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Propagating charge carrier plasmons in Sr2RuO4
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We report on studies of charge carrier plasmon excitations in Sr2RuO4 by transmission electron energy-loss
spectroscopy. In particular, we present results on the plasmon dispersion and its width as a function of momentum
transfer. The dispersion can be qualitatively explained in the framework of random phase approximation
calculations, using an unrenormalized tight-binding band structure. The constant long-wavelength width of the
plasmon indicates that it is caused by a decay into interband transitions and not by quantum critical fluctuations.
The results from these studies on a prototypical correlated metal system show that the long-wavelength plasmon
excitations near 1 eV are caused by resilient quasiparticles and are not influenced by correlation effects.
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Introduction. Unconventional superconductors are one of
the most active research fields in solid state physics. The
reason for this is not only the observed high superconduct-
ing transition temperature. These materials also show very
often strange normal-state properties. The latter are caused
by strong electron-electron interactions leading to correla-
tion effects discussed in the context with quantum critical
behavior. The renormalizations of single-particle excitations
are described by the complex self-energy �, the real and the
imaginary part of which are related to the mass renormaliza-
tion m∗/m and the scattering rate �, respectively.

In the doped cuprates, there are numerous studies of
single-hole excitations by angle-resolved photoemission spec-
troscopy (ARPES) providing detailed knowledge of the
self-energy yielding a mass renormalization of the conduction
band of about two [1]. Furthermore, there are studies of the
spin excitations compiled in Ref. [2]. On the other hand,
there are only a few studies on momentum-dependent charge
degrees of freedom. There is an ongoing discussion, how
the renormalization of the single-particle excitations, i.e., the
mass renormalization and the finite scattering rate, influences
the existence, the dispersion, and the lifetime broadening of
two-particle charge excitations (plasmons) in the cuprates.

Several theoretical studies [3–5] have predicted that spin
excitations strongly influence the charge excitations. On
the other hand, the observation of a continuum instead
of the high-energy plasmon was discussed for quantum
critical systems based on holographic theories [6], which
predicted, different from the classical Landau damping [7],
a strong “overdamping“ even for the long-wavelength plas-
mons. These theoretical investigations seem to be supported
by electron energy-loss spectroscopy (EELS) in reflection (R-
EELS) studies of cuprates [8–10] in which not well-defined

propagating plasmons or even only a continuum of excitations
were detected. On the other hand, there are EELS studies in
transmission (T-EELS) [11–16] on cuprates [17–22] where
the dispersion of well-defined plasmons could be explained in
terms of collective excitations within an unrenormalized band
structure.

To better understand the problem, in the present Letter,
we extend the studies to Sr2RuO4, a highly correlated metal
with an even higher average effective mass of about four,
using T-EELS. Sr2RuO4 is a prototype of unconventional
superconductors which shows a Fermi-liquid behavior below
26 K, while at higher temperatures there are deviations from
a Fermi liquid violating the Mott-Ioffe-Regel limit [23,24].
The superconducting order parameter is still a matter of con-
troversy [25]. The strongly correlated normal-state electronic
structure has been studied by optical spectroscopy [26–30], by
R-EELS [31], by tunneling spectroscopy [32], and by ARPES
[33–39], in some cases supported by density functional theory
(DFT) or combined DFT plus dynamical mean-field theory
(DFT+DMFT) calculations [39–41]. The latter two experi-
mental techniques probe essentially one-particle (electron or
hole) properties whereas the first two methods probe two-
particle excitations (hole plus electrons).

Using slices of the Sr2RuO4 crystal cut perpendicular to
the c axis together with an orientation of the c axis parallel
to the electron beam, in the present T-EELS measurements,
the momentum can be varied within the (a, b) plane. The
momentum parallel to the beam is negligible. Optical spec-
troscopy measuring excitations with zero momentum transfer
[26,27,29,30] found for a photon polarization perpendicular
to the c axis a well-pronounced plasmon near 1.5 eV with
a plasmon width of ≈1 eV. For a polarization parallel to
the c axis, a low-energy plasmon was detected by optical
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spectroscopy [26–28]. Moreover, an acoustic plasmon has
been detected by R-EELS [31], which was ascribed to a “de-
mon“ plasmon on the basis of interacting excitations of heavy
and light electrons.

The existence of a high-energy and a low-energy plasmon
was already predicted from a calculation of the high in-plane
and the low out-of-plane Fermi velocities on the basis of band-
structure calculations [40].

