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A normal metal exhibits a valence plasmon, which is a sound wave in its conduction electron density.
The mysterious strange metal is characterized by non-Boltzmann transport and violates most fundamental
Fermi-liquid scaling laws. A fundamental question is, do strange metals have plasmons? Using
momentum-resolved inelastic electron scattering, we recently showed that, rather than a plasmon,
optimally doped Bi,;Sr;¢Ca;(Cu,Og,, (Bi-2212) exhibits a featureless, temperature-independent
continuum with a power-law form over most energy and momentum scales [M. Mitrano et al., Proc.
Natl. Acad. Sci. U.S.A. 115, 5392 (2018)]. Here, we show that this continuum is present throughout the
fan-shaped, strange metal region of the phase diagram. Outside this region, dramatic changes in spectral
weight are observed: In underdoped samples, spectral weight up to 0.5 eV is enhanced at low temperature,
biasing the system toward a charge order instability. The situation is reversed in the overdoped case, where
spectral weight is strongly suppressed at low temperature, increasing quasiparticle coherence in this
regime. Optimal doping corresponds to the boundary between these two opposite behaviors at which the
response is temperature independent. Our study suggests that plasmons do not exist as well-defined
excitations in Bi-2212 and that a featureless continuum is a defining property of the strange metal, which is

connected to a peculiar crossover where the spectral weight change undergoes a sign reversal.

DOI: 10.1103/PhysRevX.9.041062

I. INTRODUCTION

The enigmatic and poorly understood strange metal is
found within the phase diagrams of many strongly corre-
lated systems, including transition metal oxides, heavy
fermion materials, organic molecular solids, and iron-
pnictide superconductors [1-7]. This phase is characterized
by a violation of fundamental Fermi-liquid scaling laws and
by its close proximity to other exotic phases such as
unconventional superconductivity, charge or spin density
waves, and nematicity [1,4,6,8]. For example, the proto-
typical copper-oxide strange metals, which are also high-
temperature superconductors, exhibit a resistivity that is
linear in temperature and exceeds the Mott-loffe-Regel
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limit [2,9], an optical conductivity exhibiting an anomalous
power-law dependence on the frequency [10,11], a magneto-
resistance that is linear in field, violating Kohler’s rule [12],
a quasiparticle decay rate that scales linearly with the energy
[13], and an NMR spin relaxation rate that violates the
Korringa law [14]. No generally accepted theory of matter can
explain these properties, which appear to be incompatible
with fundamental assumptions of Boltzmann transport
theory. The strange metal has thus become one of the great
unsolved problems in condensed matter physics.

The quasiparticle dynamics of strange metals have been
studied extensively with angle-resolved photoemission
(ARPES) and scanning tunneling microscopy (STM) tech-
niques, which directly measure the one-electron spectral
function [15-20]. However, little is known about the two-
particle charge response, which directly reveals the strongly
correlated nature of this phase [21].

The fundamental charge collective mode of an ordinary
metal is its plasmon, which is essentially a sound wave in its
valence electron density [22]. On the other hand, we recently
showed that in optimally doped Bi, Sr| ¢Ca; (Cu,(Og
(Bi-2212), a known strange metal, the plasmon is
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overdamped and rapidly decays into a momentum-, energy-,
and temperature-independent continuum extending up to an
energy of approximately 1 eV [23]. Initial measurements
away from optimal doping, on heavily overdoped samples,
show a surprising depletion of spectral weight below 0.5 eV
at low temperature [23]. This energy scale is more than 20 x
larger than the temperature scale on which these changes
take place, suggesting that strong interactions are at play
[24]. It is therefore crucial to map out the exact region of the
phase diagram where a featureless continuum is present, so
its connection to the strange metal and other neighboring
phases can be established.

Here, we present a study of the density fluctuations across
the doping-temperature phase diagram of the strange metal
Bi-2212 using momentum-resolved electron energy-loss
spectroscopy (MEELS) [25]. This technique measures the
surface dynamic charge response of a material, ¥”(q, ),
and directly reveals the charged bosonic collective modes of
the system [25]. Note that, while generally regarded as a
surface technique, the probe depth of MEELS is given by
the inverse of the in-plane momentum transfer ¢!, making
it somewhat more bulk sensitive than single-particle spec-
troscopies like ARPES and STM [25]. In this study, we
focus on the energy regime 0.1 eV < w < 2 eV, which is
relevant to the high-temperature normal state out of which
superconductivity and other instabilities form.

