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In strongly correlated systems such as heavy-fermion materials, the coherent superposition of
localized and mobile spin states leads to the formation of Kondo resonant states, which on a dense,
periodic array of Kondo ions develop lattice coherence. Characteristically, these quantum-coherent
superposition states respond to a terahertz (THz) excitation by a delayed THz pulse on the scale
of the material’s Kondo energy scale and, hence, independent of the pump-light intensity. However,
delayed response is also typical for superradiance in an ensemble of excited atoms. In this case,
quantum coherence is established by the coupling to an external, electromagnetic mode and, hence,
dependent on the pump-light intensity. In the present work, we investigate the physical origin of the
delayed pulse, i.e., inherent, correlation-induced versus light-induced coherence, in the prototypical
heavy-fermion compound CeCu5.9Au0.1. We study the delay, duration and amplitude of the THz
pulse at various temperatures in dependence on the electric-field strength of the incident THz
excitation, ranging from 0.3 to 15.2 kV/cm. We observe a robust delayed response at approximately
6 ps with an amplitude proportional to the amplitude of the incident THz wave. This is consistent
with theoretical expectation for the Kondo-like coherence and thus provides compelling evidence for
the dominance of condensed-matter versus optical coherence in the heavy-fermion compound.

I. INTRODUCTION

Heavy-fermion (HF) materials are a class of strongly-
correlated, rare-earth or actinide intermetallic compounds
that exhibit exotic properties, such as non-Fermi-liquid be-
havior and unconventional superconductivity [1–4]. One
of the underlying interactions is due to the Kondo ef-
fect [5], an intricate correlation between the localized mag-
netic moments of the rare-earth 4f or actinide 5f orbitals
and the itinerant conduction electrons. At low temper-
atures this correlation leads to the screening of the local
moments and the formation of a spectral resonance peak of
width proportional to the Kondo temperature TK near the
Fermi energy εF . When the Kondo effect arises in a lattice
of localized moments, these local resonances merge into a
narrow, hybridized band of width ∼ kBTK that crosses εF.
It indicates the existence of heavy fermionic quasiparticles
of lifetime τK = h̄/kBTK, where h̄ and kB are the reduced
Planck and the Boltzmann constant, respectively [3, 6–8].
Recently, dynamic studies on HF materials by THz

time-domain spectroscopy (THz-TDS) revealed that
heavy-fermion materials respond to an incident single-
cycle THz pulse by the emission of a time-delayed THz
echo. Upon exciting HF materials with THz radiation,
a fraction of the correlated Kondo states is destroyed [9–
12]. It then takes the Kondo coherence time τK to re-
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construct the heavy quasiparticle states upon which the
relaxing electrons emit a characteristic, echo-like pulse in
the THz range at a delay time ≈ τK, as suggested by a non-
linear rate-equation model [9]. Here the term ‘nonlinear’
refers to the fact that the system response is not governed
by the conventional exponential decay [9, 12]. The non-
linearity and the resulting echo pulse are a fingerprint of
strong correlations and coherence intrinsic to the heavy
bands and provides information on the quasiparticle dy-
namics [9–11]. In particular, in this physical picture the
echo-pulse intensity and delay time are measures of the
quasiparticle weight and their intrinsic coherence time, re-
spectively, and independent of the intensity of the incident
pulse.

Apart from such a nonlinear mechanism originating
from the quantum coherence of electronic many-body
states inherent to the material, there are other construc-
tive echo-like interference phenomena occurring between
spatially disjunct identical subsystems when excited with
an intense electromagnetic radiation. Examples are the
beating interference of radiation from multiple, equidis-
tant vibrational excitations of CO2 molecules in a molec-
ular gas [13] or from different quantum wells in a multiple
quantum well sample [14, 15]. In addition, there are effects
due to experimental geometries, such as the etalon reso-
nance resulting from multiple reflections from parallel-cut
sample surfaces [16], or trivial reflections from the optical
components in the setup.

