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There is now copious direct experimental evidence of various forms of (short-range) charge order
in underdoped cuprate high temperature superconductors, and spectroscopic signatures of a nodal-
antinodal dichotomy in the structure of the single-particle spectral functions. In this context, we
analyze the Bogoliubov quasiparticle spectrum in a superconducting nematic glass. The coincidence
of the superconducting “nodal points” and the nematic “cold-spots” on the Fermi surface naturally
accounts for many of the most salient features of the measured spectral functions (from angle-
resolved photoemission) and the local density of states (from scanning tunneling microscopy).

PACS numbers: 74.20.-z, 74.25.Jb, 74.72.Kf, 74.81.—g

I. INTRODUCTION

The existence of glassy charge order in the pseudogap
phase of cuprates is now well established: Both momen-
tum space and real space probes find charge-density-wave
(CDW) order with moderate (but never infinite) correla-
tion lengths' !'. Evidence of a tendency to nematic order
has been adduced from local probes'? 14, diffraction'®'6,
and transport!”'8. Much of the associated theory litera-
ture has focused on either uniform long-range ordered
states, or dynamically fluctuating order. In contrast,
glassy order implies strong static heterogeneities, which
complicate any theoretical analysis.

The basic superconducting state is thought to be rea-
sonably well described by a simple mean-field theory
with a d-wave superconducting gap. Nevertheless, when
the superconductivity coexists with glassy charge order,
spectroscopic measurements reveal a number of “anoma-
lous” features that are not simply related to any long
range order. It is thus worth asking whether some or all
of these anomalous features are a consequence of glassy
charge order. Heterogeneous order parameters have
been studied previously in the context of cuprates'®26.
But most of these works have focused on the effects of
quenched randomness (e.g. impurities) on the ordering
tendencies themselves. Here instead we study how the
heterogeneity associated with glassy order affects various
spectroscopic properties.

Technically, our approach is similar to that employed in
earlier works on the effects of point-like impurities®” 32.
However, because the glassy order is assumed to reflect
(in part) the system’s tendency toward symmetry break-
ing, in the present study the effective scattering (“dis-
order”) potential is taken to have two properties not
present in earlier studies: (1) a moderate correlation
length, and (2) a non-trivial form factor. Although we
do consider various forms of CDW order, our most ex-
tensive and most significant results are associated with
a nematic glass, which by symmetry has a d-wave form
factor. While the lack of translation symmetry destroys
the long range coherence of the quasiparticles, the d-wave
form factor gives rise®* 3 to “cold-spots,”3% near which

the quasiparticles are increasingly weakly coupled to the
glassy order. Because these cold-spots coincide with the
nodal points in a d-wave superconductor, the lowest en-
ergy quasiparticles are also the most weakly affected by
the nematic glass.

In comparing our results to experiment, we consider
features from three different experiments: angle resolved
photomemission spectroscopy (ARPES), scanning tun-
neling microscopy (STM), and optical measurements:

1) The most salient feature of ARPES that we address
is the “nodal-antinodal” dichotomy. The energy distri-
bution curves (EDCs) for momenta along a cut across
the Fermi surface (Fig. 1b) in the nodal region consist
of a single dispersing feature which at least roughly re-
sembles that expected of a quasiparticle with a finite
lifetime. Conversely, along a similar cut perpendicular
to the antinodal segment of the Fermi surface (Fig. 1c),
the EDC is complex, exhibiting at least two distinct fea-
tures with apparent dispersion relations (if that notion
applies at all) that appear almost discontinuous. Never-
theless, moving along the Fermi surface from the nodal
to the antinodal point, the EDC curves evolve smoothly
and monotonically (Fig. 1d) with no sign of any sharp
boundary, or of the non-monotonic behavior one would
expect if there were "hot-spots” on the Fermi surface
corresponding to the spanning vectors associated with
incipient density-wave order.

2) Much thought has gone into the analysis of the rich
structural and spectroscopic information encoded in the
variations of the local density of states (LDOS) measured
by STM, especially on BSCCO. Here we focus exclusively
on a clear “dichotomy” (Fig. 4a) that has been appar-
ent since the earliest studies®”3%: At relatively low en-
ergies, the LDOS is remarkably homogeneous and has
the V-shaped energy dependence expected for a uniform
d-wave superconductor, while at energies comparable to
the gap (or pseudo-gap), there are order one variations of
the LDOS as a function of position. Note that the “dis-
persing features” in the Fourier transform of the LDOS
which have been identified with quasiparticle interference
effects are more or less confined to the “low energy” range
in which the LDOS is relatively homogeneous.



Intensity (arb. units)

JLCHRITTAAL

(a) (b) (d)

FIG. 1. Energy distribution curves (EDCs) from ARPES
measurements reproduced from He et al. °(Bi-2201). (b-d)
represent different paths in k-space as shown in (a): (b) is a
“nodal” cut through the Fermi surface (path 1 of (a)), (c) is
an antinodal cut through the Fermi surface (path 2 of (a)),
and (d) is a path along the Fermi surface starting at the nodal
point and ending at the antinodal (path 3 of (a)). The mea-
sured spectral weight has been divided by the Fermi function.

3) The low T optical conductivity rises roughly lin-
early with increasing frequency w to a peak at w ~
100 — 200meV that (at least in the more recent data on
Hg-1201) is larger than any reasonable estimate of the
superconducting gap, and then drops slowly at larger w
(Fig. 6a,b). All of these features are somewhat anoma-
lous, as is the T' dependence of o(w).

As we shall show, these salient features of the ARPES
and STM experiments are naturally explained by the co-
incidence of the nematic cold-spots and the supercon-
ducting nodes in a superconducting nematic glass. This
is illustrated in Figs. 2 and 4b, respectively. We also
find that the optical conductivity computed in the sim-
plest model of such a glass looks remarkably like the ex-
periments (Fig. 6c). However, concerning the thermal
evolution of o, there are aspects of the solution that are
slightly problematic, since in making the comparison at
the higher temperatures, we are comparing experimental
results at T' > T, with theoretical results at T' < T,.

