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The characteristic excitation of a metal is its plasmon, which is a quantized collective
oscillation of its electron density. In 1956, David Pines predicted that a distinct type of
plasmon, dubbed a‘demon’, could exist in three-dimensional (3D) metals containing
more than one species of charge carrier'. Consisting of out-of-phase movement of
electronsin different bands, demons are acoustic, electrically neutral and do not
coupletolight,so have never been detected in an equilibrium, 3D metal. Nevertheless,
demons are believed to be critical for diverse phenomenaincluding phase transitions
in mixed-valence semimetals?, optical properties of metal nanoparticles®, soundarons

in Weyl semimetals* and high-temperature superconductivity in, for example, metal
hydrides*>”". Here, we present evidence for ademonin Sr,RuO, from momentum-
resolved electron energy-loss spectroscopy. Formed of electrons in the fand y bands,
the demonis gapless with criticalmomentum g. = 0.08 reciprocal lattice units and
room-temperature velocity v = (1.065 + 0.12) x 10° m s that undergoes a 31%
renormalization upon cooling to 30 K because of coupling to the particle-hole
continuum. The momentum dependence of the intensity of the demon confirms its
neutral character. Our study confirms a 67-year old prediction and indicates that
demons may be a pervasive feature of multiband metals.

Proposed in 1952 by Pines and Bohm?®, plasmons were first observed
ininelastic electron scattering experiments’® and were one of the first
confirmed examples of collective phenomenain solids. Landau referred
to plasmons as ‘zero sound’, stressing that they are the quantum ana-
logue of acoustic sound in a classical gas'®. However, unlike ordinary
sound, whose frequency tends toward zero at zero momentum, g
(that s, as its wavelength approaches infinity), plasmons, except in
lower-dimensional systems, cost a finite energy to excite, as creating
adensity oscillation requires overcoming the long-ranged Coulomb
interaction*®. The plasma frequency, w,, in ordinary metals ranges
from15eVin Al (ref.11) to 20 eVin Cu (ref. 12).

In1956, Pines predicted that it was possible to create a plasmon exci-
tation with no Coulomb energy cost'. The new collective mode, dubbed
a‘demon’, ariseswhen electronsin different bands move out of phase,
thereby resulting in no net transfer of charge but amodulation in the
band occupancy. A demon may be thought of as a collective mode of
neutral quasiparticles whose charge has been fully screened by elec-
trons in a separate band. Applying the random phase approximation
(RPA), Pines argued that the frequency of a demon mode, w, should
scale asw = g, vanishingas g > O (ref. 1).

Surprisingly, although discussed widely in the theoretical litera-
ture>>*135 there appears to be no experimental confirmation of a
demon in a 3D metal, even 67 years after its prediction. Acoustic

plasmons have been widely studied in two-dimensional (2D) metals'® ™,

in which conventional, single-component plasmons are gapless®.
Low-energy plasmons have also been reported in layered 3D metals
at g =1t/d (d being the layer spacing), mostly recently by resonant
inelastic X-ray scattering techniques®?, although these excitations
dispersetom,atg = 0soarenotacoustic’. Ademonwas oncereported
in photoexcited GaAs, though the effect was only transient®. A true
demon, that consists of out-of-phase movement of distinct electron
fluids and remains acoustic as ¢ > 0 in a 3D system, has not yet been
reported.

If demons were shown to exist experimentally, a proper, many-body
theory of demons, thatincorporates hydrodynamics and beyond-RPA
effects, would surely be needed.

What makes demons difficult to detectistheirinherent charge neu-
trality. The out-of-phase currents of the two electron fluids exactly
cancel as g > 0, extinguishing the long-ranged part of the Coulomb
interaction. For this reason, ademon has nosignature in the dielectric
function of ametal, £(g, ), in the limit of small ¢, and does not couple
to light. The most promising way to detect ademonis to measure the
excitations of amultiband metal at non-zero g, where ademon modu-
lates the density and may be experimentally observable using electron
energy-loss spectroscopy (EELS) techniques that observed plasmons
originally®.
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Fig.1| Conceptualillustration of the demon excitationin Sr,Ru0,. a, Fermisurface showingthe threespecies ofelectrons, a, fand y.b, Conceptualillustration
ofthedemoninSr,RuO,, whichisamodulationinthe yand fbandfillings that keeps the overall electron density constant.

The metal weinvestigateis Sr,RuO,, which has three nested bands,
a, B and y, crossing the Fermi energy (Fig. 1a)*%. At a temperature
T<40K, Sr,Ru0, is a good Fermi liquid showing resistivity p= T2,
well-defined quantum oscillations? and the expected scattering rate
in optics®. At higher temperatures, T2 600 K, Sr,Ru0O, crosses over
into a strongly interacting ‘strange metal’ phase in which the quasi-
particles are highly damped?®, the resistivity p=T and its value
exceeds the Mott-loffe-Regel limit at high temperature®. The strong
interactions arise from Hund'’s coupling and are described well by
dynamical mean field theory®*',

Asamultiband metal, Sr,Ru0Q, is acandidate for exhibiting ademon.
Inparticular, the and ybands have quite different velocities and curva-
ture®?*? reminiscent of Pines’ original conceptualization of ademon
as amode in which light electrons screen the Coulomb interaction
between heavy electrons’. Understanding whether ademonis expected
in Sr,RuO, requires a microscopic calculation.

We calculated the collective charge excitations of Sr,RuO, by com-
puting its dynamic charge susceptibility, (g, w), in the RPA®*? (see
section ‘Multiband RPA calculations’ in Methods). RPA is an approxi-
mate theory for computing the collective modes of Fermiliquids that,
althoughinexact, canyield insightinto the number of excitations and
their approximate energies. We first computed the Lindhard function
using a tight-binding parameterization of the energy bands, and
then determined the susceptibility, x(g, w), using the Coulomb inter-
actionV(q) = e*/¢..g% where eisthe electron charge and .= 2.3 isthe
background dielectric constant taken fromref. 28. The calculation has
noadjustable parameters and no fine tuning or fitting to experimental
datawas done.

