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Doped SrTi;_,Nb, O; is a dilute polaronic metal that exhibits superconductivity and a mid-infrared optical re-
sponse suggesting parallels with copper oxides. A peculiar feature of SrTi;_,Nb,O; is that its plasma frequency,
wy, is highly temperature dependent, increasing by more than a factor of 2 when the system is cooled from 300
to 100 K [F. Gervais et al., Phys. Rev. B 47, 8187 (1993); D. M. Eagles et al., Phys. Rev. B 54, 22 (1996);
C. Z. Bi et al., J. Phys.: Condens. Matter 18, 2553 (2006)]. There is still no generally accepted explanation
for this dramatic shift. Here, we present momentum-resolved electron energy-loss spectroscopy measurements
of SrTi;_,Nb,O; at nonzero momentum, g. We also calculate the collective excitations of SrTi;_,Nb,O; using
the random phase approximation (RPA), to assess whether the behavior of the collective modes conforms to
established explanations. We find that the plasmon energy and linewidth are momentum independent, in contrast
to RPA predictions, and that its shift with temperature takes place everywhere in the Brillouin zone, from g = 0
to the zone boundary, ¢ = 0.5 reciprocal lattice units. We also find that the phonon frequencies do not shift
with ¢ in the expected way, suggesting the screening properties of the material deviate significantly from RPA
predictions. We conclude that a radically different starting point, perhaps based on lattice anharmonicity, may be
needed to explain the collective charge excitations of SrTi;_,Nb,Oj3.
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I. INTRODUCTION

The cubic perovskite SrTiO; is a quantum paraelectric that,
when doped with niobium or oxygen, becomes a polaronic
metal with dilute superconductivity [1-5]. Doped SrTiO3; ex-
hibits evidence for quantum criticality, a peculiar mid-infrared
(IR) optical response, and violates the Mott-Ioffe-Regel
limit (i.e., exhibiting so-called “bad metal” behavior [6]),
suggesting close parallels with the copper-oxide supercon-
ductors [2,7-9]. Understanding SrTiO; and its doped variants
therefore remains of perennial importance.

A perplexing property of doped SrTiO; is that its plasma
frequency, w,, is temperature dependent. In SrTi;_Nb,O3,
w, increases by a factor of ~2 as the material is cooled from
300 to 100 K [10-12]. This change is normally interpreted
as a changing effective mass of the conduction electrons,
m*, which appears to be supported by some transport exper-
iments [13,14]. However, the reason why m* should change
so much is unclear. A leading explanation was the mixed
polaron theory proposed by Eagles [11], which postulates
that SrTi;_,Nb,O3 contains both large and small polarons
whose relative population changes with temperature, resulting
in an apparent change in m* [11]. However, subsequent optics
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studies found this picture to be inconsistent with the total
spectral weight in the Drude response and the size of the cou-
pling constant, o ~ 2, which rules out the presence of small
polarons [15,16]. The origin of the temperature-dependent
plasma frequency in doped SrTiO; therefore remains unex-
plained.

The frequency and line shape of the valence plasmon are
direct measures of the density and scattering rate of quasi-
particles in a conductor [17]. The seeming absence of even
a qualitative explanation for the plasmon in SrTi;_,Nb,O; is
a serious problem for the overall understanding of the low-
energy physics of this material. There is therefore a great
need for new experimental characterizations of the collective
charge excitations in this material.

The random phase approximation (RPA) is an established
technique for computing the behavior of plasmons and other
collective modes in materials. Previous RPA calculations on
doped SrTiO; [18] made concrete predictions for the behavior
of the dielectric response, €(q, w). The main findings were
that the plasma frequency, w,(g), should be proportional to
J/n at g =0, n being the density of doped electrons, and
disperse like g at small ¢g. The plasmon lifetime should be
infinite until it enters the particle-hole continuum, after which
it should decay with increasing ¢ due to Landau damping.

