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Discriminating the effects of different kinds of scattering in strongly interacting metals is crucial in their
understanding. While momentum or current relaxation can be readily probed via dc resistivity or linear
terahertz (THz) spectroscopy, discriminating other kinds of scattering can be more challenging. In this
Letter, we argue that the nonlinear optical technique of THz 2D coherent spectroscopy measures the energy
relaxation rate in strongly interacting metals. We apply the technique to the Fermi liquid Sr,RuO,
and observe two energy relaxation channels: a fast process (~0.1 THz) that we interpret as energy loss
to the phonon system and a much slower relaxation (<1 GHz) that we interpret as the relaxation of
nonequilibrium phonons. Both rates are at least an order of magnitude slower than the momentum
relaxation rate. We show how energy relaxation provides a unique diagnostic into certain kinds of scattering
and among other aspects allows a measure of the dimensionless electron-phonon coupling constant. Our
observations reveal the versatility of nonlinear THz spectroscopy to measure the energy relaxation
dynamics in correlated metals and also highlights the need for improved theoretical understanding of such

processes in interacting metals.
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Physical systems may be characterized by different rates
of relaxation from different perturbations. The relation
between the rates may give interesting insight into the
various microscopic processes. In a Fermi liquid electron-
electron interactions lead to decay of a quasiparticle state,
but does not lead to momentum decay out of the electronic
system unless umklapp or interband scattering is relevant.
Such scattering does not lead to energy decay out of the
electronic system, as energy is only reapportioned between
electrons. Electron-phonon scattering leads to both
momentum decay and energy loss. Elastic scattering from
disorder gives only momentum decay, but no energy loss.

While current (proportional to net momentum in simple
band structures) relaxation in metals can be readily probed
via transport and optics, isolating other relaxation channels
can be challenging. Momentum relaxation is dominated by
large angle momentum-relaxing scattering, but phenomena
in metals may also be sensitive to other rates that govern
dephasing, energy transport, energy loss, and thermalization.
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For instance, thermal and thermoelectric transport compli-
ments charge transport in providing information that is more
sensitive to all scattering and the role of phonons due to their
sensitivity to different scattering mechanisms [1,2]. One
possibility to determine the relative magnitude of elastic
and inelastic scattering in weakly interacting metals is the
Wiedemann-Franz law, which relates electrical and heat
transport. Unfortunately, experimental challenges isolating
the electronic contribution to heat transport can limit the
applicability of this technique to a narrow range of temper-
atures [3,4]. The thermoelectric response can also host
signatures of strong electron-phonon coupling, such as
phonon drag observed in clean metals at low temperatures.
In that case, strong electron-phonon coupling transfers
momentum into the phonon system faster than it can relax
out, driving the phonon distribution out of equilibrium. This
modifies both the thermal and electrical transport properties
from what is expected in equilibrium [5—7]. While the effect
on resistivity is typically small, phonon drag can have a large
impact on the thermopower [8,9].

The electronic energy relaxation rate characterizes the
rate that energy leaves the electron system. It typically

© 2025 American Physical Society


https://orcid.org/0000-0001-6564-7735
https://orcid.org/0000-0002-6032-4192
https://ror.org/00za53h95
https://ror.org/047426m28
https://ror.org/047426m28
https://ror.org/05bnh6r87
https://ror.org/037p86664
https://ror.org/05bnh6r87
https://ror.org/01sdtdd95
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.134.036501&domain=pdf&date_stamp=2025-01-22
https://doi.org/10.1103/PhysRevLett.134.036501
https://doi.org/10.1103/PhysRevLett.134.036501
https://doi.org/10.1103/PhysRevLett.134.036501
https://doi.org/10.1103/PhysRevLett.134.036501