Figure 2 shows the imaginary part, x” (g, w) along the (1,0,0) direc-
tionas afunction of momentum, g, and energy, . The most prominent
featureisasharp plasmonatw, =1.6 eV (Fig.2a), whichis similar to the
measured zero crossing of the real part of £(0, w) in optics®. The plas-
mon exhibits adownward dispersion, whichis aband structure effect
similar to that observed in transition metal dichalcogenides®. Note
that the intensity of the plasmon (colour scale) scales as g at small
momenta (Fig. 2a), which is consistent with the f~sum rule'. This permits
&(q,0)=1/[1+V(q)x(g, 0)] to diverge at small values of g, which is
required in a metal in which the electric field should be completely
screened over long distances.

Atlow energy, the calculationalso shows anacoustic mode (Fig. 2b).
Its velocity, v = 0.639 eV A, lies between the velocities of the S and y
bands, whichisan expected property of ademon’. Unlike the plasmon,
the intensity of this excitation scales as ¢* (Fig. 2b and Extended Data
Fig.10), which is faster than would be expected from the f~sum rule.
Were this the only excitation present in the material, it would imply
thate(q, 0) =1/[1+ V(q)x(g, 0)] > linthelimit of small g, meaning that
this excitation is neutral and does not contribute to screening over
large distances.
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Fig. 2| Charge susceptibility of Sr,Ru0, from RPA. a, Colour plot of the
scaled charge susceptibility, x” (¢, )/q> for qin the (1,0,0) direction, showing
thattheintensity of the conventional, high-energy plasmonscales as g?as g > 0.
b, Thesame plotinthe low-energy region, showing that the intensity of the
demon goesto zero faster than g*in the same limit. ¢, Colour plot of the band-
decomposed susceptibility, Xeo(q, ) (see Methods) forbandindicess=s"=y
inthe vicinity of the plasmon. d, Same quantity as panelain the region of the
demon. e, Band-decomposed susceptibility fors=y,s’=gintheregionofthe
plasmon. f,Same quantity as panel ein theregion of the demon. The sign of the
response demonstrates thatyand Selectrons oscillate in phase for the
conventional plasmon and out of phase for the demon.

This excitation is definitively identified as a demon by examining
the partial susceptibilities, Xow which describe the linear response of
the density of electrons in band a due to an external potential that
couples only to electrons in band b. As explained in the section ‘Band
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Fig.3|High-energy M-EELS spectrafrom Sr,Ru0,.a, Conceptualillustration
ofreflection M-EELS experiments froma cleaved Sr,RuO, surface.b, Fixed-q
(inr.l.u.) energy-loss scans for a selection of g values along the (1,0)
crystallographicdirection, taken at T=300 K. These spectrawere obtained by

decomposition of the susceptibility’ in Methods, the relative sign of
X, pand y7 indicates whetherelectronsinthebandsaandboscillate
in- or out ofphase For example, if we consider the plasmon (Fig. 2¢
and Extended Data Fig. 10b), the quantities X, X3 and x” ,areall
vy ABB V.8
negative, meaning the S and y subbands oscillate in phase, regardless
of which is excited. The situation is different for the acoustic mode.
Whereas x” and y7 ,are both negative (Fig. 2d and Extended Data
Fig.10c), the off-diagonal term X7, pis positive (Fig. 2f), meaning that
ifonedrivestheyelectrons, the Selectrons respond 180° out of phase.
This demonstrates that the acoustic mode predicted in RPA is a true
demonin that it consists of an out-of-phase oscillation between the
and y electrons (Fig. 1b).

We now compare the RPA results to momentum-resolved electron
energy-loss spectroscopy (M-EELS)** measurements of the collective
excitations of Sr,RuO, with an energy resolution Aw =6 meV and
momentum resolution Ag = 0.03A™. M-EELS is done in reflection mode
and measures both surface and bulk excitations at non-zeromomentum
transfer, g(ref.34), where the signature of a demon should be clearest
(Fig. 2b). Sr,RuO, crystals were grown as described previously* and
cleaved in situ in ultra-high vacuum to reveal pristine surfaces. The
surfaces were passivated by exposing to residual CO gas, which disor-
ders the v2a x v2a surface reconstruction® and terminates surface
dangling bonds?**. This treatment eliminates the surface state that
complicated interpretation of early angle-resolved photoemission
(ARPES) experiments®*2 and results in bulk-like properties in surface
measurements®,

M-EELS spectra at T=300 K at large energy transfer show a broad
plasmon peak at approximately 1.2 eV (Fig. 3b, top curve). Its width at
g=0.12reciprocallattice units (r.l.u.) isapproximately 10*larger than the
predicted widthof the 1.6 eV plasmonin RPA. This discrepancy is unsur-
prising as Sr,RuQ, is a non-Fermi liquid at w = 50 meV (refs. 26,28-31)
and RPA neglects many interaction effects that could shift and damp
the plasmon. Nevertheless, RPA correctly predicts its existence and
approximate energy. At larger momenta, g > 0.28 r.l.u, the plasmon
evolves into a featureless, energy-independent continuum similar
to that observed in Bi,Sr,CaCu,0Og,, (Bi-2212)*"*, although the cutoff
energy inSr,Ru0, is higher (1.2 eV compared with 1.0 eV in Bi-2212). This
observationwas confirmed by bulk, transmission EELS measurements

68 | Nature | Vol 621 | 7 September 2023

175 &
150 1
1.25

1.00

w)/q? (1072 eV-1 A1)

S 075

o

0.50

0.254

0 T T T T T
0 0.5 1.0 1.5 20 25
Energy loss (eV)

dividing the M-EELS matrix elements and scaling the curves asdescribed in
ref.37. Atsmallmomenta (g < 0.16 r.l.u.), the spectra show a broad plasmon
feature that peaksat1.2 eV. Atlarger momenta, the datashow an energy-
independent continuum as was observed previously in Bi,Sr,CaCu,Og,, (ref.37).

using aNion UltraSTEM (Methods), establishing it as abulk effect, and
indicates that this continuum may be a generic feature of the g # 0
density response of strange metals.