In RPA, longitudinal optical (LO) phonons should be
highly influenced by the presence of the plasmon, in two
distinct ways. First, the existence of doped electrons leads to
screening, which should shift the LO phonon frequencies. On

©2023 American Physical Society
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FIG. 1. RPA calculations of plasmon and phonon modes in SrTi;_,Nb,O; with carrier concentrations (a) 2.89 x 10" cm™ (~0.2%),
(b) 1.49 x 10?° cm—3 (~1%), and (c) 2.13 x 10?° cm~3 (~1.4%). The features are broadened by 1073E; ~ 10 meV for visibility. Dashed red
lines indicate the unscreened LO phonon frequencies of 21, 58, and 93 meV. Dashed white lines are guides to the eye of the LO phonons,

interpolated when they become undefined inside the continuum.

the other hand, the presence of a distinct plasmon mode will
shift the phonons through level repulsion effects. For coupling
constants appropriate for doped SrTi;_,Nb,Os3, increasing n
should lead to an overall increase in the phonon frequencies
atg = 0[18].

For sufficiently large momenta, g >> kr, where kp is the
Fermi momentum, the plasmon in RPA should be fully
damped into the particle-hole continuum and the phonons
should relax to the unscreened frequencies observed in
insulating SrTiO3 [18]. As described below in Sec. “RPA cal-
culations,” we confirmed these predictions using parameters
appropriate for doped SrTi;_,Nb,Os. The overall behavior is
summarized in Fig. 1.

In order to understand the origin and nature of the plasmon
in SrTi;_,Nb, O3, a measure of the finite-g dielectric response
is needed. Here we report an energy- and momentum-resolved
study of the dynamic charge response of the normal state
of niobium-doped SrTiO3 using momentum-resolved electron
energy-loss spectroscopy (M-EELS) to provide additional in-
sight into the behavior of this unusual plasmon and investigate
to what extent SrTi;_,Nb,O3 adheres to the expectations
of RPA.

We find that the plasmon in SrTi;_,Nb,O3, identified as
such by its doping dependence, width, and temperature depen-
dence, does not disperse as 2. The plasmon is present across
the entire Brillouin zone and has a g-independent width. The
longitudinal optical phonons do not shift with ¢, and remain at
their large-g, unscreened frequencies everywhere in the Bril-
louin zone. The shift of the phonon frequencies with doping
at ¢ = 0 is significantly smaller than predicted by RPA. From
these results it is clear that a more sophisticated, beyond-RPA
approach may be needed to explain the behavior of the plas-
mon and phonons in SrTi;_,Nb,O3.

II. RPA CALCULATIONS

We begin by calculating the RPA response at carrier con-
centrations similar to those addressed in experiment. While

multiple bands of electrons can be partly filled depending
on the doping, for simplicity we consider the single-band
Hamiltonian,

H =Y &cec+ ) Qblibw+ Y 2uapalbsg +bl_y)
k sk sq

+ Y Ve(@)pgp-q. M
q

where an electron in a single band with dispersion & =
k?/2m* — 1 is annihilated by cy. The density is controlled by
the chemical potential ;. We use an average band mass m* =
0.8 [16]. The electrons are coupled to Einstein LO phonon
modes indexed by s, annihilated by by. Following [16] we
use Q; =21.1 meV, 2, =58.4 meV, and Q3 = 98.7 meV,
consistent with the phonon frequencies observed in our exper-
imental discussion. The electron-phonon interaction is of the
long-range Frohlich type, so that the phonon displacements
couple to the electron density pq = D cf(ckﬂ. The cou-
pling constant can be written gﬁq = Q,¥,Ve(q), where V.(q) =
4me? /exq? is the Coulomb coupling. y; = 0.002, y, = 0.09,
and y3 = 0.4 are the dimensionless parameters which give the
measured values of the Frohlich coupling constant, o of the
LO phonon modes, respectively. In these units, the condition
> ¥ — 0.5 would imply a diverging static dielectric con-
stant € — oo as the lowest transverse-optical (TO) frequency
softens to zero, and thus the onset of ferroelectricity.

We approximate the total dielectric function to leading
order by

€(@, q) = €00 = Ve(@Ipn (@) — Ve(@)rpa(@, q),  (2)

where €, = 5.4 [16] is the optical dielectric constant, Iy, (w)
is the polarizability of the phonons, and Igpa(w, g) is the
polarizability of the electron gas within the random phase
approximation. In terms of the effective electron-electron
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interaction,

€V @DIVe() + Von(w, )]
1 — Mgrpa(@, PIVe(q) + Von(w, 91

where Vph(w, q) = Ve(q) Z‘Y ys% is the phonon-mediated
electron-electron interaction. This result may be obtained
by integrating out the (quadratic) phonons in Eq. (1) and
performing a diagrammatic summation of the possible combi-
nations of direct Coulomb and phonon-mediated interactions
with electron-hole polarization bubbles as in [19].