PHYSICAL REVIEW LETTERS 134, 036501 (2025)

relaxes into the subsystem with the largest heat capacity,
which in normal metals is the lattice, and so energy
relaxation is dominated by inelastic electron-phonon scat-
tering. A common model for understanding energy relax-
ation is the two-temperature model (TTM), where one
assumes that the energy injected into the electronic system
quickly relaxes to a quasithermal distribution characterized
by a temperature 7, and then more slowly loses energy to a
bath that is at a temperature 7; [10,11]. Because of a
relatively universal cancellation at low 7 that arises from
the fact that both the electronic system’s heat capacity and
the typical emitted phonon energy goes at T, one can show
that the energy relaxation rate is a generic bound on the total
quasiparticle scattering rate. For the case of energy loss via
acoustic phonons, Allen explicitly derived [10] an energy
relaxationrate 'y = 12¢(3)A[kg T,/ hwp]>wp, where { is the
Riemann zeta function and wy, is the Debye frequency. One
can compare this to the phononic contribution to particle-
hole relaxationrate I'; that calculations [ 12] have shown to be
related to energy relaxation as I'y/I', ~ 1.31, e.g., energy
relaxation is a bound on the total scattering and specifically a
measure of contributions to the self-energy that arise from
inelastic coupling to acoustic phonons.

In this Letter, we use nonlinear THz 2D coherent spec-
troscopy (2DCS) to study the energy relaxation rates in
ultraclean Sr,RuQ, thin films. We find the largest y©)
response is in the low temperature Fermi-liquid (FL) regime,
but that the nonlinear response persists up to intermediate
temperatures 7 ~ 100-200 K well above the FL. coherence
temperature. We find that the dominant contribution to the
third-order current is due to THz range pump-probe proc-
esses that are governed by energy relaxation. The time
dependence of the pump-probe response can be parametrized
as a biexponential, with two decays that can be distinguished
at low temperature. The low temperature value of the faster
decay, which may be a measure of energy flow from the
excited electrons to the phonon bath, is an order of magnitude
smaller than the previously found (already small) Drude
momentum relaxation rate at low temperatures. We track the
slower decay out to nearly 400 ps and find that it decays at a
rate I'g.qow < 1 GHz. This feature is most prominent at the
lowest temperatures and is consistent with the suppressed
decay rates of nonequilibrium phonons and their loss of
energy via diffusion.

This study is enabled by new THz pump-probe spectros-
copies including 2DCS [13-16] and high field sources.
Although there has been extensive work [11,17,18] using
optical pump experiments (with photon energies greater
than 1 eV) on correlated metals, THz pumping offers
several simplifications. When applied to optical pumping,
the TTM model has been criticized on the grounds that its
assumption of fast initial thermalization of the electron
system is inappropriate [11,19]. For instance, it has been
argued that, since electron interactions go as E2, the rate of
thermalization must slow down as it proceeds. We believe

that these considerations primarily apply to optical pump
measurements that use greater than 1 eV photons. In contrast,
in our THz experiments (1 THz = 4.1 meV), the electron
distribution is not driven far from thermal and differences
from equilibrium can be characterized by the deviation of the
electron momentum space occupation projected onto a small
number of basis functions of the irreducible representations
of the material’s point group (see Supplemental Material
[20]). On the timescales accessible in the present work,
relaxation is dominated by the recovery from a uniform
excitation of the Fermi surface (A;,), which is equivalent to
energy relaxation. The development of intense THz sources
have enabled recent work studying the nonlinear response of
semiconducting, magnetic, and superconducting systems
[14-16,21,22]; nonetheless, the nonlinear THz response of
correlated metals is surprisingly underexplored. In conven-
tional metals with parabolic bands and only elastic scattering,
the intraband nonlinear susceptibility y(*) vanishes. Older
work on the free-electron carrier response in doped semi-
conductors shows that well-defined contributions to the y)
response can be attributed to band nonparabolicity or
frequency-dependent scattering [23-25]. In our case either
possibility is sufficient to indicate that the timescale of
recovery is largely governed by energy relaxation. We focus
on the normal state of Sr,RuQ, as an important test case as it
demonstrates quasi-2D FL behavior for Tg, < 25-40 K and
is a low-disorder metallic system [26-28].

