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Vibrational and electronic excitations in the (Ce,La)MIng (M =Co,Rh) heavy-fermion family
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We present a systematic study at ambient pressure of the phononic and electronic Raman-active excitations
in the ab plane of the (Ce,La)MIns (M=Co,Rh) heavy-fermion family. We found that the characteristic
Raman spectra of this family of compounds display two phonon modes at ~38 and ~165 cm™! and a broad
electronic background centered at ~40 cm™'. For CeColns, the temperature dependence of these excitations
shows anomalous behavior near 7°=45 K that may indicate a nontrivial renormalization of the electronic
structure driven by strong correlations between hybridized 4f electrons.
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I. INTRODUCTION

At the heart of heavy-electron physics lies the micro-
scopic understanding of how localized f electrons at high T
evolve to itinerant heavy quasiparticles in a low-7 metallic
state. The fundamental mechanism of this evolution involves
the Kondo coupling between f electrons and conduction
electrons.! However, despite the reasonable understanding of
isolated Kondo impurity physics given by the single-
impurity model (SIM),? the problem of a lattice of Kondo
impurities does not have a general solution. The Kondo lat-
tice model (KLM),? a strong-coupling limit of the SIM, rep-
resents a partly successful approach to this problem that can
explain within some limits the magnetic and transport prop-
erties of Kondo lattices.*> However, this model neglects
spin-spin interactions and fails when heavy-electron mag-
netic correlations become important (e.g., near to magnetic
ordering).

Recently, a new picture of remarkable simplicity has been
proposed as the low-7 solution of the Kondo lattice. It was
developed based on studies of specific heat, electrical
resistivity,® and NMR (Ref. 7) in the 1-1-5 family of heavy-
fermion (HF) materials CeMIns (M =Rh,Ir,Co).® These ma-
terials, in particular CeColns, have been the focus of intense
investigations due to their amazing physical properties such
as heavy-fermion superconductivity, quantum criticality, and
non-Fermi-liquid behavior.®~'” According to this new picture,
below the crossover temperature 7", the noninteracting
Kondo impurities in the so-called Kondo-gas (KG) state par-
tially condense into a coherent interacting heavy-electron lig-
uid, giving rise to the Kondo-liquid (KL) state.® Below T
there is coexistence of both phases with the relative fraction
of KL, ¢, playing the role of an order parameter. It was
shown® that the magnetic electronic scattering represented by
the T dependence of the resistivity of CeColns can be well
described by the product of (1-¢) and the resistivity of the
single Kondo impurity. 7° was found to be ~45 K for
CeColns and ~8 K for CeRhIns.” The KG-KL model differs
significantly from the KLM in the sense that it proposes the
survival side by side of a single and a dense lattice of Kondo
impurity excitations. A microscopic experimental hallmark
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of such a scenario would be the manifestation of these two
different components coexisting at low 7. In spite of its sim-
plicity, this phenomenological model does not represent a
consensus and does not furnish any new microscopic under-
standing about the heavy-fermion physics. Thus, more ex-
perimental and theoretical efforts are needed to solve the
problem of a lattice of Kondo impurities. In this work we
present a Raman scattering report on the 1-1-5 heavy-
fermion family. We investigate the T dependence of the Ra-
man spectra of CeColns and its reference compound
LaColns, comparing their behavior with that expected by the
SIM.

II. EXPERIMENTAL DETAILS

Large platelike single crystals of RColns (R=Ce,La)
were grown as reported previously.® The inset of Fig. 1 pre-
sents a picture of a monocrystal of CeColns and the crystal-
lographic a, b, and ¢ axes. The unit cell of this compound
belongs to the tetragonal P4/mmm space group and for this
symmetry four phonons A;,+B,,+2E, are expected to be
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FIG. 1. Raman spectra of polished and unpolished monocrystals
of CeColns at 12 K. The spectral intensity of the polished crystal
was multiplied by 10 for clarity. The inset shows a picture of a
monocrystal of CeColns. The a, b, and ¢ crystallographic axes are
also indicated.
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FIG. 2. Raman spectra at 300 K measured the as-grown surfaces
of CeMIns samples (M =Co,Rh) excited by 488 and 1064 nm laser
lines. The spectral intensity at 1064 nm was multiplied by a factor
of 5 for clarity.