The notion that various phenomena in the cuprates
may be associated with the existence of cold-spots on
the Fermi surface is not new. Notably, a number of ear-
lier studies®®*146 have suggested that salient features of
the transport properties of the “normal” (“bad metal” or
“strange metal”) state can be interpreted as evidence of a
strongly anisotropic scattering rate on the Fermi surface,
with cold-spots along the zone diagonal. Anisotropic
scattering rates inferred from ARPES data supports the
case*”. In contrast, in the present study, the focus is pri-
marily on the low temperature properties of the system
where superconductivity and pseudo-gap signatures co-
exist. In this regime, glassy nematicity provides a plausi-

ble microscopic origin of anisotropic scattering rates. To
the extent that there is a relation to the cold-spots of the
earlier proposals, it is more likely that at higher doping
and larger temperature they are associated with quan-
tum or thermal nematic fluctuations*® %, rather than
with frozen, glassy nematic order.

II. THE MODEL

As our primary focus is on the quasiparticle properties
deep in the superconducting state and far from any quan-
tum phase transition, where neither thermal nor quan-
tum fluctuations are expected to be significant, we as-
sume that it is sufficient to study the solutions of an
appropriate mean-field Bogoliubov-de Gennes Hamilto-
nian,

Hgag = Z (CLT cx¢> (gx;y Axy) <?’T> . (D)
Xy x v

—tyx

where c,, annihilates an electron at site x with spin o.
The “normal” part of the Hamiltonian is assumed to be
of the form

tey =ty + V(X,¥) (2)

where the first term represents the underlying band-
structure, tS?y) = — gy — LOixy) — t'0x,yyy With t =1,
t’ = —0.3, and chemical potential u = —0.8, and the term
V represents the effective potential due to the presence
of (glassy) charge order. The anomalous term Ay, on
each pair of nearest-neighbor sites (x,y) is determined

self-consistently from the gap equation

U
Dy =5 (Cyreny + CxpCyy) (3)

with A,y = 0 otherwise. A value of U = 0.732t is chosen
so that in the clean limit (V(x,y) = 0), the transition to
the d-wave superconducting state occurs at T = 0.05t,
and the resulting uniform d-wave BCS ground state has
a gap-function in k space: Ay = Ag(cos k, —cos k) with
Ay = 0.055¢. (Note that this unrealistic pairing strength
was chosen such that the antinodal gap (~ 0.1t) is larger
than the energy resolution set by vip**Ak ~ 0.06¢, where
V2% is the maximum Fermi velocity, and Ak = 27/N is
the momentum resolution, for system size N = 256 used
in most calculations, and yet reasonably smaller than the
energy difference between the Fermi level and van Hove
singularity (AE,z = 0.4t).)

Finally, the effect of any (glassy) charge order is rep-
resented by a local order parameter, ¢(x), (taken to be
real under the assumption that time-reversal symmetry
is unbroken) which couples to the quasiparticles with a
“form factor” f(r):

Vioy) = i el (4)



For typical random disorder, or for the simplest forms
of charge-density-wave (CDW) order, f(r) ~ 0, g, corre-
sponding to a position-dependent single-site energy. In
contrast, for nematic order, f(r) must flip sign under
90° rotation by symmetry; to be explicit we choose the
shortest-range form factor compatible with nematic sym-
metry, f(r) = 6, 4z — 0y 14, corresponding to a position
dependent modulation of the nearest-neighbor hopping
matrix elements. We assume ¢(x) are random variables
chosen from an ensemble defined by the configuration av-
erage of the two-point correlator, p(x)p(x +r) = I'(r).
The spatial range of the assumed correlations, as well
as any tendency to ordering with non-zero period (as
in a CDW with a finite ordering vector Q) are en-
coded in I'(r). In the case of a nematic glass, we take
[(r) = Cpemexp(—72/262,,.), where 'y, is a measure
of the mean-square magnitude of the nematic order, and
&rem 18 the nematic correlation length. For a CDW glass,
P(r) = (Degu /2)[c0s(Q - 1) + cos(Q' - )] exp(—12/2€2,., )
where Q and Q' are the two symmetry related ordering
vectors.

We can already see how a glassy nematic will generate
cold-spots by simply Fourier transforming Eq. (4) to yield

Viop) =5 [700+ F)] 0c-p), ()

where f(k) and @(q) are respective Fourier transforms
of f(r) and ¢(x). For nematic order, f(k) = 2(cosk, —
cosk,). When ¢(x) is uniform, ¢(q) is a delta function

peaked at q = 0, in which case V simply leads to dis-
tortion of Fermi surface (dashed line in Fig. 3a). When
©(x) is non-uniform, on the other hand, ¢(q) is no longer
a delta function, and momentum states acquire lifetimes
by scattering off of $(q). The form factor f(k) gives rise
to strong anisotropy of the quasiparticle lifetimes: While
the antinodal quasiparticles are strongly scattered, the
“nodal quasiparticles” at the cold-spots (|k,| = |k,|) are
largely unaffected. The cold-spots arise solely as a result
of the symmetry of the (local) nematic order.

III. METHOD OF SOLUTION

To achieve sufficiently fine k-space resolution for
present purposes, we work with a system with periodic
boundary conditions of size N x N with N = 128 or
where needed N = 256 or 512. However, because it
is computationally intensive to solve the self-consistency
equations for such a large system, we have chosen the dis-
order potential V'(x,y) (and correspondingly A, ) to be
periodically repeated in blocks of size L x L with L = 32.
This compromise allows us to study real-space hetero-
geneity, while at the same time reducing the finite size
effect through fine k-space (and hence energy) resolution.