In the low-energy, Fermi liquid regime, M-EELS reveals an acous-
tic mode (Fig. 4). Its energy gap at g = 0 is less than 8 meV, an upper
bound set by the tails of the elastic line (Methods). The dispersion of
the mode in the (1,0) direction is linear over most of its range, with
room-temperature group velocity v, =0.701 £ 0.082 eV A (which
equals (1.065 + 0.12) x 10° m s™). At small momentum, ¢ < 0.03 r.Lu.,
the dispersion shows a quadratic ‘foot’, in which w(q) = ¢°>, whichis a
real effect not caused by the finite g resolution of the measurement.
The linewidth of the mode increases with increasing g, its full-width
half-maximum (FWHM) rising from 7.6 + 3.8 meV atg = 0.03 r.L.u. (the
lowest gat whichitcanbe estimated) to46.2+3.9meVatg=0.08r.l.u.
(Extended DataFig. 7). The mode is overdamped for momentagreater
than g, = 0.08 r.L.u., which we identify as its critical momentum. The
velocity is temperature dependent, falling to 0.485 + 0.081eV A at
T=30K (Fig. 4a-c), and anisotropic, increasing to 0.815+ 0.135eV A
inthe (1,1) direction (Fig. 4c).

This excitationis clearly electronic. Its velocity is approximately 100x
that of the acoustic phonons, which propagate at the sound velocity,
0.008 eV A (ref.39). Nevertheless, its velocity is three orders of magni-
tude too slowtobeasurface plasmon, whichis gaplessinthe polariton
regime and propagates near the speed of light*°. The mode velocity
is, however, within 10% of the velocity of the gapless mode predicted
by RPA (Figs. 2b—d and 4a,b). We posit that this excitation is ademon,
predicted by Pines 67 years ago but not seen in a 3D metal until now.

To check this assignment, we assess whether the mode is neutral, by
examining the momentum dependence of its intensity. As illustrated
inFig.2a, theintensity of a conventional plasmon should have the same
momentum dependence as the f-sum rule. If the excitation is neutral,
its intensity should scale with a higher power of g, assuring that
&(q,0)=1/[1+V(q)x(q, 0)] > 1asg > 0, meaning the excitation does not
contribute to screening at macroscopic distances. One complication
isthat M-EELS measures the response of asemi-infinite systemas probed
through its boundary®*, which satisfies a different sum rule than the
Lindhard susceptibility computed in RPA. Itis therefore crucial that we
make a comparison with the correct sum rule for our experiment.
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Fig.4 |Properties of the demon excitationin Sr,Ru0,.a,b, Dispersion of
thedemonmodeinthe (1,0) directionat T=30K (a, blue) and 300K (b, red),
compared with the predicted dispersion from RPA (grey). The weakly dispersing
excitationat 63 meVisanoptical phonon. Vertical error bars represent the fit
error, whereas horizontal error bars represent the momentum resolution of
theinstrument (Methods). ¢, Anisotropy and temperature dependence of the
demondispersion. Horizontal error bars are omitted from this panel for clarity.

The f-sum rule for M-EELS is derived in Methods. The result for a
gapless mode is

where gis the momentum and /,(q) is the energy-integrated intensity
oftheacoustic mode, is Planck’s constant, g, isa cross-section scale,
Pois the material density, mis the electron mass, a is the dispersion
coefficient, and g, is the vacuum permittivity (see Methods). If the
mode is neutral, its intensity should exhibit a power law that is higher
thang . The experimental intensity for the acoustic mode is shownin
Fig. 4d. The best fit gives a power law /o(q) = ¢ *®2. This exponent is
larger than -5, indicating that the excitation is neutral. We conclude
that this acoustic mode is Pines’ demon, predicted in 1956 but not
observed in a 3D material until now.

Not every multiband metal is guaranteed to exhibit a demon. Two
bands must be sufficiently different, for example by having different
Fermi velocities, to give rise to a distinct pole in the charge response.
Further, if Landau damping is strong, the demon may be overdamped
and notvisible. Nevertheless, the conditions for forming ademon are
not unique to Sr,RuQ, and may be present in many materials.

The damping of the demon (Extended Data Fig. 7) is surprisingly
small, and notably less than the scattering rate measured in infrared
optics, whichranges from 20 to 50 meV, depending upon the tempera-
ture?®, This may be due, in part, to the quasi-one-dimensional nature of
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d, Integrated intensity of the demon excitationat 7=30 K (blue) as afunction
of g, showing an approximate power law /o(q) = g (black dashed line),
demonstrating that the excitationis neutralin the long-wavelength limit. For
reference, the power-law scaling expected for an ordinary (charged) excitation
Io(q) =g Sisalsoshown (grey dashed line). We observed the demoniin five
distinct measurements from four different Sr,RuO, crystals. a.u., arbitrary
units.

the Sband, which creates an ‘eye-shaped’ regionin (q,w) spacein which
the two-particle density of states is reduced (Extended Data Fig. 9a).
The dispersion curve of the demon lies in this region, causing Landau
dampingtobe suppressed. The neutrality of ademon also causesit to
couple weakly to other excitations in the system, further enhancing
its lifetime.

A demon may be thought of as a collective mode of fully screened,
neutral quasiparticles or, equivalently, as a plasmon-like modulation of
two differentbands that, excited out of phase, leaves the total density
uniform (Fig.1b). Demons have been conjectured to mediate supercon-
ductivity and may play animportant role in the low-energy physics of
many multiband metals®”.

Whatenabledthe currentobservation of the demonwas meV-resolved
EELS measurements using a collimated, defocused beam with high g
resolution. A great deal more might be learned about demons using
high-energy electrons in a meV-resolved scanning transmission elec-
tron microscope (STEM) operating in an analogous, defocused con-
figuration.

Amoresophisticated theory of demonsis needed. Onereasonis that
RPA fails to predict the g* dispersion ‘foot’ at ¢ < 0.03 r.L.u. (Fig. 4a-c),
which may signify the importance of disorder, local field or excitonic
effects, vertex or self-energy corrections. A full, hydrodynamic theory
of demons, that properly accounts for relative motion of electrons
and holesin differentbands, mightyield newinsightinto the damping
mechanisms of the demon and lead to reconsideration of the role of
the aband in this excitation.
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Methods

Sample growth and characterization

Millimetre-sized, high-quality single crystals of Sr,RuO, for M-EELS
and STEM-EELS experiments were grown by a floating-zone technique
reported previously®. Crystals were verified to have a superconducting
transition temperature of about 1.5 K by alternating current suscepti-
bility. Samples for M-EELS were cleaved in ultra-high vacuumto reveal
atomically flat surfaces. A focused ion beam lamella oriented along
the ab plane was prepared for STEM-EELS using an FEI Scios 2 focused
ion beam instrument.

