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We report on time-resolved nonlinear terahertz spectroscopy of a strongly correlated ruthenate, CaRuO;,
as a function of temperature, frequency, and terahertz field strength. Third-harmonic radiation for
frequencies up to 2.1 THz is observed evidently at low temperatures below 80 K, where the low-frequency
linear dynamical response deviates from the Drude model and a coherent heavy quasiparticle band emerges
by strong correlations associated with the Hund’s coupling. Phenomenologically, by taking an exper-
imentally observed frequency-dependent scattering rate, the deviation of the field driven kinetics from the
Drude behavior is reconciled in a time-dependent Boltzmann description, which allows an attribution of the
observed third-harmonic generation to the terahertz field driven nonlinear kinetics of the heavy

quasiparticles.

DOI: 10.1103/PhysRevLett.132.196501

Driven by quantum fluctuations associated with the
Heisenberg’s uncertainty principle [1], a phase transition
can occur in the zero temperature limit through tuning of
external parameters such as chemical substitution and
applied pressure [2,3]. A variety of novel physical phe-
nomena are observed in the quantum critical metallic
systems [1-3]. Whereas in an ordinary metal the electrons
can be treated as a weakly interacting liquid of fermions
(i.e., Fermi liquid), a metal close to the quantum critical
point is more complex, which results from competition of
different interactions and exhibits various non-Fermi-liquid
behaviors [2-4].

The 4d transition-metal oxides are of particular interest
in the investigation of exotic quantum phenomena induced
by electron correlations [5]. The 4d orbitals are charac-
terized by a sizable on-site Coulomb repulsion and at the
same time more extended in space than their 3d counter-
parts. Therefore, the 4d transition-metal oxides are not
necessarily correlation-induced Mott insulators, but can be
a strongly correlated metal whose properties cannot be fully
described by Fermi-liquid theory [6,7]. With more than one
electron (or hole) in the 4d shell, the Hund’s coupling
between the electrons is important and may even play a
dominant role over the effective Coulomb repulsion in
determining the magnetic and transport properties [8,9].

Based on the Ru** (4d*) ions the perovskite ruthenates
ARuO; (A =Ca or Sr) are representative examples of
quantum critical metals. Characterized by a tilt and rotation
of each RuOg4 octahedron from the ideal cubic perovskite
structure, the orthorhombic distortion in CaRuOs is slightly
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greater than in SrRuO;. The small structural difference
already leads to very different physical properties, since the
on-site Coulomb repulsion and the Hund’s coupling is only
fine balanced, which is sensitive to weak perturbation [9].
Whereas SrRuO; exhibits ferromagnetism at low temper-
atures, CaRuO; is located in an adjacent paramagnetic
phase and very close to the ferromagnetic quantum critical
point [9].

Various unusual metallic properties are observed in
CaRuO;. Above 1.5 K the temperature dependence of
its dc electrical resistivity deviates clearly from the char-
acteristic quadratic dependence for a Fermi liquid [10-13].
The optical conductivity of CaRuOj; does not simply follow
the Drude model [13—-17]. Above about 0.6 THz, the
frequency dependent optical conductivity cannot be
described by a Fermi-liquid theory [6,7]. Below 100 K
angle-resolved photoemission spectroscopy revealed a
well-defined heavy quasiparticle band with an enhanced
effective mass of 13.5m, [18], clearly indicating the effects
of strong correlations in CaRuOj3 [9,19,20].