Raman active. All these modes involve motion of In atoms at
sites of symmetry Rmm (basal plane). The Raman measure-
ments were carried out using a triple spectrometer with a
liquid nitrogen charge-coupled device detector. The spectra
were corrected by the spectrometer response obtained mea-
suring the emission of a tungsten lamp and comparing it with
the emissivity of a blackbody at the same 7. The 488.0 nm
line of an Ar" ion laser was used as excitation source. The
laser power at the sample was kept below 12 mW on a spot
radius of about 50 um. The samples were cooled in a cold
finger of a He closed-cycle Displex cryostat, and measured in
a near-backscattering configuration on the ab plane. One set
of measurements at 300 K was made using a Fourier trans-
form (FT) Raman spectrometer operating at 1064 nm (Fig.
2). The laser power in this case was 200 mW on a spot of
250 pm radius. The A}, and B;, phonons could be observed
in both the ab or ac planes while the E, phonon is observ-
able only in the ac or bc plane. The choice of the (a,a)
geometry probes a combination of the A, and B, symme-
tries; the (a",b") geometry couples to excitations of B;, sym-
metry, while choosing the (a,b) geometry probes the B,
symmetry. a’ (b') denote axes rotated by 45° from the crys-
tallographic a (b) axes. Due to the well-known problem of In
flux surface contamination in these crystals, all spectra were
obtained on mechanically polished samples using diamond
paste with grain sizes of 0.05 pm.

III. RESULTS AND DISCUSSION

Figure 1 presents the raw Raman signal of a CeColng
crystal at 12 K before and after polishing. In the polished
crystal one is able to observe two Raman modes at 38 and
165 cm™" and a broad electronic background centered at
40 cm™', while the unpolished crystal presents only a central
broad peak. This illustrates the crucial role that a high-
quality sample surface plays in a Raman experiment. Similar
polishing procedures were applied to CeMIns and related
materials for resistivity, X-ray magnetic diffraction, and pho-
toemission experiments.

Figure 2 presents the Raman spectra at 300 K obtained
from as-grown unpolished surfaces of CeMIns samples (M
=Co,Rh) excited by 488 and 1064 nm (FT Raman) laser
lines. The Raman spectrum of CeColns excited by the
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FIG. 3. Raman spectra at 12 K in the polished surfaces of
RMIns samples (R=La,Ce) in the A, +B,, symmetry. The spectra
of CeRhIns and LaColns were multiplied by 2 and 5, respectively,
and vertically translated for clarity.

488 nm line presents a broad central mode that disappears in
the FT Raman spectra excited by 1064 nm. This central
mode also disappears with polishing as seen in Fig. 1. Due to
the smaller penetration depth of the light at 488 nm (~1/5
of that at 1064 nm as estimated from the reflectivity data'!
on CeColns) the Raman scattering signal at this wavelength
will be more sensitive to surface effects. The peak at
~165 cm™! is present in both the as-grown crystals at
1064 nm (Fig. 2) and polished samples at 488 nm (Fig. 1).
This fact corroborates the intrinsic origin of this mode.

Figure 3 presents the Raman spectral function Im y for
the RMIns samples (R=La,Ce; M=Co,Rh) in the A;,+B,
symmetry at 12 K. Im y is defined as the raw data divided by
the Bose-Einstein thermal population factor [n(w,T)+1].
The spectra of CeRhIns and LaColns were multiplied by 2
and 5, respectively, and vertically translated for clarity. For
all samples we observe two peaks at ~38 and ~165 cm™!. In
CeColns we observe a broad electronic background centered
at 40 cm™'. In fact, a closer inspection of the LaColns and
CeRhlns spectra also indicates the presence of a low-
intensity electronic background centered at ~40 cm™!. These
results indicate that the two phonons and the electronic back-
ground define the expected Raman spectra of the 1-1-5 com-
pounds.

The phonon peak at ~165 cm™' for R=La and Ce pre-
sents an asymmetric Fano line shape, indicating interference
between conduction electrons and phonon wave functions
implying strong electron-phonon coupling.'? This fact could
be used to probe the evolution of the electronic interactions
and hybridization effects in CeColns using LaColns as a ref-
erence.

