a numerical
lattice model study, we show that this induces pseudo-LLs
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of Bogoliubov QPs and discuss its signatures in the spatially
resolved tunneling density of states (TDOS).

Our work highlights two key differences between strained
nodal SCs and materials such as graphene or Dirac-Weyl
semimetals. (i) Unlike electrons, Bogoliubov QPs do not
have a well-defined electrical charge and do not couple
directly to external orbital magnetic fields. Thus, strain
engineering provides a unique window to explore LL physics
of Bogoliubov QPs. (ii) We show that strain variations in
a d-wave SC with time-reversal symmetry cannot induce a
pseudo-‘“‘scalar potential” for Bogoliubov QPs. This is unlike
the impact of the deformation potential for graphene. In this
regard, pseudo-LLs of Bogoliubov QPs are more robust and
are “symmetry protected.”

We suggest two routes to realizing this physics in the
cuprate SCs: via strain engineering in thin films and nanowires,
or via edge effects or s-wave proximity coupling in the vicinity
of an isotropic to nematic SC quantum phase transition (QPT)
[33]. Our study sheds light on how inhomogeneous strain can
reorganize the low-energy spectrum of nodal SCs.

II. EFFECTIVE LOW-ENERGY THEORY

The low-energy excitations of a uniform 2D d-wave SC
on a square lattice reside near the two pairs of gap nodes
Ky =+(K,K) and K, =+(K, — K) as in Fig. 1(a). We
combine the slowly varying fermion fields near the node pairs
into Nambu spinors \I/ga(r) = (w,ja(r),eww_h(r)), where o, v
are spin labels (1 or |,), and £ = 1,2 labels the nodes K| ». The
low-energy excitations of a nodal SC are described by the ef-
fective Dirac Hamiltonian Hy = 3", , [ d’r W}, ()b} W, (1),
with

O — _iot5®.F — io" 0.9, )

where 7, 5% denote the Fermi velocity and the gap velocity
(respectively, normal and tangential to the Fermi surface),
and 0% are Pauli matrices. Diagonalizing Hj in momentum
space leads to the massless Dirac dispersion E,(k) = (vfzkf +
vak:)!/? where (ky,ky) denotes the deviation in momentum
from K, [with local coordinate axes as shown in Fig. 1(a)],
and the Dirac cone anisotropy is set by vg/va.
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FIG. 1. (a) Rotated Brillouin zone for the square lattice showing
schematic Fermi surface (solid, black) for optimal hole-doped cuprate
SCs. Quasiparticle Dirac nodes are located at £K; and £K,, and we
show local coordinate axes used in our low-energy theory. (b) Strip
geometry (not to scale) used in the numerics with width W and length
L > W. Shading gradient illustrates spatial variation in the pairing
or hopping amplitude across the strip.

We next turn to the effect of time-reversal invariant slow
spatial variations in the hopping and pairing amplitudes of this
nodal SC, which adds to the microscopic lattice Hamiltonian
terms of the form

1
OHy = =5 D 81, (R)(Ch4Cr o+ Hee, @)
R,na

1
SHy = gz A, (R)(Chy Chiay y —CRy Chins + He),  (3)
R,y

where n denotes the set of neighbors of site R and H.c.
stands for Hermitian conjugate. A low-energy expansion of
the fermion fields leads to the modified Hamiltonian

b = —ivdy + fe(r)  —iseuady + ge(r) @
~\—isevady + go(r)  ivdy — fe(r) )

where s, = (—1)¢, with

Jemy == 81,(r) cos(K; - ), )
n

1
=7 an 8 A, (r) cos(Ky - ), (©6)

and we have implicitly assumed that we have rotated r into
the local coordinate axes for node £. Note that a conventional
deformation potential or spatially varying chemical potential
may also be included in f;(r) in Eq. 4. We can recast this
Hamiltonian as

b =vio?[ — i0e+ AN [ +sevac [ —idy+ATD], (7)

where we have defined the “vector potential” A® via
veANr) = fi(r) and vAA(yZ)(r) = s5pg¢(r). Thus, slow spatial
modulations of parameters in a nodal superconductor will
lead to an effective low-energy theory of Dirac quasiparticles
coupled to a spatially varying vector potential.

The issue of whether additional gauge potentials (e.g., a
“scalar gauge potential” which minimally couples to time
derivatives rather than space derivatives) can arise in a strained
SC amounts to asking if any other Pauli matrix components
are permitted in h“). To address this, we note that terms
proportional to the identity matrix will act as a valley-odd
chemical potential, while a component proportional to ¥ will
correspond to complex pairing. Both terms are forbidden by
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time-reversal and spin-rotation symmetries in a d-wave SC,
and thus cannot destabilize the pseudo-LLs; in this sense, the
pseudo-LLs may be regarded as “symmetry protected” (see
Appendix A for details). The key point is that slow modulations
of the parameters of a nodal superconductor will leave the
nodal quasiparticle excitations pinned to zero energy but can
displace it in momentum space. Thus, d-wave Bogoliubov
QPs, unlike electrons in graphene, do not experience an
inhomogeneous “scalar” gauge potential [18,21]. However,
breaking time-reversal symmetry, for instance with a super-
current, will lead to a Doppler shift for the QPs [34], shifting
the energy of the nodal excitations, which thus provides an
analog of a scalar potential.

III. PSEUDO-LANDAU LEVELS

We next turn to the spectrum of hO(r) for two illustrative
cases, with A induced by variations in the pairing gap or
hopping amplitude, to show the emergence of pseudo-LLs. We
then supplement the continuum theory with numerical results
on a lattice realization.

A. Pseudo-LLs from gap variations

Let us impose an additional extended s-wave pairing
with a uniform gradient along the [1,1] direction, which
translates to A, (r)=0A,(r)=(x./ao + xp/ap + 1/2)A;.
Here, (x,,xp) refer to (global) coordinates corresponding to the
a and b crystal axes, and ay is the lattice constant. Using this,
we find f;(r)=0, while, in the local coordinates at £ =1,2, we
have g;(r)=Bvax and g>(r)=Bvay, with f = \/Evf—ao cos K.

For node pair £ =2, this leads to .Zl(z) =(0,By), which yields
B® =0. In this case, the energy spectrum is unaffected by the
modulation, while the wave functions are obtained by a gauge
rotation as e~ 2/ W®(r), where WA(r) is the Nambu spinor
wave function of the uniform d-wave SC for node pair £ = 2.

For node pair £=1, we arrive at A(1>i(0,—ﬂx), i.e., the
Landau gauge for a pseudomagnetic field B = —B%. Setting
the Nambu wave function WV (r)=¢*®W(x), we get (see
Appendix B)

, k
[—wfazaﬁﬁvmx (x— Eﬂ V)= EdPx). (8

Defining |1) = %(1,1’ sgnB)’ and ||)= J%(l’ —isgnB)’, we
find a zero-energy eigenstate |®Pyo) = |0);|}) and nonzero
energy eigenstates

L
V2

|Pens) = —=(In = D [1) £ [n)y [1)), ©))

where the subscript =+ denotes states with energies
+2|Blvaven (with integer n > 1). Here, |n); is the nth
eigenstate of a harmonic oscillator centered at k/8, with
a mean square width (x2) = (n+1/2) |,5U:’A' We confirm
these findings below within a lattice model of a d-wave
superconducting strip.
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B. Pseudo-LLs from hopping variations

Next, let us consider a uniform spatial gradient in
the hopping along the [1,1] direction, given by &z, ,(r) =
Otyy(r) = —(xq/ao + xp/ao + 1/2)t;, where ¢, sets the scale
of the hopping distortion. This results in g,(r)=0 and, in
local coordinates, fi(r)=Bvx and f(r)= Bvry, where g =
4420 L-cos K. This, in turn, leads to AW = (Bx,0), which

corresponds to zero pseudomagnetic field, while A® =(By,0)
yields a pseudomagnetic field B® = —B%, which supports
pseudo-LL energies identical to the case with gap variation
for the same choice of B (see Appendix C). A similar
pseudovector potential can also be realized by a spatially
varying nematic distortion of the second-neighbor hopping,
with 8ty 4, (r) = —(x4/a0 + xp/ao + Dty and 8t (r) =
(xa/ao + xp/ap)ty, which yields BV =0and B? = — B2, with
B = 4«/5% sin> K. We note that while these examples are
“gauge equivalent” to the earlier gap variation case, their
physical realizations are distinct since we are changing the
hopping rather than the gap, thus directly controlling the
“vector potential.”