II. EXPERIMENT

Single crystals of Bi-2212 are grown using floating
zone methods described previously [26]. The current
study is done on underdoped crystals with 7, =50 K
(UD50K) and 70 K (UD70K), optimally doped crystals
with 7. =91 K (OP91K), and overdoped crystals with
T. =50 K (OD50K).

Measurements of the charge fluctuation spectra are
performed using meV-resolution MEELS [25]. MEELS
is a variant of surface HR EELS [27], in which the
momentum transfer of the probe electron is measured with
both high resolution and accuracy [25]. Measurements are
performed on cleaved single crystals of Bi-2212 at 50 eV
incoming electron beam energy and 4 meV energy reso-
lution at a fixed out-of-plane momentum transfer
g. = 4.10 A~'. We use Miller indices (H, K) to designate
an in-plane momentum transfer in reciprocal lattice units
(rlu.) as ¢ = (2zH/a,27K /a), where a = 3.81 A is the
tetragonal Cu-Cu lattice parameter [15]. Unless otherwise
specified, all momenta are along the (1,—1) crystallo-
graphic direction, i.e., perpendicular to the structural
supermodulation in this material [15]. The sample orienta-
tion matrix is determined in sifu using the (0,0) specular
and (1,0) Bragg reflections and verified by observing the
(1/2,—1/2) reflection (or (1,0) of the orthorhombic cell),
establishing a quantitative relationship between the
momentum ¢ and the diffractometer angles. MEELS

spectra are taken from O to 2 eV energy loss and binned
into 30 meV intervals for improved statistics.

MEELS measures the dynamic structure factor of a
surface, S(q,w), which is proportional to the surface
dynamic charge susceptibility y”(q,w) by the fluc-
tuation-dissipation theorem [25,27,28]. ¥”(q, w) is deter-
mined from the raw data by dividing the MEELS matrix
elements, which depend on the momentum transfer [25],
and antisymmetrizing to remove the Bose factor [23,25].
The data are placed on an absolute scale by performing the
partial f-sum rule integration

2

/ Nq)do = -1 LN (1)
A wy \q,w)dw = 77% eff s

where N is determined by integrating the ¢ = 0 ellips-
ometry data from Ref. [29] over the same energy interval at
the corresponding values of the temperature and doping.

III. MEELS DATA

Figure 1 shows the MEELS spectra for a selection of
momenta at room temperature (300 K) and at low temper-
ature (100 or 115 K, depending upon the doping). The
intensity rise below 0.1 eV in all spectra is due to the well-
known Bi-2212 optical phonons [25,30,31]. Looking at the
300 K data, the lowest momentum [Fig. 1(a)] shows a
highly damped plasmon reported previously [23], which
appears in the spectrum as a local maximum at @ ~ 1 eV
energy loss. This peak has a very similar shape in all four
dopings studied and has the same energy and width as the
plasmon observed in transmission EELS measurements at
the same in-plane momentum [23,25,32]. Previous studies
indicate that the optical properties of the cuprates are
dominated below approximately 1 eV by excitations in
the CuO, planes but that interband transitions, potentially
involving the BiO layers, contribute above 1.5 eV and may
create features around 2.3 and 3.8 eV [33-35]. We, there-
fore, expect that the MEELS continuum principally arises
from the CuO, planes but may have other contributions at
higher energies.

