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We study the valence crossover and strong electron-phonon coupling of EuPd,Si, by polarization-resolved
Raman spectroscopy. The fully symmetric phonon mode shows strongly asymmetric line shape at low tem-
perature, indicating Fano-type interaction between this mode and a continuum of electron-hole excitations.
Moreover, the frequency and linewidth of the phonon modes exhibit anomalies across the valence-crossover

temperature, suggesting the coupling between valence fluctuations and lattice vibration. In particular, two phonon
modes show a significantly enhanced Griineisen parameter, possibly related to a nearby critical elastic regime.
The relative contribution of the structural change and valence change to the phonon anomalies is evaluated by

density-functional-theory calculations.

DOLI: 10.1103/PhysRevB.107.195111

I. INTRODUCTION

In the majority of 4 f-electron metals, the valence of the
rare-earth element is essentially independent of tempera-
ture, because the compactness of 4 f orbitals results in weak
hybridization with the conduction bands. However, some rare-
earth metallic systems, especially those with Ce, Sm, Eu,
and Yb, exhibit a valence crossover in a narrow temperature
range [1,2]. The valence fluctuations in these metallic systems
can lead to novel emerging physical properties. They could,
for instance, induce effective interaction between itinerant
electrons, leading to the possibility of unconventional super-
conductivity. The superconducting state of CeCu,Si, around
4.5 GPa [3,4] and B-YbAIB,4 [5] has been related to such
valence fluctuations. On the other hand, in Eu-based systems
in which such valence-fluctuation-induced superconductivity
remains elusive, a strong coupling to the lattice is seen. One
of its most striking signatures is certainly the dependence
of the lattice volume to the valence state of the rare earth.
On cooling, electronic weight from the localized 4f shell is
redistributed to itinerant conduction electrons, resulting in a
spectacular contraction of the unit-cell volume. One can nat-
urally expect such strong dependence of the crystal structure
to the local electronic one to strongly impact the dynamics of
the lattice.

A particularly interesting case in this respect is that of
intermediate-valence metal EuPd,Si,, which exhibits an Eu
valence crossover from +2.25 at 300 K to 42.75 at 20 K, as
determined from Mossbauer [6-8], x-ray absorption [6,7,9],
and photoemission [10-12] spectroscopies. Such a valence
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change is much larger than that in Ce- and Yb-based inter-
metallic systems, whose valence changes are typically only
around 0.1 [13]. The valence crossover in EuPd,Si, leads to
an anomaly in the temperature dependence of magnetic sus-
ceptibility [14] and specific heat [15]. The layered ThCr,Si,
(122) crystal structure of this system has a tetragonal crystal
symmetry (point group Dy, space group I4/mmm, No. 139)
which is preserved on cooling across the valence crossover,
but the difference of ionic radius for the larger Eu?* and
the smaller Eu”, however, results in a volume decrease of
the unit cell [16]. Furthermore, it has been suggested that
this system is close to a critical elasticity regime [17], akin
to that recently proposed for the second-order critical end-
point of the pressure-induced Mott metal-insulator transition
in organic compounds [18]. In such a regime, a critical en-
hancement of the Griineisen parameter results in a large lattice
response to small changes in temperature and pressure [19],
and even though EuPd,Si, is believed to be located on the
high-pressure side of the critical endpoint [17], one can expect
significant fingerprints of this physics in the lattice dynamics
of this compound.

As previously demonstrated for the case of Fe-based
[20-22] or Ni-based [23] superconductors, inelastic scattering
of visible light (Raman scattering) is a perfectly suitable probe
for measuring both electronic excitations and lattice dynamics
in 122 crystal structures. It can therefore be used to gain
some fresh insights regarding the electron-phonon coupling
in EuPd,Si,. We note, however, that previous Raman works
on Eu-based intermediate-valence metals [24-26] focused on
high-energy intermultiplet excitations and that investigation
of the Raman phononic response at low energies has not been
reported so far.