M-EELS measurements

M-EELS measurements were carried out with a high-resolution EELS
(HR-EELS) spectrometer modified to achieve both high momentum
accuracy and precision® (Extended Data Fig. 4). The primary beam
energy was chosentobe 50 eV, with energy and momentum resolutions
of 6 meVand 0.03 A7, respectively.

Single crystals of Sr,RuO, were mounted onto oxygen-free
high-conductivity copper pucks (Extended Data Fig. 1a) along with
an aluminium top post using silver epoxy (EPOTEK H20-E) cured at
120 °C. Samples were cleaved at 300 K in 1.5 x 107 torr vacuum and
were oriented in situ based on the (0, 0) and (1, 0) Bragg reflections
as observed with M-EELS at zero energy loss (Extended Data Fig. 1b).
Only cleaves resulting in atomically flat surfaces and resolution-limited
Braggreflections were used for the measurements reported here. The
out-of-plane momentum transfer was held fixed at g, = 3.95 A (that is,
Miller index L = 8) throughout the entire experiment.

M-EELS spectra of the high-energy continuum were obtained by
dividing out the momentum-dependent Coulomb matrix element and
antisymmetrizing to remove the Bose factor®*. It is noteworthy that,
under certain conditions, neglecting the effects of the Coulomb matrix
element canresultinanartificially dispersing loss peak with dispersion
velocity equal to the velocity of the incident probe electron (27.6 eV A
fora 50 eV electron). This artefact arises owing to the combination of
geometry and the Coulomb matrix element, and only occurs when the
magnitude of the probe electron’smomentum perpendicular tothe sur-
faceislarger after scattering (that is, backward scattering)*. We avoid this
geometricartefact by bothdividing out the Coulomb matrix elementand
always workinginthe forward-scattering geometry where the magnitude
ofthe outgoing momentum perpendicular to the surfaceis smaller after
scattering®*.Inany case, one should note that such geometric effectsare
irrelevantin the low-energy demon regime because the probe electron
velocity at 50 eV is around 50 times larger than that of the plasmon.

M-EELS spectra of the high-energy continuum, shownin Fig. 3, were
scaled for visibility. The spectra at different momenta were multiplied
by afactor of g¢?and scaled so that their energy-integrated first moment
isequal to that of the optical charge susceptibility in the same energy
region (thatis, scaled to —TiN,¢/2m, where N, = 3.21x 10 A and mis
the free electron mass)?. This scaling gives the spectraunits of eV A,

STEM-EELS measurements
The high-energy continuum shown in Fig. 3 of the main manu-
script closely resembles that observed previously in Bi,Sr,CaCu,Oq,,
(refs. 37,38), indicating it may be a generic high-energy property of
strange metals. To test whether this continuumis aproperty of the bulk,
we performed transmission EELS measurements on the same materials.
STEM-EELS measurements were performed withinaNion UltraSTEM
instrument at Rutgers University with a 60 keV primary beam energy
and a FWHM energy resolution of 10 meV. The angular convergence
semi-angle of the beam was 30 mrad. Combined with the size of the
exit aperture, these experiments probe amomentum range centred
atg=0withawidth Ag=5.94 A1~ 3.5r.L.u., so they can be consid-
ered a fully momentum-integrated measurement. STEM-EELS was
performed on asingle-crystallamella of Sr,RuO, oriented with the ab

plane perpendicular to the incident electron beam. This lamella was
lifted out and thinned down to electron transparency using an FEIScios
2focusedion beam instrument.

STEM-EELS spectra were acquired in a crystalline region approxi-
mately 45 nm thick (¢/1= 0.8 where ¢ is the sample thickness
and A = 60 nmi is the scattering length at 60 keV) and integrated over
the non-energy-dispersive direction of a 2D complementary metal-
oxide-semiconductor gain-corrected image with an acceptance
semi-angle of 16 mrad. From there, the momentum-integrated dynamic
charge susceptibility, x” (g, ), was obtained by antisymmetrizing to
remove the Bose factor and then applying the same normalization as
was done for M-EELS (see previous section).

A comparison between M-EELS and STEM-EELS data from Sr,RuO,
is shown in Extended Data Fig. 2a. The spectra from the two tech-
niques are nearly identical. Although the STEM-EELS data are
momentum-integrated, this comparison is meaningful because the
continuum observed in M-EELS measurements is momentum inde-
pendent (Fig. 3). This comparison therefore verifies the bulk nature
of the high-energy continuumin Sr,Ru0O,.

Surface passivation

Proper surface preparation is critical for reliable M-EELS measure-
ments of Sr,RuO,. When cleaved in ultra-high vacuum at cryogenic
temperatures, the surface of Sr,RuO, forms dangling bonds that result
in a partially filled band and a surface state whose origin is unrelated
to the bulk electronic structure?®*,

This surface state complicated the interpretation of early ARPES
experiments®??, and could result in an extraneous 2D surface state
plasmonin M-EELS measurements of the sort observed on some tran-
sition metal surfaces'*. The cleaved surface of Sr,RuO, also exhibits
a-/2ax /2 alattice reconstruction associated with coordinated rota-
tion of the RuO, octahedra®. This superstructure resultsinband fold-
ing that is clearly visible in ARPES experiments®. Obtaining bulk-like
properties in surface experiments requires suppressing both the sur-
face state and the lattice reconstruction®.