We plot Ime '(w+i8,q) for the nominal ex-
perimental  concentrations of 1 =2.89 x 10! cm™3
[kr = 0.0949 A= =0.0590 reciprocal lattice units (r.l.u.)],
n =149 x 10® cm™ (kr = 0.164 A~! = 0.102 r.l.u.), and
n=213x 10 ecm™> (kr =0.185 A~' =0.115 rlu.) in
Figs. 1(a), 1(b), and 1(c), respectively. The plot is broadened
by 8 = 1073Ep, comparable to the experimental resolution,
for visibility. The momentum axes are plotted in units of
kr [20].

In all cases the behaviors at low and high momenta are
demarcated by the electron-hole continuum, bounded by the
lines w+(q) = q*>/2m £ vrq. At high momenta, the spectrum
consists of peaks at the bare LO phonon frequencies. In
contrast, at low momenta there is substantial hybridization
between the plasmon of the electron gas and the phonons, with
most of the oscillator strength in the uppermost, plasmonlike
mode, which eventually disperses into the continuum.

The results in Fig. 1 are consistent with the conclusions of
Ref. [18]; the plasmon should disperse as ¢> from its ¢ = 0
plasma frequency, w,, until it decays into the electron-hole
continuum at w(q) = g*>/2m £ vrq. As seen in Fig. 1, the
plasmon width is resolution limited at ¢ = 0 and increases as
aresult of Landau damping. With increased carrier concentra-
tion, there is a /7 increase in the ¢ = 0 plasma frequency.

In all panels of Fig. 1, at small ¢, the optical phonons in the
system are weak in intensity and shifted down in frequency
relative to their high-g counterparts due to level repulsion
with the plasmon. All of the longitudinal optical phonons
are strongly hybridized at low ¢, with the highest frequency
mode having the most significant coupling. The combination
of level repulsion and screening shifts the phonon frequencies
to higher value as doping is increased and as ¢ is increased
until g > kr. At g > kp, the system can no longer support a
collective electronic excitation and the phonons shift to their
unscreened frequencies, shown in Fig. 1.

Note that there is no notion of temperature in the RPA
model, so the previously measured temperature dependence
of the plasmon [10,12] is not captured, nor is any potential
temperature dependence of the LO phonons.

e o, q) = 3)

III. M-EELS EXPERIMENT

Momentum-resolved EELS (M-EELS) experiments were
performed with 50 eV electrons using a setup described pre-
viously [21-23]. The M-EELS cross section is given by

8’0
0QIE

where S;(gq, w) is the surface density-density correlation
function of the surface of a material, oy is a factor

= ooM*(q)Ss(q. ®), 4)
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FIG. 2. Room temperature characterization of SrTi;_,Nb,O;
sample surfaces. (a) Elastic M-EELS diffraction scans along (H, 0)
showing the crystallinity of samples studied. Inset: notched x = 0%
sample before fracturing. (b) Dispersion of the peak of the acoustic
phonon at 7 = 300 K and 7 = 20 K of an x = 0% sample and an
x = 1.4% sample. The line is a guide to the eye.

depending on the beam energy and sample surface reflec-
tivity, and M(q) = 4me?/[¢* + (kfF + k¥)?] is the Coulomb
matrix element [21,22]. Si(g, w) is related to the dynamic
charge response of a semi-infinite system, yx.(g, ®), by the
fluctuation-dissipation theorem [21,22]:

1 1 .
Ss(g, w) = _;|:1—e—kﬂ/ﬁw]xs (g, ). &)

For nonzero values of g, we obtained the correlation func-
tion Sy(g, @) from our M-EELS data by dividing o and M?(q)
from the raw spectra. At the momenta of interest here, this
division resulted in a negligible correction to the shape of the
spectra. For ¢ = 0, M?(q) is a very rapidly varying function of
w, which departs from the analytic form [24]. For this reason,
at ¢ = 0 we show the raw data. All spectra were normalized
to the total spectral weight.