An established approach to characterize a quantum
critical system is based on the featured divergent behavior
of its thermodynamic quantities, such as thermal expansion,
specific heat, or Griineisen ratio, which exhibit universal
scaling with zero temperature being approached [21]. Also
the dynamical response functions, e.g., optical conduc-
tivity, can follow a universal dependence on frequency,
which is characteristic for a quantum critical point, see,
e.g., [22-25]. However, beyond the thermal equilibrium
these quantities may not be well defined. In contrast,
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nonlinear transport properties have been predicted to be
very sensitive to quantum phase transition and can exhibit
characteristics for a quantum critical system [26-31]. For
instance, close to a magnetic quantum critical point of a
metallic system the current density scales nonlinearly with
the applied electric field strength [30]. In an insulating
quantum critical system of the one-dimensional Hubbard
model, very efficient high-harmonic radiation can be
generated due to optically induced interband transition
[31]. Motivated by these theoretical studies, in this Letter
we investigate the ultrafast nonlinear transport behavior of
the proximate quantum critical metallic system CaRuO; by
using time-resolved terahertz (THz) third-harmonic gen-
eration (THG) spectroscopy.

Comparing with the short electrical current pulses of
microseconds that lead primarily to Joule heating effects in
the sample [32], the THz pulses with much shorter pulse
duration probe directly the subpicosecond (ps) nonlinear
transport properties without considerable heating issues.
The nonlinear current related to the THz field driven
kinetics of the quasiparticles is studied by measurement
of THz THG. The third-harmonic radiation is observed in
the frequency range where the dynamical response of
the system is beyond a description by the Fermi-liquid
theory [6,7]. In contrast to the mechanism involving
interband transitions [31,33], which requires higher-energy
pump pulses, e.g., mid-infrared [34], in our experiment
only the bands in the vicinity (a few meV) of the Fermi
surface are essentially responsible for the THz harmonic
generation. Our results show that third-order nonlinear THz
susceptibility in CaRuO; is resolvable below 80 K and
increases evidently with decreasing temperature. For differ-
ent driving frequencies, the normalized temperature-
dependence curves overlap very well with each other.
The master curve resembles the temperature dependent
evolution of the spectral weight of the heavy quasiparticle
band [18], pointing to the crucial role of the strong
correlations to the observed nonlinear responses.

High-quality CaRuOj; thin films were grown using
metal-organic aerosol deposition technique [7] on 3° miscut
(110) oriented NdGaOs. We carried out the THz spectro-
scopic measurements on a thin film with a residual
resistivity ratio of 35 and a thickness of 43.7 nm that
has been characterized previously [32]. A continuous
helium-flow cryostat was installed for measurements at
different temperatures. Broadband THz radiation was
generated in LiNbOj; using the tilted pulse-front optical
rectification technique [35,36] based on a Ti:sapphire
amplified laser (800 nm, 1 kHz, 6 mlJ). Narrow-band
THz driving pulses with center frequencies of f = 0.4,
0.5, and 0.7 THz were prepared by using corresponding
bandpass filters with full width at half maximum of 0.2f
and an out-of-band transmission of < —30 dB [see
Fig. 1(b) for f = 0.5 THz]. The emitted THz electric field
was recorded by electro-optical sampling (EOS) [37] [see

(a)
CaRuOy/substrate

EOS
detection . Filter: f
THz source
®) 500l F=05THz| | @ 1=
_ £
5 g
2 0 £
- 2
ui =
S
-200} <
50 5 : 2 ¢
Time delay (ps) Frequency (THz)
11
£
101 8
w
‘ ‘ At 10.01
5 10 15 0.1
Time delay (ps) E; (norm.)

FIG. 1. (a) Illustration of the THz THG experiment. THG from
CaRuOs thin film is measured in transmission configuration and
the THz electric field is detected by electro-optic sampling
(EOS). (b) Electric field of the THz pump pulse with a central
frequency of f = 0.5 THz. (c) THz electric field emitted from
CaRuO; at 5 K measured through a 3f-bandpass (BP) filter.
(d) Spectrum obtained by Fourier transformation of the waveform
in panel (c). (¢) THG amplitude E3; vs driving field amplitude
Ej, which follows a power law dependence of E3; o E7° (solid
line) only slightly deviated from the perturbative dependence

E; (dashed line).