In this work we present polarization-resolved Raman
spectra of EuPd,Si, and first-principle lattice dynamics

©2023 American Physical Society
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TABLE 1. The relationship between the scattering geometries
and the symmetry channels. For scattering geometry E;E;, E;, and
E; are the polarizations of incident and scattered light; X, Y, X*, Y,
and Z are the [100], [010], [110], [110], and [001] crystallographic
directions. Ay, Asg, Big, By, and E, are the irreducible representa-
tions of the Dy, group.

Scattering geometry Symmetry channel

XX Ai+Bi,
XY Aget+Bs,
XX Aig+Bog
XY’ .
XZ E,

calculations, which allow us to investigate the impact of va-
lence crossover on the lattice dynamics in this system. We
observe a strongly asymmetric line shape of the fully sym-
metric Aj, phonon at low temperature as a result of Fano
interference between this mode and a continuum of electronic
excitations. Besides, we find that the frequency and linewidth
of all four Raman-active phonon modes exhibit anomalous
temperature dependence around the valence-crossover tem-
perature. This evidences a particularly strong electron-phonon
interaction in EuPd,Si, which constitutes a fingerprint of a
nearby critical elastic regime and paves the way for systematic
investigation of this phenomena.

II. METHOD

Single crystals of EuPd,Si, were grown using the
Czochralski technique as described in detail in Ref. [16].
Measurements of magnetic susceptibility indicated that the
valence-crossover temperature 7, = 120 K, and x-ray diffrac-
tion shows that the volume of the unit cell decreases by 3.1%
on cooling [27]. Samples with a cleaved xy and xz crystallo-
graphic plane were used. The sample surfaces were examined
under polarized light to find a strain-free area.

Raman-scattering experiments were performed with a
Horiba Jobin-Yvon LabRAM HR evolution spectrometer.
One notch filter and two Bragg filters were used in the collec-
tion optical path to clean the laser line from the backscattered
light. The samples were placed in a He-flow Konti cryostat.
We used a He-Ne laser (632.8 nm) with less than 1 mW power
that was focused on the sample with a x50 magnification
objective. The laser spot size was around 5 um in diameter.

Spectra were recorded with a 600-mm~' grating and
liquid-nitrogen-cooled CCD detector. The spectrometer res-
olution was 1.6 cm~!. All spectra of Raman response were
corrected for the instrumental spectral response and Bose
factor.

Five scattering geometries were employed to probe exci-
tations in different symmetry channels and resolve all four
Raman-active phonons of the 122 structure. The relationship
between the scattering geometries and the symmetry channels
[28] could be found in Table I.

Density-functional theory (DFT) calculations were per-
formed using the mixed-basis pseudopotential method [29].
The exchange-correlation functional was represented by the
generalized gradient approximation (GGA) [30]. We applied

N W A~ OO

X (w,300K) (arb. units)

N W~ 1 OO O

X (w,25K) (arb. units)
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FIG. 1. Polarization dependence of the Raman spectra measured
at (a) 300 K and (b) 25 K. The four Raman-active optical phonon
modes are labeled by their respective symmetry. The three additional
spectral features at around 110, 200, and 290 cm ™' are labeled by
black arrows in (b) [27].

the DFT+U approach with U = 7 eV for the Eu 4f orbitals.
We model the valence transition by considering two different
electronic states: a ferromagnetic state which leads to a 4
configuration (42.1 Eu valence), and a nonmagnetic state
having a 4£%! occupancy (+2.9 Eu valence) [27]. We used
the 4+2.1 valence state to approximate the high-temperature
phase and the +2.9 valence state to approximate the low-
temperature phase. Phonon frequencies were calculated using
the linear response or density-functional perturbation the-
ory (DFPT) implemented in the mixed-basis pseudopotential
method [31].