We generate a configuration of the quenched variables
by choosing {¢(x)} from a distribution with a Gaussian
two-point correlator I'(r). To avoid long-range corre-
lation of ¢(x), we choose &, to be small relative to

the size of the repeated blocks. Specifically, we require
IT'(r)/T(0)] < 1% at |r| = La/2, where a is the lattice
constant, which means we are limited to £,., < 5a.
To be concrete, we will present results primarily for
€nem = 2a; although this is shorter than typical corre-
lation lengths of glassy order measured in experiments
(as defined in Ref. 20 for example), we chose it for two
reasons: (1) As we will find in our spectral function anal-
yses, £ em = 2a results show qualitatively no difference
with & .m = 4a. (2) Obviously, results for short correla-
tion lengths suffer less from finite size effect than longer
correlation lengths. For each configuration of {p(x)},
we determine the values of A, from the solution of the
self-consistency equation Eq. (3). For example, a typi-
cal configuration of ¢(x) is shown in Fig. 5a generated
from an ensemble with /', = 0.1¢ and ., = 2a; the
corresponding self-consistently determined gap function
A,y is shown in Fig. 5b. While there are clearly signif-
icant variations in the magnitude of the pair-fields from
place to place, the d-wave character of the sign structure
is universally preserved; it is positive on all x-directed
and negative on all y-directed bonds.

Finally, once self-consistency is achieved, we calculate
three spectroscopic observables: (1) the ARPES spectral
function A(k, E'), (2) the local density of states n(x, E),
and (3) the optical conductivity o(w). The spectroscopic
observables we study are self-averaging properties. Al-
though here we present results from a single configura-
tion, we have confirmed that different configurations of
{¢(x)} generated probabilistically from the same distri-
bution result in minor quantitative changes in the calcu-
lated spectra, with no significant qualitative difference.

IV. RESULTS FOR THE SUPERCONDUCTING
NEMATIC GLASS

Among various forms of glassy charge order that
we have considered, the nematic glass best reproduces
the nodal-antinodal dichotomy as observed in ARPES
(Fig. 1). We have carried out calculations for various
choices of the strength and correlation length of the ne-
matic order, but to be concrete we present representative
data corresponding to v/I',.,, = 0.1t and &,.,, = 2a. In
Fig. 2 we show our results for the spectral function, such
as would be measured in ARPES. In Fig. 2a, the EDCs
(i.e. the energy dependence of A(k, E) at fixed k) for k’s
along a cut through the nodal point on the Fermi surface
shows a quasiparticle-like dispersion that is otherwise fea-
tureless, as in ARPES measurements (Fig. 1b). On the
other hand, the EDCs in the antinodal region, shown
in Fig. 2b, have two branches which are almost discon-
tinuous, a quasiparticle dispersion and a shoulder fixed
at the superconducting gap scale, reminiscent of Fig. 1lc.
EDCs along the Fermi surface from node to antinode
(Fig. 2c) also qualitatively agree with the ARPES mea-
surements (Fig. 1d); a sharp peak smoothly and mono-
tonically evolves to a broader peak, albeit this broaden-
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FIG. 2. EDC’s computed along the same paths in k-space
as shown in Fig. la for a superconducting nematic glass with
Ay = 0.055¢, VT hem = 0.1¢, and &, = 2a: (a) is a “nodal”
cut through the Fermi surface (path 1 of Fig. 1a), and (b) is
an antinodal cut through the Fermi surface (path 2 of Fig. 1a).
A blue circle marks the maximum of each curve, and a green
circle marks the position of a “shoulder”. (c) is a path along
the Fermi surface starting at the nodal point and ending at
the antinodal point (path 3 of Fig. 1a).

~~

ing is more pronounced in the theoretical curves than in
experiment.

In a long-range ordered nematic phase, the Fermi sur-
face is increasingly deformed as one moves away from
the nodes towards the antinodes (see Fig. 3a). A related
anisotropy characterizes the glassy nematic state, even in
the presence of a superconducting gap. Constant-energy
cuts of A(k, E) for a fixed E well above the supercon-
ducting gap scale (E = —0.2¢t = —4A) shown in Fig. 3b
vividly capture the contrast between the nodal and antin-
odal regions. The spectral function is relatively sharp in
the nodal region and significantly broadened in the antin-
odal region.

The corresponding anisotropy is clearly reflected in
the imaginary part of the electron self-energy, i.e. the
inverse lifetime of the quasiparticles, extracted from
the calculated spectral function in the normal (non-
superconducting) state of the nematic glass, as shown
in Fig. 3c. Moreover, results for two different correla-
tion lengths £.,.,m = 2a¢ and 4a appear almost identi-
cal in their angular dependence; this confirms that our
principal qualitative results are robust, despite the short
correlation lengths we have assumed for computational
simplicity. Indeed, we find that the exact self-energy ex-
tracted from our simulation is qualiatively similar to the
self-energy computed in Born approximation:

d?p 2
Skw) = [ Gl PG E-K) (O

where g(k,p) = [f(k) + f(p)]/2, as shown in Fig. 3d.
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FIG. 3. (a) Fermi surface of the model system in the normal

state (Axy, = 0). Solid lines are computed in the symmetric
phase (p(x) = 0) and the dashed lines in a uniform nematic
phase (p(x) = 0.05t.) (b) A(k, E) of the superconducting
nematic glass at a fixed energy |E = —0.2t] > 2A, = 0.11¢
showing the nodal antinodal dichotomy. Color intensity in-
dicates the magnitude. (c) Imaginary part of normal state
electronic w = 0 self-energy on the Fermi surface coupled to
nematic order extracted from real space simulation as a func-
tion of angle around the Fermi surface 6 as defined in the
inset, and (d) calculated in the Born approximation.
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FIG. 4. Local density of states as a function of energy mea-
sured at multiple locations on the surface: (a) Results of STM
measurements on Bi-2212 reproduced from Ref. 51. Different
curves represent tunneling spectra measured at different loca-
tions of the sample. (b) Computed for a superconducting ne-
matic glass with Ay = 0.055¢, v/Tem = 0.1¢, and &,em = 2a;
the solid black curve and the shaded region indicate the spa-
tially averaged DOS and spatial standard deviation of LDOS,
respectively. The spatial maps of LDOS at energies marked
by the two arrows are shown in Figs. 5¢ and d.
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FIG. 5. (a) A representative configuration of ¢(x) repre-
senting a nematic glass with &,., = 2a in a system of size
32 x 32 unit cells. (b) The gap parameter, A,,, at T =0
determined self-consistently with ¢(x) shown in Fig. 5a when
the root-mean-square magnitude /I, = 0.1¢. The sign of
A,y on each bond is represented by the color (red is posi-
tive blue is negative) with the magnitude represented by the
thickness of the line as well as opacity. Manifestly, the local
symmetry of the pairing is uniformly d-wave. The associated
normalized LDOS n(x, E)/n(E), is shown for (¢) E = 0 and
(d) E=-0.2t.