Fig. 1(a) for an illustration]. For the detection of THG
another bandpass filter with a center frequency of 3f was
placed after the sample to suppress the linear response. For
fluence dependent measurements [Fig. 1(e)], two wire-grid
polarizers were installed in front of the sample.

The crystal structure of CaRuO; belongs to the centro-
symmetric Pbnm space group, therefore the even-
order nonlinear susceptibilities vanish and we will focus
on the third-harmonic generation. For a driving pulse of
f =0.5THz, the emitted THz electric field from the
CaRuO; thin film at 5 K is shown in Fig. 1(c). An evident
oscillation of the electric field in time domain correspond-
ing to a frequency of 3f = 1.5 THz is the third-harmonic
generation, which can be directly read from its Fourier
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transform spectrum [see Fig. 1(d)]. Figure 1(e) displays
fluence dependence of the integrated amplitude E3; of the
emitted electric field, which exhibits a power law behavior
of E3; o« EZ° slightly deviated from the perturbative

dependence of E} At the highest fluence, we can

estimate a third-order nonlinear susceptibility via [y®)| =
(Esp/E}) = 1.4 x 10717 V2 m?,

We further characterize the nonlinear THz response by
measuring the THG as a function of temperature. As shown
in Fig. 2(a), the strongest THG signal is observed at 3.3 K
in the time-delay window from 5 to 12.5 ps. This signal
decreases gradually with increasing temperature. At 80 K
the signal after 7 ps becomes nearly indiscernible, while
before 7 ps a weak signal persists until 300 K. At 300 K our
fluence dependent measurement shows that this persisting
signal follows a linear dependence on the fluence, thus is a
transmission of the driving pulse rather than third-harmonic
radiation. The enhancement of the signal after 7 ps with
decreasing temperature is more clearly seen in the Fourier
transform spectra in Fig. 2(b). The integrated amplitude of
the emitted 3f and f components is presented in Figs. 2(c)
and 2(d), respectively, as a function of temperature. Below
80 K the substantial increase of the third-harmonic radi-
ation [Fig. 2(c)] is accompanied with an evident drop of the
transmission for the fundamental frequency f = 0.5 THz
[Fig. 2(d)]. The monotonic decrease of transmission at
low frequencies reflects an enhanced metallic response with
decreasing temperature, which is consistent with the
observation of reduced dc resistivity and higher THz
reflectivity [7,10].
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FIG. 2. (a) THG signal in time domain at different temper-

atures. (b) Fourier amplitude of the signal in panel (a). (c) THG
amplitude Esr and (d) the transmitted amplitude E; of the
fundamental frequency as a function of temperature.

For a fixed driving field, the observed temperature
dependent transmission indicates that the effective THz
field in the thin film varies with temperature, therefore
we use the nonlinear susceptibility [y = (Es;/E}) to
characterize the nonlinear dynamical responses of CaRuO;
at different temperatures, also for different THz field
strengths and frequencies. Figure 3(a) shows the experi-
mentally determined [y*)| as a function of temperature for
different driving frequencies of f = 0.4, 0.5, and 0.7 THz.
While at a fixed temperature the absolute value of ||
increases at lower frequencies, for all three frequencies |y %) |
monotonically decreases at elevated temperature and
vanishes above 80 K. By normalizing [y®)| with respect
to the maximum value of each frequency [see Fig. 3(b)], the
three curves overlap well with each other, exhibiting a
frequency-independent temperature dependence of nonlin-
ear response.
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FIG. 3. (a) Experimentally determined |y*)| o« (E;/E}) as a
function of temperature for driving frequencies of 0.4, 0.5, and
0.7 THz. (b) Normalized [y®)| for THz drive frequencies of
f=04,0.5, and 0.7 THz follow the same temperature depend-
ence. The shaded area represents the simulated |y®)| where the
width reflects the uncertainties of experimentally determined « in
(c) [7]. (d) Simulated spectral amplitude of emitted electric field
fora = 0 and a < 0 at 5 K versus harmonic order. (e) Snapshots
of charge-carrier distribution f(p) at zero and peak THz electric
field E,,, at 5 K. (f) Changes of charge-carrier distribution at
E .« for different experimental values of a with respect to that of
a=0.
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This master curve reveals a characteristic temperature
scale, below which a well-defined electronlike quasi-
particle band is formed right below the Fermi energy, as
directly observed by angle-resolved photoemission spec-
troscopy [18]. In comparison with density functional theory
calculations, this quasiparticle band is strongly renormal-
ized with an effective mass of 13.5m,, indicating a strong
correlation effect. For the spatially more extended 4d
orbitals in CaRuOs;, the strong correlations result from
the Hund’s coupling [8,9], which has been found also
to account for a similar temperature dependent evolution
of heavy quasiparticles in a related compound Sr,RuQO,
[38,39]. The characteristic temperature is much higher than
the scale, i.e. T < 1.5 K, where a Fermi-liquid type T2
dependence of electrical resistivity appears [7], but reflects
a coherence-incoherence crossover of the heavy quasi-
particles related to the strong correlations [38]. At higher
temperatures a good metallic response in optical conduc-
tivity is absent, as manifested by the disappearance of
Drude-like behavior at low frequencies [16].