The main result of the present Letter is the observation of a
well-defined propagating plasmon which in the nonlocal long-
wavelength limit can be qualitatively explained by random
phase approximation (RPA) calculations based on an unrenor-
malized local density approximation (LDA) band structure.
This indicates that the low-momentum dispersion is not
influenced by the local on-site Coulomb interaction. The re-
sults also demonstrate that single-hole excitations (measured
by ARPES) are much stronger screened than two-particle
electron-hole excitations (measured, e.g., by T-EELS).

Experiment. Sr2RuO4 crystals were grown using the travel-
ing floating-zone method [42]. The superconducting transition
temperature of the sample was Tc = 1.5 K. For the EELS
measurements, thin films with a thickness of ≈100 nm were
cut perpendicular to the crystal c axis from these single crys-
tals using an ultramicrotome equipped with a diamond knife.
The films were then put onto standard transmission electron
microscopy grids and transferred into the spectrometer. The
measurements were carried out at a sample temperature of
T = 20 and 300 K with a dedicated transmission electron
energy-loss spectrometer [15,16] employing a primary elec-
tron energy of 172 keV. The energy and momentum resolution
was set to �E = 80 meV and �q = 0.035 Å−1, respectively.
In all measurements, the momentum transfer was parallel to
the (a, b) plane. Before measuring the loss function, the thin
films have been characterized by in situ electron diffraction,
in order to orient the crystallographic axis with respect to the
transferred momentum.

Calculations. For the calculation of the complex dielectric
function we used the Ehrenreich-Cohen expression [43,44]

ε(ω, q) = ε∞ − 1

q2
χ0(ω, q), (1)

with

χ0(ω, q) ∝ 1

q2
M2

∫ ∞

−∞

Fk�E

ω2 − �E2 + i�Pω
dk. (2)

Here, �E = Ek+q − Ek, where Ek describes the band struc-
ture, Fk is the Fermi function, �P is the lifetime broadening,
and M is the matrix element. Using the complex dielectric
function we then calculate the loss function Im[−1/ε(ω, q)].
The maximum of the loss function as a function of momentum
q which occurs at Re[ε(ω, q)] = 0 yields the plasmon disper-
sion. In the calculation we use a constant matrix element, the
absolute value being determined by the condition that the plas-
mon energy for q = 0 agrees with that derived from optical
spectroscopy. The small momentum dependence of the matrix
element is supported by the observation that for momentum
q � 0.5 Å−1 the longitudinal f -sum rule [7] is reduced by less
than 20%. Similar calculations were performed for polyacety-
lene [45], La2CuO4 [19], optimally doped Bi2Sr2CaCu2O8

[18,20], and for the ladder compound CaxSr14−xCu24O41 [22].

Interestingly, in all cases the low-energy dispersion could be
well described using a simple unrenormalized tight-binding
band structure.

In Sr2RuO4 the conduction band is composed of three
Ru 4d t2g bands, the narrow quasi-one-dimensional (1D)
α/β bands, and the wider quasi-2D γ band, having, without
taking into account the spin-orbit interaction, predominantly
xz/yz and xy orbital character, respectively [34,39]. For the
calculation of the plasmon dispersion we used an unrenor-
malized tight-binding band structure adjusted to an LDA
band-structure calculation [41]. We obtain a minimum of the
difference between the calculated and experimental plasmon
dispersion by a shift of 0.2 eV of the band structure to lower
binding energies. For calculations using Eq. (1) the neglect of
the spin-orbit coupling is reasonable because the spin-orbit
coupling is considerably smaller than the plasmon energy
[39,46]. For the calculations we used the background dielec-
tric function ε∞ = 2.3 from optical spectroscopy [29,30].

Using RPA for the homogeneous electron gas, the free-
electron long-wavelength plasmon dispersion coefficient α

[see Eq. (3)] is proportional to v42 ∝ 〈v4
F 〉/〈v2

F 〉 ≈ 〈v2
F 〉

[20,44]. To control the anisotropy and orbital character of the
calculated dispersions we have calculated v42 for the bands for
q parallel to the [110] and [100] direction.

Results. In Fig. 1 we present the experimental loss spectra
of Sr2RuO4 for momentum transfer parallel to the [110] and
the [100] direction, measured at T = 20 K. At T = 300 K,
within error bars, we obtain the same results. The strongest
excitations occur between 1.5 and 1.8 eV, which are ascribed
to plasmons of the charge carriers. At low energies, the inten-
sity is dominated by the quasielastic peak. At higher energy
near 3.3 eV, a small peak possibly due to interband transitions
is visible at higher momentum transfer.