M-EELS measurements were performed on samples of
SrTi;_,Nb,O; with x =0, 0.2%, 1%, and 1.4%. Hall
measurements of the x =0.2%, 1%, and 1.4% samples
showed them to be electron doped with carrier densi-
ties (2.89 £ 0.26) x 10'%, (1.49 £0.14) x 10%°, and (2.13 +
0.07) x 10 cm™3, respectively. Hall measurements could
not be performed on the undoped SrTiO; samples, as they
were too insulating. That said, previous reports suggest that a
conducting, two-dimensional electron gas can be created on
the surface of undoped SrTiO; by exposure to intense UV
light in ultrahigh vacuum [25], which creates surface oxygen
vacancies. Exposure to our 50-eV electron beam in pressures
10710 Torr) might also lead to a conducting surface layer,
meaning there is some possibility our undoped sample may
behave, in M-EELS measurements, as if it is slightly metallic.
Further, the carrier concentrations of the doped samples may
be higher than the nominal values measured by Hall effect. We
will keep this possibility in mind as we interpret the results of
our measurements.

Surfaces were prepared by notching the sides of the sam-
ples [Fig. 2(a), inset] and fracturing in ultrahigh vacuum along
a (0,0,1) surface normal. All measurements were performed
with the momentum transfer vector, g, oriented parallel to the
(1,0) surface reciprocal lattice direction. Momenta in this pa-
per will be stated in reciprocal lattice units, e.g., a momentum
g = 0.5 r.l.u. corresponds to the Brillouin zone boundary. The
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FIG. 3. M-EELS spectra at T = 300 K for x = 0% at (a) ¢ =0
and (b) g = 0.50r.Lu.,x =0.2% at (c)g =0 and (d) ¢ = 0.50 r.L.u.,
x=1%at(e)g=0and (f)g =0.51rlu.,andx = 1.4% at (g) g =
0 and (h) g = 0.50 r.1.u. Solid lines represent fits to the phonons and
the elastic line. The shaded areas represent fits to the plasmon. The
orange arrows in the right-hand column point to the acoustic phonon
shoulder on the elastic line.

fractured surfaces are conchoidal [26] and sufficiently crys-
tallographically pristine to provide momentum conservation
in M-EELS experiments, demonstrated by resolution-limited
(0,0) and (1,0) Bragg peaks [Fig. 2(a)] and a dispersing
acoustic phonon [Fig. 2(b)]. This illustrates that momentum
is conserved, i.e., our M-EELS measurements should be sen-
sitive to the dispersion of other collective modes.

IV. RESULTS

The M-EELS data for the sample with the highest doping,
x = 1.4%, in which all the relevant excitations are visible, are
shown in Fig. 3. Figures 3(g) and 3(h) show spectra for ¢ = 0
and 0.5 r.l.u., respectively, at 7 = 300 K for this sample. The
acoustic phonon in Fig. 2(b) is visible in panel (h) of Fig. 3 as
a shoulder on the elastic line. This phonon reaches a maximum
energy of 14 meV at ¢ = 0.5 r.l.u., consistent with previous
neutron-scattering studies [27-29].

Three LO phonons are also visible at g = 0 [Fig. 3(g)] with
energies 33, 59, and 94 meV, which we designate LO1, LO2,
and LO3, respectively. The LO3 phonon has been identified
as a Fuchs-Kliewer (FK) mode polarized perpendicular to the
surface, which scatters strongly in this geometry [30,31]. Ad-
ditional peaks at integer multiples of the LO1, LO2, and LO3
phonon frequencies correspond to overtones due to multiple
scattering of the probe electron, also consistent with previous
reports [30,31].

Figures 3(g) and 3(h) also show the valence plasmon,
which appears as a broad background beneath the phonons
(this assignment is confirmed by its temperature dependence,
discussed further below). Its energy at ¢ = 0 is consistent with
IR optics experiments [10,12]. But its width is significantly
broader than RPA [Fig. 1(c)], which predicts a plasmon with
an infinite lifetime. This width discrepancy represents a sig-
nificant departure from RPA, and demonstrates the presence
of significant decay mechanisms beyond the usual Landau
damping.