The energy dependence of the LDOS calculated for the
glassy nematic configuration Fig. 5a and Fig. 5b is shown
in Fig. 4b; it exhibits qualitative resemblance to the cor-
responding experimental data shown in Fig. 4a. The spa-
tial average n(F) indicated as the black line in Fig. 4b has
a ‘V’-shape expected of a uniform d-wave superconduc-
tor. However, the standard deviation An(E) represented
by the shaded region in the same figure grows with en-
ergy, and is large at energies larger than and comparable
to Ay = 0.055¢. Another way to appreciate the “low en-
ergy and high energy” dichotomy is to look at the spatial
map of the normalized LDOS n(x, E)/n(E) at different
energies. There is a clear contrast between the relative
homogeneity evident in the map at low energy shown in
Fig. 5¢ (E = 0), and the inhomogeneity of the same map
at a higher energy shown in Fig. 5d (£ = —0.2t ~ —4A,).
(Note that quantitative comparison between the experi-
mental results in Fig. 4a and theory requires some care;
for computational purposes (as discussed previously) we
have taken a value of Ay = 0.055¢ that is larger than the
observed value in experiment.)

We now turn to the optical conductivity, whose tem-
perature and frequency dependences show trends that are
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FIG. 6. Optical conductivity (a) from experiment (Ref. 52) on
Bi-2212 with T, = 82K, (b) from experiment (Ref. 53) on Hg-
1201 with T, = 67K, (c) calculated for the superconducting
nematic glass with &, = 2a and /T, = 0.2t), and (d) cal-
culated for a disordered superconductor, where the disorder
is assumed to have an on-site s-wave form factor with £, = 0
and /Ty, = 0.2t. In both (c) and (d), A,y is self-consistently
determined by Eq. 3 with U = 0.732¢.

shared across different material families of underdoped
cuprates (see Figs. 6a and b). Well above T, the real part
of the complex conductivity o (w) is a monotonically de-
creasing function of w, as expected of a metallic state.
As the temperature is lowered, the response at w below
a certain frequency wyc,y i increasingly suppressed, and
o1(w) evolves into a superposition of a sharp peak at
w =0 and a broad peak at w ~ wpeak. Remarkably, the
optical conductivity calculated within our model shows
similar qualitative behavior. In the model, the persis-
tence of an increasingly sharp peak at a non-zero energy
is a consequence of pair formation. More importantly, the
remaining sharp Drude-like peak with width that tends
to zero as T' — 0 at small w is a manifestation of the co-
herence of the near-nodal quasiparticles that are largely
unscattered in the glassy nematic.

The role of the nematic cold-spot in the optical re-
sponse can best be seen by comparing the case of the ne-
matic glass in Fig. 6¢ with the case of point-like scattering
in Fig. 6d. When the nodal quasiparticles are scattered
by the random potential, there remains a residual den-
sity of states at w = 0 even deep in the superconducting
phase. As a result, a finite width Drude-like peak persists
even as T" — 0.

The observed evolution of ¢; from a “Drude-like” form
at high temperatures to a superposition of a sharp peak
at w = 0 and a broad peak at w ~ wpe,y is remarkably re-
produced by the glassy nematic model. However, in the
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FIG. 7. (a) shows EDCs along the Fermi surface (path 3 of

Fig. 1a), calculated in the superconducting state in the pres-
ence of glassy charge-density-wave with a d-wave form factor
and v/I'.qw = 0.2t and &.q, = 4a, multiplied by Fermi func-
tion. The wavevector Q = (27/a)(0.196,0) is chosen to be
a shortest vector connecting the intersection of Fermi surface
and the magnetic Brillouin zone boundary, (|k, + k,| = 7).
Blue circles mark the maxima of each curve, and the red curve
indicates the location of a hot-spot momentum. The angular
dependence of the self-energy in the normal state with vari-
ous values of .4y, is shown in (b). The hot-spot momenta are
indicated by red arrows (red dots in the inset).

experiments, the crossover between the two forms onsets
at the pseudogap temperature scale ~ T* well above su-
perconducting 7, while the corresponding crossover on-
sets at the calculated (mean-field) superconducting T,
in our model. Notably, the experimental o;(w) marches
through 7, without much notice of it. It is as if d-
wave gap with nodes onsets at T, with nodal quasi-
particles that are largely unscattered as they would be
in the presence of glassy nematic order. We will further
discuss constraints on models for o;(w) at temperatures
T. < T < T* in the next section. The qualitative simi-
larity between the measured spectra and those calculated
from our glassy nematic model in the superconducting
state at T' < T, is not subject to this caveat; it is a ro-
bust result of the cold-spots, although the energy scale
of the broader peak in experiment is larger than 2A,.

V. OTHER FORMS OF GLASSY ORDER

We have carried out similar (although less extensive)
calculations for various other forms of assumed glassy
order. We comment here briefly on certain aspects of
these results.

A. Superconducting d-form factor CDW glass

While the d-wave form factor in the case of a nematic
glass is dictated by symmetry, for a CDW in which the

ordering vector itself breaks the C; symmetry of the un-
derlying crystal, the d-wave form factor is not symmetry
dictated. Any CDW will thus necessarily have both s-
wave and d-wave components; conversely, a dominantly
d-wave form factor presumably reflects some feature of
the microscopic physics (the “mechanism”) which pro-
duces the CDW. Not surprisingly, results obtained for a
CDW glass with an assumed d-wave form factor share
many qualitative features with those obtained for a ne-
matic glass, as these arise from the assumed form factor
directly. The major differences between the two situa-
tions concern the existence of “hot-spots” on the Fermi
surface in the case of the d-form-factor CDW glass. Hot
spots refer to the points on the pristine Fermi surface
which are spanned by the CDW ordering vector — these
are the points where, in a weak coupling analysis of CDW
order, the effects of the CDW are expected to be most
vivid.