We derive a positive plasmon dispersion by an evaluation
of the maxima of the loss data. In the long-wavelength limit
the experimental and the calculated dispersion can be well
described by

ω(q) = ωp + h̄2

m
αq2. (3)

ωp is equal to 1.49 eV which roughly agrees with the in-layer
plasmon energy ωp = 1.57 eV derived from optical spec-
troscopy [26,29,30].

The dispersions of the plasmon along the two directions
together with a fit for q � 0.3 Å−1 is depicted in Fig. 2. The
derived dispersion coefficients are α

expt
110 = 0.22 and α

expt
100 =

0.30.
In this figure we have also added the calculated plasmon

dispersion along the [110] and the [100] direction. The calcu-
lated dispersion coefficients for q � 0.3 Å−1 are αcalc

110 = 0.25
and αcalc

100 = 0.21. In Fig. 3 we present the plasmon width
[full width at half maximum (FWHM)], derived from a fit
of a Gaussian plus background to the loss data shown in
Fig. 1. Along the two directions, within error bars the width
is constant and equal to 0.7 eV up to q = 0.4 Å−1. Above
q ≈ 0.4 Å−1 an increase of the plasmon width is detected.

Discussion. We have interpreted the principle excitation
of the loss spectra near 1.5 eV by a charge carrier plasmon.
Its finite width of 0.7 eV is smaller than the plasmon energy
of 1.5 eV, indicating a quasiparticle excitation. The finite
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FIG. 1. Electron energy-loss spectra multiplied by q2 (q2I) of
Sr2RuO4 in the energy range between 0 and 4 eV for momentum
transfer q between 0.15 and 0.5 Å−1. Upper panel: q parallel to the
[100] direction; lower panel: q parallel to the [110] direction. Solid
lines are guides to the eyes.

dispersion signals a propagating plasmon. We emphasize that
the width is almost constant in the studied low momentum
range. This means that it is not related to electron-electron
interaction which would lead to a quadratic increase in mo-
mentum transfer [47]. The fact that the width is smaller than
the energy signals that the excitation is not overdamped due
to fluctuations in a quantum critical system, in contrast to
theoretical predictions [6]. Rather, it is caused, as in most
metallic systems, studied by T-EELS, by a decay into inter-
band transitions [48–50]. These interbands are caused by a
back-folding of bands from the second to the first Brillouin
zone by a finite pseudopotential.

The observation of a nondispersing overdamped plasmon
near 1.2 eV in the long-wavelength limit and a continuum for
q > 0.26 Å−1 using R-EELS and T-EELS [31] is at variance
with the present T-EELS results, showing a well-defined plas-
mon with a positive plasmon dispersion up to 0.45 Å−1.

q

q

FIG. 2. Experimental data of the plasmon dispersion. Circles:
Data for q parallel to [100]. Squares: Data for q parallel to [110].
Dotted line: Least-squares fit to the experimental data. Thick solid
lines: Results from the calculations using an effective mass of one.
All black data are for q parallel to [100]. The red (gray) data are for q
parallel to [110]. Dashed lines: Calculations using an effective mass
of four.

Looking at Fig. 2, the calculated plasmon dispersions, us-
ing an effective mass of one, are close to the experimental
ones. On the other hand, the small experimental anisotropy
is opposite to the calculated one. The difference between the
experimental and the calculated dispersion may be explained
by the distortion of the bands by a spin-orbit interaction [39],

FIG. 3. Experimental data of the plasmon width as a function of
momentum. Black circles: Data for q parallel to the [100] direction.
Red (gray) squares: Data for q parallel to the [110] direction. The
dashed line is a guide to the eyes.
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not taken into account in our RPA calculations. An analysis
of average Fermi velocities yields some information on the
contribution of the three conduction bands to the plasmon
dispersion: Along q parallel to the [110] directions, the dis-
persion is predominantly determined by the 2D γ band and
to a lesser extent by the 1D α and β bands. Along the [100]
direction, both the γ band and the α band contribute to the
momentum dependence.

We emphasize that we obtain a qualitative agreement
between the experimental and the calculated dispersion, al-
though for this highly correlated system, we have used in the
calculation an unrenormalized tight-binding band structure.
The situation is similar to that in cuprates (see above) where
the plasmon dispersion can be well described by RPA using
an unrenormalized tight-binding band structure[18,20]. In the
cuprates, where the band structure is renormalized by a factor
of two, in the simplest approximation when the dispersion
coefficient is proportional to the square of the Fermi velocity,
one may expect a reduction of the plasmon dispersion due to
flattening of the bands by a factor of 4. However, in Sr2RuO4

the average mass renormalization of the charge carrier is near
4.5 [39], which would lead in the above-mentioned approxi-
mation to a reduction of the plasmon dispersion by a factor
of about 20. Actually, our RPA calculation using an effective
mass m∗/m = 4 yields a negative plasmon dispersion (see
Fig. 2). As explained in previous calculations [18,20], neg-
ative plasmon dispersion may occur because the dispersion
coefficient is composed out of a positive and a negative con-
tribution. A large reduction of the plasmon dispersion is not
compatible with our experimental results. Thus our present
results are clear proof that correlation effects do not influence
the long-wavelength dispersion of the plasmon in systems
which are correlated by the on-site Coulomb interaction in
transition metal ions.