Figure 4 displays the raw polarized Raman spectra for
CeColns at 12 K. (Data in the ac plane were not reliable due
to difficulties in obtaining a good crystal surface for this
orientation.) From these data we conclude that the phonon at
165 cm™ has A;, symmetry. The mode at 38 cm™ is always
present independent of polarization, implying either a defect-
induced mode or a strong E, mode appearing due to the lack
of polarization due to strain or small crystal misalignment.
We will label it as the E* mode. The fact that this mode
appears around the same frequency for different crystals is a
strong indication of its intrinsic origin. We also notice that
the electronic background is isotropic.
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FIG. 4. Polarized Raman spectra at 12 K for CeColns.

In order to study the T evolution of phonons and elec-
tronic excitations we measured the 7" dependence of the Ra-
man spectra in the A,,+B;, symmetry for both compounds.

For LaColns we found that the Raman spectra are nearly
T independent. Figure 5 shows some selected spectra for
LaColns at 12, 60, and 300 K that illustrate this fact.

Selected spectra for CeColns at 12, 25, 50, and 300 K are
shown in Fig. 6(a). At first glance we note the fast decrease
of the E* phonon intensity and the broadening of the Ay,
mode with increasing 7. It is worth noting that we see no
evidence for the opening of a hybridization gap at ~75 meV
(600 cm™!) below 100 K as found by optical conductivity,'!
indicating that the electronic excitations sampled by optical
conductivity may be Raman inactive.

We performed a more detailed analysis of our data by
fitting the Raman spectral function to the expression

2
Fe - + All_e—Z(a)— wl)2/1—*% +A2(CI + 6) ,
+ F N2 1+é

(1)

Imy=4—5 S

where e=(w—w,)/T;.

The first term corresponds to the electronic impurity scat-
tering background. It is related to the scattering of light-
excited electron-hole pairs'® by impurities, with a scattering
rate I',. T, is closely related to the transport lifetime.'> The
second term is a Gaussian function centered at w; with line-
width T'; used to reproduce the line shape of the E* peak.
The last term is a Fano line shape.'? The parameter g repre-
sents the Fano asymmetry and it is inversely proportional to
the electronic density of states ¢~ 1/p. w, is the phonon
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FIG. 5. Raman response Im y for LaColns at 12, 60, and
300 K.
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FIG. 6. (a) Raman spectra at 12, 25, 50, and 300 K for CeColns
in the A +B,, symmetry. The solid lines correspond to the fitting
using Eq. (1). The dotted lines represent the electronic impurity
scattering background given by the first term of Eq. (1). The inset
shows the T dependence of the Fano asymmetry parameter |g|~! for
CeColns and LaColns. (b) The T dependence of the electron-
impurity scattering relaxation time I', for CeColns and LaColns.
The solid line represents the electrical resistivity data for CeColns.

energy and I, its linewidth. Ay, A, and A, are adjustable
parameters. The Fano resonance is related to the interference
between discrete and continuum of states. In the Raman scat-
tering the Fano effect appears due to interference between
the discrete phonon state and the electronic continuum. The
resonance manifests itself in the spectra as an asymmetry of
the otherwise symmetrical Lorentz line shape as well as
shifting the otherwise unperturbed phonon energy. The
asymmetry factor is given by

_ fl TQ/TE - EO — W (2)

T f1p(E)

It depends on the conduction-electron—phonon interaction
f1; the matrix element of the Raman tensor between phonon
and ground states T,=(phonon|T|ground); the matrix ele-
ment of the Raman tensor between continuum and ground
states T,=(continuum|7|ground); the unperturbed phonon
energy E; the phonon energy wy; and the conduction elec-
trons density of states p(E). Thus, the Fano resonance
present in the Raman spectra could be used to indirectly
probes excitations in the electronic continuum.