It has been established that THz high-harmonic radia-
tion can be generated from nonlinear kinetics of relativistic
quasiparticles with linear dispersion relation (see, e.g.,
[40-42]). According to the band-structure calculations
[7,8], some of the bands close to the Fermi surface in
CaRuO; may likely follow a linear dispersion relation,
which potentially also leads to THz third-harmonic gen-
eration. However, these bands have not been experimen-
tally confirmed so far. Moreover, the harmonic generation
associated with a linear dispersion should be well visible
already at room temperature. Therefore, our observed
enhancement of the third-harmonic generation at low
temperatures is unlikely governed by these bands. In
contrast, we ascribe the observed nonlinear response to
THz field driven kinetics of the experimentally observed
heavy quasiparticles in CaRuO; with an energy-dependent
scattering rate.

We describe the field driven transport by using the time-
dependent Boltzmann equation

(g%)mp) — E(1) - Vo f(r.p) = in) ()

where f(z,p) denotes the time-dependent distribution
function at time ¢ and momentum p for a band that is
characterized by a dispersion relation ¢(p). E(¢) is the
electric field of the THz drive and f(p) is the Fermi-Dirac
distribution at the equilibrium state. For a parabolic band
with an energy-independent relaxation time in a slowly
varying electric field, Eq. (1) reduces to the Drude model
and the corresponding transport behavior follows the Ohm
law, i.e., j = oE. In the relevant frequency range of our
experiment, previous studies in the linear response regime
have revealed clear deviation of the transport behavior in
CaRuOj; from the description by the Drude model [13-17],

and also predicted energy-dependent relaxation time due to
electron-electron correlations [8,9]. To parametrize the
experimentally observed energy-dependent relaxation time
in Ref. [7], we assume a linear dependence in our
simulation, i.e., 7(p) = 7o(1 + ap?) with 7, being the
energy-independent scattering time and a < 0 describing
the increased scattering rate at higher energy.

We solve Eq. (1) numerically for a heavy electron para-
bolic band with the experimental parameters [7,18], i.e., an
enhanced quasiparticle mass of 13.5m,, a Fermi energy of
Er =7 meV, 7y = 1 ps, and a THz peak electric field of
E..x = 50 kV/cm. The experimental values of a at various
temperatures are derived from the results of linear THz
spectroscopy [7] and given in Fig. 3(c). In the simulation a
multicycle THz pulse with a Gaussian envelop is adopted,
whose central frequency and bandwidth are set in
accord with the experimental values. The THz field driven
current density is evaluated by j(¢) = —e [[dp?/(2xh)?]
f(t,p)V,e(p), thereby we obtain the time-dependent emit-
ted THz electric field as the time derivative of the current
density.