We use a standard implementation of THz 2DCS
[14-16] with two separate THz pulses with fields E,
and Ep and control of both the electric field sampling
time ¢ and the relative delay between pulses z. In Fig. 1(a),
we set the relative delay 7 = 0 between the two THz pulses
and present the measured nonlinear response as the differ-
ence in using both pulses together and using each sepa-
rately En; (1) = Eap(t) — E4(t) — E(t). We measure as a
function of temperature for a 18.5 nm thick Sr,RuQO, thin
film grown by molecular beam epitaxy on a (110) NdGaO;
substrate [29]. The measured electric field is proportional to
the derivative of the induced time-dependent polarization.
The nonlinear signal increases as the temperature
decreases, reaching a maximum at our lowest measured
temperature of 5 K. Notably, the nonlinear response persists
to temperatures much beyond the FL regime. The corre-
sponding Fourier transform of the nonlinear response is
shown Fig. 1(b), where we find that the frequency content
appears to follow the input intense THz pulses closely
(in gray). This indicates a relatively featureless y©®). For a
broadband pulse, the appropriate normalization scheme for
7% (w) is complicated as one needs to consider both the
amplitude and phase at each @ within the applied THz pulse.
We show in Fig. 1(c) the simplest ratio Exy (w)/Eg(®) to
normalize for the temperature dependence of the linear
transmission.

Since nonlinear responses can arise from multiple
excitation pathways, we use THz 2DCS to identify the
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(a) The temperature dependence of the THz nonlinear response of Sr,RuQ, and (b) the corresponding Fourier transform. The

applied electric field through the aperture is shown as a gray outline for reference (scaled by 0.05). The normalized temperature
dependence Ey; /Eg along different frequency cuts is shown in (c), with a Lorentzian guide to the eye with a half width at half maximum
of 44 K-1 THz. (d),(e) THz 2DCS response at 10 K in the cross-polarized regime in the time and frequency domains. (f) Cut of the raw
2DCS Fourier transform and partially phase untwisted spectra at the position marked by dashed line in (e) along with corresponding fits

giving I' = 0.064(6) and I = 0.029(6) THz.

origins of observed nonlinearity as shown in Figs. 1(d)
and 1(e) at 10 K in a cross-polarized configuration. We find
the only appreciable contribution to the nonlinear signal
corresponds to the position in the 2DCS spectra [Fig. 1(e)]
of the “pump-probe” response, which appears as a streak
along the v, = 0 axis (see Supplemental Material of [16]
for detailed discussion). As discussed in Supplemental
Material [20], widths of spectral features in the 7, direction
are related to the rate that energy leaves the electrons.
Having identified the principal nonlinear contribution
to the data as being the pump-probe response, further
analysis about decay rates can, in principle, be done in
either the time or frequency domain. As further discussed
in Supplemental Material [20], frequency-domain analysis
requires additional consideration and must be “phase
untwisted” before peak widths are analyzed as shown in
Fig. 1(f). Although untwisted data are in excellent agree-
ment with our time-domain fits shown below, we prefer
time-domain fits to fitting untwisted full 2DCS spectra due
to the long amount of time it takes to scan the two axes to
take a full 2DCS spectra and the fact that ultimately we
have found the time-domain data at fixed ¢ to give a clearer
perspective on subtle features relevant here due to its
inherently higher signal-to-noise ratio. Therefore, we con-
sider the temperature dependence of energy relaxation in

Sr,RuQ, using a 1D variant of 2DCS, THz pump-probe
(PP) spectroscopy, where we set the delay time ¢ and scan
only 7. We use a strong-pump, strong-probe regime in order
to directly link our time-resolved experiments to the
features in the 2DCS response. In Figs. 2(a) and 2(b) we
show the temperature dependence of the pump-probe
response studied with fixed gate time ¢ and varying the
relative delay 7 for both copolarized (pump and probe both
at @ =0° and cross-polarized (pump and probe at
6 = +45°) geometries. The magnitude of the response
decreases as temperature increases, much as was seen in
Fig. 1. The initial fast oscillations for 7 <5 ps are an
artifact arising from PP processes from when pulse B
precedes (or is coincident with) pulse A, e.g., the roles of
the pulses for pump and probe are reversed. Then a 7 scan
at fixed ¢ can give oscillations from scanning across the
A pulse.

