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Hybridization Dynamics in CeColns Revealed by Ultrafast Optical Spectroscopy
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We investigate the quasiparticle dynamics in the prototypical heavy fermion CeColns using ultrafast
optical pump-probe spectroscopy. Our results indicate that this material system undergoes hybridization
fluctuations before the establishment of heavy electron coherence, as the temperature decreases from
~120 K (T") to ~55 K (T*). We reveal that the anomalous coherent phonon softening and damping
reduction below 7™ are directly associated with the emergence of collective hybridization. We also discover
a distinct collective mode with an energy of ~8 meV, which may be experimental evidence of the predicted
unconventional density wave. Our findings provide important information for understanding the

hybridization dynamics in heavy fermion systems.
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In rare-earth or actinide intermetallics, localized f elec-
trons can turn gradually into itinerant heavy electrons with
lowering temperature, with an effective mass reaching
hundreds times that of free electrons [1]. In transport
measurement, the transition occurs typically below a
common temperature, 7, often called the coherence temper-
ature [2]. It is generally believed that 7% marks the onset
of collective hybridization between localized f moments
and conduction electrons, causing the emergence of heavy
electrons at lower temperatures [3]. However, recent angle-
resolved photoemission spectroscopy (ARPES) measure-
ments seem to indicate the presence of hybridization already
at much higher temperatures and no peculiar signatures
were observed across 7% [4-7]. This leads to a puzzling
contradiction of interpretation among different probes and
prevents a consistent understanding of the heavy fermion
physics.

To explore this issue, we take CeColns as an example,
which has attracted intensive attentions in past years as a
prototype heavy fermion compound. Previous studies have
mostly focused on its equilibrium or quasiequilibrium
properties such as unconventional superconductivity [8],
exotic electronic states [9], and magnetic quantum criticality
[10]. Its localized-to-itinerant transition occurs at 7% =
50 £+ 10 K, as marked by a resistivity peak separating the
high temperature insulating-like regime due to incoherent
Kondo scattering from a coherent metallic state at low
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temperatures [8]. Similar crossover has been found in many
bulk measurements and ascribed to a common origin owing
to the emergence of heavy electrons [2]. This has been
further confirmed in the scanning tunneling microscopy or
spectroscopy investigations which revealed an unusual
quantum critical E/T scaling in the local conductance below
60 K [11]. On the other hand, recent ARPES experiments
[4-7] reported signatures of hybridization well above 100 K,
where f electrons are believed to be still localized. Fourier
transform infrared spectroscopy (FTIR) also revealed a direct
gap emerging above 7, although the exact onset temper-
atures differ in various experiments [12—14]. This raises the
question concerning the difference between hybridization
dynamics below and above 7* and why heavy electron
coherence seems to only appear below 7.

Theoretically, the hybridization physics can be
described by a slave boson or hybridization field [1].
It is thus speculated that heavy electron emergence might
be accompanied with certain type of collective excitations.
Unfortunately, a direct detection of such excitations has
been missing. Only very few experiments have paid
attention to bosonic excitations (mostly phonons) in
CeColns [15,16]. Raman measurements reported anoma-
lous phonon response across 7* [15], while the Seebeck
and Nernst coefficients revealed intriguing anomalies at
about 20 K [16]. It is not clear whether these findings are
closely connected with the quasiparticle dynamics.
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To fill in this gap, we report ultrafast optical pump-probe
measurements on CeColns. This technique has been widely
applied in the studies of correlated materials [17-19]. It
provides a unique way to probe the dynamics of excited
fermionic quasiparticles through their couplings to collec-
tive bosonic excitations, and thus allows us to detect the
concurrent responses of fermionic and bosonic fields. In
comparison with all previous measurements, we observed
anomalous but quite different quasiparticle relaxation
above and below 7. While the relaxation rate shows a
clear reduction starting at around 7' ~ 120 K and con-
tinuing below 7% =55 K, it becomes strongly fluence-
dependent below 7. We argue that the fluence-dependent
relaxation indicates a nonlinear effect that can be ascribed
to bimolecular recombination of excited quasiparticles
across a narrow indirect hybridization gap associated with
the formation of coherent heavy electrons on the Kondo
lattice, while the fluence-independent relaxation implies
the (indirect) gap closing above T and should originate
from the effect of precursor hybridization fluctuations.
Following the gap opening below 7, an unusual renorm-
alization of the coherent phonon energy or damping is
observed in our experiment, disclosing a weak but
noticeable coupling between fermionic quasiparticles
and coherent lattice dynamics. We also observed a
prominent collective mode below ~20 K, probably asso-
ciated with some unconventional density wave. Our
observations may thus help to reconcile the seeming
“contradiction” among previous measurements.