IV. LATTICE MODEL RESULTS

To check the validity of the low-energy linearized Dirac the-
ory, we numerically diagonalized the full lattice Bogoliubov—
de Gennes (BdG) Hamiltonian using a strip geometry with
(1,1) edges [see Fig. 1(b)]. The strip width is W; the trans-
verse direction, along which periodic boundary conditions
were used, has length L > W. Analogous results for the
(1,0)-edged strip are presented in Appendix F. We pick
a nearest-neighbor hopping amplitude =1, next-neighbor
hopping #'=-—0.25¢, electron filling 7=0.85, and a d-
wave gap Ay =0.25¢, such that v¢/va = 13; these parameters
are chosen so as to be representative of the hole-doped
cuprate SCs.

Figure 2(a) shows the spectrum of the (1,1)-edged strip as
a function of the momentum k; along the long direction L, in
the absence of any imposed spatial variation for W = 500+/2aj.
The spectrum exhibits d-wave Dirac nodes projected onto the
Brillouin zone of the strip; the velocity anisotropy ve/va > 1
is evident in the dispersion slopes of the outer versus inner
nodes. In addition, we find zero-energy Andreev bound states
(ABSs) expected for a d-wave SC in this geometry [35-38].

Figure 2(b) shows the spectrum with a nonzero gradient
in the hopping amplitude across the strip width, which leads
to a pseudo-LL spectrum at the outer Dirac nodes; we have
chosen to plot the spectrum near the Dirac node indicated by
the circle in Fig. 2(a), for strip width W =500+/2ay and a
maximum change 8¢ ~0.1¢ at the edge. Figure 2(c) shows the
effect of an extended s-wave pairing gradient along the strip
width, which leads to pseudo-LL formation at the central Dirac
node. Here, we have chosen W =2000\/§a0 and a maximum
s-wave gap A; ~0.4A, at the edge. The low-energy spectra in
Figs. 2(b) and H.c.(c) are in quantitative agreement with our
analytical results. The spectrum for the (1,0)-edged strip (see
Appendix F) displays similar strain-induced pseudo-LLs; the
key difference is in the absence of ABSs for the unstrained
d-wave SC in this geometry.

PHYSICAL REVIEW B 96, 224516 (2017)

————— /\
( [rosmiesroming)\ ‘

~\\\\\ j, = \\

190 186  1.82 178 02 0100 01 02
kL kL

FIG. 2. (a) Spectrum of uniform d-wave SC on a (1,1)-edged
strip versus momentum k; along the L direction, showing Dirac
nodes and zero-energy ABSs. Circles indicate regions shown in the
next two panels. (b) Formation of flat pseudo-Landau levels near
the outer Dirac nodes due to uniform hopping-amplitude gradient
in the [1,1] direction; shown here is the near-node region indicated
in (a). (c) Similar to (b) but with extended s-wave pairing gradient,
which induces pseudo-LLs near the central Dirac node indicated
in (a).

V. EXPERIMENTAL SIGNATURE OF PSEUDO-LLS

As in the case of strained graphene, scanning tunneling
spectroscopy (STS) experiments which probe the TDOS may
provide the most direct route to observing the QP pseudo-LLs.
For weak pseudomagnetic fields, the peaks in density of states
due to pseudo-LLs may be visible in microwave spectroscopy.
Below, we first provide analytical expressions for the bulk
TDOS expected within our continuum low-energy theory. We
then present numerical results on the lattice model (see Fig. 3)
which goes beyond the continuum theory by incorporating the
effects of quantum confinement of the Bogoliubov QPs to the
strip, as well as the impact of ABSs at the edges.

Andreev states QP bound states Pseudo LLs: n= 012345
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1.0
5
<
(%]
o
a
=

‘ ; 0.0

-0.10 0.00 0.10 -0.10 0.00 0.10

Q/4, /A,

FIG. 3. Low-energy TDOS versus energy 2/A, (scaled to the
d-wave gap), from diagonalization of BdG Hamiltonian in the strip
geometry, plotted across scaled strip width 0 <w/ W < 1. (a) Uniform
d-wave SC, showing ABSs near zero energy localized near w/ W =
0,1, and QP bound-state TDOS exhibiting rapid spatial oscillations.
(b) Hopping gradient case showing extra pseudo-LL peaks.
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In tunneling experiments, the TDOS in the continuum
theory will have two contributions in the bulk. At nodes where
the vector potential acts as pure gauge, it will only induce
a phase shift for the fermion operators, leading to a TDOS
contribution identical to a uniform d-wave SC. At nodes
where the QPs sense a pseudomagnetic field, there will be
discrete pseudo-LLs. These lead to a total TDOS (details in
Appendix D)

|£2]

T VFVA

where n = 0,£1,42, ... and A, = /2Bvsva|n|sgn(n).

We have also computed the TDOS numerically for the lat-
tice model in the above strip geometry. Confinement to the strip
then leads to QP subbands with minima at discrete energies
~prvp/W and ~pmvg/W for nodes K;, K, respectively
(p = nonzero integer), as well as ABSs at the strip edges.
As seen from Fig. 3, the TDOS for the strip exhibits three
key features. (i) Without or with a gradient in the hopping
amplitude, we see the zero-energy peaks in the TDOS at the
top and bottom edges reflecting the presence of ABSs; the
spectral weight from these ABSs weakly leaks into the bulk.
As shown in Appendix F, the ABSs and their contribution to
the TDOS is absent for a (1,0)-edged strip. (ii) In the bulk
(i.e., away from the edges), one set of indicated peaks exhibits
rapid spatial oscillation of the TDOS across the strip width.
These peaks arise when the energy 2 crosses the minimum
Q) (at k, =0) of each subband s in the spectrum, leading to a
~1/,/2— 2} divergence in the TDOS. These QP bound states
(see Appendix E) arise due to internode scattering K; < —Kj.
There are additional weaker features with longer-length-scale
spatial variations arising from intranode scattering at +Kj.
Both contributions are present even in the absence of a
gradient; see Fig. 3(a). (iii) Finally, the hopping gradient
induces an extra set of indicated pseudo-LL peaks seen in
Fig. 3(b) where the TDOS is nearly constant across the
strip. The spatial dependence of the TDOS distinguishes the
pseudo-LL peaks from QP bound states.