III. RESULTS AND DISCUSSION

In Fig. 1 we show the Raman spectra measured in the
various scattering geometries listed in Table I at 300 and 25 K.
From group theory, four Raman-active phonon modes are
expected in EuPd,Si, with /4/mmm space-group symmetry:
1A, @ 1Bz @ 2E,. The eigendisplacements corresponding to
these modes are represented in Fig. 2. The A, and By,
modes correspond to out-of-plane vibration of Si and Pd
ions, respectively; the two E; modes are related to in-plane
vibration of Si and Pd ions. According to Table I, the Ay,
mode appears in both XX and X’X’ scattering geometries;
the Bj, mode appears in XX and X'Y’ geometries; the E,
mode appears only in XZ geometry. The four phonon modes
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FIG. 2. The tetragonal crystal structure and schematic vibration
patterns of the Raman-active phonon modes in EuPd,Si,. These
modes are classified by the irreducible representations of the tetrag-
onal Dy, point group.

are labeled in the experimentally measured spectra (Fig. 1).
Three additional weakly temperature-dependent features, in-
dicated by the black arrows in Fig. 1(b), are observed at about
110, 200, and 290 cm™~' and discussed in the Supplemen-
tal Material [27]. In each scattering geometry, we observe a
continuum extending at least up to 1200 cm™! and which is
reminiscent of the incoherent electron-hole Raman response
found in many correlated electron systems [32]. The con-
tinuum is most intense in the fully symmetric A;, channel,
such a phenomenon is at odds with the theoretically expected
effects of the backflow corrections of the Raman response [32]
but in line with experimental observation for many systems,
encompassing cuprates [32], Fe-based superconductors [33],
iridates [34], and a variety of f-electron systems such as CeBg
[35] and YbRu,Ge, [36], to cite a few.

At 300 K, the By, and E, phonon modes show symmetric
Lorentzian line shape with a reasonably narrow linewidth of
5-10 cm™!, whereas the Aj, mode is significantly broader.
Sizeable changes in the spectra are observed upon cooling.
The most striking changes are observed for A, and By,
modes, in contrast to the E, phonons, which seem to regularly
harden and narrow. At 25 K the intensity of the Bj, mode no-
ticeably decreases; compared to the other phonon modes, the
B1, mode also has other unique behaviors which are discussed
together later in this paper. Meanwhile, the A, mode exhibits
strongly asymmetric lineshape, characteristic of Fano-type in-
terference resulting from the interaction between this phonon
mode and the underlying continuum of electronic excitations
[22,37-39]. Moreover, in comparison to the other phonons,
the hardening of the A, mode upon cooling appears substan-
tial. To gain more insight into the behavior of this mode, we
show the temperature dependence of Raman spectra measured
in the XX scattering geometry in Fig. 3(a). The A;, mode
exhibits a continuous hardening on cooling, and it becomes
more asymmetric at low temperature.

In order to quantify these changes, we use a Fano-
interference model based on Green-function formalism
[37,38] to fit the XX spectra, as illustrated in Fig. 3(b). The
bare (noninteracting) phononic response for the A;, phonon
mode has Lorentzian line shape [40]

1 1
Gp:—< — = . ) ey
w—wp+1iyY, w+o,+iy,

in which the parameters @, and y, correspond to the
mode frequency and half width at half maximum (HWHM),
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FIG. 3. Temperature dependence of the Raman spectra measured
in the XX scattering geometry (a) and decomposition of the excita-
tions in the XX geometry at 300 K (b). In (b) the fitting curve is in
black, the continuum of electronic excitations in blue, the By, and A;,
phonon modes are in green, and the other modes are in orange.

respectively. These include temperature-dependent anhar-
monic effects. For the bare electronic response we assume a
relaxational form

G, = ;.7 (2)
w, — Iw
with w, corresponding to the energy at which the electronic
continuum displays its maximum intensity. The response of
the coupled phononic and electronic excitations can be ob-
tained by solving the Dyson equation:
—1

G=(G,' =V)

Gy = (GO" g) o)

is the bare Green’s function and

0 v
vz(v O) )

represents the coupling strength. As a result of this coupling,
the spectral line shape of the phonon is shifted and asymmet-
rically broadened, which can be quantified by the above given
parameters [27,38]. We further note that the parameter v is
related to but distinct from the conventional electron-phonon
coupling constant A, defined as the ratio of the energy trans-
ferred from the lattice to the electrons to the change in lattice
potential energy per atom [41]. In particular, the coupling