The plasmon has the same energy and width at g = 0.5 as
it does at ¢ = 0 [Figs. 3(g) and 3(h)]. It fails to exhibit the ¢°
dispersion predicted by RPA (Fig. 1). It may be that the disper-
sion is simply not visible because the width of the plasmon is
so large. However, ¢ = 0.5 r.l.u. is well beyond the predicted
onset of the particle-hole continuum, yet the plasmon remains
as a resolvable feature. In fact, the only observable difference
between the plasmon at these two momenta is its intensity,
which is significantly higher at ¢ = 0.5 than at ¢ = 0.

The LO phonons also do not conform with RPA predic-
tions. The LO phonons have the same energy at ¢ = 0.5 as at
g = 0, in contrast to RPA predictions that they should shift
from a lower, screened energy at g ~ 0 to a higher, bare
frequency at g > kr [Fig. 1(c)].

To quantify these observations, we fit our data using a
pseudo-Voigt function for the elastic line, and Fano functions
for the LO phonons. A single Drude function was found to
provide the best fit to the plasmon. For the acoustic phonon,
which, depending on the cleave and the value of ¢, can appear
as a distinct peak or a shoulder on the elastic line, we used the
general expression for dynamics of a scalar order parameter
in time-dependent Landau theory [32],

Aw

A’ b 9 = 9
fA 7, 0) PN —

(6)

where p and 77! are inertial and relaxational parameters,
respectively. Equation (6) allows for mixed inertial and relax-
ational dynamics and can estimate the acoustic phonon energy
whether or not it is energetically well resolved from the elastic
line. The main advantage of our multicomponent fit model,
compared to models based on Lyddane-Sachs-Teller-type ex-
pressions [10], is that it does not assume any relationship
between the LO and TO frequencies and the value of the
dielectric function.

The various spectral components were summed, multi-
plied by a Bose factor, and fit to the experimental data. This
removes the effects of thermal occupations of the various
excitations, enabling a more meaningful comparison between
spectra at different temperatures. The fit parameters can there-
fore be considered to represent the susceptibility, x, (g, w),
rather than the correlation function, S;(g, w) [Eq. (5)].

The full LO phonon dispersions for x = 1.4% are summa-
rized in Fig. 4(d). In contrast to RPA predictions (Fig. 1), none
of the phonons exhibit any observable shift with g. Rather,
they remain near their bare frequencies at all momenta.

The momentum dependence of the plasmon for the x =
1.4% sample at T = 300 K, over the range 0 < ¢ < 1.0 r.L.u.,
is summarized in Fig. 5(d). The intensity of the plasmon
was found to be highly g dependent: its integrated spectral
weight grows monotonically with g, reaching a maximum at
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FIG. 4. LO phonon frequencies obtained from Fano fits at each ¢ for different temperatures in the (a) x = 0%, (b)x = 0.2%, (c) x = 1%,
and (d) x = 1.4% samples. None of the LO phonons were found to shift as a function of g, in contrast to RPA predictions. There is little change
in phonon frequency as a function of temperature. All points contain error bars, the LO2 and LO3 having values which are O(0.1 meV) and not
visible on the scale of the plot. The LO1 phonon was not well resolved from the background and elastic line in the x = 0.2% and 1% samples,

so was omitted from the fitting scheme for these compositions.

g = 0.5 r.1.u. For higher momenta, the plasmon intensity then
falls again, reaching another minimum at ¢ = 1.0 r.L.u., where
the spectrum matches that at ¢ = 0 due to the periodicity of
reciprocal space.

Intriguingly, we found the fit value of the plasma fre-
quency, shown as open circles in Fig. 5(d), to be independent
of g, having the value w, = 93.1 &£ 5.3 meV at all momenta.
The statistical variation in the peak position is small compared
to its full width at half maximum, Aw, = 119.4 6.2 meV.
We see no evidence for the ¢> dispersion or decay into the
particle-hole continuum predicted by RPA (Fig. 1).

We now examine the temperature dependence of the var-
ious spectral features. For this sample with x = 1.4%, as
shown in Fig. 2(b), there is no measurable change to the

dispersion of the acoustic phonon between T = 300 and
20 K. The energy of the LO3 FK phonon was found to in-
crease slightly from 93.4 £ 0.1 meV at 7 = 300 K to 95.5 £
0.6 meV at T =20 K [Figs. 4(d) and 6(a)]. However, no
statistically significant shift to the LO1 or LO2 mode was
observed.