At larger momenta [Figs. 1(b)-1(d)], the plasmon is no
longer present, by which we mean that a local maximum is
no longer observed in the spectra. Instead, the plasmon
decays into an energy-independent continuum, as reported
previously [23]. As shown in the Appendix B, this
continuum appears also in transmission EELS experiments
and is, thus, a bulk property of Bi-2212. This continuum is
not a subtle effect; it saturates the f-sum rule and is the
primary feature of the charge response of Bi-2212. As
reported in Ref. [23], the MEELS spectra exhibit very
little ¢ dependence at momenta greater than 0.16 r.l.u.,
which implies that charge excitations barely propagate in
this material. Additionally, Figs. 1(a)-1(d) show that, at
T = 300 K, the continuum also has little doping depend-
ence across the composition range.
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FIG. 1. 4”(q,®) atroom temperature (RT, or 300 K) (a)—(d) and
low temperature (LT, either 100 K or 115 K) (e)—(h) for all four
dopings studied. All momenta are measured in reciprocal lattice
units and are oriented along the (1, —1) direction. No significant
q dependence is seen for any doping or temperature. At 300 K,
the spectra vary only slightly with doping, compared to the
dramatic doping dependence below approximately 0.5 eV at low
temperature.

Surprisingly, the spectra become dramatically doping
dependent at low temperature [Figs. 1(e)-1(h)], which is
the main finding of this work. In overdoped samples, the
spectral weight below 0.5 eV is greatly suppressed at low
temperature [23]. By contrast, in underdoped materials, the
weight in this energy range at low temperature is enhanced.
The 0.5 eV energy scale of this spectral weight rearrange-
ment at all compositions is more than an order of
magnitude larger than the temperature scale on which it
occurs, indicating that the effect arises from strong elec-
tron-electron interactions. The enhancement in the low-
energy susceptibility at low temperature suggests that
underdoped Bi-2212 should have a tendency to form
charge density waves (CDWs), which may be connected
to recent observations from resonant x-ray scattering
[36,37] (note that we have not seen evidence for a true
CDW in Bi-2212 with MEELS, though further study may
yet uncover such effects). All spectra are doping and
temperature independent above 1 eV, where the system
exhibits a universal ~1/w? form.

IV. PROPERTIES OF THE POLARIZABILITY

The continuum is essentially momentum independent at
all doping values for ¢ > 0.16 r.l.u., where there is hardly
any discernible difference between MEELS spectra at
different ¢ values (Fig. 1). This independence implies
that the susceptibility y”(q,®) is constant over 90% of
the Brillouin zone, apart from an overall ¢g*> dependence
required by the f-sum rule [Eq. (1)]. Generally speaking,
the momentum dependence of the susceptibility y(q, ®) is
determined by two separate effects: the intrinsic polar-
izability of the system, II(q,®), and the momentum
dependence of the Coulomb interaction itself, V(q). It
is, therefore, important to determine whether the deviation
from a constant in the remaining portion of the Brillouin
zone, g < 0.16 r.l.u., is due to the Coulomb interaction, the
polarizability, or the combination of the two.

Physically, the polarizability I1(q, @) can be understood
as the density response of the system with a completely
screened Coulomb interaction (i.e., the system with neutral
rather than charged density fluctuations) [22,38]. The
polarizability I1(q, @) and susceptibility y(q, ) are related
by [22,38]

2(q0) = -

where V(q) is the Coulomb interaction and ¢, is the
background dielectric constant, which for Bi-2212 is
€ = 4.5 [29].

In practice, the most important difference between the
polarizability and the susceptibility is that the former does
not feature plasmon excitations, whose existence is a
consequence of the direct Coulomb interaction between
particle and hole excitations. Instead, the polarizability
I1(q, ®) reveals the particle-hole excitation spectrum itself.

We argue in Ref. [23] that I1(q, @) could be extracted
from the MEELS data by assuming a two-dimensional
form for the Coulomb interaction:

e"1d

V(q) x PR (3)

where d is on the order of the interlayer spacing in Bi-2212.
Here, we apply this procedure to all four doping values by
extrapolating y”(q,®) with a 1/w? tail and Kramers-
Kronig transforming to acquire the real part y’'(q, w). We
then evaluate I1(q, w) for each doping using Eq. (2) with
d = 15.62 A, which is close to the bilayer spacing for Bi-
2212, and a proportionality constant in Eq. (3) for V(q) of
7.9 x 10° eV - A% (see Appendix A). The result is dis-
played in Fig. 2, which shows the scaled quantity
1"(q, )/ q* at low temperature for each of the four doping
values. The spectra for all momenta collapse onto a single
curve that is different for each doping value. This collapse

041062-3



ALI A. HUSAIN et al.