3)
In Eq. (3),
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magnitude of the continuum shows little temperature depen-
dence (Fig. 4 inset), the developing asymmetric line shape
of the Az phonon mode on cooling must result mainly from
an increasing coupling strength between this mode and the
electron-hole excitations of the same symmetry. The phe-
nomenological coupling strength parameter v extracted from
our analysis is shown in the inset of Fig. 5(a) and indeed
appears to increase on cooling. This effect is far from be-
ing trivial and relates to the temperature dependence of the
itinerant electronic degrees of freedom across the valence
transition. The relevant electronic states are derived from Eu
5d,Pd 4d, and Si 3 p conduction bands which are crossing the
Fermi level [43]. To gain further insights, a more elaborate
theoretical model of the electronic response, including explicit
description of the electronic degrees of freedom and their
fluctuations alongside proper treatment of vertex corrections
(akin to seminal work performed for high-temperature super-
conductors [44,45]), might be needed but goes beyond the
scope of the present work.

0 50 100 150 200 250 300
Temperature (K)

FIG. 5. Temperature dependence of the frequency and full width
at half maximum (FWHM) for the four Raman-active phonon modes
of EuPd,Si,. The dashed line indicates the valence-crossover temper-
ature 7, = 120 K. The coupling strength v between the A;, phonon
mode and electronic continuum is shown in the inset of panel (a).

In Fig. 5 we present the temperature dependence of the
frequency w), and full width 2y, obtained from our fitting, for
the A, mode. These are the bare parameters, which slightly
differ from the apparent phonon frequency and linewidth
shown in Fig. 3, with the latter ones renormalized by the Fano
interaction. We find that the relative hardening from 300 K to
25 K for the A, and E{" modes amounts to 24% and 17%,
respectively. Such frequency change is much larger than the
change observed in other Eu-based systems with a structural
phase transition, for example, EuFe;As; [21]. Comparatively,
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TABLE II. Comparison between the experimentally measured
frequencies and the calculated frequencies for the four Raman-active
phonon modes. Two ground states were achieved by the DFT calcu-
lation; the one with 42 Eu valence was used to approximate the real
system at 300 K, and the one with 42.85 Eu valence was used to
approximate the system at 25 K. The unit for phonon frequencies is
cm~ L.

300K 25K
Mode Exp. Cal. Exp. Cal.
Aig 339 315 419 416
By, 116 115 115 105
Eé” 107 102 125 125
Ef) 286 279 298 288

the changes seen for the E é§2) mode, with a frequency increase
by 4%, and the B;, mode, with an anomalous frequency de-
crease by 1%, are more modest but remain significant. The
fact that all phonons exhibit a marked change in their fre-
quency just below 7, indicates that these anomalous effects
are related to the collapse of the unit-cell volume, to the
change of the Eu valency, or to a combination of both effects.
The linewidth of the A, E{", and EAEZ) modes shows mono-
tonic decrease on cooling, with the change of the linewidth
for the A, mode happening mostly around 7,. In contrast,
the linewidth of the Bj, mode exhibits an maximum near 7.
The latter anomaly further points to a strong electron-phonon
coupling effect. The large frequency change for the A;, and
E{D modes can be further quantified in terms of the phonon
Griineisen parameter y; = —(Aw;/w;)/(AV/V). The volume
changes are estimated on the basis of x-ray diffraction refine-
ment measured at 300 and 80 K (the change of both phonon
frequency and volume is small on cooling below 80 K) [27].
We obtain y4,, ~ 7.6 and VD A 5.4; both are significantly
larger than the typical values in metals (y &~ 2-3) [41]. Each
individual phonon contributes, weighted by its contribution
to the heat capacity, to the total Griineisen parameter; it is
therefore tempting to relate the unusually large value observed
for these optical phonons to the previously suggested [17]
proximity to a critical elastic regime in which the Griineisen
parameter is expected to diverge.