The temperature dependence of the plasmon, however, is
striking. This can be seen by comparing Fig. 5(d) to Fig. 5(h),
the latter showing the full ¢ dependence of the plasmon at 7 =
20 K. A clear reorganization of spectral weight indicates an
increase of the plasma frequency from w, = 93.1 £ 5.3 meV
at 300 K to w, = 142.5 & 10.2 meV at 20 K. This dramatic
change with temperature was previously observed in multiple
IR optics experiments [10—12]. What we have shown here is
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FIG. 5. Full M-EELS data sets taken at 7 = 300 K for the (a) x = 0, (b) x = 0.2%, (¢) x = 1%, and (d) x = 1.4% samples and at 20 K for
@ x=0,{)x=02%, (g) x =1%, and (h) x = 1.4%. The overlaid points show the peak position of the plasmon, w,,, at each momentum,
temperature, and composition. The plasma frequency increases with increased doping and with decreased temperature. The plots above each
panel show the integrated intensity of the plasmon normalized by the total spectral weight. The solid curves are a guide to the eye.
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FIG. 6. LO phonon parameters as a function of doping. (a) Fit
values of the phonon frequencies as a function of doping at 7 = 20
and 300 K. The values shown have been averaged over all g, the
error bars representing the standard deviation. (b) Full width at half
maximum linewidths of the LO1, LO2, and LO3 phonons at g = 0
for T = 20 and 300 K. The width of all modes is nonmonotonic in x,
reaching a maximum value at x = 0.2%.

that this shift takes place everywhere in the Brillouin zone,
from g = 0 to the Brillouin zone boundary, g = 0.5 r.L.u.

Finally, we examine how these excitations evolve as the
doping level, x, is changed. The dispersion of the acoustic
phonon showed no discernible dependence on the doping
level [Figs. 2(b), 3(b), 3(d), 3(f), and 3(h)]. The shape of the
dispersion curve and maximum energy was the same in all
compositions studied.

The LO phonon frequencies were found to shift with dop-
ing, as expected. However, not all LO frequencies increased
monotonically with x, and the shifts were smaller than pre-
dicted by RPA. The fit values of the phonon frequencies
are summarized in Figs. 4 and 6, as well as Table I. Com-
paring the undoped and highest doped samples at 300 K,
the LO2 and LO3 phonons increase by 1.0 = 0.11 meV and
1.7 £ 0.11 meV, respectively. At T = 20 K, the LO2 and LO3
phonons shift by 1.0 = 0.46 meV and 2.8 £ 0.15 meV, respec-
tively. These shifts are somewhat smaller than predicted by
RPA (Fig. 1), though agree well with previous IR and surface
EELS measurements at ¢ = 0 [10,16,30,31]. Note that the
intensity of the LO1 phonon was low compared to the other
excitations, so our fits did not provide a highly constrained
value for its frequency (in fact, it was not possible to fit the
LO1 mode at all at x = 0.2% and x = 1%, where it was left
out of the fits altogether).

The phonon linewidths also showed a nonmonotonic de-
pendence on x. In the x = 0.2% sample at 7 = 300 K and
g = 0 r.l.u. [Fig. 3(c)], the phonons are significantly broader
than at the other compositions. In particular, the width of
the 93-meV LO3 phonon for x = 0.2% is a factor of 2.12
larger than at x = 0 [Fig. 6(b)]. The phonons sharpen again as
doping is further increased to x = 1% and x = 1.4%, though
are never as sharp as in the x = 0 sample [Fig. 6(b)].

Despite its other anomalous properties, the doping depen-
dence of the plasmon is rather conventional. The plasmon was
observed in all four compositions studied, including the insu-
lator, x = 0. The presence of a plasmon in insulating SrTiO3
might be attributed to surface doping due to exposure to the
electron beam, which could create oxygen vacancies [25],
though other interpretations are possible (see Discussion).
Nevertheless, as shown in Fig. 7(a), the plasma frequency, w,,
is roughly linear in /7, n being the carrier density measured
by Hall effect. Note, however, that @, (n) does not extrapolate
to zero as n — 0.

The other anomalous properties of the plasmon persist
at all doping levels. Using the same Drude fit function,
the fit value of the plasma frequency is highly tempera-
ture dependent [Fig. 7(b)], increasing by a factor 1.46, 1.49,
2.05, and 1.53 when cooling from 300 to 20 K, for the
x =0, 0.2%, 1%, and 1.4% samples, respectively (see also
Fig. 5). The plasmon line shape is anomalously broad, and
its frequency and width are independent of ¢ (Fig. 5) at all
compositions.