N(Q) ~

B
+— ;5(9 — A, (10)

VI. EXPERIMENTAL REALIZATIONS
A. Strained nanowires or films

One route to tuning the spatial variation of the electron
hopping and pairing amplitudes discussed above is to strain
a cuprate thin film or nanowire. Unlike graphene, which has
a simple single-particle description of its electronic bands, it
is necessary here to include electron interactions in order to
study the microscopic impact of strain on the d-wave SC.
The cuprates may be modeled by a tJ Hamiltonian H,; =
—8 Y i i€ Cio 850 Yy Si - Sj. with bare nearest-
and next-neighbor hoppings # and #;~—0.31), respectively,
and nearest-neighbor spin exchange J = 4t§ /U =~ 0.31y. We set
to = 450 meV which leads to J = 135 meV. The coefficients
g:,8y represent renormalization factors that crudely account
for strong correlation effects. Motivated by slave-boson [39]
and renormalized mean field theory calculations [40,41], we
pick g,=2p/(1+p) and g; = 1, where p is the hole doping
(see Appendix G for details). Such a mean field approach
captures a variety of experimental observations on the d-wave
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FIG. 4. Trilayer heterostructure with cuprate SC thin film epitaxi-
ally sandwiched between two piezoelectric perovskite films along the
(110) surface. An inhomogeneous strain can be induced in the cuprate
layer by asymmetrically polarizing the two piezolayers. Metallic
outer gates (yellow regions) are used to apply the piezovoltages,
with the cuprate layer serving as the common inner gate. For
typical values of piezoconstant (d3; ~50-275 pm/V) and dielectric
breakdown field (~25 MV /m) for piezoelectric perovskites [44,45]
such as Pb(Zr, Ti;_, )O3, we estimate that lattice strains ~0.1-1% can
be induced in the cuprate layer.

cuprate SCs; we therefore view it as a useful tool to estimate
the pseudo-LL gap.

Here, we consider the effects of inhomogeneous strain
that can be induced using a piezoelectric thin-film het-
erostructure schematically depicted and discussed in Fig. 4.
Such piezoinduced strain will lead to a gradient in the
hopping d8#y(r) as well as a change in the superexchange
interaction § J (r) &~ (8ty/ U)dt((r) across the strip. This induces
a gradient in the effective hopping and pairing amplitude in
the BAdG equation. Raman scattering studies of La, CuO,4 under
hydrostatic pressure [42] indicate that a F70.5% change in the
lattice constant leads to §J/J ~=%5%, indirectly implying a
change in the bare hopping amplitude §fy/fy~ +2.5% in the
underlying ¢J model. A self-consistent solution to the mean
field equations in the SC state at a hole doping p =0.15 shows
that such a uniform change leads to a & £ 7% change in the
d-wave pairing gap and ~ £ 3% change in the renormalized
hopping. A gradient in the d-wave gap does not induce any
pseudo-LLs; however, the hopping gradient can in fact induce
pseudo-LLs as discussed above. For a (110)-edged film of
thickness ~700ag, or a nanowire of similar width (= 270 nm)
which is experimentally realizable [43] and similar to the strip
geometry explored here, we estimate that a hopping gradient
with a realistic 0.5%—1% maximal strain across the sample
will generate a first-excited pseudo-LL at E;~1 meV; this
can be probed by c-axis tunneling. A fully self-consistent
inhomogeneous BdG study of this physics is challenging due
to the large system sizes involved; we defer this to future work.

B. Proximity to nematic order

A different route to realizing pseudo-LLs is to note
that the onset of nematic order in a tetragonal d-wave SC
spontaneously breaks the C4 point-group symmetry and will
induce an extended s-wave component to the pair field [33].
There is evidence that the cuprates are proximate to such a QPT
[46-51], so that an edge-induced s-wave pairing component
will exhibit slow spatial decay, leading naturally to a gap
variation needed to form pseudo-LLs. Tuning near such a
critical point, or using proximity effect coupling to an s-wave
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SC, can tune the decay length and amplitude of the s-wave
gap, thus controlling the pseudomagnetic field and permitting
further experimental tests.

VII. SUMMARY

We have proposed inhomogeneously strained nodal SCs
as systems to realize pseudo-gauge fields and pseudo-LLs
for Bogoliubov QPs, and suggested experimental routes and
signatures to observe such physics in candidate materials such
as the cuprate d-wave SCs. We note that even accidental
SC Dirac nodes will show similar physics. Further research
directions include understanding the impact of such inhomoge-
neous strains on the superconducting transition temperature, its
interplay with real magnetic fields and vortices, and extensions
to materials like CeColns, iron pnictides, and candidate
topological SCs like Sr,RuQy.

Note added. Recently, a closely related work appeared by
Nica and Franz [52]. Our results, where they overlap, are in
agreement.
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APPENDIX A: ABSENCE OF “SCALAR GAUGE
POTENTIAL” IN BdG EQUATION

Inhomogeneous strain effects also lead to a deformation
potential, which in graphene produces a scalar gauge potential
in addition to the pseudovector potential [2,4,18-21]. Here, we
argue that no such scalar potential, which may significantly
alter the low-energy LL structure, or even cause its collapse
[21], can arise in time-reversal symmetric spin-singlet super-
conducting systems, such as the one we consider.

The key physical idea is that the BAG Hamiltonian for
a singlet SC with time-reversal symmetry only permits two
of the four Pauli matrices: the corresponding coefficients are
in fact the two components of the vector potential identified
in the main body of this paper. Thus, any analog of the
“scalar deformation potential” here will necessarily break
time-reversal symmetry or lead to singlet-triplet mixing. Such
terms will be allowed in a more general setting, for example, if
spin-orbit coupling is present and inversion symmetry or time-
reversal symmetry is broken, but not in the cases studied here.

The Pauli matrix components that can enter the Hamiltonian
of Eq. (4) of the paper are constrained by symmetry. This is
most easily seen by considering the BAG Hamiltonian in real
space,

Hpac = Z %ﬁjh,-jiﬂj,

iJ

P (d?j +d;, Ajj )
ij = 0 3]s
Aj dy—dj

(AD)

(A2)
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where W,T = (c}},ci y) is the Nambu spinor at site i, and
dy,d7;, Ajj are complex numbers, with Hermiticity imposing
the constraint that dioj = (d;-)i)* and dfj = (d;i)*:

(a) Time-reversal symmetry, which sends ciy — ¢,
¢iy — —cip, and complex-conjugates all complex numbers,
leads to the additional restrictions (i) d?j =0 and (ii) A=
A%

(b) Spin-rotation symmetry and singlet pairing further
impose the constraints dfj = (dfi)* and A, ;= Al’.‘j.

With these ingredients, the Hamiltonian matrix h;; =
djo® + Ajo', where d; and A,; are real numbers. Thus,
time-reversal symmetry and spin-rotation symmetry, respec-
tively, require that the coefficients of o (which corresponds
to a valley-odd chemical potential) and o> (which corresponds
to a complex pairing component) both vanish.

Such a Hamiltonian captures a BdG SC with arbitrary
spatial modulations in hopping and pairing amplitudes, and
an appropriate low-energy “Dirac node” expansion recovers
Eq. (4) of our paper, and only permits the two components
of the vector potential which we have shown leads to the for-
mation of pseudo-LLs. Any additional scalar potential is thus
symmetry forbidden. Breaking such symmetries, for instance
with a supercurrent that breaks time-reversal symmetry, leads
to a Doppler shift for the QPs, which is an analog of a scalar
potential.

APPENDIX B: DIRAC BdG SOLUTION: GAP VARIATIONS

Start with the Hamiltonian at node ¢ =1 for the case
discussed in the main text where pseudo-LLs arise from gap

variations:
. k
H=|—ivic*0,+Bvac” x—E .