The weak influence of correlation effects on the plasmon
dispersion can be rationalized by the following considera-
tion. The dispersion is a measure of the compressibility of
the electron liquid [7,44]. In the long-wavelength limit, the
charge oscillations due to the plasmon excitation have a wave-
length that is much larger than the distance between the next
nearest Ru atoms. On the other hand, the mass enhancement
in the correlated materials is predominantly caused by the
hopping between neighboring transition metal atoms which
is needed to overcome the on-site Coulomb interaction. In the
long-wavelength limit of the plasmon excitations, the occupa-
tion number on the transition metal atoms is hardly changed
and therefore the plasmon dispersion is not influenced by
correlation effects. Moreover, at high energies, the mass en-
hancement is expected to be reduced [51] because the charge
carriers are no longer coupled to spin excitations [3–5], which
have an energy of the order of 100 meV. Furthermore, one
can also understand the difference between EELS and ARPES
studies. In the latter, the mass of a single hole is enhanced
by an Auger-like valence band electron-hole excitation, lead-
ing in the final state to two holes in the occupied part of
the band and therefore is influenced by the on-site Coulomb
interaction.

Another indication of the nonsensitivity of the plasmon
excitations to correlation effects is the plasmon width, being in
the long-wavelength limit nearly independent of the momen-

tum transfer (see Fig. 3). This demonstrates that in Sr2RuO4

the width is not caused by a lifetime broadening of the valence
band due to a finite imaginary part of the self-energy, observed
by ARPES. At q = 0 the plasmon width must be rigorously
zero in a free-electron gas [13]. In the case of Al a quadratic
momentum dependence of the width due to intraband particle-
hole excitations was predicted by theoretical calculations [47],
which is much too small compared to the experimental data
of Al. Later, theoretical calculations [48,52] and experiments
[50,53,54] showed that the plasmon width is predominantly
caused by a decay of the plasmon into interband transitions
related to back-folded bands from the second to the first
Brillouin zone by a finite pseudopotential. This could lead to
a constant or a negative q dependence of the plasmon width
observed for K0.3MoO3 [54] or Li [53], respectively. Thus the
constant width at low q in Sr2RuO4 is probably also caused by
a decay into interband transitions and not by quantum critical
fluctuations.

Moreover, there is also a more quantitative explanation of
the differences of the imprint of correlation effects in ARPES
and EELS studies, based on dynamical mean-field calculation
theory [29,55]. These calculations predict for energies below
about 0.1 eV a Fermi-liquid behavior with a mass enhance-
ment of about four and above that energy a strongly reduced
mass enhancement. This leads for the spectral function at
low energies (0.2 < ω > −0.5 eV) to a strongly renormalized
dispersion and at higher energies to an unrenormalized dis-
persion of resilient quasiparticles which determine the “bad“
metal properties. The observation of a plasmon dispersion,
related to high-energy excitations, which are not influenced
by correlation effects, is a clear indication of such resilient
quasiparticles.

A comparison of the calculated susceptibility (not shown)
and the plasmon dispersion shows that independent of the
momentum direction, the plasmon merges into the single-
particle excitations near q = 0.4 Å−1. At this momentum also
an additional broadening of the experimental plasmon width
is observed (see Fig. 3). This behavior is very similar to that
observed in nearly-free-electron metals [50].

There is a certain flattening of the experimental disper-
sion at higher momentum transfer. As it also appears in
the RPA calculations, we conclude that it is not caused by
correlation-induced local field corrections. Rather we infer
that it is caused by the finite bandwidth of the conduction
bands. To obtain information on the dynamic local field
correction, experiments at higher momentum transfer are
required.

In summary, we have observed in Sr2RuO4 a propagating
plasmon, which is at low momentum and at high energies
determined by resilient quasiparticles which are not renor-
malized. Extending future EELS measurements to higher
momentum and into the low-energy range using an improved
energy resolution will provide valuable information on the
renormalized part of the spectral function and on the momen-
tum dependence of correlation effects.
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