In order to study the relevant timescales of energy
relaxation, we parametrize the data for ¢ > 5 ps using
a biexponential model Eyy (f) = Agyg exp|—271 g o] +
Agow eXp[—27T g gowt], Where I'pgg and I'g g, are the
energy relaxation rates for the fast and slow decay processes.
We fit the experimental data to this biexponential model and
plots the rates as a function of temperature in Fig. 2(b). Note
the 27 in the definitions above that we have included so as
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FIG. 2.

(a) The temperature dependence of the THz pump-probe signal is shown for copolarized where both pump and probe are at

6 = 0° and (b) cross-polarized where pump and probe are at @ = +45 °THz pulses. (c) Decay rates from fits to the phenomenological
biexponential model. The pump-probe relaxation rates are plotted alongside the two relevant Drude relaxation rates from linear THz

spectroscopy [26].

to make comparisons to rates that come via widths of
frequency-domain features (e.g., Drude conductivity)
straightforward. Fitting exponentials to the time-domain
data gives the same results as fitting vertical Lorentzian cuts
[asin Fig. 1(f)] through untwisted versions of data in Fig. 1(e)
as long as the frequency dependence to the widths in the v,
direction are weak. This appears to be the case presently. We
plot in Fig. 2(c) the temperature dependence of the faster
decay for both polarization geometries. As discussed in
Supplemental Material [20], the copolarized geometry is
sensitive to the decay of both A, and B, perturbations to the
Fermi surface and the cross-polarized geometry at +£45° is
sensitive to decays of both A, and B, decays. The fact that
similar decay rates are seen in both geometries shows that we
are largely sensitive to only A, decays, with the B, and B,,
contributions probably having decayed away faster than can
be resolved with ~1 ps pulses. A}, decay is equivalent to
energy relaxation for simple Fermi surfaces as it corresponds
to momentum decay with a contribution in the direction
perpendicular to the Fermi surface and hence in the direction

of the energy gradient. One expects that this decay then may
be described by the TTM. The decay rate increases with
temperature in accord with the TTM’s prediction for temper-
atures well below the Debye temperature [10,11]. Using
Allen’s expression for the energy loss rate to acoustic
phonons, one can infer a dimensionless electron-phonon
coupling constant 4~ 0.18 and literature values for the
Debye temperature [10,30]. This is a value consistent with
what has been found earlier via photoemission [31].

One can also compare these rates to the rates of decay of
other quantities. The width of the optical conductivity’s
“Drude” peak is a measure of current decay (net current is
proportional to total momentum for simple band struc-
tures). Current decay is determined by the scattering
probability of a quasiparticle state weighted by the frac-
tional change of current from a scattering event [32]. We
have previously shown that a number of ruthenates
(Srp,RuO, included) show a two-Lorentzian optical con-
ductivity at low temperature [26] that both scale as T2 at
low T. We plot in Fig. 2(c) the T dependence of these rates
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(a),(b) The pump-probe data over an extended scan range up to 380 ps are shown along with a biexponential fit for the

copolarized and cross-polarized geometry, respectively. There are small time gaps where data were cut to remove reflections of the THz
pulse within the detection crystal or within the substrate (the long-term effect of these signals is negligible). (c) Energy relaxation rates
for both polarizations. (d) The ratio of the two relaxation rates to be compared to those commonly extracted in thermoelectric transport

measurements showing phonon drag.
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(I'y fase and I'; gow). One can see that the “fast” energy
relaxation rate is 15-60x smaller than the optical conduc-
tivity scattering rates.

