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I. ABSTRACT

‘We use momentum-dependent electron energy-
loss spectroscopy in transmission to study col-
lective charge excitations in the "strange" layer
metal SroRuO4. We cover a complete range be-
tween in-plane and out-of-plane oscillations. Out-
side of the classical range of electron-hole exci-
tations, leading to a Landau damping, we ob-
serve well defined plasmons. The optical (acous-
tic) plasmon due to an in-phase (out-of-phase)
charge oscillation of neighbouring layers exhibits
a quadratic (linear) dispersion. Using a model for
the Coulomb interaction of the charges in a lay-
ered system, it is possible to describe the com-
plete range of plasmon excitations in a mean-
field random phase approximation without tak-
ing correlation effects into account. There are no
signs of over-damped plasmons predicted by holo-
graphic theories. This indicates that long wave-
length charge excitations are not influenced by
local correlation effects such as on-site Coulomb
interaction and Hund’s exchange interaction.

II. PLASMONS IN "STRANGE" METALS

"Strange" metals are at present one of the most in-
teresting research fields in solid state physics. Due to
the strong interaction between their charge carriers, they
show a deviation from the Fermi-liquid behaviour re-
vealed, e.g., by the linear temperature dependence of
the electrical resistivity [I]. The unconventional and
in some cases high-temperature superconductivity de-
tected in these materials is supposed to be related to
their "strange" normal state electronic structure. Doped
cuprates and SroRuO4 above 30 K are prototypes of these
"strange" metals.

There are various methods to study their electronic
structure. Here we use electron energy-loss spectroscopy
in transmission (T-EELS). We study the charge density-
density response connected with plasmon excitations.
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The interest in such collective electronic excitations has
increased sharply. This can be associated with the emer-
gence of new experimental methods. Resonant Inelastic
X-ray Scattering (RIXS) [2 B] has contributed a lot to
our understanding of acoustic plasmons in layered mate-
rials such as various p- and n-type doped cuprates. High-
resolution EELS in reflection (R-EELS) has opened up
access to the examination of novel charge carrier exci-
tations at very low energies and momentum [4]. Also,
energy and momentum resolution in T-EELS could be
significantly improved by advanced energy filter instru-
mentation [5]. Moreover, in-situ stimulation of the sam-
ple could be extended. E.g., low temperatures could be
reached in RIXS, T-EELS, and R-EELS experiments in-
corporating liquid Helium cooling. Finally there is im-
portant progress in the preparation of single-crystalline
thin films for T-EELS using focused ion beam prepara-
tion which is an important point in the present T-EELS
study of SroRuQy.

Experimental studies were also stimulated by theoret-
ical work [6] [7] which postulated that unconventional su-
perconductivity is mediated by a coupling of the charge
carriers to charge excitations in the small momentum
regime. Great attention attracted the prediction of over-
damped plasmons in "strange" metals and a replacement
of these excitations by a continuum [8]. The authors
concluded that a new kind of theory of strongly inter-
acting matter may be needed to explain this continuum.
The latter may also be connected to the phenomenon
of high-T, superconductivity. The over-damped plasmon
was discussed in terms of holographic theories, which
predicted, different from the classical Landau damping,
a strong damping even for the long wavelength plas-
mons due to quantum critical fluctuations. Recently, this
work was supported by similar calculations [9]. The ex-
istence of a low energy continuum is also the basis for
the phenomenological model of the marginal Fermi liquid
which describes the linear in energy /temperature scatter-
ing rate [10].

The theoretical predictions of an over-damped plas-
mon are in stark conflict with early T-EELS studies on
cuprates. A well defined dispersive plasmon was detected
in BipSraCaCusOsg, using T-EELS [11HI3]. Also, in var-
ious cuprates, well pronounced dispersive acoustic plas-
mons were detected by RIXS [2] 3] [14].

Recently, we have studied the electronic structure of
SroRuOy [15] by an investigation of the optical plasmon
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excitations parallel to the layers [I6] using a dedicated
T-EELS spectrometer [I7]. Also in this highly correlated
material, a well defined plasmon could be detected near
1.5 eV. The plasmon has a positive dispersion and decays
into a continuum of particle-hole excitations due to Lan-
dau damping, which could be explained in the framework
of the random phase approximation (RPA).