PHYS. REV. X 9, 041062 (2019)

—N"(q, w)/q? (102 eV1A1)

0.5 1.0 1.5 0 0.5 1.0 1.5 20
Energy loss (eV)

FIG. 2. Collapse of I1"(q, ) for all momenta for each of the
four doping values studied, achieved simply by dividing by ¢
All momenta are measured in reciprocal lattice units. The spectra
are taken at 7 = 100 K except for the OD50K sample, which is
measured at 115 K. Apart from the ¢ scaling of the magnitude,
which is required by the f-sum rule, the spectra are essentially
momentum independent.

implies that I1(q, w) is constant for all momenta (again,
apart from an overall ¢> factor required by the sum rule),
even down to the lowest momentum measured,
g = 0.1 r.L.u.

The overarching point of Fig. 2 is that particle-hole
excitations in Bi-2212 cannot propagate, at least for
energies w > 0.1 eV. The modest g dependence in the
MEELS data below 0.16 r.l.u., where the plasmonlike
maximum is visible in the data, is purely an effect of V(q)
in Eq. (2). The particle-hole spectrum itself, IT"(q, w),
appears to be constant even down to the lowest momentum
studied, ¢ = 0.1 r.L.u. This result is extremely surprising,
since the individual quasiparticles in this energy range
exhibit significant dispersion [15,18,19,39]. We conclude
that the textbook Lindhard description of the polarizability,
in terms of particle-hole excitations across a Fermi surface
and RPA treatment of the Coulomb interaction [22,38],
completely fails in Bi-2212. This failure occurs at all
compositions we examine—even overdoped materials that
are usually considered to be good Fermi liquids [9].

A second implication of Fig. 2 is that the peak in MEELS
data at low temperature in the overdoped regime
[Figs. 1(e)-1(h)] is not a plasmon. While the overdoped
susceptibility in Figs. 1(e)—1(h) exhibits a peak in a similar
energy range as Fig. 1(a) with a local maximum near
approximately 0.8—1 eV, this peak is also present in the
polarizability [Fig. 2(d)], which as discussed above does
not show plasmon effects. The peak in y”(q,®) in the
low-temperature overdoped regime is, thus, inherited from

I1"(q, w), and it is, therefore, more appropriate to think of it
as a feature of the particle-hole excitation spectrum rather
than as a collective, plasmon mode.

A final, striking implication of Fig. 2 is that, at energy
@ > 0.1 eV, the polarizability factors, i.e., I1"(q,®)~
f(q) - g(w), where f(q) ~ g*. Since the original literature
on the marginal Fermi-liquid phenomenology of the
cuprates [40,41], this factoring has been considered a
key signature of “local quantum criticality,” an exotic
phase of matter in which the spatial correlation length
&, ~Iné,, where &, is the temporal correlation length
[23,40-43]. One can think of such a phase as being
characterized by a dynamical critical exponent z = oo.
The new lesson we learn here is that this factoring takes
place at all measured dopings and temperatures in the
phase diagram. It is, therefore, a general material property
of Bi-2212 and not a feature of a critical point or a
particular doping value.

V. SPECTRAL WEIGHT TREND

The changes in the spectral weight follow a distinct trend
across the phase diagram. The fine temperature dependence
is displayed in Fig. 3, which shows spectra at a fixed
momentum ¢* = 0.24 r.L.u. at which " (q, 0) * I1"(q, ®).
At optimal doping, the spectra are temperature indepen-
dent, but the overdoped material shows a suppression of
spectral weight below 0.5 eV as the system is cooled,
indicating the emergence of an energy scale [23]. In the
underdoped case, this trend reverses: The weight below
0.5 eV is enhanced as the system is cooled, exhibiting a
power-law form at low temperature [Figs. 3(a) and 3(b)].
This enhancement may be a consequence of slowing CDW
fluctuations in underdoped materials [36,37]. The opti-
mally doped case corresponds to a turning point between
regions with opposite behavior, where the resulting
response is temperature independent [Fig. 3(c)]. The
normal state at this doping corresponds to the center of
the strange metal regime in which resistivity is linear over
the widest temperature range [9,19].