How can we make sense of this apparent mismatch in the
scales of the different relaxation processes? As discussed
above, in the conventional view energy relaxation from the
electron system only arises from a subset of scatterings that
lose energy from the electronic system. The mismatch
between I'y and the temperature-dependent parts of I'; g,
and I', ,,, indicates that the inelastic scattering processes
that remove energy from the electrons are overwhelmingly
not the same as that which leads to current decay. This is
consistent with current decay largely coming from umklapp
and interband electronic scattering.

The slow decay rate (I'g.o, < 1 GHz) found in our PP
studies requires further investigation. In Figs. 3(a) and 3(b),
we show the dynamics of the PP response out to 380 ps for
the copolarized and cross-polarized regimes. In Fig. 3(c),
we show the two distinct rates extracted from our fits to a
biexponential model as a function of temperature. While
the fast decay monotonically increases with temperature,
we observe an unexpected peak in Iy, around 20 K.
Similar long time dynamics have been observed in super-
conductors due the formation of a phonon bottleneck and
modeled using Rothwarf-Taylor dynamics [33]. The par-
ticularities of that effect do not apply in the present case, but
in general long decay can arise through a nonequilibrium
phonon population, whereby the reexcitation of the electron
system by nonequilibrium phonons inhibits electron relax-
ation [6,7,34-38]. We model this in Supplemental Material
[20]. One of the typical signatures of nonequilibrium
phonons is a peak in the thermopower at low 7 in very
clean conductors. It can be present even if there is no
noticeable change in the resistivity. Thermopower mea-
surements in Sr,RuQO,4 have shown an anomalous upturn in
dS/dT at 20-25 K, which did not correspond to any change
in other transport coefficients [39,40] and may point to the
role of nonequilibrium effects at low 7 in Sr,RuQy. It is
likely to be complicated to model the thermopower in
Sr,RuQ, due to the presence of three bands [41], but we
can note the upturn in dS/dT coincides with the temper-
ature where the peak in the long time decay is found. The
relaxation dynamics of the electron-phonon system is
ultimately governed by thermal diffusion and in this regard
we tentatively assign this long timescale of energy decay
out of the electron system as being limited by phonon
diffusion. The effective impedance mismatch between the
film and substrate phonons could decrease the efficiency of
energy diffusion. It is also interesting to note that the
amplitude of the slow decay seems to scale linearly with
pump field (see Supplemental Material [20]). This would
seem to indicate an interface where inversion symmetry is
broken is at play.

In this Letter, we have used the novel technique of 2DCS
to probe energy relaxation dynamics of a Fermi liquid.

We found that the large nonlinear THz response in Sr,RuQ,
is tied to energy relaxation processes. We observe two energy
relaxation rates: the energy relaxation rate from the electron
to the phononic subsystem and a longer rate that we believe is
set by the diffusion of nonequilibrium phonons. Further work
on other ultraclean correlated metals would help clarify the
role of different electronic scattering mechanisms. Moreover,
as they are measures of other intrinsic quantities like viscosity
[42], it would be interesting to extend these studies to even
shorter timescales with shorter pulses to see if B}, and B,,
decays can be resolved. Finally, although we have a qualita-
tive understanding of our data, our work also highlights how
underdeveloped the theory is and the concomitant possibil-
ities for an improved theoretical understanding of such
processes in interacting systems.
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Supplemental Material: Energy relaxation and dynamics in the correlated metal
SroRuQO, via THz two-dimensional coherent spectroscopy

METHODS

The (001) SryRuOy4 thin films were grown via MBE on (110) NdGaOg substrates. The films were characterized
via XRD and HAADF-STEM to ensure homogeneity. More details on their fabrication can be found elsewhere [28].
Due to the supression of ruthenium vacancies by growing with an overpressure of ruthenium oxide under adsorption-
controlled conditions in MBE the residual resistivity ratio (which we define as p(300K)/p(4K) was > 50, which is
an exceptional value for thin film transition-metal oxide films. As such, these SroRuQy, films represent an excellent
system to study the optical response of a strongly correlated clean Fermi liquid in the clean limit.