The EDC of a d-form-factor CDW glass as a function of
position along the Fermi surface is shown in Fig. 7a to be
compared to Figs. 1d and 2c. Although we have taken the
CDW correlation length in our calculations to be quite
short, £.qw = 4a, (comparable to the CDW wavelength)
the existence of a hot-spot is clearly seen in the non-
monotonic evolution of the spectral function along the
Fermi surface. This is in sharp contrast with the lack of
any such feature in Fig. 1d. The hot-spots are also visible
in the electron self-energy of the normal state along the
Fermi surface, as shown in Fig. 7b; the hot-spot appears
more sharply for longer &4,

We have not explicitly explored the effects of glassy?®
“d-density-wave (DDW) order”®*, because time-reversal-
symmetry-breaking required for DDW brings with it ad-
ditional issues of modeling. Nevertheless, since it also has
a d-wave form factor, we expect that much of the nodal-
antinodal dichotomy we have found would also apply to
this form of ordering in the superconducting phase.

B. Optical conductivity for other models of
antinodal gap

The fact that the “two-peak” structure (a sharp peak
at w = 0 and a broad peak at w = wpe,) that is well-
captured by our superconducting glassy nematic model
below T, persists above T in experiments is troublesome.
Our result relies on two essential ingredients of the model
to obtain the “two-peak” structure: (1) a d-wave super-
conducting gap and (2) a d-wave form factor scattering.
Given the apparent absurdity of assuming the persistence
of a superconducting gap far above T, we consider two
additional scenarios of a nematic glass with antinodal
gaps to seek alternative explanations of the “two-peak”
structure above T,.

First we consider an ordered d-density-wave
(DDW)5459 coexisting with glassy nematicity. ~ We
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FIG. 8. Various spectroscopic observables for a nematic

glass with coexisting uniform d-density-wave order (DDW)
(a-c) and with phase disordered (locally d-wave) supercon-
ductivity (PDdSC) (d-f). The DDW and PDdSC are set
non-self-consistently by Egs. (7) and (9), with no additional
superconducting order. In the PDdSC, phase disordering of
the superconducting state is represented by incorporating two
pinned vortices and two anti-vortices. (a-c) Spectral function
at the Fermi level, local density of states, and optical conduc-
tivity with DDW. (d-f) Spectral function at the Fermi level,
local density of states, and optical conductivity with PDdSC.

represent the DDW as a contribution to V' with

cp(:c,y) = Z‘Addw(il)z+y (7)

with Eq. (4) extended to complex field:

Vioy) = 5 fx -9t e )] (®)

where f(r) is a d-wave form factor. Agg,, is chosen to
be Aqqw = AY4, /1 — (T/T9)? non-self-consistently. To
compare with the superconducting state, we chose T2 =
0.05¢, and also Agdw = 0.05¢. This opens a gap at the
antinodes, as the Fermi level spectral function in Fig. 8a
shows. Nevertheless, the density of states remains finite
(as indicated by the finite length of “arc” in Fig. 8a, and
also Fig. 8b), leading to the Drude-like peak at 7' = 0 in

Fig. 8c. Not surprisingly, DDW order alone is insufficient
to account for the nature of the experimentally observed
gapping below T ; even above T, it does not give as good
an account of the structure of the optical conductivity as
does the (apparently absurd) assumption of a persistent
superconducting gap.

Another way to introduce an antinodal gap is in a
model of a “phase-disordered” d-wave superconductor
(PDASC) with broken time reversal symmetry. We in-
troduce minimal phase disorder by incorporating vor-
tices at positions (0,0) and (L,/2,L,/2) and antivor-
tices at positions (L,/2,0) and (0, L, /2). We thus non-
self-consistently choose A,, = f(x — y)A(X¥) to be a
product of d-wave form factor f(r) = 6, 1z — 0, 14 and
Jacobi theta functions:

where z = 7~ + z'L%, and Gy is defined as

ow (25 20)/low (25 20)| (10)

e_%((z—zo)z—QZsz)/ﬂg (Z — Zo|l) . (11)

&W(Z§ZO)

C’W(Z;Zo)

Again we choose T = 0.05¢, and A, = 0.05¢. Figures 8d-
f show the resulting spectra. The spectral function shows
that, while the antinodal excitations become gapped, a
large portion of the Fermi surface still survives as noted
by Berg and Altman%°. This Fermi arc leads to a finite
density of states in the limit w — 0. In fact the density
of states at low energies has a rather flat energy depen-
dence with a suppressed but finite magnitude (Fig. 8e).
Correspondingly, we find that the optical conductivity
does not show any suppression of the low energy spectral
weight (Fig. 8f). Again, this does not greatly resemble
the experimental results for T' > T,. Instead, as with
the DDW, the finite density of states at the Fermi level
leads to a Drude-like peak at w = 0. Among the pos-
sibilities that we have considered, only the model with
d-wave superconductivity on top of d-form-factor scat-
tering with cold-spots qualitatively reproduce the exper-
imentally measured o (w) for temperatures T' < T*.

VI. CONCLUSION

In summary, we showed that the consonance between
the cold-spots of a glassy nematic and the gap nodes of a
d-wave superconductor can account for the most salient
“anomalous” features of the spectroscopic measurements
on the cuprates we have studied. It is natural in a glassy
nematic superconductor that the nodal quasiparticles are
long-lived, while away from the nodes, the quasiparticles
are strongly perturbed by the local nematic order. This
provides a simple explanation for the nodal-antinodal di-
chotomy observed by ARPES, and the strongly energy



dependent heterogeneity observed by STM. Furthermore
we found striking similarity between the temperature
evolution and low temperature form of optical conductiv-
ities between our model and experiments. Nevertheless,
the fact the “two-peak” structure of the optical response
only occurs below T, within our model, while it persists
up to T™ in experiments implies that fluctuational effects
beyond those we have considered must be included in a
complete theory of the pseudogap state.