A distinct trend is now clear: The MEELS response is
featureless and doping independent at room temperature
but not at low temperature (Fig. 1). At the same time, the
response is temperature independent at optimal doping but
not at other dopings [Figs. 3(a)-3(d)]. The overall behavior
may be summarized using a parameter that quantifies the
deviation of the response from its featureless form at high
temperature, and thus the spectral weight change:

0.5 eV
o _/ '(q", o) = 11 (¢ @) ]do, (4)
0.1 eV

where the reference spectrum y/,.(¢*, @) is taken at optimal

doping at 7 = 150 K and ¢* = 0.24 r.l.u. The quantity &
measures, as a function of the temperature and doping, the
degree to which the spectra deviate from the integrated

spectral weight of y:(¢*, w), which has a constant value
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(a)—(d) Temperature dependence of y”(¢* = 0.24 r.L.u., ®) for each doping level studied. Note that the energy axis is plotted

on a log scale to emphasize the spectral weight change below 0.5 eV. (e) Doping and temperature dependence of the spectral weight
change &, as defined in the main text to be the spectral weight between 0.1 and 0.5 eV referenced to optimal doping at 150 K. The
crossover from spectral weight accumulation to depletion with doping is evident, as is the sign reversal at optimal doping.

of 12.94 x 105 A=3. Note that this parameter is also a
measure of the change in the Coulomb energy of the
system [29].

The behavior of £ is summarized in Fig. 3(e). Its value is
small at 300 K for all four dopings. As the system is
cooled, £ becomes negative in the overdoped case, where
spectral weight is suppressed at low temperature, and
positive for underdoped materials, where the weight is
enhanced. At optimal doping, where the response is
always featureless, £ remains small at all temperatures.
Note that the value of £ as a function of the doping at low
temperature shows the same change in sign as
the Coulomb energy determined from -ellipsometry
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FIG. 4. Evolution of the MEELS continuum spectral weight
across the Bi-2212 phase diagram, which is constructed from the
data in Refs. [18,19,44,45]. Here, AFM = antiferromagnet,
SC = superconductor, PG = pseudogap, FL = Fermi liquid,
and SM = strange metal. The colored points represent the
spectral weight change ¢ in Fig. 3(e). £ is small throughout
the SM region in which the continuum remains featureless.
Outside the SM, the continuum spectral weight changes rapidly
with a different sign in the underdoped and overdoped regimes.

experiments [29], though the magnitude of the effect
observed here is significantly larger (Appendix B).

The trend is illustrated in another way in Fig. 4, which
shows the spectral weight change £ as a function of the
doping and temperature superposed on the known phase
diagram of Bi-2212 constructed from the phase boundaries
in Refs. [18,19,44,45]. The region over which £ is small, in
which the response remains featureless, closely coincides
with the fan-shaped, strange metal region. Figure 4 sug-
gests a connection between a featureless form for the
density response and the existence of a linear-in-7" normal
state resistivity.

VI. DISCUSSION

The highly unconventional behavior of the density
response across the Bi-2212 phase diagram can be sum-
marized as consisting of a flat continuum of density
fluctuations within the fanlike, strange metal region, and
dramatic changes in spectral weight up to 0.5 eV outside
this region with a sign reversal at optimal doping. Here, we
discuss the implications of the presence of this continuum
for some other widely known properties of the cuprates.

First, the continuum provides a natural, qualitative
explanation for the normal state quasiparticle lifetimes in
Bi-2212 [15,18,19,39]. Broadly speaking, the poorest
quasiparticle coherence is observed in underdoped materi-
als at low temperature. The coherence increases with
increasing doping, with the longest lifetimes observed at
low temperature on the overdoped side [18,19]. This
behavior can be understood by recognizing that the
continuum we observe should provide a decay path for
quasiparticle damping, amplifying the imaginary part of the
self-energy, ~"(w) [15,18,19]. The strong damping of
quasiparticles in underdoped materials can then be under-
stood as a consequence of the enhancement of the MEELS
continuum at low temperature in this regime [Figs. 3(a) and
3(b)]. Similarly, the increased quasiparticle coherence in

041062-5



ALI A. HUSAIN et al.