Note that (sgnBo”) anticommutes with this Hamiltonian,
so that if |®) is an eigenstate of H with energy E, then
(sgnBo?¥)|®) is a solution with energy —E. (Here, sgnf =
B/1B].) This is the BAG particle-hole symmetry. Let us define

i, =i [1Ba r
ZUf

B

(B2)
k _ Vf t
(x N E) =\ 2B T ®3)

so we get

t(o"sgnp +io?) ta (0*sgnp — iaz)}

H=./2
IﬁlvaA[a > >

(B4)

Define spinors

1 1 1 1
=—|. ; =— . . BS5
1) ﬁ(z sgn,B) 1) ﬁ(—z sgnﬂ) (B5)
Then, the Hamiltonian is of the Jaynes-Cummings type
H = /2|Blvvalia'S™ —iaST],
1

where S¥ act as raising/lowering operators on the above spin- 3
states. Let |n) denote harmonic oscillator states (with n > 0)

(B6)
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centered at k/B which are generated by a,a’. Then, we have a
Zero-energy eigenstate

[Po) = 10) [{) (B7)
and nonzero energy solutions

In—1)|1) £iln) )
n = B8
|Dyt) NG (B3)

with respective energies =+/2|8|vsvan. More explicitly, the
wave functions are given by

1 k
Diote) = =0 <x - B) (_,. Slgnﬂ), (B9)
U (=) Figa(x — )
Puns1) = 5 (sgnﬁ[iwn_l(x ~ g (- &) B0

where ¢, (x) is the nth harmonic oscillator ground state. We
can then define quasiparticle operators y for the node pair
£ = %1, so that

(r) 1 iky
o= (1) = B e

n o k
+ 3 (Prns () @Dkn(x))(e i (()—k)>:|'
av/n,—1,v

n>0

(B11)

In terms of these, the Hamiltonian is given by

H= Y V20B0ran(, g0V ®) + b (07,2 (0).

k,a,n>0

(B12)
APPENDIX C: DIRAC BdG SOLUTION:

HOPPING VARIATIONS

Start with the Hamiltonian at node ¢ =2 for the case
discussed in the main text where pseudo-LLs arise from
hopping variations. Assume plane waves along the x direction.
Then,

H = Buvo* <y + %) — VA" 0y, (Cl)

Let us define

o lflzf(“t“)’ (€2)
( +£>_ S ) (C3)
Y8 TV 2Bl :

so we get

H= 2|ﬁ|vaA[af(“zsg“2ﬂ+iU’“> ) (oZSgnz,s_iw}

(C4)

Define spinors

1 IIRY
1) E(_isgnﬁ) 1)

1 1
ﬁ <i sgnﬂ)' €5
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Then, the Hamiltonian is of the Jaynes-Cummings type
H = /2|B|vrvalia’S™ —iaSH], (C6)

where ST act as raising/lowering operators on the above spin-%
states. Let |n) denote harmonic oscillator states (with n > 0)

centered at y = —k/p which are generated by a,a’. Then, we
have a zero-energy eigenstate
|®o) = 10) 1) (o))

and nonzero energy solutions

In—1) M) £iln) )
V2

with respective energies 1=+/2|f|vsvan. More explicitly, the
wave functions are given by

1 k
Pro(y) = E% (y + E) (i sglnﬁ>’ (&)
1 w1 (y+5) £iga(y + 5
¢kni(y)=§< v 1(y ﬂ) N (y ﬁ) ),

|qbni> =

(CB)

—sgnBlign1(y + £) Lo (y + 5)]
(C10)

where ¢, (y) is the nth harmonic oscillator ground state.

APPENDIX D: TUNNELING DENSITY OF STATES (TDOS)
1. Uniform case

The superconducting local TDOS for spin « for a uniform
d-wave SC is given by

kK )
No(r,Q) = / oy [u28(Q — Ex) + v28(Q + Ex)], (D1)

where uf = 1(1+ &/Ex), v} = 2(1 —&/Ex), and Eyx =

VEZ + Al. We can linearize the dispersion around the four
nodes (labeled £ = £1,42), which leads to

B A d2q 1 .G
Na(r,Q)_XZ:/ WE[(H 2 )5(9—&1)

—»(Z) -
Ve -
+ (1 - q)a(sz +€q)},

q

where & = [vig? +viqﬁ and the momentum cutoff A

ensures the same total number of momentum states. Doing
the integral, we find

N dgqydq.
Na(r.£2) = 2/ any (2 Vot +03ad)
+8(2+/viat +via))].

Rescaling veqy = Q) and vaq, = Q», with Q =,/0}+03, we
find

D2)

(D3)

g

2T VfUA

A
Ne(r,£2) = 2/ O[8(2—0)+48(2+ Q)] (D4)

with an appropriate choice A = ,/mvsva. Of course, this
linearized description will break down at a lower energy
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scale ~va/ag, where ag is the lattice spacing. This yields,
for || S va/ap K A,

N(r,Q):ZNa(r,Q): 2182

(D5)
TTUf VA

2. Pseudo-Landau level case: Gap variations

Consider the gap variation example discussed in the main
text. Then, fermions at two of the Dirac points only see a
phase change from the vector potential, which does not change
the density of states, leading to a contribution from £ = +2
given by

2]
TVUFUA

Na(r,Q) = (D6)
This is half the total density of states in the uniform case. The
contribution from the other node pair N, (r,<2) is expected to
reflect the formation of pseudo-LLs. The Green function for
node pair £ = %1 reduces to

_ 1 olx—%) 1 k
0=1)/y. : _ Z B z 2 _r
G 018) = 5 P {iszm—Eo +2Z[‘”"<x ﬁ)

n>0

g k o,
X—— )
bo-t\*"% ) \\i.—E, "iQ,+E,

D7)

where Ey = 0. Summing over spins and £ = =1, this leads to

2 k 1 k
nir = 13 (v g Jr+ 3 3 i+ )

k n>0
+on <X - %)}[5(9 — E,) +8(Q2+ En)]}~

(D8)

Deep in the bulk, N;(r,<2) will be independent of r, and we
can approximate it as

Ni(r,Q) ~ % [5(9) + Y 8(Q— E)+8(Q+ E,,)]:|
n>0

(DY)

which can be recast in the more compact form

Ni(r, Q) ~ ';i' D 8@ = ), (D10)

where n =0,£1,+2,..., with A, =+ /2Bvsval|n|sgn(n).
Thus, the total density of states N (r,2) + No(r,2) will reflect
a combination of the pseudo-LL spectrum as well as the Dirac
density of states of the uniform d-wave SC.

APPENDIX E: d-WAVE SC IN A NARROW STRIP

In this appendix we study singular contributions to the
TDOS which come from quantization of the quasiparticle
momentum transverse to the strip. Just in this appendix, we find
it convenient to retain the full BdG equation, and linearize
around the Dirac nodes only at the end. We begin with the

PHYSICAL REVIEW B 96, 224516 (2017)

BdG Hamiltonian

Y _ E(kln_law)
Hke) = (A(kL,—iaw)

where 0 < w < W is the transverse coordinate, and k;,kw
will denote momenta along the strip length and strip width (L,
W directions), respectively. For a (110) edge, we have & (k;, —
kw) = s(kL,kW) and A(kL, — kw) = —A(kL,kw). We are
looking for states which obey the strip boundary conditions,
i.e., eigenfunctions v (w) of H which have a vanishing charge
density at the strip edges ¥1(0)?y(0) = v (W) (W) =
0. A plane-wave eigenfunction with positive eigenvalue
e(kp kw) = VE2 (kL kw) + A2(ky ky) is given by

Aty —id,)
—s(kL,—iaw)>’ E1)

o fulkpkw)Y ikw
¢+(kL7kWa w) - (U(kLykW)>e ’ (Ez)
where
) L ke kw)
[k, kw)|” = 2<1 + s(kL,kW)> (E3)
and
o L E(kp.kw)
[v(kp,kw)|” = 2<1 —e(kL,kW)) (E4)

Since A(ky,kw) is a real function for the d-wave SC
we are considering, it is sufficient to take wu(ky,kw) > 0
and (signv(ky,kw)) = (signA(kr,kw)), thus, u(kp,—kw) =
u(ky,kw)and v(ky,—kw) = —v(kp,kw). A plane-wave eigen-
function with negative energy —e(ky,kw) is given by

v(kkaW) )eikww.