None of these apply to the metallic, strongly absorbing
HF materials, and all the trivial reflections were identified
at different delay times [9]. However, the aforementioned
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inherent source of quasiparticle coherence is challenged by
the phenomenon of superradiance which is also a nonlinear
effect that can trigger a time-delayed response pulse. The
concept of superradiance was introduced in the seminal
work by Dicke [17] and its dynamics worked out in detail
by Rehler and Eberly [18]. The physical process leading
to superradiance can be summarized as follows [19]. In
an ensemble of N identical, excited atoms (more gener-
ally, two-level systems), all N excited states can develop
phase-coherent time evolution when resonantly coupled via
a photonic mode of the electromagnetic environment, that
is, when the single-atom excitation energy ∆0 = h̄ω coin-
cides with the mode frequency ω, and if the N atoms are
confined within the coherence volume of the mode, typi-
cally given by its wavelength λ. The ensemble then emits
an ultrashort, coherent light burst of total field amplitude
E(t) = N E0(t) or total intensity I(t) = N2 |E0(t)|2 where
E0(t) is the amplitude of a single emitter. Since the to-
tal radiated energy W is the time (t) integral of the total
emitted intensity,

N∆0 = W =

∫
dt I(t) = N2

∫
dt |E0(t)|2

=: N2|E0|2τs,
(1)

the emitted pulse duration or decay time must scale as
τd ≈ τ0/N , where (. . . ) indicates the time average and
τ0 is the single-emitter decay time. Time-reversal sym-
metry implies that the initial build-up time for coherent
evolution within the ensemble of N emitters, that is the
delay of the emitted pulse, is also given by τs [20]. Su-
perradiant phenomena have been observed in defects in
semiconductors [22], quantum-dot and molecule assem-
blies [21, 23], trapped atomic gases [24], and even in a
dense, two-dimensional electron gas [25].
Although the Kondo echo and the superradiant response

are described by very similar nonlinear differential equa-
tions [9, 18], there is a key fundamental difference between
the two phenomena. The Kondo echo results from in-
trinsic, dynamical correlations of the material, so that its
manifestation is independent of the intensity of the inci-
dent pump light. Hence, time-delayed Kondo-induced re-
sponse is already expected at low intensity. In contrast,
the superradiance effect is due to coherence building up by
coupling to a virtual electromagnetic mode of the environ-
ment. It therefore depends on the intensity of the incident
pump light and, thus, is difficult to observe at low inten-
sity. In summary the interplay of condensed-matter coher-
ence and optical coherence in the heavy-fermion compound
will therefore depend on the intensity of its excitation.
Understanding the physical origin of the delayed pulse in
heavy-fermion systems between intrinsic quasiparticle co-
herence and cooperative decay of radiatively-coupled ob-
jects is therefore crucial for extracting the inherent mate-
rial properties of the system.
In this work, we present a systematic THz-TDS study

of the delayed or echo pulse in the prototypical HF com-
pound CeCu5.9Au0.1, in dependence on the incident THz
pump power. CeCu6−xAux undergoes an antiferromag-

netic quantum phase transition at the critical Au substi-
tution of x = 0.1, with strange-metal behavior in electri-
cal transport and thermodynamic properties [1, 26], and
is known from earlier THz-TDS measurements [9, 27] to
exhibit a pronounced, temperature-dependent echo pulse.
For the measurements we chose the quantum-critical com-
pound CeCu6−xAux with x = 0.1, because understand-
ing the intrinsic quasiparticle dynamics is most pressing
at criticality. In the THz-TDS experiment, varying the
field strength of the incident THz radiation affects N in
the system. Hence, if the emission time of the delayed
echo-like response remains unaffected upon changing the
field strength, we can associate inherent Kondo correla-
tions with this response. On the contrary, if the emission
time correlates with the incident THz field, superradiance
is expected to play a role. Here our experiment shows
that across the entire range of pump-beam intensities we
explored the Kondo-correlations remain the sole identifi-
able source of the observed quantum-coherent echo-like re-
sponse. We explain this result by the nonlinear destruc-
tion of the ground-state Kondo spectral weight due to the
optical stimulation [9] which does not occur in superradi-
ant [21–25] or linear-interference systems [13, 14].