The two co-linear THz pulses used for nonlinear spectroscopy were generated in two separate LiNbOj crystals
and then recombined. The electric field strength of each THz pulse individually is ~ 40 kV/cm. The THz pulses
were detected using electro-optic sampling in a 0.5 mm GaP crystal for the 2DCS and the nonlinear spectroscopy
experiments. As the signal in the pump-probe experiments was much smaller, a 0.5 mm or 1.0 mm ZnTe crystal was

used. In the co-polarized regime, the electric field was applied F || [110] on the substrate. The two THz beams could

be oriented such that the two beams with co-polarized 6§ = 0° parallel to the [110] axis of the detection crystal, or
cross-polarized at § = +45° with respect to the [110] axis on the detection crystal.

A number of different kinds of nonlinear THz experiments were carried out to study the response of carriers in
SroRuQy4. The most general experiment is THz 2D coherent spectroscopy (2DCS) where the nonlinear response is
obtained as a function of gate time ¢ and the delay time between pulses 7. Due to the fact that two time axes
are scanned, this is a very time-intensive method, so in order to extract the temperature-dependence, we used THz
pump-probe experiments that are related to the full 2DCS experiment for fixed gate time t and variable delay time 7.
Similarly, the nonlinear response proportional to the overall xf})f can be mapped out by setting 7 = 0 and observing
the nonlinear response resulting from the overlap of the two THz pulses. More specific details on this implementation

of 2DCS can be found elsewhere [17].

PARTIAL PHASE UNTWISTING

Phase untwisting in the data analysis of frequency domain x(®) is necessary to reveal strictly dissipative line shapes
as the straightforward application of 2D spectroscopy will yield a mix of dissipative and reactive contributions in the
real and imaginary x [14]. The procedure for phase untwisting in 2DCS is relatively straightforward if features
are narrow in the frequency domain and only a single non-linear excitation pathway dominates, which in the present
case is the pump-probe response [15]. We follow the methods outlined in Ref. [42], by first symmetrizing the time-
dependent data Enp(t,7) over 7. In the raw 2DCS spectra, we cut the data for 7 < 1.0 ps to remove contributions
from the inverted AB pulse ordering that arises from the finite temporal extent of the pulse. We then let 7 — —7
and then add the original and inverted data to each other and then take the Fourier transform. Because the effective
time domain data are now (by construction) a symmetric function, it is purely real. We can then take the magnitude
of the resulting quantity which is then (if the decay was purely exponential) a perfect Lorentzian. Its width should
be related to the inverse lifetime of the relevant excitation.

In addition to correcting the phase, this procedure also acts like a high-pass filter, which results in some high-
frequency artifacts away from the main Lorentzian-like peak. Fortunately, this procedure gives a much narrower peak
near wg = 0 that is reflective of the intrinsic inverse lifetime.

NONLINEAR THZ EXPERIMENTS AS A MEASURE OF ENERGY RELAXATION

It is important to work out more carefully what the decay rates that are being probed corresponded to. A general
model of this decay does not yet exist, but we can gain intuition about what is measured in these THz pump-probe
experiments by considering the third order non-linearity as an effective linear response of a system in quasi-equilibrium
that is slowly decaying after being pumped. This picture should be valid if the decay rates are longer than the time
scales of the pulses. The nonlinear x(®) response is generally defined as

P, = XGLEELE;. (1)
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FIG. 4. The raw 2DCS time-traces and spectrum (a,c) as compared to the resulting untwisted time-traces and spectra (b,d).
The spectral features are found to be much sharper in the untwisted spectra due to a lack of mixing between parts of the
complex response of the spectrum.