—ulky o) (E5)

@~ (kp,kw;w) = (

To construct a state which obeys the boundary conditions, we
consider a superposition of states with opposite ky:

(ke kw > 0,w)

= ¢ (kp.kw,w) + rlkp kw)p™ (kp,—kw)

_ M(kL,kW) ik w M(kL,kW) —ikww

- (v(kL,kW))e +’(kL’kW)(—v<kL,kw))e '
(E6)

The charge density for this state is given by (dependence on
kr and ky implicit)

prw) =yt y Tt w).
= 121+ |r[> + 2Re(re” %)
— V[l + |r]> = 2Re(re Wy
= (u? = v))(1 + |r>) + 2Re(re 2wy, (E7)

where Re(z) denotes the real part of z. Finite-size quantiza-
tion sets as usual ky = wn/W, where n = 0,1,2..., while
demanding that p vanish at the strip edges results in

w? —v®)(1 +|r)*) +2Re(r) = 0. (E8)
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Since —1 < u? —v2 <1, ris always real. Thus, the eigen-
states are given by

Ui k) = (Zzgfﬁ;) eimm/ W
+rn(kL)( un(kL) )einnw/W. (E9)

_vn(kL)

Similar states with negative energy are given by

_ . o vn(kL) itnw/W
Y (keiw) = (—uan))e

+m(h)(jﬁii;)e‘i”"w/” (E10)

The TDOS is given by

1 [ dk,
N(Q,w) = 5/2—;ZZlﬁ;fT(kL,w)(TO—i-srz)l//,‘;(kL,w)8

n=0 s==+

x [ — se,(kp)]. (E11)

Focusing on positive energies,
dk
N(Q > 0,w) = 2/ 2—; ;uﬁ(ku(l +r2(ky)

Tnw

+2r,(kr) cos W )8[Q—sn(kL)]. (E12)

The main low-energy contributions to the TDOS in a
d-wave SC come from the vicinity of the nodes. We are
further focusing on the nodes at k;, =0 and ky = £Kp,
thus, for kyy > 0, & ~ ve(nwr/W — Kp), A >~ vaky, and ¢ ~
\/ vi(nm/W — Kr)* + viks. Changing integration variables
we have

N(Q > 0,w)
o d 1
= 2f had W2 (e)
viln/W—Kp| 270 S~ vaky(€)
X <1 + 17 + 2r, cos nnw)a(g )
w
> 0@ — vlnw/W — K |)Q ! 2(Q)
= - - ——Uu
. ' " vk ()"
) TRW
x| 1 +r, +2r, cos w ) (E13)

where k,(Q) = /Q% — (v /w — K)?/va and u?(RQ) =
[1+ ve(nm/w — KF)/R2]/2. Since there are always values of
w for which the term in the above parentheses is finite, we find
that there are contributions at Q2 = v¢|nw/W — Kg| which
diverge as 1//Q2 — (vint/W — Kp)2.

APPENDIX F: PSEUDO-LANDAU LEVELS OF STRAINED
d-WAVE SC IN THE (1,0)-EDGED STRIP GEOMETRY

Numerical diagonalization of the lattice BAG Hamiltonian
was also performed for a (1,0)-edged strip. Again, the
strip’s width is W, and the transverse direction, along which
periodic boundary conditions were used, has length L > W.

PHYSICAL REVIEW B 96, 224516 (2017)

FIG. 5. (a) Spectrum of uniform d-wave SC on a (1,0)-edged strip
versus momentum k; along the L direction showing Dirac nodes.
Note that there are no zero-energy ABSs in this geometry. Circle
indicates region shown in the next two panels. (b) Formation of
flat pseudo-Landau levels in the low-energy regime due to uniform
hopping-amplitude gradient in the [1,0] direction; shown here is the
near-node region indicated in (a). (c) Similar to (b) but with extended
s-wave pairing gradient.

Parameters ¢, ¢/, 7, and A, are taken to be the same as in the
(1,1)-edged case considered in the main text.

Figure 5(a) shows the spectrum of the strip as a function of
the momentum k; along the long direction L in the absence
of any imposed spatial variation. The spectrum exhibits the d-
wave Dirac nodes projected onto the Brillouin zone of the strip.
As expected with (1,0) edges, zero-energy ABSs are absent
from the spectrum. A circle indicates the near-node region in
which we have chosen to plot the spectra of Figs. 5(b) and 5(c).

Figure 5(b) shows the spectrum in the presence of a nonzero
gradient in the hopping amplitude across the strip width (in the
[1,0] direction), which leads to a pseudo-LL spectrum at both
Dirac nodes; we have chosen W =3000q¢ and a maximum
change 61 ~0.25¢ at the edge. Figure 5(c) shows the effect of
an extended s-wave pairing gradient across the strip width, also
leading to pseudo-LL formation at both Dirac nodes. Here, we
have chosen W =3000a¢ and a maximum s-wave gap A~
0.25A, at the edge. The low-energy spectra in Figs. 5(b) and
5(c) are in quantitative agreement with our analytical results.

APPENDIX G: MEAN FIELD EQUATIONS FOR

CORRELATED d-WAVE SC WITH STRAIN

‘We start from the usual ¢ J model in the main text

Hj;=—g ZZ‘(),,-J'CLCJ-“ +gJJZ§,- . §',

i,j.o (i)

(G

where the bare nearest-neighbor and next-neighbor hoppings
are tp = 1 and 1y, = —0.31y, respectively, the antiferromagnetic
exchange coupling J = 4t§ /U = 0.3y, and the renormal-
ization factors g, =2p/(1 + p), g; = 1 account for strong
correlation effects in a mean field manner. Note that g, is
chosen in line with renormalized mean field theory, while we
have set g; = 1 similar to what one expects from slave-boson
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mean field theory. At any rate, we should only view this as an
effective model to obtain a variational d-wave superconducting
ground state, with results which approximately reproduce
experimental data. Doing a full Hartree-Fock-Bogoliubov
mean field theory of the superexchange term, we arrive at
the mean field Hamiltonian

Hyir = ) 5ot — O Aklcigely +eyye), (G2)
ko k

where &k = —2(gito + %gl J x)(cos k, + cosky,) —
4gt) cosk, cosk, is set by the effectively renormalized
hoppings (which appear in our BAG calculations in the paper)
t = (gito + %g,]x) and ¢’ = g, while the pairing gap
Ak = %g 7J Ag(cosk, — cosky). The mean field equations
determining y,A( and the mean electron density 7 =1 — p
are given by

1 A
—k(cos ky —cosk,),

A= —
2N 4= 2E,

(G3)

1
=2 (1 _ z_';)(coskx+cosky>, (G4)
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(G5)

—— 0 P
n_NXk:<1 Ek)_l P

where Ex =/&2 + Aj. We solve these equations self-
consistently assuming 7y — f(1 +¢) and J — J(1 + 2¢),
where the (small) fractional change ¢ in the hopping and
exchange interaction is determined by the strain which affects
the lattice constant; see main text. (The factor of 2¢ in J reflects
its dependence on hopping as ~t§.)

We pick the bare hopping #yp = 450 meV, which leads to
J = 135 meV (corresponding to U/#;~13). For hole doping
p = 0.15, and for the unstrained case ¢ = 0, we find that the
renormalized hoppings satisfy 1" = —0.25¢, and an antinodal
gap 3g;JAp ~ 24 meV at (mw,0). In addition, with the
lattice constant ay = 3.85 /f\, we find a nodal Fermi velocity
ve ~ 1.3 eV A, and a ratio of Fermi velocity to gap velocity
ve/va & 20. These are in reasonable agreement with results
for the optimally doped cuprates. Incorporating €, and solving
the mean field equations, we find the results for the strain
dependence of the hopping and pairing quoted in the main
text.