II. EXPERIMENTAL TECHNIQUES

Sample preparation

The single-crystalline CeCu5.9Au0.1 samples have been
grown by the Czochralski method [28–30] and are freshly
polished at a surface perpendicular to the crystallographic
c axis using colloidal silica before the THz-TDS measure-
ments. The surface roughness during sample preparation
is within the sub-micrometer range, which is significantly
smaller than the wavelength of the incident THz pulse.
The samples are mounted in a Janis SVT-400 Helium
reservoir cryostat with a controlled temperature environ-
ment ranging from 300K down to 2K.

THz time-domain spectroscopy setup

A 1-kHz Ti:Sa regenerative amplifier laser producing
800 nm pulses (with 120 fs pulse width and 2.5W aver-
age power) is utilized for the THz-TDS experiments. The
single-cycle, linearly-polarized THz pulses are generated
by optical rectification in a 0.5-mm-thick (110)-cut ZnTe
generation crystal, using up to 90% of the amplified laser
output. The maximum average power of the incoming in-
frared beam after the chopper is approximately 442mW,
at a repetition rate of 500Hz. For the field-dependence
measurements, we modulate the power of the infrared
beam using a variable attenuator which is composed of
a half-waveplate to rotate the incoming P-polarized beam
and a beamsplitter to selectively transmit its P-polarized
component.

The generated THz pulses are guided onto the
CeCu5.9Au0.1 samples. The reflected responses are
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Figure 1. Power-dependence of the THz electric fields reflected from (a) the reference mirror, (b) the quantum-critical compound
CeCu5.9Au0.1 and (c) the background-corrected echo-like Kondo response of CeCu5.9Au0.1 obtained from (b) at 15K. (d) The
peak-to-peak values of the instantaneous response (Epp,s) and the Kondo response (Epp,Kondo) of CeCu5.9Au0.1 obtained from (b)
and (c), respectively, as a function of the peak-to-peak values of reference mirror (Epp,ref.) obtained from (a). The fitting curve
(red) uses a simple linear function, assuming a zero offset on the y axis.

collinearly focused onto a 0.5-mm-thick (110)-cut ZnTe de-
tection crystal, with an overlap of the sampling pulse using
the residual 10% of the amplified laser output. The THz-
induced ellipticity of the sampling pulses is then measured
using a quarter-waveplate, a Wollaston prism, and a bal-
anced photodiode. The signals from the balanced photo-
diode are analyzed with a lock-in amplifier. Under this de-
tection scheme, so-called electro-optic sampling, both am-
plitude and phase of the THz pulse can be resolved within
a single scan. In order to increase the accessible delay
time between the THz and the sampling pulses, Fabry-
Pérot resonance from the faces of the detection crystal
is suppressed by an additional 2-mm-thick THz-inactive
(100)-cut ZnTe single crystal. The additional layer is op-
tically bonded to the back of the detection crystal. All
measurements are performed in an inert N2-atmosphere.

III. RESULTS AND DISCUSSIONS

To investigate the behavior of the delayed response in
the field-dependent THz-TDS measurements, we first cal-
ibrate the THz electric-field strength upon varying the in-
frared pump power on the THz generation crystal. Fig-
ure 1(a) shows the THz transients reflected from a Pt mir-
ror, which is used as a reference, at 15K. The THz electric
fields are converted from the actual read-outs of the lock-
in amplifiers. The time transients reflected from the ref-
erence mirror have no additional signatures except for the
instantaneous response originating from the THz-induced
intraband transitions associated with the light conduction
electrons [10, 27]. We take the peak-to-peak values, de-
noted by Epp,ref (i.e., the difference between the maximum
and the minimum values of the electric field amplitude) as
a measure for the overall field strength of the incident pulse
in each of the different THz transients. Within our experi-
mental configurations, the THz field strength lies between