In Table II we compare the experimentally measured
phonon frequencies with the calculated ones. The DFT cal-
culation captures the frequency increase for the Ay,, E ;1), and

E? modes and the softening of the B}, mode.

From the DFT results we gain further intuition into the
relative contributions arising from the collapse of the unit-cell
volume and the change of the Eu valence to the change of
phonon frequencies. In Table III we show how the phonon
frequencies would change from their high-temperature value
if there was only the volume effect or only the valence ef-
fect. The change of volume increases the frequency of all
the modes, whereas the change of Eu valence mainly leads
to a frequency decrease. Noticeably, the frequency change
of the Ay, Eéfl), and Egﬁz’ modes mainly results from the
decrease of unit-cell volume, whereas the frequency change
for the B, mode almost entirely comes from the change of Eu

TABLE III. The separate effect of volume decrease and valence
increase on the phonon frequencies from DFT calculations. The
frequencies corresponding to “HT Volume, HT Valence” are used
to approximate the real system at 300 K; these values are the same as
the ones given in the third column of Table II. The short notations
“HT” and “LT” stand for high temperature and low temperature,
respectively. The unit for phonon frequencies is cm~!; the frequency
values in the brackets show the difference compared to the “HT
Volume, HT Valence” case.

HT Volume HT Volume LT Volume

HT Valence LT Valence HT Valence
Mode (Valence effect) (Volume effect)
A 315 327(+12) 388(+73)
B, 115 102(—13) 116(+1)
E;" 102 97(-5) 127(4+25)
Ef) 279 278(—1) 286(+7)

valence. Such a significant difference might be associated to
the unique behavior of the B, mode, including the decrease of
its intensity on cooling, the softening of its frequency, and the
maximum of its linewidth appearing at T,,. We also note that
the By, mode is the only Raman-active phonon mode which
does not involve the vibrations of Si atoms (Fig. 2).

For tetragonal Eu compounds EuTM,X, (TM: transition
metal; X: Si or Ge), Eu has around 2+ valence when the
Eu-TM bond length is larger than 3.26 A, whereas Eu has
around 34 valence when the Eu-TM bond length is smaller
than 3.19 A (see Fig. 2 of Ref. [43]). Only when the Eu-TM
bond length is in between these two boundaries does a valence
transition exist by varying temperature. In this respect, the
fact that among the four Raman-active phonon modes the B,
mode has the strongest dynamic modulation of the Eu-TM
bond length might explain why the frequency of the B, mode
is more strongly influenced by the Eu valence change.

The valence crossover near T, leads to an increase of the
itinerant f electrons, which make the system more metallic
[16]. As the f orbits are anisotropic and considering the close
relationship between the Eu valence and B, mode, we suggest
that the intensity decrease of the B, mode on cooling, which
mainly happens across T, could be related to the enhanced
screening effect of the itinerant f electrons.

IV. CONCLUSION

In summary, we have studied by inelastic light scatter-
ing the strong electron-phonon interaction in intermediate-
valence metal EuPd,Si,. The interaction between the Aj,
phonon mode and a continuum of electronic excitations of the
same symmetry leads to Fano interference and strong asym-
metric line shape at low temperature. We find anomalies of the
phonon frequencies and linewidths near the valence-crossover
temperature 7,, which evidences strong coupling between the
valence fluctuations to the lattice dynamics. In particular, the
Aj, and Eél) phonon modes exhibit a significantly enhanced
Griineisen parameter, which possibly relates to the proximity
to a critical elasticity regime. The frequency change of the A,
EV, and E{» modes mainly results from the volume collapse
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across T,, whereas the softening of Bj, mode frequency is
probably mainly related to the Eu valence change.

Critical elasticity is commonly associated with instabil-
ity in the acoustic channels. The experimental results for
EuPd,Si, presented here indicate optical phonons might also
be dramatically renormalized approaching a critical elasticity
regime. Further theoretical work is clearly needed to assess
the generality of this interesting phenomena.
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