[1] B. Amorim, A. Cortijo, F. de Juan, A. G. Grushin, F. Guinea,
A. Gutiérrez-Rubio, H. Ochoa, V. Parente, R. Roldan, P. San-
Jose et al., Novel effects of strains in graphene and other two
dimensional materials, Phys. Rep. 617, 1 (2016).

[2] A. H. C. Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and
A. K. Geim, The electronic properties of graphene, Rev. Mod.
Phys. 81, 109 (2009).

[3] F. Guinea, M. I. Katsnelson, and A. K. Geim, Energy gaps and a
zero-field quantum hall effect in graphene by strain engineering,
Nat. Phys. 6, 30 (2010).

[4] M. A. H. Vozmediano, M. I. Katsnelson, and F. Guinea, Gauge
fields in graphene, Phys. Rep. 496, 109 (2010).

[5] N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl, F.
Guinea, A. H. Castro Neto, and M. F. Crommie, Strain-induced
pseudo—magnetic fields greater than 300 tesla in graphene
nanobubbles, Science 329, 544 (2010).

[6] K. K. Gomes, W. Mar, W. Ko, F. Guinea, and H. C. Manoharan,
Designer Dirac fermions and topological phases in molecular
graphene, Nature (London) 483, 306 (2012).

[7] L. Zeljkovic, D. Walkup, B. A. Assaf, K. L. Scipioni, R. Sankar,
F. Chou, and V. Madhavan, Strain engineering Dirac surface
states in heteroepitaxial topological crystalline insulator thin
films, Nat. Nanotechnol. 10, 849 (2015).

[8] J. Liu, D. Kriegner, L. Horak, D. Puggioni, C. Rayan Serrao, R.
Chen, D. Yi, C. Frontera, V. Holy, A. Vishwanath et al., Strain-
induced nonsymmorphic symmetry breaking and removal of
Dirac semimetallic nodal line in an orthoperovskite iridate, Phys.
Rev. B 93, 085118 (2016).

[9] M. Ochi, R. Arita, N. Trivedi, and S. Okamoto, Strain-induced
topological transition in SrRu,Og and CaOs,0Og, Phys. Rev. B
93, 195149 (2016).

[10] L. Zhu, S.-S. Wang, S. Guan, Y. Liu, T. Zhang, G. Chen, and
S. A. Yang, Blue phosphorene oxide: Strain-tunable quantum
phase transitions and novel 2D emergent fermions, Nano Lett.
16, 6548 (2016).

[11] C.Rayan Serrao, J. Liu, J. T. Heron, G. Singh-Bhalla, A. Yadav,
S. J. Suresha, R. J. Paull, D. Yi, J.-H. Chu, M. Trassin et al.,
Epitaxy-distorted spin-orbit Mott insulator in Sr,IrO; thin films,
Phys. Rev. B 87, 085121 (2013).

[12] A. Lupascu, J. P. Clancy, H. Gretarsson, Z. Nie, J. Nichols, J.
Terzic, G. Cao, S. S. A. Seo, Z. Islam, M. H. Upton et al., Tuning
Magnetic Coupling in Sr,IrO4 thin Films with Epitaxial Strain,
Phys. Rev. Lett. 112, 147201 (2014).

[13] K. J. Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, R.
Uecker, P. Reiche, Y. B. Chen, X. Q. Pan, V. Gopalan et al.,
Enhancement of ferroelectricity in strained BaTiOs thin films,
Science 306, 1005 (2004).

[14] C. W. Hicks, D. O. Brodsky, E. A. Yelland, A. S. Gibbs,
J. A. N. Bruin, M. E. Barber, S. D. Edkins, K. Nishimura, S.
Yonezawa, Y. Maeno et al., Strong increase of T, of Sr,RuQ,
under both tensile and compressive strain, Science 344, 283
(2014).

[15] H.-H. Kuo, J.-H. Chu, J. C. Palmstrom, S. A. Kivelson, and
I. R. Fisher, Ubiquitous signatures of nematic quantum critical-
ity in optimally doped Fe-based superconductors, Science 352,
958 (2016).

[16] S. C. Riggs, M. C. Shapiro, A. V. Maharaj, S. Raghu, E. D.
Bauer, R. E. Baumbach, P. Giraldo-Gallo, M. Wartenbe, and
L. R. Fisher, Evidence for a nematic component to the hidden-
order parameter in URu,Si, from differential elastoresistance
measurements, Nat. Commun. 6, 6425 (2015).

[17] E.-A. Kim and A. H. Castro Neto, Graphene as an electronic
membrane, Europhys. Lett. 84, 57007 (2008).

[18] G. G. Naumis, S. Barraza-Lopez, M. Oliva-Leyva, and H.
Terrones, Electronic and optical properties of strained graphene
and other strained 2d materials: a review, Rep. Prog. Phys. 80,
096501 (2017).

[19] V. Lukose, R. Shankar, and G. Baskaran, Novel Electric Field
Effects on Landau Levels in Graphene, Phys. Rev. Lett. 98,
116802 (2007).

224516-9


https://doi.org/10.1016/j.physrep.2015.12.006
https://doi.org/10.1016/j.physrep.2015.12.006
https://doi.org/10.1016/j.physrep.2015.12.006
https://doi.org/10.1016/j.physrep.2015.12.006
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1038/nphys1420
https://doi.org/10.1038/nphys1420
https://doi.org/10.1038/nphys1420
https://doi.org/10.1038/nphys1420
https://doi.org/10.1016/j.physrep.2010.07.003
https://doi.org/10.1016/j.physrep.2010.07.003
https://doi.org/10.1016/j.physrep.2010.07.003
https://doi.org/10.1016/j.physrep.2010.07.003
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1191700
https://doi.org/10.1126/science.1191700
https://doi.org/10.1038/nature10941
https://doi.org/10.1038/nature10941
https://doi.org/10.1038/nature10941
https://doi.org/10.1038/nature10941
https://doi.org/10.1038/nnano.2015.177
https://doi.org/10.1038/nnano.2015.177
https://doi.org/10.1038/nnano.2015.177
https://doi.org/10.1038/nnano.2015.177
https://doi.org/10.1103/PhysRevB.93.085118
https://doi.org/10.1103/PhysRevB.93.085118
https://doi.org/10.1103/PhysRevB.93.085118
https://doi.org/10.1103/PhysRevB.93.085118
https://doi.org/10.1103/PhysRevB.93.195149
https://doi.org/10.1103/PhysRevB.93.195149
https://doi.org/10.1103/PhysRevB.93.195149
https://doi.org/10.1103/PhysRevB.93.195149
https://doi.org/10.1021/acs.nanolett.6b03208
https://doi.org/10.1021/acs.nanolett.6b03208
https://doi.org/10.1021/acs.nanolett.6b03208
https://doi.org/10.1021/acs.nanolett.6b03208
https://doi.org/10.1103/PhysRevB.87.085121
https://doi.org/10.1103/PhysRevB.87.085121
https://doi.org/10.1103/PhysRevB.87.085121
https://doi.org/10.1103/PhysRevB.87.085121
https://doi.org/10.1103/PhysRevLett.112.147201
https://doi.org/10.1103/PhysRevLett.112.147201
https://doi.org/10.1103/PhysRevLett.112.147201
https://doi.org/10.1103/PhysRevLett.112.147201
https://doi.org/10.1126/science.1103218
https://doi.org/10.1126/science.1103218
https://doi.org/10.1126/science.1103218
https://doi.org/10.1126/science.1103218
https://doi.org/10.1126/science.1248292
https://doi.org/10.1126/science.1248292
https://doi.org/10.1126/science.1248292
https://doi.org/10.1126/science.1248292
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1126/science.aab0103
https://doi.org/10.1038/ncomms7425
https://doi.org/10.1038/ncomms7425
https://doi.org/10.1038/ncomms7425
https://doi.org/10.1038/ncomms7425
https://doi.org/10.1209/0295-5075/84/57007
https://doi.org/10.1209/0295-5075/84/57007
https://doi.org/10.1209/0295-5075/84/57007
https://doi.org/10.1209/0295-5075/84/57007
https://doi.org/10.1088/1361-6633/aa74ef
https://doi.org/10.1088/1361-6633/aa74ef
https://doi.org/10.1088/1361-6633/aa74ef
https://doi.org/10.1088/1361-6633/aa74ef
https://doi.org/10.1103/PhysRevLett.98.116802
https://doi.org/10.1103/PhysRevLett.98.116802
https://doi.org/10.1103/PhysRevLett.98.116802
https://doi.org/10.1103/PhysRevLett.98.116802