In the pump-probe experiments, the ultrafast time-
resolved differential reflectivity AR(7)/R was measured
on high quality single crystal CeColns at a center wave-
length of 800 nm (~1.55 eV) using a Ti:sapphire femto-
second laser with a pulse width of ~35 fs, taken from room
temperature down to 5 K [20-22]. Figure 1(a) shows the
measured signals up to room temperatures (see more
experimental details in the Supplemental Material [23]).
Upon photoexcitation, the AR/R signal exhibits an instan-
taneous rise, succeeded by lateral relaxation processes. The
time evolution of AR/R is dominated by the electron-
electron (e—e) and electron-boson scattering processes. The
boson can be phonons or other collective excitations
[18,21]. Surprisingly, the AR/R signals also display clear
damped oscillations, which are superimposed on the non-
oscillating background.

We first focus on the nonoscillatory signals. At low
temperatures, a strong fluence-dependent relaxation was
observed in the short timescale ¢ < 2 ps, as evidently
demonstrated in Fig. 1(b). By contrast, the dynamics for
t > 2 ps keeps nearly unchanged as the pump fluence
varies. Note that the second rise with ps timescale, quite
strong below ~10 K [23], is probably associated with the
coupling of quasiparticles with some bosonic excitations
of electronic origins entangled with the nonthermal e-e
scatterings, and has been observed in many correlated
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FIG. 1. (a) Typical AR(#)/R as a function of temperature at a
pump fluence of ~0.45 uJ/cm?. (b) AR(f)/R at 20 K as a
function of the pump fluence. Relaxation below ~2 ps shows
strong fluence dependent. The relaxation can be fitted by a single
exponential decay (e e™7"), where y is the decay rate. The fitting
results below ~2 ps are indicated by the solid lines with different
colors. The green lines above ~2 ps are guides to the eye. They
are nearly the same except the shifting in AR/R axis. (c) The
decay rate y as a function of temperature measured at different
fluences. Two clear anomalies at 7* and T are found (T* < T).
Below T*, y shows strong fluence-dependent. Above T, y almost
keeps constant.

systems [18,19,21,26-28]. For quantitative study of the
quasiparticle relaxation, we fit the data below ~2 ps with
a single exponential formula, AR/R = Ae™"', where A and y
are the amplitude and decay rate, respectively. The fitting
was performed only for the time after the maximal AR/R
[28]. The derived y is plotted in Fig. 1(c) as a function of
temperature for different pump fluences. Within our exper-
imental resolution, clear fluence-dependent behavior was
found below a critical temperature of 55(+5) K, which is
roughly equal to 7™ reported in transport measurement [2,8],
indicating a close relationship between quasiparticle relax-
ation and the heavy electron coherence. As the temperature
is increased from ~55 K, y becomes fluence-independent
and exhibits an anomaly at T~ 120 K, above which it
saturates. Interestingly, this higher temperature scale resem-
bles those observed in the FTIR and ARPES experiments
[4-7,12,14], where the hybridization was suggested to appear.

The fluence-dependence of the decay rate below T*
indicates a nonlinear effect of quasiparticle relaxation and
may be understood from the well-known Rothwarf-Taylor
(RT) model [29], which describes the time evolution of
densities of coupled quasiparticles (n) and bosons (NV).
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FIG. 2. (a) Illustration of the hybridization between local f and
conduction electrons below 7, leading to the indirect gap, A;q,
and the heavy fermion states near the Fermi energy E. (b) High
energy excitations using 800 nm optical pulses in excess of A .
Quasiparticles via high energy excitations decay to the gap edge
via emission of high frequency phonons or other bosonic
excitations. Subsequently, the bimolecular recombination domi-
nates the decay and the relaxation rates become fluence depen-
dent. (c) The density of thermally excited quasiparticles ny as a
function of temperature below 7*. The inset shows the temper-
ature dependence of the amplitude A. (d) Decay time y~! as a
function of temperature below 7*. The red lines are the fit using
the RT model.

If there is a narrow energy gap (A;,q) in the electron density
of states (DOS), the decay of excited quasiparticles with
energies larger than the gap will be governed by the
emission of high frequency bosons that can subsequently
re-excite electron-hole pairs. A bimolecular recombination
term then will dominate the quasiparticle relaxation when
the recombination rate R or the boson relaxation time is
large, causing a nonlinear Rn? contribution and hence the
strong fluence-dependence of y. A schematic plot of this
process is shown in Figs. 2(a) and 2(b).