On the other hand, there are several recent experi-
mental R-EELS studies, supporting the theories which
predict over-damped plasmons in "strange" metals. In
BiySraCaCuyOg and in SroRuQy, only at very small mo-
mentum a well defined plasmon exists followed by a tran-
sition into a featureless momentum-independent contin-
uum [I8420].

Most of the previous momentum dependent EELS
studies on layered materials were performed for a wave
vector parallel to the layers. The reason for this is that
thin samples (T-EELS) or clean surfaces (R-EELS) are
easily prepared by a cleavage of the crystals parallel to
the layers. In the present work, by focused ion beam
milling, we are able to prepare thin electron transpar-
ent lamella in which the layers are perpendicular to the
surface. Using such samples, it was for the first time pos-
sible to map out a complete set of plasmon excitations
with momentum between parallel and perpendicular to
the layers almost in the entire Brillouin zone (BZ). In this
way, it is possible to control theoretical work on plasmon
excitations in layered compounds which is available since
many decades [2TH24].

III. PLASMON DISPERSION IN LAYERED
SYSTEMS

The dynamic structure factor is determined by the
Fourier transformation of the charge density-density cor-
relation function. It can be expressed [25] by the dynam-
ical susceptibility x(q,w):
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Here, €(q,w) is the complex dielectric function.

The calculation of the susceptibility of the many-body
system of the charge carriers in solids is a challenging
task. The susceptibility xo for a non-interacting one-
band electron liquid is given by [26]:

2F (k) AE(q, k)
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Here AE = Fxiq — Ex, Ex are the band energies of
the electrons having a momentum k, A(q,k) is related
to matrix elements, I' is the lifetime broadening of the
particle-hole excitations, and F'(k) is the Fermi function.

While xo is the susceptibility related to an external
field, stemming from the field of the scattering electron,
X is the susceptibility for the total field, including the

induced one. Running a self-consistency (SC) cycle, we
obtain the mean field RPA result:
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Here, V(q) is the Fourier transformed Coulomb interac-
tion.

In this approximation and for small damping, there are
in addition to the single-particle excitations collective ex-
citations, termed plasmons. The energy of the plasmon
is determined by the zeros of the real part of the de-
nominator of Eq. . The long wavelength energy of the
plasmon in the RPA is given by
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with N being the density of the charge carriers, and m
their mass.

For small but finite momentum, the charge density has
to be compressed and therefore the plasmon exhibits a
positive dispersion, which within the RPA is given by

3
ARPA =-=< U% >q (5)

wp(q)? = wp(0)* + Arpag®; 5

where < v} >4 is the average squared Fermi velocity
along the q direction. When the plasmon merges into
the single-particle continuum, it decays into particle-hole
excitations. This process is termed Landau damping.

In the following we discuss the structure factor V(q).
In a homogeneous electron system
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For a system, built up by 2D layers separated by the
distance d we use the Fetter model with the Coulomb
potential

4me? qd sinh(q) d)
q®> 2 cosh(qd) — cos(qrd)’
(7)
where ¢)|(¢L) is the momentum parallel (perpendicular)
to the layer [22]. In a layer system the plasmon disper-
sion is not only determined by the compressibility of the
electron liquid (see Eq.[5]) but also by the structure factor

V(a):

Vig) =V(q,q1) =

QM smh(qu)
2 cosh(g)d) — cos(qrd)’
(8)
For small ¢ and ¢q;d = 0 or, the structure factor
V(q|,qy) is the same as in the homogeneous electron
gas. In this case, the charge oscillations in the layers are
in phase and the plasmon dispersion is the same as in
a homogeneous 3D electron system. For q;d = 7 the
charge oscillations between neighboring layers are out of
phase.

wp(q)® = Arpaq +wp(0)



This leads to an acoustic plasmon, without energy off-
set. The dispersion of the acoustic plasmon for small g
is given by

3 2 2d2
wp(qH) =q| g < Vp >q erp(()) Z (9)

Very often, the first term in the square root is consider-
ably smaller than the second. Then the phase velocity
of the acoustic plasmon along the direction of || is given
by

(10)