MASSARELLI, WACHTEL, WEI, AND PARAMEKANTI

[20] A. A. Pacheco Sanjuan, Z. Wang, H. Pour Imani, M. Vanevi¢,
and S. Barraza-Lopez, Graphene’s morphology and electronic
properties from discrete differential geometry, Phys. Rev. B 89,
121403(R) (2014).

[21] E. V. Castro, M. A. Cazalilla, and M. A. H. Vozmediano,
Raise and collapse of strain-induced pseudo-Landau levels in
graphene, Phys. Rev. B 96, 241405 (2017).

[22] L. Covaciand F. M. Peeters, Superconducting proximity effectin
graphene under inhomogeneous strain, Phys. Rev. B 84, 241401
(2011).

[23] K. G. S. H. Gunawardana and B. Uchoa, Andreev reflection in
edge states of time-reversal-invariant Landau levels, Phys. Rev.
B 91, 241402 (2015).

[24] P. Ghaemi, J. Cayssol, D. N. Sheng, and A. Vishwanath, Frac-
tional Topological Phases and Broken Time-Reversal Symmetry
in Strained Graphene, Phys. Rev. Lett. 108, 266801 (2012).

[25] B. Uchoa and Y. Barlas, Superconducting States in Pseudo-
Landau-Levels of Strained Graphene, Phys. Rev. Lett. 111,
046604 (2013).

[26] A. Cortijo, Y. Ferreirés, K. Landsteiner, and M. A. H. Vozmedi-
ano, Elastic Gauge Fields in Weyl Semimetals, Phys. Rev. Lett.
115, 177202 (2015).

[27] A. Cortijo, D. Kharzeev, K. Landsteiner, and M. A. H. Vozmedi-
ano, Strain-induced chiral magnetic effect in Weyl semimetals,
Phys. Rev. B 94, 241405 (2016).

[28] P. Rinkel, P. L. S. Lopes, and 1. Garate, Signatures of the chiral
anomaly in phonon dynamics, Phys. Rev. Lett. 119, 107401
(2017).

[29] T.Liu, D. I. Pikulin, and M. Franz, Quantum oscillations without
magnetic field, Phys. Rev. B 95, 041201 (2017).

[30] S. Rachel, L. Fritz, and M. Vojta, Landau Levels of Majorana
Fermions in a Spin Liquid, Phys. Rev. Lett. 116, 167201 (2016).

[31] J. Dalibard, F. Gerbier, G. Juzeliiinas, and P. Ohberg, Collo-
quium: Artificial gauge potentials for neutral atoms, Rev. Mod.
Phys. 83, 1523 (2011).

[32] B. Tian, M. Endres, and D. Pekker, Landau Levels in Strained
Optical Lattices, Phys. Rev. Lett. 115, 236803 (2015).

[33] E.-A. Kim, M. J. Lawler, P. Oreto, S. Sachdev, E. Fradkin,
and S. A. Kivelson, Theory of the nodal nematic quantum
phase transition in superconductors, Phys. Rev. B 77, 184514
(2008).

[34] P. G. De Gennes, Superconductivity of Metals and Alloys
(Addison-Wesley, Boston, 1989).

[35] S. Kashiwaya and Y. Tanaka, Tunnelling effects on surface
bound states in unconventional superconductors, Rep. Prog.
Phys. 63, 1641 (2000).

[36] C. C. Tsuei and J. R. Kirtley, Pairing symmetry in cuprate
superconductors, Rev. Mod. Phys. 72, 969 (2000).

[37] T. Lofwander, V. S. Shumeiko, and G. Wendin, Andreev bound
states in high-7, superconducting junctions, Supercond. Sci.
Technol. 14, R53 (2001).

PHYSICAL REVIEW B 96, 224516 (2017)

[38] G. Deutscher, Andreev—Saint-James reflections: A probe of
cuprate superconductors, Rev. Mod. Phys. 77, 109 (2005).

[39] G. Kotliar and J. Liu, Superexchange mechanism and d-wave
superconductivity, Phys. Rev. B 38, 5142 (1988).

[40] F. C. Zhang, C. Gros, T. M. Rice, and H. Shiba, A renormalised
Hamiltonian approach to a resonant valence bond wavefunction,
Supercond. Sci. Technol. 1, 36 (1988).

[41] P. W. Anderson, P. A. Lee, M. Randeria, T. M. Rice, N.
Trivedi, and F. C. Zhang, The physics behind high-temperature
superconducting cuprates: the ’plain vanilla’ version of RVB,
J. Phys.: Condens. Matter 16, R755 (2004).

[42] M. C. Aronson, S. B. Dierker, B. S. Dennis, S.-W. Cheong, and
Z. Fisk, Pressure dependence of the superexchange interaction
in antiferromagnetic La,CuQy, Phys. Rev. B 44, 4657 (1991).

[43] J. A. Bonetti, D. S. Caplan, D. J. Van Harlingen, and M. B.
Weissman, Electronic Transport in Underdoped YBa,Cu;O7_s
Nanowires: Evidence for Fluctuating Domain Structures, Phys.
Rev. Lett. 93, 087002 (2004).

[44] M. W. Hooker, Properties of PZT-based piezoelectric ceramics
between —150 and 250°C, NASA Technical Report No.
NASA/CR-1998-208708 (1998).

[45] S. Trolier-McKinstry and P. Muralt, Thin film piezoelectrics for
MEMS, J. Electroceram. 12, 7 (2004).

[46] V. Hinkov, D. Haug, B. Fauqué, P. Bourges, Y. Sidis, A. Ivanov,
C. Bernhard, C. T. Lin, and B. Keimer, Electronic liquid crystal
state in the high-temperature superconductor YBa,Cu;Og 45,
Science 319, 597 (2008).

[47] R. Daou, J. Chang, D. LeBoeuf, O. Cyr-Choiniere, F. Laliberte,
N. Doiron-Leyraud, B. J. Ramshaw, R. Liang, D. A. Bonn,
W.N. Hardy, and L. Taillefer, Broken rotational symmetry in the
pseudogap phase of a high-7, superconductor, Nature (London)
463, 519 (2010).

[48] M. J. Lawler, K. Fujita, J. Lee, A. R. Schmidt, Y. Kohsaka,
C. K. Kim, H. Eisaki, S. Uchida, J. C. Davis, J. P. Sethna,
and Eun-Ah Kim, Intra-unit-cell electronic nematicity of the
high-7, copper-oxide pseudogap states, Nature (London) 466,
347 (2010).