The RT model has been successfully applied to many
correlated systems [19,28,30,31]. The temperature depend-
ence of y(T) and A(T) can be used to quantitatively
elucidate the gap formation [19,30,32],

7(T) { + 2"T:| (Aing + aTAL).

tnr+1
n(T) = ;‘% L o (Tpg)Pe=oilT, ()

where ny are the density of quasiparticles thermally excited
across the gap, a, ¢ and ¢ are fitting parameters, and the

value of p (0 < p < 1) depends on the shape of the gapped
DOS. Figures 2(c) and 2(d) present a good fit to the
experimental data below 7%, yielding an energy gap of
2A;q # 8 meV, with p =0.5 from a typical Bardeen-
Cooper-Schrieffer (BCS) form of the DOS [19]. In heavy
fermion systems, this represents an indirect hybridization
gap that opens only below T*. Clearly, this gap is much
smaller than the direct hybridization gap (2Ag4;, &~ 75 meV)
observed in FTIR experiments emerging above 100 K
[12,33]. Theoretically, these two gaps should be roughly
related by [34,35], Agi; ~ /AinaW, where W is the con-
duction bandwidth. Taking A;,4 =4 meV and assuming
W = %k3/3y ~0.31 eV with y =7.6 mJ/molK? from
LaColns [2], we obtain y/A;,gW = 35 meV, in good agree-
ment with the reported value of Ag;,.

What happens above 7*? Obviously, the absence of the
nonlinear effect indicates that the indirect hybridization gap
is closed. In the mean-field theory, this takes place when the
static hybridization becomes zero. However, precursor
hybridization fluctuations should exist, affect the quasipar-
ticle relaxation, and cause the anomalous reduction in its
decay rate until the temperature is further raised to 7. We
should note that the constant y above T is also peculiar and
cannot be described by the conventional two-temperature
model [36]. Rather, it indicates a nonthermal relaxation via
e-e collisions comparable with electron-boson scatterings
[37,38]. On such a timescale, the thermal distribution by e-e
scatterings cannot be attained, even though the excited
fermionic quasiparticles may relax close to the Fermi level.
Possible candidates of bosonic excitations above T include
phonons or spin fluctuations of localized f moments. It is
conceivable that the onset of precursor hybridization fluc-
tuations tends to couple the nonequilibrium electrons near
Er with fluctuating f moments, suppress the e-e scatterings,
and hence diminish y below 7. The rapid reduction of
y below T' indicates a fast growth of the hybridization
fluctuations with lowering temperature.

The above analyses suggest a two-stage scenario for the
hybridization dynamics. While 7" represents the onset of
precursor hybridization fluctuations, 7* marks its further
development into a coherent heavy electron state protected
by a tiny indirect hybridization gap. The latter is further
manifested by the oscillation in AR(¢)/R, which typically
arises from collective excitations such as coherent phonons
and charge density wave during quasiparticle relaxation
[22,39-41]. The oscillations with terahertz (THz) fre-
quency are similar to those in some other systems
[22,39]. Specifically, the oscillatory components persisting
up to room temperature are normally attributed to coherent
phonons, which are initiated either via displacive excitations
[42] or a photoexcitation-induced Raman process [43].
Figure 3(a) shows the oscillations in time and frequency
domains at several typical temperatures, where two distinct
high frequency modes were observed, i.e., Q,/27z ~2 THz
and Q, /27 ~5 THz. However, only the latter survives up
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FIG. 3. (a) Extracted oscillations for two typical temperatures:
15 and 290 K. Left panel includes the time-domain spectra, while
the right is the corresponding fast Fourier transform (FFT)
frequency-domain data. Additional FFT data for oscillation at
20 K is also shown for comparison. (b) Oscillation modes as
functions of pump polarization and pump fluence at 5 K. Curves
are shifted for clarity. The polarization is defined by the angle
with respect to the original position (pump-probe cross polarized)
after rotating anticlockwise. The fluence increasing step is
~0.15 uJ/cm?.

to room temperature, while the former is much weaker and
quite prominent below ~20 K. To extract their properties, we
fit the oscillation pattern using the expression,

(AR/R)oe = Y _Aje™ it sin(Qt + ¢)). (2)
j=12

where A;, I';, ¢;, and Q; are the amplitude, damping rate,
phase, and frequency, respectively. Q; and I'; are related for

an underdamped harmonic oscillator, Q; =,/ a)jz —FJZ,

where w; is the natural frequency.