IV. EELS DATA

T-EELS measurements were performed on single- crys-
talline SroRuOy layers at room temperature. Fig.[I|shows
the crystal structure of SroRuO,4 which consists of RuO2
layers along the c-axis direction together with SrO spacer
layers. The thin films were characterized by in-situ elec-
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FIG. 1. Crystal structure of SroRuOy.

tron diffraction and the crystallographic axes were ori-
ented with respect to the (a, c) plane. The distance d =
6.36 A between the RuO, layers is half the c-axis lattice
constant. The thin lamellas for T-EELS with a normal
direction parallel to the b-axis were cut with a focused
ion beam. In this way, EELS experiments were possible
with the momentum parallel to the (a,c) plane. We em-
phasize that this momentum range is different from our
previous EELS study on SroRuQy4 [16] where we covered
the momentum range parallel to the a-axis. The thin
films were characterized by in-situ electron diffraction
and the crystallographic axes were oriented with respect
to the transferred momentum [see Fig.[2] (a)].

T-EELS was performed with a primary electron energy
of 80 keV and with an energy and momentum resolution

of 120 meV and 0.04 A=, respectively. The EELS data
were sequentially recorded with fixed momentum transfer
in the (¢a, ¢.) momentum plane as depicted in Fig.b).
In Fig. we show typical EELS intensities (red lines) as

(a)
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FIG. 2. (a) Indexed electron diffraction pattern (white dots)
in the (¢a,gc) plane including the reduced Brillouin zone
(green) for equal layers along the c-axis. (b) Brown momen-
tum range [see (a)] in which loss spectra are recorded for
various ¢, and gc values. The colours purple, blue, green, yel-
low, and red correspond to g equal 0, 0.1, 0.2 0.3, and 0.4

~1 respectively. The diameter of the filter entrance aper-
ture [indicated by the colored circles in (b)] corresponds to a
momentum of 0.041 A=,

a function of the energy for various ¢, and ¢. values.
With increasing ¢, the plasmon energy slightly increases
whereas for increasing ¢. the plasmon energies decrease.

At low total momentum it is difficult to see a well de-
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FIG. 3. Electron energy-loss intensities for various g, and ¢. values. The numbers and the colours correspond to the momentum
values depicted in Fig.[2] Coloured lines: experimental intensities. The black dashed lines are fits of a Lorentzian on top of an
exponential background due to the tails of the quasi-elastic peak at zero energy.

fined plasmon due to the high intensity of the quasi-
elastic peak. The same holds for high total momen-
tum because the T-EELS cross section is decreasing with
1/q?. Except for the described cases, well developed and
dispersing plasmon excitations below 1.8 eV are visible.
From the fit to the data we obtain the energy of the plas-
mon excitations.

The latter is plotted in Fig.[] as a function of ¢, for
various q. values together with theoretical curves calcu-
lated in the framework of the Fetter model (see Section
. We use the parameters wy, g)) = 1.48 eV (from opti-
cal spectroscopy [27], d = 6.36 A, and < v >190 = 4.91
(eV A)2. The latter value for the three Ru 4d tag bands
crossing the Fermi level was derived from a tight-binding
(TB) band structure [28] (see Methods). For all plasmon
energies above the continuum, within error bars, there is
rather good agreement between theory and experiment.
There is a continuous transition between the optical plas-
mon for g. = 0 (purple data) at higher energy to the
acoustic plasmon (g. = 0.4 A~1) close to g. = w/d = 0.49