In all samples, except the x = 1.4% sample, the intensity of
the background decreases as temperature is lowered (Fig. 5).
In the highest doped sample, x = 1.4%, this trend is reversed,
with the plasmon intensity slightly increasing as the tempera-
ture is reduced from 7 = 300 K to T = 20 K. This increase
suggests an enhancement of the susceptibility, x”(¢, w), at
low temperature at this composition.

V. DISCUSSION

Overall, our surface M-EELS observations agree well
with previous spectroscopic studies of the collective ex-
citations of SrTi;_,Nb,Os3. The dispersion of the acoustic
phonon is consistent with previous neutron-scattering mea-
surements [27-29]. Our observation that the LO phonons shift
very little with doping at ¢ = 0 agrees with past IR studies
reporting the same [10,16]. The energy of the plasmon, as well
as its dramatic temperature dependence, also agree well with
IR measurements (Fig. 7) [10,12]. The only discrepancy in

TABLE I. LO phonon frequencies at each doping at 7 = 300 K and 7' = 20 K. To account for greater fitting uncertainty, the LO1 phonon
frequencies represent the average across the Brillouin zone with the error being the standard deviation. The LO2 and LO3 phonon frequencies

and errors reflect the ¢ = 0 peak position and error from fitting.

T =300K T =20K
x (%) LO1 (meV) LO2 (meV) LO3 (meV) x (%) LO1 (meV) LO2 (meV) LO3 (meV)
0 29.6 + 2.66 57.8 £ 0.04 91.8 +0.03 0 27.0 +2.19 57.9 + 0.06 92.4 +0.03
0.2 58.6 +£0.28 91.4 £0.06 0.2 60.5 + 0.4 92.7 £0.09
1 58.6 £ 0.09 93.4 £0.04 1 594 +1.3 95.4 £0.63
14 27.6 + 3.45 58.8 + 0.07 93.5 + 0.08 14 313+ 1.76 589+ 04 952 +0.12
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FIG. 7. Fit value of the plasma frequency, w,, averaged over all
g, for different temperatures and compositions. (a) Plasma frequency
as a function of \/x (bottom)/+/n (top) for T = 20 and 300 K. Error
bars represent the standard deviation of @, across different momenta
q. The solid line represents the value of the phonon-coupled plasmon
at ¢ = 0 from RPA. (b) Same data as panel (a), now plotted against
temperature (filled triangles). Data from Ref. [12] (filled squares)
and Ref. [11] (filled circles) have been added to this panel for
comparison.

the literature is in the width of the plasmon. For doping value
x =0.9%, Ref. [10] reported a FWHM Aw, = 59.5 meV at
T =300 K, while Ref. [12] reported Aw, = 642 meV under
the same conditions. Our M-EELS measurements, shown in
Fig. 3, give a number in between, Aw, = 130.4 meV. Some of
these differences may be due to different fit functions used to
quantify the peak. Nevertheless, the good overall consistency
between M-EELS and previous studies supports the validity
of our results.

Comparison between our data and expectations from RPA
are, however, less favorable. The optical phonons exhibit no
measurable shift with g, appearing at the same frequency for
both ¢ < kr and g > kr. Combined with the observation that
LO phonons also do not shift appreciably with doping, our
results suggest that screening simply does not affect the LO
phonons in SrTi;_Nb,O; in the way expected from RPA.

Nevertheless, doping has a strong effect on the phonon
widths. The 16-meV linewidth of the LO3 phonon at
x = 0.2%, for example, is more than double its 5 meV width
at x = 0. This is unlikely to be due to inhomogeneous broad-
ening, since the total shift of the LO3 mode over the whole
doping range investigated is only 1.7 meV. The width is there-
fore likely a real lifetime effect.

The extremely broad plasmon linewidth at ¢ = 0, already
reported in IR measurements [10,12], strongly contradicts the
RPA prediction that it should have an infinite lifetime. Further,
the plasmon does not exhibit the expected ¢* dispersion or
decay into the particle-hole continuum (Fig. 1). This is un-
likely to be due to poor surface quality or poor momentum
resolution, since the dispersion of other excitations, notably
the acoustic phonon, is pronounced (Fig. 2). The main finding
of our study is that the dramatic temperature shift of the
plasmon, observed previously at ¢ = 0 in IR measurements,
takes place everywhere in the Brillouin zone, from ¢ = 0 to
the zone boundary, g = 0.5 r.l.u.