The solid lines in Fig. 6(a) correspond to fitting to Eq. (1)
while the dotted lines correspond to electronic impurity scat-
tering background given by the first term of Eq. (1). The
agreement between fitted and experimental curves is evident.
In the inset of Fig. 6(a) we show the T dependence of |g|™!
for (La,Ce)Colns. For CeColns one observes an exponential
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FIG. 7. T dependence of the A, and E" phonon frequencies (a)
and linewidth (b). The solid lines are simulations of Nayak ef al.’s
theory (Ref. 16).

decrease of |g|™! near T". The solid line is a fitting to ~e~ 70T

which furnishes 7,=8 K. It is important to notice that the
exponential decay of the T dependence of |g|~! is similar to
the linewidth behavior of the E* mode due to the common
origin of both effects. On the other hand, the T dependence
of |g|™! for LaColns is very different. It increases with T and
does not display any singularity or change of slope for 10
<T'<300 K. This fact indicates that the A, phonon has spe-
cial sensitivity to the hybridized state of CeColns. In Fig.
6(b) we present the T dependence of I', for R=Ce and La.
For R=Ce, within experimental error, I, is nearly 7 indepen-
dent at high 7, showing a significant drop for 7=50 K. In
fact, I', qualitatively follows the resistivity behavior (solid
line) for R=Ce while I, is constant (or slightly metalliclike)
for R=La.

Figure 7(a) shows the T" dependence of the frequencies @
of the A}, and E" modes for R=Ce and La samples For R
=Ce we found an anomalous maximum near 7" =45 K in the
frequency of both phonons. Typically, phonons harden on
cooling as result of lattice contraction, resembling the 7" de-
pendence of the A, phonon for R=La [Fig. 7(a)] or may
present a nearly constant behavior, like the E* phonon of R
=La [Fig. 7(a)] whether or not their Griineisen parameter is
small. The T dependence of the linewidth I" for A;, and E"
modes of both samples is presented in Fig. 7(b). The A,
modes for R=Ce and La present roughly the same smooth
broadening when T is increased as expected considering lat-
tice thermal anharmonicity."* However, within our experi-
mental resolution we could not observe any anomaly in
I'(Ay,) near T". On the other hand, the E* mode for R=Ce
shows a strong broadening for T7<<T" (the linewidth of this
mode for R=La is nearly T independent).

As the electronic and phononic excitations in LaColng
present the expected behavior for their frequency and line-
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width as function of temperature, we associate the observed
anomalous features seen in the 7 dependence of the Raman
spectra of CeColns with its f electrons.

As such, the strong broadening of the CeColns E* mode
for T<T" could be associated with an increase in the number
of decay channels due to hybridization effects near 7". In
fact, the 4f electrons become more itinerant'® for 7<T" due
to their hybridization with the conduction band, producing an
enhancement of the electronic density of states. This result is
consistent with the 7 dependence of the g parameter of the
A, mode for CeColns [Fig. 6(a)], which exponentially de-
creases below T". The fact that the linewidth of the E* mode
is particularly affected by electronic changes at T° may be
explained by considering that its energy is close to the en-
ergy scale of the heavy-electron condensation Aw(E")/kzT"
~1.2.

Another peculiar aspect of the E* mode is the significant
increase of its intensity when T is lowered (the same occurs
for A, but less pronounced) for CeColns while it is nearly T
independent for LaColns. For the Ce-based compound, the
E" mode intensity increases roughly exponentially when
temperature is lowered from 300 to 12 K. This behavior is
not restricted to 7<T".

Turning now to the 7 dependence of the CeColns elec-
tronic Raman scattering it is important to notice that the
qualitative scaling between I', and the electrical resistivity of
CeColns [see Fig. 6(b)] could only be fully understood
within a quantitative microscopic relaxation model of the
Kondo lattice. However, one could argue that, as for the
resistivity,® the decrease of I', could be due to the disappear-
ance of isolated Kondo centers which condense into a coop-
erative liquid phase at T". The phenomena described above
involving the 7 dependence of Fe, the g parameter of the A,
mode, and the linewidth of the E* mode may be speculated to
be a simultaneous manifestation of the two KG and KL
phases coexisting side by side as proposed in the KG-KL
scenario.® However, additional experimental work such as
the study of these features in the Raman data as a function of
pressure and/or doping is required to confirm this hypothesis.

Another aspect of the low-7 Kondo lattice phase in
CeColns is the importance of inter-site magnetic correlations
and quantum criticality.%'© Nayak et al.'® has proposed a
theory to explain the phonon response in HF systems within
the SIM, but apart from its simplicity, this theory has repro-
duced the general experimental trends of many Kondo lattice
materials such as CeAls, UPt;, and CeRu,Si,.'® This model
evaluates the contributions to the phonon self-energy from
the mixing between the f and conduction electrons as well as
from the f electrons alone in the presence of on-site Cou-
lomb repulsion. However, this model neglects the effects of
the f-f magnetic correlations in the electronic continuum. In
the case of CeColnjs it will be illustrative to compare our data
to the expected behavior of phonons given by the Nayak
model.