0.3 kV/cm and 15.2 kV/cm.
With the knowledge of the field strength of the inci-

dent THz pulse, we proceed to examine the field depen-
dence of the delayed response in the quantum-critical com-
pound CeCu5.9Au0.1. Based on the evolution of quasi-
particle spectral weight reported earlier [9], we select
three temperatures for the investigation: 30K, 15K, and
10K. Figure 1(b) shows the THz transients reflected from
CeCu5.9Au0.1 at 15K, as an illustration. In contrast to
the reference mirror (see Fig. 1(a)), the THz transients of
CeCu5.9Au0.1 show both the instantaneous and delayed
responses. Upon varying the field strength, the peak-
to-peak value from both the instantaneous response of
CeCu5.9Au0.1 (denoted as Epp,s, Fig. 1(b)) and the delayed
Kondo response (denoted as Epp,Kondo, Fig. 1(c)) exhibit
a linear dependence on the field of the incident THz wave,
as shown in Fig. 1(d), supported by a linear fit conducted
over the entire field range. Such linear dependency implies
that the THz-induced intraband and interband transitions
are in the non-saturated regime where a large fraction of
electrons in the heavy conduction band is still available for
further excitations.

We now turn to the key results that concern the field de-
pendence of the delayed response, which may either orig-
inate from the THz-induced interband transitions associ-
ated with Kondo correlations or from the coherence devel-
oped between the optically stimulated atoms associated
with superradiance. It is intriguing that in both cases the
electric-field amplitude is described by the same rate equa-
tion [Eq. (1) of Ref. [9] for Kondo response and Eq (4.12)
of Ref. [18] for superradiance] and, thus, has the form

E(t) =
E0

cosh2
(
2πA( t

τd
− 1)

) (2)

where E0 and τd represent the amplitude and the center
(i.e., the delay time) of the field envelope, respectively.
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Figure 2. The power-dependence of (a) the background-corrected THz electric fields, (b) the Kondo temperature converted from
the fitted delay times of the envelope functions (i.e., the black curves) in (a). (c) The field-dependence of the normalized quasipar-
ticle weight from CeCu5.9Au0.1 at various temperatures. In (a), the background correction is performed by subtracting the high
temperature time trace from the time traces of all temperatures, thereby excluding the high-temperature incoherent signals. The
curves are plotted with offsets for better display. In (b), the temperature values are normalized by the literature value of TK. The
fitting curve (red) uses a linear function with zero offset, just as in Fig. 1.

Here, the pre-factor A is either equal to unity for the case
of Kondo correlations (A = 1) or proportional to N for the
case of superradiance (A ∝ N) [18]. In the Kondo scenario,
Eq. (2), elucidates the intricate relationship between the
Kondo temperature TK and the delay time (or Kondo co-
herence time) τd ≡ τK = h/kBTK [9]. In the superradiant
scenario, it describes the sharpening of the delayed-pulse
width, τd = τ0/N , with the excitation density or num-
ber of excited atoms N , see discussion after Eq. (1). Note

that our observed pulse form ∼ cosh2
(
2πA( t

τd
−1)

)
corre-

sponds to a Lorentzian line shape in the frequency domain
and, thus, indicates that in our experiments there is no
significant inhomogeneous broadening, which would other-
wise lead to a Gaussian line shape. Figure 2(a) shows the
delayed, echo-like response emerging within the expected
time window (between +3.5 ps to +8.5 ps) after applying a
background correction excluding the incoherent signals at
high temperature [9]. To extract E0 and τd from the exper-
imental data, we fitted Eq. (2) to the experimental time-
trace envelopes with a fixed value of A = 1, since using A
as an adjustable parameter did not further improve the fit
quality. For the sake of presentation, the fitted values of
the delay time τd were converted into Kondo temperatures
by means of the aforementioned relationship and normal-
ized by the literature value for CeCu5.9Au0.1 of 8K. These
normalized values are shown in Fig. 2(b) as a function of
the field strength Epp,ref of the incident THz pulse. They
vary randomly only within 10% across the applied THz