The emitted THz signal contains components of the
fundamental frequency and the third-harmonic radiation.
Through Fourier transformation we derive the third-
order nonlinear susceptibility as || « (Es;/E}) with
E5; and E; being integrated amplitudes in the frequency
domain around 3f and f, respectively, which as a function
of temperature is presented in Fig. 3(b). One can see
that corresponding to a negligible energy dependence
of the relaxation time (i.e., a =~ 0) at high temperatures
[see Fig. 3(c)], the third-order nonlinear susceptibility is
essentially zero. This means that a heavier effective mass
alone (corresponding to a weaker curvature of the parabolic
dispersion) cannot account for the experimentally observed
THG. With decreasing temperature, the absolute value of a
increases [Fig. 3(c)], which leads to an enhancement of the
THG [Fig. 3(b)]. Therefore, a more evident dependence of
the scattering rate on energy is responsible for the enhanced
THz nonlinearity.

To further illustrate this effect, in Fig. 3(d) we compare
the amplitude of emitted THz field for zero and a negative
value of a at 5 K. While for @ = 0 only radiation of the
fundamental frequency is emitted, for a <O higher-
order harmonic generation becomes very evident. Micro-
scopically, the field-driven nonlinear current density is
closely related to the deviation of the charge-carrier
distribution from the Fermi-Dirac function. The snapshot
of the distribution corresponding to the peak THz field (i.e.,
E = E,,,) is presented in Fig. 3(e) together with the zero-
field distribution at 5 K for comparison. Under the drive of
the THz field, the distribution is clearly stretched, which
cannot be described by a Fermi-Dirac function, featuring
the important contribution of the nonthermal states to the
nonlinear response.
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Even for a = 0 the strong THz electric field can drive the
system far from thermal equilibrium. Therefore, it is
instructive to quantify the corresponding nonthermal
effects due to the energy-dependent scattering. As dis-
played in Fig. 3(f), we evaluate the changes of distribution
function at the peak field E,,, for a’s at different
experimental temperatures with respect to that of o = 0.
The changes are more significant at lower temperatures
corresponding to larger absolute values of a [see Fig. 3(c)].
As reflected by the positive and negative changes around
the Fermi level, the charge carrier distribution is more
strongly stretched away from a Fermi-Dirac function with
increasing a, which leads to the observed enhancement of
THz harmonic generation.

Going beyond the phenomenological model, it is highly
compelling to develop a microscopic description of the
many-body nonequilibrium dynamics. Since the micro-
scopic properties and linear responses of CaRuO; in
equilibrium state have been very well described in the
framework of dynamical mean-field theory (DMFT) [8,9],
to carry out a nonequilibrium DMFT calculation [43] in
accord with our experimental settings will provide impor-
tant microscopic understanding of the nonlinear responses
of the quantum many-body nonequilibrium states.
Complementary to our terahertz harmonic generation
spectroscopy, a time-resolved terahertz pump angle-
resolved photoemission-probe spectroscopic investigation
should enable a direct comparison with the nonequilibrium
DMFT calculations.

To conclude, by driving the strongly correlated metal
CaRuO; with intense terahertz field, we observed third-
harmonic radiation below 80 K, in agreement with the
temperature dependence of a heavy quasiparticle band
emerging close to the Fermi surface. The field-driven
kinetics of the heavy quasiparticles is simulated by adopt-
ing a Boltzmann transport equation with an energy-depen-
dent scattering rate, which reflects the previously observed
non-Drude behavior. The observed third-harmonic gener-
ation is not necessarily a unique feature for CaRuQO;, but
should represent in general a peculiar nonlinear character-
istic for nonequilibrium states in strongly correlated metals
close to a quantum critical point [26-31,33,44,45]. We
anticipate that our work will motivate further studies of the
universal characteristic nonlinear responses in quantum
critical metals.
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