Implicit in the above is the assumption that other
sources of quasiparticle scattering — those associated with
point-like (s form factor) disorder or with CDW ordering
(either with s or d form factor) — are relatively weak.
Specifically, as was pointed out previously,’! substan-
tial scattering by point-like disorder can be ruled out
directly from the experimentally observed sharp V-shape
and relative homogeneity of the lowest energy portion of
the LDOS. Above, we have further shown that signifi-
cant scattering by a CDW with a substantial correlation
length — even one with a d form factor — can be ruled
out on the basis of the lack of any “hot-spot” in the
observed ARPES spectrum. Since both point-like dis-
order potentials and short-range CDW order have been

directly imaged in the same sort of BSCCO samples we
have used as the basis of these inferences, this raises the
issue of why they are so weakly coupled to the low energy
quasiparticles.?’

Our results point to interesting future directions.
Firstly, a smoking-gun test of our conclusions would be
to repeat the spectroscopic measurements on samples un-
der uniaxial strain. We would predict the “anomalous
features” to diminish as uniaxial strain detwins nematic
domains. It is also plausible that the response of glassy
nematicity to in-field magnetic field may introduce field-
dependence of the anisotropic life-time.

ACKNOWLEDGMENTS

The authors thank Joseph Orenstein, Ruihua He, and
Abhay Pasupathy for useful discussions and comments.
This work was supported by the U.S. Department of En-
ergy, Office of Basic Energy Sciences, Division of Materi-
als Science and Engineering under Award DE-SC0010313
(K.L. and E.-A.K.) and by Department of Energy under
grant number DE-AC02-76SF00515 (S.A.K.).

L J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura,
and S. Uchida, Nature 375, 561 (1995).

2 M. v Zimmermann, A. Vigliante, T. Nieméller,
N. Ichikawa, T. Frello, J. Madsen, P. Wochner, S. Uchida,
N. H. Andersen, J. M. Tranquada, D. Gibbs, and J. R.
Schneider, Europhys. Lett. 41, 629 (1998).

3 P. Abbamonte, A. Rusydi, S. Smadici, G. D. Gu, G. A.
Sawatzky, and D. L. Feng, Nature Phys. 1, 155 (2005).

4 G. Ghiringhelli, M. L. Tacon, M. Minola, S. Blanco-
Canosa, C. Mazzoli, N. B. Brookes, G. M. D. Luca,
A. Frano, D. G. Hawthorn, F. He, T. Loew, M. M. Sala,
D. C. Peets, M. Salluzzo, E. Schierle, R. Sutarto, G. A.
Sawatzky, E. Weschke, B. Keimer, and L. Braicovich, Sci-
ence 337, 821 (2012).

5 E. Blackburn, J. Chang, M. Hiicker, A. T. Holmes, N. B.
Christensen, R. Liang, D. A. Bonn, W. N. Hardy, U. Riitt,
O. Gutowski, M. v. Zimmermann, E. M. Forgan, and S. M.
Hayden, Phys. Rev. Lett. 110, 137004 (2013).

6 R. Comin, A. Frano, M. M. Yee, Y. Yoshida, H. Eisaki,
E. Schierle, E. Weschke, R. Sutarto, F. He, A. Soumya-
narayanan, Y. He, M. L. Tacon, I. S. Elfimov, J. E. Hoff-
man, G. A. Sawatzky, B. Keimer, and A. Damascelli, Sci-
ence 343, 390 (2014).

TE. H. d. S. Neto, P. Aynajian, A. Frano, R. Comin,
E. Schierle, E. Weschke, A. Gyenis, J. Wen, J. Schnee-
loch, Z. Xu, S. Ono, G. Gu, M. L. Tacon, and A. Yazdani,
Science 343, 393 (2014).

8 K. Fujita, M. H. Hamidian, S. D. Edkins, C. K.
Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi,
H. Eisaki, S.-i. Uchida, A. Allais, M. J. Lawler, E.-A. Kim,
S. Sachdev, and J. C. S. Davis, PNAS 111, E3026 (2014).

9 J. Chang, E. Blackburn, O. Ivashko, A. T. Holmes, N. B.
Christensen, M. Hucker, R. Liang, D. A. Bonn, W. N.
Hardy, U. Rutt, M. v. Zimmermann, E. M. Forgan, and

S. M. Hayden, Nature Comm. 7, 11494 (2016).

S. Gerber, H. Jang, H. Nojiri, S. Matsuzawa, H. Yasumura,

D. A. Bonn, R. Liang, W. N. Hardy, Z. Islam, A. Mehta,

S. Song, M. Sikorski, D. Stefanescu, Y. Feng, S. A. Kivel-

son, T. P. Devereaux, Z.-X. Shen, C.-C. Kao, W.-S. Lee,

D. Zhu, and J.-S. Lee, Science 350, 949 (2015).

For a recent review, see E. Fradkin, S. A. Kivelson, and

J. M. Tranquada, Rev. Mod. Phys. 87, 457 (2015).

12°C. Howald, H. Eisaki, N. Kaneko, M. Greven, and A. Ka-
pitulnik, Phys. Rev. B 67, 014533 (2003).

13 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 E.-A. Kim, Nature 466, 347 (2010).

4 T, Wu, H. Mayaffre, S. Kramer, M. Horvati¢, C. Berthier,
W. N. Hardy, R. Liang, D. A. Bonn, and M.-H. Julien,
Nature Comm. 6, 6438 (2015).

15 V. Hinkov, D. Haug, B. Fauqué, P. Bourges, Y. Sidis,
A. Ivanov, C. Bernhard, C. T. Lin, and B. Keimer, Science
319, 597 (2008).

16 A, J. Achkar, M. Zwiebler, C. McMahon, F. He, R. Su-
tarto, 1. Djianto, Z. Hao, M. J. P. Gingras, M. Hiicker,
G. D. Gu, A. Revcolevschi, H. Zhang, Y.-J. Kim, J. Geck,
and D. G. Hawthorn, Science 351, 576 (2016).

7 Y. Ando, K. Segawa, S. Komiya, and A. N. Lavrov, Phys.
Rev. Lett. 88, 137005 (2002).

18 R. Daou, J. Chang, D. LeBoeuf, O. Cyr-Choiniére, F. Lal-
iberté, N. Doiron-Leyraud, B. J. Ramshaw, R. Liang, D. A.
Bonn, W. N. Hardy, and L. Taillefer, Nature 463, 519
(2010).