[49] Y. Sato, S. Kasahara, H. Murayama, Y. Kasahara, E.-G. Moon,
T. Nishizaki, T. Loew, J. Porras, B. Keimer, T. Shibauchi, and Y.
Matsuda, Thermodynamic evidence for nematic phase transition
at the onset of pseudogap in YBa,Cu30,, Nat. Phys. 13, 1074
(2017).

[50] S. Okamoto, D. Sénéchal, M. Civelli, and A.-M. S. Tremblay,
Dynamical electronic nematicity from Mott physics, Phys. Rev.
B 82, 180511 (2010).

[51] A. V. Mallik, U. K. Yadav, A. Medhi, H. R. Krishnamurthy,
and V. B. Shenoy, Crucial role of internal collective modes in
underdoped cuprates, Europhys. Lett. 119, 27004 (2017).

[52] E. M. Nica and M. Franz, Landau levels from neutral Bogoliubov
particles in two-dimensional nodal superconductors under strain
and doping gradients, arXiv:1709.01158.

224516-10


https://doi.org/10.1103/PhysRevB.89.121403
https://doi.org/10.1103/PhysRevB.89.121403
https://doi.org/10.1103/PhysRevB.89.121403
https://doi.org/10.1103/PhysRevB.89.121403
https://doi.org/10.1103/PhysRevB.96.241405
https://doi.org/10.1103/PhysRevB.96.241405
https://doi.org/10.1103/PhysRevB.96.241405
https://doi.org/10.1103/PhysRevB.96.241405
https://doi.org/10.1103/PhysRevB.84.241401
https://doi.org/10.1103/PhysRevB.84.241401
https://doi.org/10.1103/PhysRevB.84.241401
https://doi.org/10.1103/PhysRevB.84.241401
https://doi.org/10.1103/PhysRevB.91.241402
https://doi.org/10.1103/PhysRevB.91.241402
https://doi.org/10.1103/PhysRevB.91.241402
https://doi.org/10.1103/PhysRevB.91.241402
https://doi.org/10.1103/PhysRevLett.108.266801
https://doi.org/10.1103/PhysRevLett.108.266801
https://doi.org/10.1103/PhysRevLett.108.266801
https://doi.org/10.1103/PhysRevLett.108.266801
https://doi.org/10.1103/PhysRevLett.111.046604
https://doi.org/10.1103/PhysRevLett.111.046604
https://doi.org/10.1103/PhysRevLett.111.046604
https://doi.org/10.1103/PhysRevLett.111.046604
https://doi.org/10.1103/PhysRevLett.115.177202
https://doi.org/10.1103/PhysRevLett.115.177202
https://doi.org/10.1103/PhysRevLett.115.177202
https://doi.org/10.1103/PhysRevLett.115.177202
https://doi.org/10.1103/PhysRevB.94.241405
https://doi.org/10.1103/PhysRevB.94.241405
https://doi.org/10.1103/PhysRevB.94.241405
https://doi.org/10.1103/PhysRevB.94.241405
https://doi.org/10.1103/PhysRevLett.119.107401
https://doi.org/10.1103/PhysRevLett.119.107401
https://doi.org/10.1103/PhysRevLett.119.107401
https://doi.org/10.1103/PhysRevLett.119.107401
https://doi.org/10.1103/PhysRevB.95.041201
https://doi.org/10.1103/PhysRevB.95.041201
https://doi.org/10.1103/PhysRevB.95.041201
https://doi.org/10.1103/PhysRevB.95.041201
https://doi.org/10.1103/PhysRevLett.116.167201
https://doi.org/10.1103/PhysRevLett.116.167201
https://doi.org/10.1103/PhysRevLett.116.167201
https://doi.org/10.1103/PhysRevLett.116.167201
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/PhysRevLett.115.236803
https://doi.org/10.1103/PhysRevLett.115.236803
https://doi.org/10.1103/PhysRevLett.115.236803
https://doi.org/10.1103/PhysRevLett.115.236803
https://doi.org/10.1103/PhysRevB.77.184514
https://doi.org/10.1103/PhysRevB.77.184514
https://doi.org/10.1103/PhysRevB.77.184514
https://doi.org/10.1103/PhysRevB.77.184514
https://doi.org/10.1088/0034-4885/63/10/202
https://doi.org/10.1088/0034-4885/63/10/202
https://doi.org/10.1088/0034-4885/63/10/202
https://doi.org/10.1088/0034-4885/63/10/202
https://doi.org/10.1103/RevModPhys.72.969
https://doi.org/10.1103/RevModPhys.72.969
https://doi.org/10.1103/RevModPhys.72.969
https://doi.org/10.1103/RevModPhys.72.969
https://doi.org/10.1088/0953-2048/14/5/201
https://doi.org/10.1088/0953-2048/14/5/201
https://doi.org/10.1088/0953-2048/14/5/201
https://doi.org/10.1088/0953-2048/14/5/201
https://doi.org/10.1103/RevModPhys.77.109
https://doi.org/10.1103/RevModPhys.77.109
https://doi.org/10.1103/RevModPhys.77.109
https://doi.org/10.1103/RevModPhys.77.109
https://doi.org/10.1103/PhysRevB.38.5142
https://doi.org/10.1103/PhysRevB.38.5142
https://doi.org/10.1103/PhysRevB.38.5142
https://doi.org/10.1103/PhysRevB.38.5142
https://doi.org/10.1088/0953-2048/1/1/009
https://doi.org/10.1088/0953-2048/1/1/009
https://doi.org/10.1088/0953-2048/1/1/009
https://doi.org/10.1088/0953-2048/1/1/009
https://doi.org/10.1088/0953-8984/16/24/R02
https://doi.org/10.1088/0953-8984/16/24/R02
https://doi.org/10.1088/0953-8984/16/24/R02
https://doi.org/10.1088/0953-8984/16/24/R02
https://doi.org/10.1103/PhysRevB.44.4657
https://doi.org/10.1103/PhysRevB.44.4657
https://doi.org/10.1103/PhysRevB.44.4657
https://doi.org/10.1103/PhysRevB.44.4657
https://doi.org/10.1103/PhysRevLett.93.087002
https://doi.org/10.1103/PhysRevLett.93.087002
https://doi.org/10.1103/PhysRevLett.93.087002
https://doi.org/10.1103/PhysRevLett.93.087002
https://doi.org/10.1023/B:JECR.0000033998.72845.51
https://doi.org/10.1023/B:JECR.0000033998.72845.51
https://doi.org/10.1023/B:JECR.0000033998.72845.51
https://doi.org/10.1023/B:JECR.0000033998.72845.51
https://doi.org/10.1126/science.1152309
https://doi.org/10.1126/science.1152309
https://doi.org/10.1126/science.1152309
https://doi.org/10.1126/science.1152309
https://doi.org/10.1038/nature08716
https://doi.org/10.1038/nature08716
https://doi.org/10.1038/nature08716
https://doi.org/10.1038/nature08716
https://doi.org/10.1038/nature09169
https://doi.org/10.1038/nature09169
https://doi.org/10.1038/nature09169
https://doi.org/10.1038/nature09169
https://doi.org/10.1038/nphys4205
https://doi.org/10.1038/nphys4205
https://doi.org/10.1038/nphys4205
https://doi.org/10.1038/nphys4205
https://doi.org/10.1103/PhysRevB.82.180511
https://doi.org/10.1103/PhysRevB.82.180511
https://doi.org/10.1103/PhysRevB.82.180511
https://doi.org/10.1103/PhysRevB.82.180511
https://doi.org/10.1209/0295-5075/119/27004
https://doi.org/10.1209/0295-5075/119/27004
https://doi.org/10.1209/0295-5075/119/27004
https://doi.org/10.1209/0295-5075/119/27004
http://arxiv.org/abs/arXiv:1709.01158