Within our experimental resolution, the energy of w;
mode does not depends on the temperature. Its prominence
below ~20 K accords well with previously observed
anomalies in the Seebeck and Nernst coefficients [16],
which have been interpreted as an indication of unconven-
tional density wave (UDW) [44]. Such UDW, however, has
never been revealed by further experiments. Our observa-
tion of the w; collective mode seems to provide a plausible
evidence for its existence. To elucidate its properties,
we carried out further measurements by changing the
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FIG. 4. The derived @, and y, as a function of temperature
using Eq. (2), where the red lines represent the fit using the
anharmonic phonon model, while the blue and green lines are the

fit taking into consideration the contribution of Kondo singlets
with different «, as described in the main text.

polarization and fluence of the pump light. As shown in
Fig. 3(b), its independence on the polarization indicates that
this mode is not associated with the asymmetric lattice
vibrations [43], namely, the E, phonon, and may thus be
fully symmetric. Fluence-dependent results show that its
frequency and linewidth are nearly independent on the
fluence, while its amplitude almost increases linearly as the
fluence increases. The characterizing parameters of w;
mode for the polarization- and fluence-dependent mea-
surements can be found in the Supplemental Material [23].
Similar behavior was observed in the amplitude mode of
the collective density wave excitations [41,45]. But there is
still no explicit evidence to prove if it is associated with the
spin [46] or charge degree of freedom. Nonetheless, its
energy scale of 2 THz (~8 meV) is very close to the
indirect hybridization gap (24;,4), indicating a potential
intimacy that could be a benchmark for future elaborate
investigations.

The @, mode can be identified as the coherent A,
phonon according to previous Raman measurement [15].
Note that we did not observe the Raman mode with
frequency of ~1 THz. It could be that this mode is
associated with the asymmetric E, phonon that decays
extremely fast in the time domain [47]. The extracted
temperature evolutions of w, and I', are plotted in Fig. 4.
Instead of a monotonic increase of w, with lowering
temperature, we see a sharp downturn at low temper-
atures. The temperature dependence of w, and I', above
T* can be well explained by the anharmonic effect of
optical phonons [48,49], which typically includes con-
tributions from lattice thermal expansion (Griineisen law)
and anharmonic phonon-phonon coupling [22,48-50]
(see fitting details in the Supplemental Material [23]).
However, both quantities were predicted to saturate at
lower temperatures, inconsistent with our observations.
Within the experimental resolution, such deviations take
place in exact accordance with the coherence temperature
T*, as manifested in our analysis of the fluence-dependent
quasiparticle relaxation.
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For quantitative understanding of the anomalous behav-
ior below T7*, we assume the deviations dw, and oI, with
respect to the expected anharmonic phonon contributions
are proportional to (b;)* with @ =2 as proposed in
previous literature [39]. Here, (b;) « [1 —ny(T)/ny(T")]
represents the density of Kondo singlets estimated from
that of the quasiparticles (n;) excited across the narrow
gap. We then fit the experimental data using this
assumption. However, the quality of the fit is not satisfac-
tory (see Fig. 4). Rather, a best fit with the same formula
yields @ = 0.95 £ 0.15. For comparison, we also plot the
fit with « = 1 in Fig. 4(b). The excellent agreement with
a = 1 suggests that sw, « (b;) and ', « (b;). An alter-
nate explanation is therefore needed in order to explain
the phonon softening below T*. Since (b;) is directly
associated with the indirect hybridization gap below T*
in the mean-field theory [1], it could be that the gap in
the DOS constraints the electron scattering near the Fermi
energy and as a consequence reduces the energy and
damping of the phonons. We note that despite of the small
effect of phonon renormalization, it still provides a useful
probe of the collective hybridization. These findings are
supported by our measurements in LaColns [23], where no
coherent heavy electron states exist.

Altogether, our observations not only confirm that the
pump-probe technique allows for the detection of the
hybridization dynamics in a broad correlation time- or
length scale through quasiparticle relaxation, but also put
the seemingly controversial ARPES and transport obser-
vations into the same unified framework. Though ARPES
is capable of detecting the band bending at certain wave
vectors near the Fermi surfaces caused by the onset of
hybridization fluctuations at T7, it is greatly limited by its
energy resolution, and so far unable to reveal the formation
of the indirect hybridization gap with an order of meV
below T*. On the other hand, based on the resistivity data it
is difficult to evidently reveal the initial fluctuations at 7"
with a short correlation length occurring in a limited
momentum space. Noticeable effect in resistivity is usually
observed when a long-range coherence starts to build up
below 7™ following opening of the indirect hybridization
gap. This gap appears in the DOS and plays the role of
protecting the composite heavy electron state so that 7
marks the true coherence temperature of the Kondo lattice.
Similar separation of the correlation lengths were also
observed in recent experiments studying the charge density
wave of LaTe; [51]. It is thus conceivable that the heavy
fermion physics is fundamentally associated with the
temperature evolution of the correlation time or length
scale of the hybridization fluctuations, and the heavy
electron coherence only develops after a collective intersite
hybridization correlation is established on the Kondo
lattice. This, however, is very different from the single-
impurity Kondo physics, and so far has not been well
studied and formulated in any current theory [52,53]. The

pump-probe experiments here provide critical information
for the potential development of a microscopic under-
standing of the heavy fermion physics in the near future.
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