A1 (red data) at lower energy. Due to our finite energy
resolution we cannot follow the acoustic plasmon to zero
energy. The rapid decay in the theoretical curve for the
optical plasmon near g. = 0 is due to the finite momen-
tum resolution, i.e., integration of optical and acoustic
plasmons within the EEL collection aperture. The differ-
ence between RPA dispersion and experimental data for
@a > Qerit can be explained by Landau damping. A simi-
lar behavior has been also observed for Al [29]. In Fig.[4]
we also show the continuum of the single-particle intra-
band transitions g (see the grey region) calculated using
an unrenormalized TB band structure [28] (see Methods).
The optical plasmon merges into the continuum near ¢,=
0.45 A—1. We assign this value to the critical momentum
Gerit- This value was also derived in Ref. [I6] from the
rapid increase of the plasmon width at this wave vector.
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FIG. 4. Plasmon dispersion along the momentum g¢. par-
allel to the layers for several g. perpendicular to the layers
(squares) together with calculations within the framework of
the Fetter model (solid lines). The ¢c values 0, 0.1, 0.2, 0.3,
and 0.4 A~ are marked by purple, blue, green, yellow, and
red colour squares, respectively (see Fig. . We have added
also the data from the optical plasmon dispersion derived in
our previous publication (purple diamonds) [16]. The horizon-
tal error bars originate from the finite momentum resolution
while the vertical ones are related to energy error bars. The
region marked in grey corresponds to the susceptibility xo cal-
culated from a tight binding band structure (see Methods).
The excitations in the continuum range are marked by open
symbols.

V. OPTICAL AND ACOUSTIC PLASMONS IN
LAYERED "STRANGE" METALS

The data presented in Fig. [5]demonstrate that T-EELS
is capable to study not only optical plasmons with mo-
mentum parallel to the layers. Using a suitable sample
preparation, we have demonstrated that it is also possi-
ble to cover the complete momentum range parallel and
perpendicular to the layers, i.e., in-phase (optical) and
out-of phase (acoustic) collective charge oscillations in
neighboring layers. Thus, we show that T-EELS can
compete with recent RIXS studies of acoustic plasmons
of cuprates [2, 3] [30]. This will be even possible to per-
form at lower energies when T-EELS spectrometers will
be available with high energy resolution in the near fu-
ture. This is an important extension of T-EEL spec-
troscopy. Furthermore, we emphasize that the present
work shows that acoustic plasmons exist also in non-
cuprate "strange" metal layer systems.

Well defined plasmon exist in the complete range which
is not covered by the range of single-particle particle ex-
citations calculated in the mean-field RPA theory. Op-
tical plasmons exist in & 15 % of the BZ . The rest is

determined by a continuum of intra-band single particle
excitations. There is no sign of a reduction of the coher-
ent plasmon range due to an over-damping discussed in
terms of holographic theories [8] [9].

In the following we compare the present EELS re-
sults with theoretical predictions in a more quantita-
tive way. In our previous publication we analyzed the
plasmon dispersion by a calculation of the susceptibil-
ity together with an adjustment of the strength of the
Coulomb potential to wp(0). The comparison with the
experimental dispersion yields good agreement when us-
ing an unrenormalized TB band structure (% =1) in-
stead of a renormalized band structure with an effective
mass Z—D ~ 4.5 taken from angle-resolved photoemission
spectroscopy (ARPES) experiments [31]. In this quite in-
direct analysis, we concluded that the plasmon dispersion
is not influenced by the mass renormalization observed
by ARPES.

Here we perform a similar, but much more direct anal-
ysis. Fitting the dispersion of the optical plasmon disper-
sion for ¢ < geriy ~ 0.45 A= (see Fig. purple data) with
Eq. (1)) we derive a dispersion coefficient A = 1.8 + 0.8
(eVA)? which is in agreement with the more precise result
from our previous publication A = 2.1 4+ 0.2 (eVA)?2. Us-
ing the unrenormalized TB band structure N%We receive
a squared Fermi velocity < v% >199= 3.4 (¢VA)? and the
dispersion coefficient A = 2.5 (eVA)2. The latter value
is close to the experimental value. On the other hand,
using the effective mass %0 ~4.5 from ARPES [3I] we

derive a dispersion coefficient A = 0.1 (eVA)? which is at
variance with the experimental data. Thus our present
and the previous experimental data of the dispersion of
the optical plasmon indicates that the long wavelength
dispersion can be explained in the framework of a mean-
field RPA theory.

It is also interesting to realize that the detected critical
wave-vector g..it agrees well with the calculated suscep-
tibility (see Fig. [4), although the latter was calculated
with an unrenormalized TB band structure. This may
be related to the observation of a decreasing effective
mass with increasing energy and the formation of resilient
quasi-particles [27].