In ref. 36, Stoger et al. demonstrated that CO exposure passivates
the surface state of ruthenium oxides by forming metal carboxylate
groups that terminate the dangling surface bonds*. This reaction has
anactivationbarrier of 0.17 eV, so complete passivation of the surface
takes afew hoursat cryogenic temperatures®* andis essentially instan-
taneous at room temperature. CO passivation also disorders the
J2ax /2 a reconstruction, suppressing the surface band folding
andresultingin pristine bulk bands in ARPES that match both electronic
structure calculations and the observed periods in quantum oscillation
experiments?*?%,

Wetherefore cleaved our surfaces at roomtemperature, rather than
atcryogenictemperature, and then exposed them for several hours to
residual CO gas with a partial pressure of 3 x 10 ™ torr—a net exposure
of order approximately 0.25 Langmuir. At this exposure, the surface
should be fully passivated. We confirmed that this procedure results
inadisordered /2 a x \/2 a reconstruction by measuring the (1/2,1/2)
surface Braggreflectionand confirming thatitis weak and highly broad-
ened withawidth AH=0.2r.Lu. (ref. 44). In all other respects, the sur-
face is crystallographically perfect, as demonstrated by the
resolution-limited specular and (1,0) low-energy electron diffraction
reflections shown in Extended Data Fig. 1b. M-EELS measurements on
these surfaces should therefore be reliable and exhibit properties rep-
resentative of the bulk electronic structure, asdemonstrated in ref. 26.

Anisotropy of the high-energy continuum

The band structure of Sr,RuQ, is anisotropic in the ab plane, as is the
dispersion ofthe demonmode shownin Fig.4.Itis thereforeimportant
tocharacterize whether the high-energy continuum (Fig. 3) is similarly
anisotropic. We measured the continuum at a single momentum
g=0.5r.l.u. along the (1, 1) direction, that is, (H,K) = (%, %), to
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comparewith g =0.5r.L.u.alongthe (1, 0) direction. These spectraare
shown in Extended Data Fig. 2b. We find that the response is very
similar along the two directions, indicating that the strange metal fluc-
tuations areisotropicin-plane, despite the strong anisotropy of other
aspects of the electronic structure.

Temperature dependence of the high-energy continuum

The high-energy continuum in Sr,RuQ, is slightly temperature
dependent. As shown in Extended Data Fig. 3, when the temperature
isreduced from 300 K to 30 K, the continuum is slightly reduced at
lower energy. This behaviour mimics that observed previously in over-
doped Bi,Sr,CaCu,0y,, (ref. 38) and is consistent with the widely held
beliefthat, whereas Sr,RuQ, has some strange metal properties at high
temperature and high-energy scales, at low temperature itis more like
aFermiliquid.

Momentum resolution of M-EELS versus HR-EELS

Previous HR-EELS studies of Sr,RuO, did not observe the demon mode*
(Fig.4). Thereason for thisis the difference in the momentum resolu-
tion of HR-EELS compared to M-EELS. The demon is rapidly dispers-
ing and is only visible at momenta g < g.= 0.08 r.L.u. As illustrated in
Extended Data Fig. 4, the momentum resolution in ref. 43, measured
by the FWHM of the specular reflection, is 0.14 A™ = 0.08 r.l.u. This
measurement therefore integrated over the entire dispersion curve
ofthe demon. By comparison, the same measurement for our M-EELS
instrument yields a resolution of 0.017 r.l.u. (Extended Data Fig. 4).
This improved g resolution is what allows the demon to be visible in
the current measurements.

Fitting of the demon mode

The dispersions of the acoustic demon mode and the 67 meV optical
phonon shown in Fig. 4 were determined by fitting the quasi-elastic
line to a pseudo-Voigt function (that is, aweighted sum of a Gaussian
and Lorentzian), the acoustic mode to an antisymmetrized Lorentzian,
the 67 meV optical phonon to a Fano profile (following previous work
in refs. 39,43) and the 25 meV, 35 meV and 50 meV optical phonons
(when present) to Lorentzians. For these fits, we focused on the raw
data, thatis, before dividing the matrix elements or antisymmetrizing.
TheerrorbarsinFig. 4 represent the confidence interval determined
from the chi-squared value and the corresponding diagonal compo-
nent of the covariance matrix from fits of this model to the experi-
mental data. Sample fits are shown in Extended Data Fig. 5. Line plots
of the demon dispersion, that s, of the data from Fig. 4, are shownin
Extended DataFig. 6.

As the dispersion of optical phonons is well documented experi-
mentally and theoretically****, we focus here on the acoustic demon
mode. The FWHM of the mode is plotted in Extended Data Fig. 7,
which shows that the linewidth grows with increasing momentum.
Some of this width is due to the steep dispersion of the mode and the
finite momentum resolution of the M-EELS measurement. However,
the linewidth becomes nearly 40 meV by g = 0.07 r.l.u., indicating
that intrinsic decay channels are also present. The increasing width
with g is most likely a consequence of Landau damping, which is
commonly observed in conventional plasmons in metals*. For
momenta g > 0.08 r.l.u., the mode is overdamped and no longer
visible, identifying g. = 0.08 r.L.u. as its critical momentum. At lower
temperature, T=30 K, thereisaslight sharpening of the demonmode.
This may be due to the reduction in the single-particle continuum
shown in Extended Data Fig. 3, which could result in fewer decay
channels.

Forg<0.02r.l.u.,the demon modeisnolongerresolvable fromthe
tail of the quasi-elastic line due to the finite energy and momentum
resolution of the experiment (Extended Data Fig. 8). The mode energy
isthereforeindistinguishable from zero and canbe considered gapless.
In this momentum region, the vertical error bars in Fig. 3 of the main

manuscript represent bounds. The value of this bound is subject to
systematic errors that depend on the model used. To make an estimate
of this bound, we fix the elastic line to be a Gaussian and attribute the
non-Gaussian tail to the demon mode through two different schemes.
In scheme A, we attribute all of this extra tail to the demon mode. In
scheme B, we attribute the non-Gaussian tail to asum of the demon and
an unresolvable ‘scheme B mode’. We then place the upper bound on
the peak positioninenergy of the demon mode inFig. 3 at the larger of
the two values. At g = 0.00 A™ (Extended DataFig. 8) the upper bound
onthedemon energy gapis 8 meV.

Multiband RPA calculations

To understand the origin of the gapless made presented in the main
manuscript, Fig. 3, we calculated the collective charge modes of Sr,RuO,
using Lindhard theory in the RPA*. These calculations were performed
without any adjustable parameters, without any optimization or
fitting.