PHYS. REV. X 9, 041062 (2019)

overdoped materials arises because the continuum in this
regime is suppressed [Fig. 3(d)].

At optimal doping, in the strange metal phase, the
imaginary part of the self-energy, X’ (w), is linear in w,
which is shown to be consistent with an Eliashberg function
that is frequency independent [17]. This behavior is highly
consistent with the observation that the continuum is
frequency independent in this regime [Fig. 3(c)] and
suggests that the MEELS data may have a direct relation-
ship with the Eliashberg function itself.

It is critical to keep in mind, however, that, while the
continuum provides a clear decay channel for quasipar-
ticles, the mechanism by which the quasiparticles, in turn,
generate the continuum is less clear. Because the quasi-
particles are highly dispersive in Bi-2212 [18,19], a
standard Lindhard calculation of the density response using
the RPA [22,38] yields a continuum that is also highly
momentum dependent, which is inconsistent with the
MEELS data at all compositions studied. It may be the
case that beyond-RPA effects, such as excitonic, local field,
or vertex correction effects, dominate the response proper-
ties of strange metals. New theoretical approaches using
nonperturbative techniques going beyond the RPA, such as
those based on the AdS-CFT correspondence, may provide
progress in understanding the density response of the
strange metal [43,46].

It is worth considering whether the momentum independ-
ence of the density fluctuations could be a consequence of
strong disorder, which might eliminate momentum conser-
vation by explicitly breaking translational symmetry, result-
ing in g-integrated response functions in all measurements.
Even in materials in which the degree of disorder is low by
traditional crystallographic standards, translational sym-
metry could be broken by emergent electronic heterogeneity,
for which there is ample evidence in the cuprates [20]. Such
heterogeneity is even proposed as the origin of the linear-in-
T resistivity in strange metals [47]. Unfortunately, such a
view of the MEELS data is inconsistent with ARPES and
STM studies, which report clearly dispersing quasiparticle
excitations in Bi-2212, where the charge response is ¢
independent [15-20]. Moreover, recent resonant inelastic
X-ray scattering experiments on electron-doped cuprates,
which are not strange metals but have a similar degree of
disorder [48], clearly show conventional dispersing plasmon
excitations, in agreement with Hubbard model-based RPA
calculations [49]. Also, dispersing collective modes are
observed with MEELS in other materials with a similar
degree of disorder [50]. So it seems unlikely that disorder is
the sole cause of the g independence we see. On the other
hand, it remains possible that the strong coupling physics of
Bi-2212 conspires with disorder in such a way as to make
momentum irrelevant in the density response, though not
other observables.

Finally, we consider the question of whether the con-
tinuum could be a sign of some kind of quantum critical

behavior. In this view, the fanlike structure implied by
Fig. 4 might indicate a crossover near a doping p. ~0.16
that could be identified as a quantum critical point (QCP),
as suggested by many authors [9,15,39,51-55]. This
interpretation is problematic, since few expected signatures
of quantum criticality are present in the density fluctuation
spectra. For example, no soft collective mode, with energy
falling to zero at p., is visible in the data. A spectral weight
rearrangement is observed away from p,. in both under-
doped and overdoped samples; however, its energy scale of
approximately 0.5 eV is more than an order of magnitude
larger than the crossover temperature (approximately
200 K) over which this rearrangement takes place
[Figs. 3(a)-3(d)]. Moreover, the response functions near
p. do not exhibit any momentum dependence, which is
expected in the usual Hertz-Millis picture of a quantum
phase transition [56]. The factoring of I1”(q, @) we observe
(Fig. 2) is cited as evidence for local criticality, which is
argued to be a feature of an exotic QCP [40,41]. But this
factoring is observed everywhere in the phase diagram, not
just in the vicinity of p.. Whether some kind of exotic
critical point might explain the peculiar physics taking
place remains, for now, an open question.