In the following we discuss the acoustic plasmon data
(see red data and line in Fig. [4)). Despite the gap at low
energy due to a finite energy resolution, the dispersion
extrapolates to zero energy typical of an acoustic plas-
mon. The derived experimental plasmon velocity is vp ~
4.7 eVA. From Eq. (9) we derive vp ~ 4.8 eVA in very
good agreement with the experimental value. This in-
dicates that the first term in Eq. @D due to the finite
Fermi velocity is small compared to the term which only
depends on wp(0) and d. Thus, for a given wp(0) the
acoustic plasmon dispersion only depends on d and is
not influenced by many-body interactions.

Neglecting the Fermi velocity term, the linear acoustic
plasmon dispersion [see Eq. @D] can be explained in the
following way. The phase difference m of the oscillations
between neighboring layers reduces the plasmon energy



from wp(0) to zero. When adding a momentum g, the
phase difference between neighboring layers is increased
to m+¢q.d and therefore, using a linear relation, the energy
of the acoustic plasmon should increase by (wp(0)dgq)/7
which is close to Eq. .

In summary, the long wavelength ¢, dispersion of the g,
dependent plasmons including the optical and the acous-
tic collective excitations and the decay of the optical plas-
mon by Landau damping can be all explained in terms
of a mean-field RPA model. It is possible to understand
this interpretation of the present results in the following
way. Long wavelength charge excitations are not influ-
enced by local interactions such as on-site Coulomb and
Hund’s exchange interactions. This behaviour is differ-
ent from ARPES studies, in which local properties play
an important role. In this context it is also important to
note that mono-pole (a single hole) excitations detected
in ARPES are differently screened compared to dipole ex-
citations recorded in EELS. We further emphasize that
our present analysis of the acoustic plasmon dispersion is
also important for the understanding of previous [2, [3} 30]
and future RIXS studies on cuprates.

VI. PERSPECTIVES

The present study has demonstrated that optical and
acoustic plasmons can be investigated by T-EELS in the
complete BZ in layered systems. Therefore, with the ad-
vent of higher energy resolution, T-EELS will be com-
petitive at lower energies with RIXS, also taking into ac-
count that momentum-resolved T-EELS provides a direct
probe of the dynamic susceptibility. Then, in "strange"
metals, it will be possible to study low-energy and high-
momentum charge excitations which were predicted in
Ref. [32] to depend on correlation effects. In this way it
will be possible to study the spacial dependence of the
density-density fluctuations in "strange" metals.

VII. METHODS
A. Samples

SroRuQy4 crystals were grown using the floating-zone
method [33]. The superconducting transition tempera-

ture of the sample was T, =1.5 K.

Thin TEM lamellas of SroRuO,4 with the normal point-
ing along b were prepared by Focused Ion Beam (FIB)
using a Thermofisher instrument. The target thickness of
the lamellas was 80 nanometers. Low ion energy polish-
ing was used as final step to thin Ga-ion damaged surface
layers.

B. EELS measurements

The momentum-resolved loss function was recorded at
a FEI Titan® TEM equipped with a Wien monochro-
mator and a Gatan Tridiem imaging filter (GIF) at 80
kV acceleration voltage in a serial way (i.e., one EEL
spectrum per fixed momentum). The energy resolution
is around 120meV (FWHM of zero loss peak). Using
a camera length (i.e., effective distance between sample
and detector) of 1.15m. The GIF entrance aperture was
used to select the different momentum values and covers
a momentum range of 0.04A™ . Due to instabilities of
the monochromator and the rather long collection times
required at large momentum transfers, the recorded spec-
tra are subject to substantial noise as well as mutual ran-
dom fluctuations/offsets. In order to mitigate these ef-
fects, each spectrum was separately aligned with the help
of the quasi-elastic peak. Subsequently the quasi-elastic
peak was subtracted (the peak was obtained by reflect-
ing the gain tail at zero loss energy), before analyzing the
position of the plasmon peak.

C. Fermi velocities and susceptibility

For the calculation of the Fermi velocity along the [100]
direction and the bare particle susceptibility xo(ga, 0, w)
we used a TB band structure [28] based on a LDA band
structure. We use a multi-band version of Eq. [2] and
taking only intra-band excitations into account with the
same matrix element, thus neglecting inter-band exci-
tations. Mainly the 8 and the ~ bands contribute to
< ’U% >100 and xo-
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