Hamiltonian
We work with the following Hamiltonian as an effective description of
the low-energy electronic degrees of freedom in Sr,RuO,.

H=¥ clOABC® +3 T Vp@p(-9). (1)
ks q

Here, ¢ (k) = [d*(k) d*(k) (k)] where d' (k)annihilates an elec-
troninorbitaliwith spin c and momentum k. Followingref. 46, we use
atight-binding band structure given by

- &&f+isA  -sA
AJk)=| e —isA e -ji i1 | (2)
-sA -l e[

where
e" =-2f, cos(k,) — 2f; cos(k,)
eff =-2t; cos(k,) - 2f, cos(k,)
e¢ =-25(cos(ky) + cos(k,)) - 4, cos(k,)cos(k,)
- 25(cos(2k,) + cos(2k,))

e = -4, sin(k,)sin(k,).

(3-6)

The parameters are determined in ref. 46 by fitting to low-energy
photoemission spectra. In units of electronvolts, the parameters
are 1=0.032, £;=0.145, £,=0.016, £;=0.081, £,=0.039, 5=0.005,
£,=0.000and ji =0.122. The Coulomb interactionis

2

e
V(g) = £o ? e
2 7,8
- [0.31304 eV x ﬂ} -
2 2n
(Q/7>

We have used lattice constants a = 3.873 Aand c = 12.7323 A and the

high-frequency dielectric constant €,,= 2.3 from ref. 28. Here % is
the volume per Ruatom.
The charge density is
p(@) = clk)eyk+q). ©)
k,s

We approximate the charge density of each orbital as entirely local-
ized at the centre of each Ruatom. Thisis areasonable approximation
for g smaller than the inverse of the size of a Ru d orbital.



Band basis

To facilitate calculations, we diagonalize the non-interacting part of
the Hamiltonian

cl()A(K)ey(k) = Y cik)e,(k)c (k)

a,k (10)

c (k)= Z Ui (k)i (k). an

There are three bands, labelled a, y and B in order of increasing
energy.Eachisdoubly degenerate due to pseudospin. Therefore, inthe
following sections, we work with one pseudospin species and restore
factors of 2 as necessary.

Inthe band basis, the charge density can be written as

p@) =Y UpkUyk+q)cik)cyk+q).

iab,k (12)
Therefore, the total density can be decomposed as
P@ =3 0, (13)
ab
(@) = le Uik Up(k + @)ci(R)cy(k + q). (14)

The density operator involves both band densities (for example,
clc,) andinterband excitations (for example, cj,cﬁ). This decomposition
will be useful later in analysing partial susceptibilities.

Charge susceptibility
The non-interacting charge susceptibility is

x°(q )= % ijgk Ugk+ @ Uk + QU (K) U7 (k)
S(ep(k)) —f e,k +q))
w +&y(k) - g,(k+q) +i0""

(15)

Here, i,jare orbital indices and a,b are band indices. Nis the number
of k-points summed overand f(g) = (e¥/T +1)is the Fermi-Dirac func-
tion. In figures showing the demon, we use a1,000 x 1,000 grid of
k-points uniformly distributed over the first Brillouin zone. The tem-
perature is set to 30 K and a small Lorentzian broadening of y = 3 meV
isapplied throughsubstitutingiO* - iy.In figures showing the plasmon,
we use a400 x 400 grid of k-points and a Lorentzian broadening of
y=10 meV.Aplot of -Imy °(g, ) is shownin Extended Data Fig. 9a. The
features seen here may be understood through the band decomposi-
tion described in the next section.

Under the RPA, the full charge susceptibility is given by

x°(q, w)

X o= Vigx°(q o) e
Theresultis plotted in Figs. 2a,b and in Extended Data Fig. 9b.
Interestingly, looking closely at Extended Data Fig. 9b reveals

an additional excitation at w =20 meV, which appears as a shoulder

on the demon excitation. It is likely that this extra peak is a second
demon, owing to the interaction between the a and y bands. This
a-yfeatureis at lower energy and contains less spectral weight than
the primary, f-y demon, because of the much smaller Fermi surface
volume of @ band. We therefore did not see it in our experiments.

Future measurements with better resolution might reveal this

additional feature.

Demon intensity

The imaginary part of the total charge susceptibility calculated by
RPA is plotted against frequency in Extended Data Fig. 9b at small g.
Thelinearly dispersing demon is the most prominent feature at these
momenta. Its peak intensity scales approximately as g*. Given that the
peak width also increases with g, the demon clearly fails to satisfy any
partial f~sumrule, consistent with expectations for a neutral excitation
(see main text and the ‘Sum rule’ section below).

In Extended Data Fig. 9b, asecond mode is visible as well at lower
energies (for instance, 30 meV for g = (0.1, 0)). As this mode is also
linearly dispersing with intensity scaling g*, we identify the mode as a
second demoninvolving the aand y bands. Unlike the primary demon,
thismodeis strongly Landau damped due to the considerable intensity
of the particle-hole continuumin Extended Data Fig. 9a.

Band decomposition of the susceptibility

The susceptibility describes the response of the total charge density
toapotential that couples to the total charge density. As charge density
can be decomposed into components in equation 13, we define a sus-
ceptibility matrix, x(q, w), where each element describes the response
of acomponent of the charge density to a potential that couples to a
single component. To be precise,

Xab,cd (q' iw")

L 17)
=- v ], e (0, (@, D8, (-9 - 0, @p -

Thessusceptibility follows after analytically continuingiw, > @ +i0".
The non-interacting result is

2
Xsb,ca (q,w)= 5ad5bcﬁ Y Uglk+ DUk + @)Uk U3 (k)
ik

Sf(ey(k)) - fe,(k+q))
w+e,(k)—glk+q)+i0""

(8)

The delta functions are due to the decoupling of bands in a
non-interacting system. For instance, if a # d, {c}c,clc,) = (clc,Y(clc,),
SO X, o = 0- Inan interacting system, this is no longer true and all
9x9elementsof x , . arenon-zeroingeneral.