Our results present a challenge to theory. In the simplest
model of a doped semiconductor with a Frohlich electron-
phonon coupling, one would expect the dielectric function
to exhibit identifiable, coupled phonon-plasmon modes that
become overdamped only at momenta higher than the
electron-hole continuum, as shown in Fig. 1 [18,33,34]. Such
plasmon-phonon interference effects have been observed in
other, similar materials, such as CdS and GaN [33,34]. In
the case of SrTi;_,Nb, O3, the plasmon is nondispersive and
never long-lived. Our measurements therefore reveal a de-
cidedly less “conventional” electronic state, and indicate that
beyond-RPA techniques are required to explain the behavior
of SrTi;_,Nb,Os3.

One speculative interpretation might be that the plasmon
mixes more strongly with the anharmonic continuum be-
tween the LO phonons in SrTi;_,Nb, O3, rather than with the
phonons themselves. Note that the intensity of the plasmon
increases rapidly with ¢ (Fig. 5). This suggests the plasmon
has significant lattice character, since scattering from lattice
excitations ~(q - u)2, where u is the displacement vector of
an atom.

Further, the line shape of the plasmon (Fig. 3), which re-
sides beneath and between the LO phonons, has the qualitative
appearance of a multiphonon continuum, which is present
in all materials because of lattice anharmonicity [35-39].
This effect arises from scattering involving two or more
phonons in the final state, which is allowed in the presence
of phonon-phonon interactions. It appears as a continuum
in spectroscopy experiments because the momentum of the
individual phonons in the final state is not constrained. Its
line shape, then, resembles the momentum-integrated density
of states. A multiphonon continuum should be unpolarized,
having mixed longitudinal and transverse character, and by
symmetry can mix with a longitudinal plasmon. We conjec-
ture that, rather than forming a distinct plasmon, the collective
response of the doped electrons in SrTi;_,Nb,O3 gets bound
up in this multiphonon continuum because of the strong pola-
ronic character of this material.

While somewhat speculative, this explanation could ex-
plain why the plasmon in SrTi;_,Nb,O; is dispersionless.
The multiphonon line shape is already momentum integrated,
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and would therefore have the same shape at all g, the only ¢
dependence occurring in its intensity.

Further, the dramatic temperature dependence of w, might
be understood in terms of lattice anharmonicity. In the pres-
ence of phonon-phonon interactions, the phonon self-energy
depends on how many other phonons are present in the sys-
tem. The center energy of this composite excitation might
then shift with temperature because of phonon self-energy
effects.

Finally, while we cannot rule out the presence of surface
doping, this picture would also explain why the plasmon is
visible in the insulator, SrTiO3, in which the excitation could
be understood to be a pure anharmonic continuum, without
any plasmon character. As electrons are added through Nb
doping, and this continuum acquired a plasmon character, its
center frequency would shift ~./n, though it would extrapo-
late to a nonzero energy as n — 0, as we observe in Fig. 7.

Of course, the reason why the mixing would occur in
this way is an open question. Jahn-Teller effects may be
playing a role. Doping electrons into SrTiOj3 transforms a
small number of the Ti*t sites into Ti’T, which in a cubic
crystal field is an orbitally degenerate, Jahn-Teller ion, en-
hancing electron-phonon interactions and polaronic effects.
Whatever the mechanism, it seems likely that investigating
anharmonicity and the strong coupling between different col-

lective excitations, may be needed to understand the plasmon
in SrTi;_,Nb,Os3.

Additional insight on the nature of the plasmon in
SrTi;_,Nb,O3 might be obtained through two-dimensional
optical spectroscopy [40]. Such methods have been successful
in disentangling vibrational modes in molecular systems [41].
Such measurements on SrTi;_,Nb,O; using IR and ter-
ahertz radiation could reveal coupling between different
modes, discriminate between homogeneous and inhomoge-
neous broadening, and reveal the fundamental relaxation and
decoherence lifetimes of collective excitations [42—48].
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