9 E. W. Carlson, K. A. Dahmen, E. Fradkin,
Kivelson, Phys. Rev. Lett. 96, 097003 (2006).

20 3. A. Robertson, S. A. Kivelson, E. Fradkin, A. C. Fang,
and A. Kapitulnik, Phys. Rev. B 74, 134507 (2006).

11

and S. A.


http://dx.doi.org/10.1038/375561a0
http://dx.doi.org/10.1209/epl/i1998-00204-2
http://dx.doi.org/ 10.1038/nphys178
http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1103/PhysRevLett.110.137004
http://dx.doi.org/ 10.1126/science.1242996
http://dx.doi.org/ 10.1126/science.1242996
http://dx.doi.org/10.1126/science.1243479
http://dx.doi.org/ 10.1073/pnas.1406297111
http://dx.doi.org/10.1038/ncomms11494
http://dx.doi.org/10.1126/science.aac6257
http://dx.doi.org/10.1103/RevModPhys.87.457
http://dx.doi.org/ 10.1103/PhysRevB.67.014533
http://dx.doi.org/10.1038/nature09169
http://dx.doi.org/10.1038/ncomms7438
http://dx.doi.org/10.1126/science.1152309
http://dx.doi.org/10.1126/science.1152309
http://dx.doi.org/10.1126/science.aad1824
http://dx.doi.org/ 10.1103/PhysRevLett.88.137005
http://dx.doi.org/ 10.1103/PhysRevLett.88.137005
http://dx.doi.org/10.1038/nature08716
http://dx.doi.org/10.1038/nature08716
http://dx.doi.org/10.1103/PhysRevLett.96.097003
http://dx.doi.org/10.1103/PhysRevB.74.134507

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36
37

38

39

40

A. Del Maestro, B. Rosenow, and S. Sachdev, Phys. Rev.
B 74, 024520 (2006).

E.-A. Kim, M. J. Lawler, P. Oreto, S. Sachdev, E. Fradkin,
and S. A. Kivelson, Phys. Rev. B 77, 184514 (2008).

R. K. Kaul, R. G. Melko, M. A. Metlitski, and S. Sachdev,
Phys. Rev. Lett. 101, 187206 (2008).

B. Phillabaum, E. W. Carlson, and K. A. Dahmen, Nature
Comm. 3, 915 (2012).

L. Nie, G. Tarjus, and S. A. Kivelson, PNAS 111, 7980
(2014).

A. Russo and S. Chakravarty, Phys. Rev. B 93, 094504
(2016).

N. Trivedi, R. T. Scalettar, and M. Randeria, Phys. Rev.
B 54, R3756 (1996).

Q.-H. Wang and D.-H. Lee, Phys. Rev. B 67, 020511

(2003).

A. Garg, M. Randeria, and N. Trivedi, Nature Phys. 4,
762 (2008).

E.-A. Kim and M. J. Lawler, Phys. Rev. B 81, 132501
(2010).

K. Bouadim, Y. L. Loh, M. Randeria,
Nature Phys. 7, 884 (2011).
A. V. Balatsky, I. Vekhter,
Phys. 78, 373 (2006).
W. Metzner, D. Rohe,
Lett. 91, 066402 (2003).
H. Yamase and W. Metzner, Phys. Rev. Lett. 108, 186405
(2012).

S. Okamoto and N. Furukawa, Phys. Rev. B 86, 094522
(2012).

L. B. Toffe and A. J. Millis, Phys. Rev. B 58, 11631 (1998).
C. Howald, P. Fournier, and A. Kapitulnik, Phys. Rev. B
64, 100504 (2001).

S. H. Pan, J. P. O’Neal, R. L. Badzey, C. Chamon, H. Ding,
J. R. Engelbrecht, Z. Wang, H. Eisaki, S. Uchida, A. K.
Gupta, K.-W. Ng, E. W. Hudson, K. M. Lang, and J. C.
Davis, Nature 413, 282 (2001).

A. N. Pasupathy, A. Pushp, K. K. Gomes, C. V. Parker,
J. Wen, Z. Xu, G. Gu, S. Ono, Y. Ando, and A. Yazdani,
Science 320, 196 (2008).

R.-H. He, M. Hashimoto, H. Karapetyan, J. D. Koralek,
J. P. Hinton, J. P. Testaud, V. Nathan, Y. Yoshida, H. Yao,
K. Tanaka, W. Meevasana, R. G. Moore, D. H. Lu, S.-K.
Mo, M. Ishikado, H. Eisaki, Z. Hussain, T. P. Devereaux,
S. A. Kivelson, J. Orenstein, A. Kapitulnik, and Z.-X.
Shen, Science 331, 1579 (2011).

and N. Trivedi,
and J.-X. Zhu, Rev. Mod.

and S. Andergassen, Phys. Rev.

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

61

N. E. Hussey, J. R. Cooper, J. M. Wheatley, I. R. Fisher,
A. Carrington, A. P. Mackenzie, C. T. Lin, and O. Milat,
Phys. Rev. Lett. 76, 122 (1996).

A. T. Zheleznyak, V. M. Yakovenko, H. D. Drew, and I. I.
Mazin, Phys. Rev. B 57, 3089 (1998).

M. Abdel-Jawad, M. P. Kennett, L. Balicas, A. Carring-
ton, A. P. Mackenzie, R. H. McKenzie, and N. E. Hussey,
Nature Phys. 2, 821 (2006).

M. Abdel-Jawad, J. G. Analytis, L. Balicas, A. Carrington,
J. P. H. Charmant, M. M. J. French, and N. E. Hussey,
Phys. Rev. Lett. 99, 107002 (2007).

N. E. Hussey, J. Phys.: Condens. Matter 20, 123201
(2008).

M. M. J. French, J. G. Analytis, A. Carrington, L. Balicas,
and N. E. Hussey, New J. Phys. 11, 055057 (2009).

A. Kaminski, H. M. Fretwell, M. R. Norman, M. Randeria,
S. Rosenkranz, U. Chatterjee, J. C. Campuzano, J. Mesot,
T. Sato, T. Takahashi, T. Terashima, M. Takano, K. Kad-
owaki, Z. Z. Li, and H. Raffy, Phys. Rev. B 71, 014517
(2005).