The nine non-zero elements of x°(g, w) are plotted in Extended Data
Fig.10a. From this we canidentify features as either intraband or inter-
band excitations. At small g, interband transitions have an intensity of
approximately ¢%in x°(q, w) and therefore intraband particle-hole
excitations dominate. As can be seen in Extended Data Fig. 10a, the
strongest contributorsto y“are X;’y’yyand)(gﬂ'ﬂﬁ. Thetwobands clearly
have different velocities. Importantly, at small g, Imxgﬁ'ﬁﬂ hasspectral
weight restricted to a small window of frequencies. This is due to the
quasi-one-dimensional nature of the fband. The consequence is that
thereis apocketin lm)(o(q, w) from g=(0, 0) to g=(0.13, 0) with sup-
pressed spectral weight (Extended Data Fig. 9a). It is precisely in this
pocket that the demon disperses (Fig. 2c) without becoming over-
damped.

TheinteractionV(q)p(q)p(—g) may be written as

V@P@p-0 = Y Vi cd @0 @0y (-9,
abcd

19)

whereV,, ,(q) = V(g)foralla,b,candd. Therefore, we definethe 9 x9
interaction matrix V(q) with every element equal to V(q).
Under the RPA, the matrix susceptibility is

_ 0 0 \Y, 0
X(q,0)=x"(q,0)+x"(q,w)V(@Q)x"(q, ®)+ (20,21)

=x°(q, @)1~ V(@x°(q, )] ,
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wherelis the identity matrix and multiplication and inversion are
matrix operations. It is straightforward to show that the sum of all
elements in the RPA susceptibility matrix equals the scalar RPA result
inequation16.

Density-density components of the susceptibility matrix (Xaa,bb)
may be used to determine theidentity of modesin x(q, ). Xeaop(dr @)
describestheresponse of the density inband a to a potential that cou-
ples to the density of band b. These components are plotted at high
frequencyin Extended Data Fig.10b and atlow frequency in Extended
Data Fig. 10c. Some of these components were plotted previously in
Fig.2, wherewerelabelled y  ,, =x, ,forbrevity.

Athigh frequencies (Extended Data Fig.10b), the plasmonis visible
in all density-density components. Every component has the same
sign, indicating that a potential modulated at the plasmon frequency
induces an in-phase oscillation of the density in all three bands. By
contrast, at low frequencies (Extended Data Fig. 10c), a number of
features are presentincluding remnants of the particle-hole continua
(Extended Data Fig. 9a) and the demon. The demon is visible most
clearly inthe elementsy + Xsg.55° Xyy. o5 and Xgp,,y- The sign of the
susceptibility of the demon excitationin the dlagonal elements, X,y
and Xop. 55 is opposite to that of the off-diagonal elements, Xoy. 55 and
X - Thisdemonstrates the out-of-phase character of the demon. A
potential coupling to the band thatis modulated at the frequency of
the demon excites opposite density modulationsinthe yand fbands.
This identifies the gapless mode in Extended Data Fig. 9b as atrue
demon that, to leading order, does not modulate the total density.

Sum rule for surface EELS and neutrality of the demon
Ademon hastwo defining properties. Thefirstis thatitis gapless, that
is, itsenergy tends toward zero as ¢ > 0. The second is that it is neutral,
that s, it cannot screen charge in the g > Olimit. The former property
isaconsequence of thelatter, which eliminates the Coulomb contribu-
tion to the energy of the mode in the long-wavelength limit. Figure 4
demonstrates that the collective mode is gapless. Here we show that
itis also neutral and therefore it satisfies all of the criteria for being a
demon.

We can establish experimentally whether the excitationis neutral by
examining the momentum dependence of its intensity. The dielectric
function of a material is related to its charge susceptibility, x(g, ), by

e(q,w)= (22)

1
1+ V(gx(q, w)

whereV(q) = e*/e4q? is the 3D Coulomb interaction. The imaginary
part of the susceptibility satisfies the f-sumrule,

oo 2
” _Tng 23)
IOX (¢, w)wdw m (

In conventional metals, the spectral weight in the plasmon takes up
allthe weightin this sumrule and the intensity of the plasmon approx-
imately g” at small g (see, for example, Fig. lin ref. 47). This behaviour
assures thatV(q)x(q, w)|,-o converges to a constant at small g, allow-
ing the material to exhibit a finite screening strength.

In the RPA calculation described above (summarized in Fig. 2), the
spectral weight in the demon is a faster function of g than the total
spectral weight defined by the f~sum rule, that is, y= g% where a>2
(a=4inthe RPA case). Hence, for ademon excitation,V(q)x(q, @)l ,-¢ > O
asg~ 0,so&~>1and ademon does not contribute to screening in the
long-wavelength limit. This is what is meant by the statement that a
demoniis ‘neutral’. Determining whether the gapless mode in Fig. 4 is
neutral therefore requires comparing the g dependence of its spectral
weight to expectations from the f~sumrule.

A complicationis that M-EELS isa surface probe and does not meas-
ure the simple, bulk susceptibility, y(q, @). M-EELS measures a surface

response function, Xs(q, ), as described in detail in refs. 34,48. This
surface quantity does not satisfy the same sum rule as equation 23
above. We therefore need to derive asumrule for the response function
measured with surface M-EELS and compare the g dependence of the
spectral weight in the excitation to this sumrule.

Sum rule for surface M-EELS
In general, the charge susceptibility can be written as

oo
x(k,k',w)=2{ P19l "'">} (24)

W+ Wy +i0,

015, Im¥<n|p., 10 _
W= Wy +i0,

where p, is the charge density operator. In systems with translational
symmetry, the only non-zero matrix elements of y(k, k’, w) satisfy
k=Kk’+G, where Gis areciprocal lattice vector. In metals, where the
systemis homogeneous, G = 0.Insystems that lack translational sym-
metry, the f-sumrule can be generalized to*
J_ dowx(k, K, w)=inO[lH, 4,1, 5, 110). (5)
The exact Hamiltonian H can be generically expressed in terms of
the kinetic energy of free electrons, which is Galilean invariant, plus
potentials that depend on charge density operators. In the absence of
potentials that depend explicitly on momentum operators,

2

A~ A h 7
OI[H, £, ]1,0,.110) = _Ek ‘K'py - (26)
The generalized f~sum rule then becomes
- , R
I_w dowy(k, k', 0)=- mﬁk Kpy (27)