In summary, we show that Bi-2212, despite being a good
conductor by most standards, does not exhibit well-defined
plasmon excitations that are dispersing and long-lived
anywhere in its phase diagram. Instead, this material
exhibits a featureless, momentum-independent continuum
in the density response throughout the fan-shaped, strange
metal region of the phase diagram. Outside this fan, the
response undergoes dramatic changes in spectral weight up
to 0.5 eV exhibiting a sign reversal at optimal doping. Our
study establishes a featureless continuum as a defining
property of the mysterious strange metal phase in Bi-2212
and places it at a crossover between two regimes with
opposite trends in their charge susceptibility. Major open
questions remain concerning the relationship between
the density response and models based on quasiparticle
scattering, disorder, or quantum critical fluctuations. A new
kind of theory of interacting matter may be needed to
explain the existence of this phase and its connection to
other exotic phenomena such as high-temperature
superconductivity.
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APPENDIX A: DETERMINING II(q,w)

At large momentum, the Coulomb interaction V(q) is
small, so the susceptibility y(q,®) and the polarizability
I1(q, w) are nearly the same [Eq. (2)]. At small momenta,
particularly g < 0.16 r.l.u., relating them requires knowl-
edge of V(q). The precise functional form of V(q) can
depend on the material geometry, especially in quasi-2D
systems [57] or at the surface of a layered material.
Understanding this relation for MEELS is still a work in
progress. Nevertheless, as argued in Ref. [23], the approxi-
mate form shown in Eq. (3) is a sensible phenomenological
starting point, as it exhibits the same functional behavior as
that of an infinite (i.e., not surface-terminated) layered
system [57].

To determine the proportionality constant in Eq. (3), we
follow a similar procedure to Ref. [23]. Noticing that, in the
limit of large momentum transfer, y(q, ) ~ I1(q, ®)/ €,
we treat V as a fit parameter, V;, and determine the values
of Vi where IT most closely resembles its value at the
highest momentum measured, g = 0.5 r.l.u., by minimiz-
ing the function

x(q,0)

1
—(q,w)—T1(0.5,w)| = —x(0.5,w)|.
€oo 14+ Vi(q)x(q.0)
(A1)
I ---- d=13A
6000 —— d=1562A
:2 L ---- d=19A
S 4000 -4 V(9
2 L
T
< 2000(
o * O < o
0.1 0.2 0.3 0.4 05
qg(rlu.)
FIG.5. Vg(g) determined by minimizing Eq. (A1) for OD50K

and the subsequent fit using Eq. (3), obtaining a proportionality
constant of (7.9 £ 0.3) x 10> eV - A%, Vertical error bars reflect
statistical fitting uncertainties, while horizontal error bars reflect
the momentum resolution of the MEELS instrument of 0.03 A~".
For reference, curves evaluated with d = 13 Aandd =19 A are
also shown.

After obtaining Vg (g), we fit to it with the functional
form of Eq. (3) using d = 15.62 A to determine the
proportionality constant. The fits are shown in Fig. 5,
along with curves with alternate values of d shown for
reference. The fitted proportionality constant is found to be
(7.9 £0.3) x 10> eV - A2, Considering that a rough
estimate for the proportionality constant of 4ze’d =
2.83 x 103 eV - A? is within a factor of 3, the fit value
is quite reasonable given the systematic uncertainties.

APPENDIX B: CONSISTENCY BETWEEN MEELS
AND OTHER ELECTROMAGNETIC PROBES

Our MEELS data are consistent, in most respects, with
previous studies of the electromagnetic properties of
cuprates. Like MEELS [25], spectroscopic ellipsometry
[29,34] and transmission EELS experiments with modest
energy resolution (i.e., elastic linewidths of > 0.3 eV)
[32,58,59] also observe an overdamped plasmon excitation
at approximately 1 eV. At a small in-plane momentum,
q = 0.05 r.l.u,, MEELS and transmission EELS give a
nearly identical plasmon energy and line shape [25].
Furthermore, the plasmon energy measured with ellipsom-
etry is independent of doping [29,60-62], starkly contrast-
ing with the behavior of a normal conductor [22,38,63],
suggesting that it may arise from a continuum of the sort
we see.

Still, it is clear something qualitative must change in the
charge response as ¢ — 0. For one, the plasmon line shape
observed with ellipsometry, which is strictly a ¢ = 0 probe,
1s 50% narrower than the MEELS and transmission EELS
data at the lowest momentum studied [25]. Furthermore,
the spectral weight in ellipsometry grows upon decreasing
temperature for all dopings by no larger than approximately
3% [29], while the changes observed here are around 50%
and may have either sign [Fig. 3(e)].