To quantitatively test Nayak’s theory>!® we have per-
formed numerical simulations of the 7 dependence of w for
the A, and E" modes of CeColns. It depends on six param-
eters g, r, Ey, V, U, and W, defined below. The simulated
curves are shown as solid lines in Fig. 7(a) and were ob-
tained from theory of Nayak et al.'® All parameters, except g,
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are the same for both phonons. Most of the parameters were
to set to their values extracted by independent techniques
from the literature, except g and r.

The parameter g corresponds to the dimensionless effec-
tive coupling constant between ;/bridized electrons and
phonons and is given by g=N(0)f; /% w where N(0) is the
density of states at the Fermi level and f; is the energy of
interaction between conduction electrons and phonons. The
best simulation was obtained for 8a, =0.04 and gp-
=84, 04, [ 0p=0. 175. The main effect of this parameter is
change the strength of the softening. In order to get a com-
parative value we can estimate a lower limit for g from the
Fano linewidth I' of the A;, mode. I is a functlon of f, and
the density of electronic excitations, p, I'= 27Tf1 p.'2 Overes-
timating p by N(0), using I' values from Fig. 7(b) and
N(0)=10.8 eV~! from Ref. 17 we found f; ~3 meV and g
=4 X 1072, An upper limit could be estimated by considering
the extreme case in which the average energy of the hybrid-
ized electrons is equal to the phonon energy, implying g=1.
The parameter r corresponds to the ratio between the phonon
coupling constant to f electrons, f5, and f;. Razafimandiby et
al.'® have shown that the condition <1 is always observed.
E, and W are the positions of the f level relative to the Fermi
level and the conduction band width, respectively. We use
the value of 0.1 eV at the I" point for both.!” V is the hybrid-
ization strength present in the SIM Hamiltonian.'® Values for
CeMlIns were obtained from inelastic neutron scattering [M
=Co, V~0.5 eV (Ref. 19)]. The parameter U is the on-site
Coulomb repulsion between f electrons. Our best simulations
yielded U=1.5 meV.

In the analysis of our data using the SIM, we have found
that the simulations could not reproduce the peak at w(T")
for CeColns for any realistic combination of g and r. The
simulated curves always display a smooth softening on cool-
ing below 7" illustrating the expected behavior within the
Kondo single-impurity picture.

IV. CONCLUSION

We have presented Raman scattering spectra of the 1-1-5
heavy fermion family. Our results indicated that the charac-
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teristic Raman spectrum in the a,b plane consists of two
modes at ~38 and ~165 cm™! and a broad electronic back-
ground centered at low frequencies. We have analyzed in
detail the T dependence of CeColns and LaColns. The vibra-
tional and electronic excitations in CeColns present anoma-
lies, and the changing behavior at 7" indicates a crossover in
their electronic character, mainly due to hybridization ef-
fects. We showed that Nayak et al.’s model, which does not
include the effects of magnetic correlations between the 4f
electrons failed to reproduce the data, although it has suc-
cessfully described the Raman data for magnetically ordered
systems such as CeAls. This result may indicate a nontrivial
renormalization of the electronic continuum below 7* where
strong magnetic correlations between hybridized 4f electrons
may play an important role. Interestingly, some features of
our data seem to be qualitatively interpreted within the
KG-KL scenario for CeColns. However, the lack of a micro-
scopic theory describing the state of CeColns below 7" does
not enable us to reach any quantitative and/or definitive con-
clusions. The electronic continuum of CeColns is hybridized
to 4f electronic states and the strength of hybridization is
temperature dependent. We found that the A, phonon with
Fano line shape has special sensitivity to this hybridized state
and it could be used to probe this state. Our results can be
taken as a possible signature of the crossover among the two
electronic regimes at 7" and bring a clear opportunity for
modeling this behavior to gain additional insights into the T
dependence of elementary excitations in the Kondo lattice. In
particular, experiments involving the doping and pressure de-
pendence of the Raman spectra of the 1-1-5 family could
reveal more specific details about the microscopic nature of
the correlated state below T".
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