field range and do not show any tendency of a system-
atic pump-strength dependence. This essential indepen-
dence of the delay time on the field strength Epp,ref verifies
that the emitted echo pulses are of Kondo-correlated ori-
gin throughout, whereas indications for optically induced
superradiance (τd ∝ 1/Epp,ref]) are not detected.

The weight of the emitted THz echos (that is, the square
root of the time-integrated modulus squared of the emit-
ted echo THz field, with integration window 3.5 ps ≤
t ≤ 8.5 ps) is shown in Fig. 2(c) for selected tempera-
tures. The weights are normalized by the value obtained
at the highest THz field strength for each temperature.
A linear dependence on the Epp,ref over the entire field
range is clearly visible. This contrasts the quadratic de-
pendence predicted from superradiance phenomena [19–
21] and, hence, excludes these as the origin of the delayed
echo pulse and further corroborates the Kondo scenario.
Thus, the weight of the emitted THz echo pulses is a mea-
sure of the heavy quasiparticle weight in CeCu5.9Au0.1, as
shown in Fig. 2(c).

To better understand why superradiance is not observed
in our HF material, let us consider the superradiance and
the Kondo delay mechanisms in more detail. In the lan-
guage of quantum optics, the single emitters of the HF sys-
tem are the THz-induced excitations of heavy quasiparti-
cles. These quasiparticle excitations have a single-emitter
decay time of roughly equal to the Kondo coherence time,
τK = h/kBTK [9], and a corresponding coherence length
of ξK = vF τK = h vF/kBTK, where vF is the Fermi speed.
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The electromagnetic mode in resonance with these exci-
tations (i.e., with frequency ν ≈ kBTK/h) can establish
quantum coherence between these excitations over a dis-
tance given by its wavelength, λ = c/ν = c/vFξK ≫ ξK,
with c the speed of light. In principle, such a coherent
ensemble of N excitations could emit a superradiant pulse
of amplitude proportional to N2 and, thus, of duration
τK/N (see discussion of Eq. (1). However, HF materials
are different from semiconductors, atomic gases, and other
two-level systems in that the heavy ground-state band ex-
ists solely because of the strong Kondo correlations [5].
Upon THz excitation, not only the heavy quasiparticles
are excited, but the spectral weight of the heavy band is
destructed altogether. This means that the ground-state
HF spectral density must be reconstructed during the elec-
tronic relaxation process, which occurs on the equilibrium
time scale τK. Thus, the emission of a short, superradiant
pulse of duration τK/N is forbidden.

IV. CONCLUSIONS

In conclusion, our investigation provides fresh insight
into the interaction of THz radiation with the quantum-
critical compound CeCu5.9Au0.1. By exploring the
excitation-field dependence of the delayed echo-like re-
sponse, we are able to investigate the mechanism underly-
ing the delayed response by distinguishing the inherent
Kondo-induced coherence from the light-induced coher-
ence associated with the superradiance phenomenon. In

the entire range of THz electric fields and temperatures
applied by us, the robustness of the delay time indicates
the dominance of inherent coherence in CeCu5.9Au0.1.
Our result is consistent with the heavy-fermion nonlin-
ear rate-equation model [9], which describes the dynamics
of coherent break-up and recovery of Kondo quasiparti-
cle states by THz light. Although we did not observe
evidence for superradiance, our findings establish time-
domain spectroscopy on the delayed echo pulse as a re-
liable method to not only investigate quantum materials
where the ground-state spectral density is modified and
generated by many-body correlation states, such as heavy-
fermions, but also investigate other systems with corre-
lated Hubbard-like bands, such as FeSe [33], as opposed
to semiconductor single-particle bands.
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