More fundamentally, the factoring of the polarizability,
IT"(q,w) = f(q) - g(w), cannot persist to zero momentum,
because it violates the compressibility sum rule [22,38]:

lim (q,0) = —n’k, (B1)
q—)

where k = —(0V/OP)y/V is the compressibility. By def-
inition, x = 0 for an insulator, while for a metal x is a
constant. If the factoring of Il persisted all the way to
g — 0, the f-sum rule [Eq. (2)] would require I1(q, 0) ~ ¢*
in the limit of small momentum, implying that the system is
an insulator. However, Bi-2212 is a metal, of course,
meaning that this factoring cannot persist as ¢ — 0. Full
reconciliation between g =0 probes like -ellipsometry
and finite-g techniques may require new theoretical ideas
about noncommutativity of limits [64]. Encouragingly,
however, our & which represents the integrated spectral
weight change, exhibits the same trend with doping as the
Coulomb energy reported in Ref. [29], changing sign at
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FIG. 6. Comparison of MEELS and transmission STEM EELS
of OP91K Bi-2212 at 300 K. The raw STEM EELS spectrum is
shown in gray, and the antisymmetrized spectrum is shown in
orange. The MEELS spectrum in red is taken at a momentum
transfer of 0.5 r.L.u. (inset). Phase-contrast TEM image of the
sample region investigated, showing the Bi-2212 supermodula-
tion with wavelength A ~ 26 A, verifying the structural integrity
of the sample used in STEM EELS measurements.

optimal doping in both studies. Forthcoming studies with
higher-momentum resolution will determine the nature of
the crossover region between the two techniques.

We note that, at larger momenta, transmission EELS
studies of Bi-2212 by different groups report conflicting
results. Using 60 keV electrons in an EELS spectrometer
employing Wien filters and a 30 meV quasielastic line,
Terauchi et al. report a featureless continuum with a 1 eV
cutoff energy similar to what we report here [65]. On the
other hand, using 170 keV electrons with hemispherical
analyzers and a quasielastic line extending to 500 meV,
Niicker et al. observe no continuum at all but, instead,
report conventional plasmon behavior exhibiting normal,
Fermi-liquid-like dispersion [32,59]. More recently, trans-
mission EELS studies by Schuster et al. of the underdoped
cuprate Ca,_,Na,CuO,Cl, also show evidence for a
broad continuum rather than conventional dispersing
plasmons [66].

As an initial step toward establishing consistency
between MEELS and transmission EELS techniques, we
perform a preliminary measurement of OP91K Bi-2212
using a monochromated Nion UltraSTEM scanning trans-
mission electron microscope EELS (STEM EELS) with
10 meV resolution, as shown in Fig. 6. These measure-
ments are performed at room temperature using 60 keV
electrons with convergence and acceptance semiangles of
4 mrad. Samples are prepared using a “powder” method,
where a single crystal of OP91K Bi-2212 is crushed in a
mortar and pestle and dispersed onto a holey carbon grid
using ethanol. A flake is found with the correct orientation

and estimated thickness of below 400 A. Sample crystal-
linity and ab-plane orientation are confirmed by verifying
the well-known Bi-2212 supermodulations (see the inset in
Fig. 6). Note that the STEM EELS measurements show
precisely the same continuum with the same cutoff energy
as MEELS measurements. This result indicates that the
continuum is a bulk property of Bi-2212 and not a
peculiarity of the surface.

We note that, because STEM EELS instruments are
designed for high spatial resolution at the expense of
momentum resolution, the STEM EELS spectrum in
Fig. 6 is momentum integrated azimuthally in the ab plane
for ¢ £0.63 r.l.u. (i.e., approximately the first Brillouin
zone). Nevertheless, because MEELS measurements estab-
lish that the strange metal continuum is largely momentum
independent, Fig. 6 represents strong evidence that the
continuum is a bulk effect. More detailed transmission
EELS studies with both high energy and momentum
resolution would serve as an even more stringent test.
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