We now wish to apply this sum rule to experimental M-EELS data.
The M-EELS cross-section is given by>**8

62

28
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UoVeff(q)I dzydz,e 911221 5(q, 2, 2,, )

where Sis the density-density correlation function, whichis related to
the density response function by the fluctuation-dissipation theorem,

1 1
5(q,2, 2, ) = _El_e—TkBTX”(q, 2),2, W), (29)
The Coulomb matrix elements
2
i e‘/e
VoK + K3, )= —— 90— 30
eff( z z q) (ktz+k§)2+q2 (30)

describe the coupling of the probe electron to the valence electrons
near asurface, accounting for a single reflectivity event®**3,

In asemi-infinite stack of metallic layers, translational symmetry is
satisfied along the directions parallel to the metallic layers, but notin
the direction perpendicular to the surface. The susceptibility has the
general form x(q, q, k,, k), where q is the momentum parallel to the
surface and k,, k, the momenta along the direction perpendicular to
the surface. Fourier transforming equation 27 in k,and k7, the general-
ized f~sumrule can be equivalently written as

J:w pdwwy(q,q,2,2,w)
2

h ) GD
=-in l:S(Z—Z )q -

9°6(z-2") L, 06@-2) 9
z-2z)? 0(z-2) 0z

p(),



where because of the surface p(z) = 0 for z> 0. Combining the scat-
tering cross-section of M-EELS3**8,
%o
00OE

(q, kS, k3, ) = —;Wao[veff(k'ﬁ K, )12

o (32)
I_ dz, dzzeq(zl+22) Imx(q, q, 2, 2, W),

with the f~sum rule equation 31, the sum rule for the M-EELS cross-
sectionis

%
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. (33)
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Neutrality test of the collective mode

Equation 33 is written in terms of the experimental cross-section and
therefore may be applied directly to the experimental data. We start
by making some simplifying assumptions that apply in the small g
regime. The firstis that the density p(z) = p,6(-2), that s,

Po

0
29z _
I_m dzp(z)e 2q

(34)

This expression is valid as long as the width of the surface (that is,
the distance over which the density falls to zero) is much less than g™
Next, we take 7= 0, which for data taken at 7=30 K is valid for
>2.5meV.Finally, we need to consider the actual behaviour of the
modeinthe small gregime. Although the mode disperseslinearly over
most of its range, in the small g limit £(g) = qz. We therefore take the
experimental intensity to have the form

19, ) = l(@)8(® - aq?) (35)
where /y(g) then represents the w-integrated intensity of the mode at
momentum g. Evaluating equation 33 then gives

}"zzaoezpO 1
- 36
IO(q) me qs . ( )

In other words, if a collective mode encompasses all the spectral
weightin the f~sum rule, its integrated intensity should satisfy equa-
tion 36. If, however, amode is neutral, its spectral weight should scale
with a higher power of g. Therefore, for agiven excitation, /o(q) = ¢%in
the small g limit. If the excitationis neutral, then a > -5.

We carried out this test on the gapless excitation observed with
M-EELS in Fig. 4. The resultis shownin Fig. 4d. The integrated inten-
sity of the mode follows a power law of roughly /,(q) = ¢ '%. Because
-1.8 > -5, we conclude that this excitationis neutral in the sense that it
cannot contribute to screening in the small g limit, and therefore is a
demoninthetrue sense.
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Extended DataFig.1]| Cleaved Sr,RuQ, single crystal measured withM-EELS.  wasaligned tobeinthescattering plane.b, Momentum-dependence of the
a,Example Sr,Ru0, single crystal measured with M-EELS. Thesampleismounted  elastic M-EELS response, which corresponds to Bragg diffraction, of Sr,RuO,
onan OFHC copper puckand cleaved in UHV toreveal aflat surface (scale bar along (H, 0). Asharp specular peakat (0, 0) is visible, asisa (1, 0) low-energy
5mm). Toaccurately align the instrument momentum transfer with the crystal electron diffraction reflection witha FWHM of approximately 0.03 A™,

axes, thesampleis rotated azimuthally viaa piezorotator. In thiscase thea-axis  indicatingaclean, well ordered surface.
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Extended DataFig.2|Properties of the high-energy excitations in Sr,Ru0,.
a, Comparisonbetween surface M-EELS and bulk-sensitive EELS measurements
of Sr,RuO, with ascanning transmission electron microscope (STEM). The
similarity of the two spectra verifies the bulk origin of the high-energy
continuum. (Inset) high-angle annular dark field image of the sample region
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used for STEM-EELS measurements confirms its crystallinity. b, Comparison
ofthe M-EELSresponseatg=0.5r.l.u.alongthe (H, 0) and (H, H) directions.

To within the statistical uncertainty of the data, the overall shape of the strange
metal continuumis the same in the two directions, suggesting that the high-
energy continuumis roughlyisotropicin Sr,Ru0O,.
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Extended DataFig.3 | Temperature dependence of the high energy

continuuminSr,Ru0,. Thespectralweightatlow energy is slightly
reduced atlow temperature, exhibiting the same behavior as overdoped

Bi,Sr,CaCu,04,, >,
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M-EELS from this work (red). The HR-EELS data were mirrored (dashed line) to
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at half-maximum of the specular reflection for M-EELS isabout 0.03 A, which
isnearly five times sharper than that of HR-EELS (0.14 A™), despite working at
asignificantly higherbeam energy (50 eV compared to 20 eV). Because the
demon only exists below about 0.13 A= 0.08r.l.u., it was not visible in prior

HR-EELS measurements.
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Extended DataFig. 5| Example fits of the phonon and demon modes. Three
example fits of the M-EELS spectrafora,g=0.03r.l.u.along (1,1) at 300K,
b,g=0.06r.l.u.along(1,0) at 300K, and ¢,g=0.08r.l.u.along (1, 0) at 30 K. Fits
comprise aquasi-elasticline (grey dashed line) of pseudo-Voigt form,ademon
mode usingaLorentz oscillator (red), and optical phonons (grey full lines) each
withaFanoor Lorentzianline shape (see text).
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Extended DataFig.10 | Band decomposition of the susceptibility matrix.

a, Allnonzero elements of the non-interacting susceptibility matrix. Diagonal
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