L. Dell’Anna and W. Metzner, Phys. Rev. Lett. 98, 136402
(2007).

Y. Schattner, S. Lederer, S. A. Kivelson,
arXiv:1511.03282.

S. Lederer, Y. Shattner, E. Berg,
unpublished.

K. McElroy, D.-H. Lee, J. E. Hoffman, K. M. Lang, J. Lee,
E. W. Hudson, H. Eisaki, S. Uchida, and J. C. Davis,
Phys. Rev. Lett. 94, 197005 (2005).

D. B. Romero, C. D. Porter, D. B. Tanner, L. Forro,
D. Mandrus, L. Mihaly, G. L. Carr, and G. P. Williams,
Phys. Rev. Lett. 68, 1590 (1992).

S. I. Mirzaei, D. Stricker, J. N. Hancock, C. Berthod,
A. Georges, E. van Heumen, M. K. Chan, X. Zhao, Y. Li,
M. Greven, N. Barigi¢, and D. van der Marel, PNAS 110,
5774 (2013).

S. Chakravarty, R. B. Laughlin, D. K. Morr, and C. Nayak,
Phys. Rev. B 63, 094503 (2001).

H. J. Schulz, Phys. Rev. B 39, 2940 (1989).

I. Affleck and J. B. Marston, Phys. Rev. B 37, 3774 (1988).
G. Kotliar, Phys. Rev. B 37, 3664 (1988).

D. A. Ivanov, P. A. Lee, and X.-G. Wen, Phys. Rev. Lett.
84, 3958 (2000).

C. Nayak, Phys. Rev. B 62, 4880 (2000).

E. Berg and E. Altman, Phys. Rev. Lett. 99, 247001
(2007).

R. Jamei, J. Robertson, E.-A. Kim, A. Fang, A. Kapitul-
nik, and S. A. Kivelson, Phys. Rev. B 74, 174521 (2006).

and E. Berg,

and S. A. Kivelson,


http://dx.doi.org/10.1103/PhysRevB.74.024520
http://dx.doi.org/10.1103/PhysRevB.74.024520
http://dx.doi.org/ 10.1103/PhysRevB.77.184514
http://dx.doi.org/10.1103/PhysRevLett.101.187206
http://dx.doi.org/10.1038/ncomms1920
http://dx.doi.org/10.1038/ncomms1920
http://dx.doi.org/10.1073/pnas.1406019111
http://dx.doi.org/10.1073/pnas.1406019111
http://dx.doi.org/10.1103/PhysRevB.93.094504
http://dx.doi.org/10.1103/PhysRevB.93.094504
http://dx.doi.org/10.1103/PhysRevB.54.R3756
http://dx.doi.org/10.1103/PhysRevB.54.R3756
http://dx.doi.org/10.1103/PhysRevB.67.020511
http://dx.doi.org/10.1103/PhysRevB.67.020511
http://dx.doi.org/10.1038/nphys1026
http://dx.doi.org/10.1038/nphys1026
http://dx.doi.org/10.1103/PhysRevB.81.132501
http://dx.doi.org/10.1103/PhysRevB.81.132501
http://dx.doi.org/10.1038/nphys2037
http://dx.doi.org/10.1103/RevModPhys.78.373
http://dx.doi.org/10.1103/RevModPhys.78.373
http://dx.doi.org/10.1103/PhysRevLett.91.066402
http://dx.doi.org/10.1103/PhysRevLett.91.066402
http://dx.doi.org/10.1103/PhysRevLett.108.186405
http://dx.doi.org/10.1103/PhysRevLett.108.186405
http://dx.doi.org/10.1103/PhysRevB.86.094522
http://dx.doi.org/10.1103/PhysRevB.86.094522
http://dx.doi.org/10.1103/PhysRevB.58.11631
http://dx.doi.org/10.1103/PhysRevB.64.100504
http://dx.doi.org/10.1103/PhysRevB.64.100504
http://dx.doi.org/10.1038/35095012
http://dx.doi.org/ 10.1126/science.1154700
http://dx.doi.org/10.1126/science.1198415
http://dx.doi.org/ 10.1103/PhysRevLett.76.122
http://dx.doi.org/10.1103/PhysRevB.57.3089
http://dx.doi.org/10.1038/nphys449
http://dx.doi.org/ 10.1103/PhysRevLett.99.107002
http://stacks.iop.org/0953-8984/20/i=12/a=123201
http://stacks.iop.org/0953-8984/20/i=12/a=123201
http://stacks.iop.org/1367-2630/11/i=5/a=055057
http://dx.doi.org/ 10.1103/PhysRevB.71.014517
http://dx.doi.org/ 10.1103/PhysRevB.71.014517
http://dx.doi.org/10.1103/PhysRevLett.98.136402
http://dx.doi.org/10.1103/PhysRevLett.98.136402
http://arxiv.org/abs/1511.03282
http://arxiv.org/abs/1511.03282
http://arxiv.org/abs/1511.03282
http://dx.doi.org/10.1103/PhysRevLett.94.197005
http://dx.doi.org/10.1103/PhysRevLett.68.1590
http://dx.doi.org/10.1073/pnas.1218846110
http://dx.doi.org/10.1073/pnas.1218846110
http://dx.doi.org/10.1103/PhysRevB.63.094503
http://dx.doi.org/10.1103/PhysRevB.39.2940
http://dx.doi.org/10.1103/PhysRevB.37.3774
http://dx.doi.org/10.1103/PhysRevB.37.3664
http://dx.doi.org/10.1103/PhysRevLett.84.3958
http://dx.doi.org/10.1103/PhysRevLett.84.3958
http://dx.doi.org/10.1103/PhysRevB.62.4880
http://dx.doi.org/10.1103/PhysRevLett.99.247001
http://dx.doi.org/10.1103/PhysRevLett.99.247001
http://dx.doi.org/ 10.1103/PhysRevB.74.174521

	Cold-spots and glassy nematicity in underdoped cuprates
	Abstract
	Introduction
	The Model
	Method of Solution
	Results for the superconducting nematic glass
	Other forms of glassy order
	Superconducting d-form factor CDW glass
	Optical conductivity for other models of antinodal gap

	Conclusion
	Acknowledgments
	References