Consider a situation similar to the present one where E; and FEj derive from the same pulse e.g. F; = Fj and
precede E; in time. If — after a perturbation E}E; — the excited system decays over a time scale much longer than
the time that the pulse £ interacts with the sample, then we can consider the resulting sample polarization of the
system in the quasi-equilibrium state to be

P;

1 !
=\ E; (2)

where the effective quasi-equilibrium Y is

1)’ 3
Xz(’j) = Xz(‘jl)l|El|2'

3)

(3)

This object XS), is clearly less symmetric than the original X(3) For a x;71

ikl
pointing at an angle ¢ with respect to the & direction, ngl-) can be expanded in the basis functions of the irreducible
representations of the Dy, point group. The general form for the A before B pulse sequence in the time-domain is

of a crystal with a Dy symmetry and Ej

X(l)l(T, t) eiQWPElutH(T) X

(aA [ V5] ) ()

Here H(7) is a step function. In the quasi-equilibrium picture suggested above, the ¢’s in Eq. 4 represent deviations
of the electron momentum space occupations from equilibrium projected onto the basis functions. The different
contributions can be understood as follows. § A,, represents uniform deviations of the electrons to states of greater
momentum. For simple bandstructures, finite 64,, gives a state of greater energy and hence its time dependence
gives the rate of energy decay. dg,, is a horizontal shift of the momentum and represents a configuration that carries
current. dp,, is a “dy2_,2"-like deviation with greater occupation of states at EF for the Fermi surface crossing in
the 2 direction and lesser occupation for states in the ¢ direction. dp,, is a similar deviation, but rotated by 45°
e.g. dyy-like. At 7 = 0, the deviations of the momentum space occupations reflects projection of the |Ej|*cos2¢
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perturbation onto the basis functions. Therefore in the impulsive limit, when Ej have time dependencies that approach
delta functions, then d4,, = dp,, = dp,,, because to lowest order a perturbing electric field in the ¢ direction cannot

give an E? perturbation at 7 = 01 to the near-Er occupations for states whose I;/:F is perpendicular to qAS and so the
different contributions must have equal amplitude at 7 = 0. Note again the factor of 27 in the exponentials that we
include so that the rates can be straightforwardly compared with the widths of spectral features that are arrived at
by Fourier transform. The nonlinear emitted electric field is proportional to the time derivative of Eq. 2.

In the experiment detailed in the main text we see essentially no anisotropy in the polarization dependence. As
there is no conservation law (e.g. energy or momentum) for By, and Byg decays (as there are for A4 and Ey,) it
reasonable to expect that I's,, < I'p,,,I'p,, and therefore at the measurement times 7 > 3 ps resolvable in the present
experiment the By, and Bs, deviations have already decayed away leaving only the energy decay (A1,) measurable.
In order to resolve Bi, and By, decays, it is likely that one needs to use shorter pulses.

TOY MODEL OF ENERGY TRANSFER

We can establish a toy model to understand qualitative aspects of our THz pump-probe experiment and energy
decay. We use the formalism of Ref. [7] and consider the following kinetic equations. At times after the THz pulse is
no longer interacting with the system (e.g. neglecting the forcing function of the external electric field), the electron
and acoustic phonon systems can be governed by the following differential equations,

gﬁ-vﬁ :Sep+Sed+See
ON

o +VvgVN = Spe + Spp + Spd
where f,N are the distribution functions of the electrons and acoustic phonons, v,v, are electron and phonon
velocities respectively, and S;; are the respective collision intervals between the scattered object (e, p denote electron
and phonon respectively) and the scatterer (e, p,d denote electron, phonon or disorder). We assume that the change
to the electron and phonon distributions after interaction with the THz pulse is a small perturbation.

The form of the electron distribution depends on the relative hierarchy of scattering rates between the momentum
relaxation rate I',, the electron-electron scattering rate I'.. (which governs the rate of electron thermalization) and
the electron energy relaxation rate 'y that governs the rate of energy leaving the electron subsystem. We make the
assumption that due to the low frequency of the THz pump the electron distribution is never driven that far from a
thermal one. As discussed above, at most the deviation from equilibrium can be characterized by the projection of
small changes in occupation near kr onto the basis functions of the irreducible representations of the crystal point
group. The fact that we see no angular anisotropy on the time scales probed in this experiment, indicates that we can
characterize the data presented here in terms of fully symmetric A;4-like deviation of the quasiparticle distribution
from equilibrium. For simple Fermi surfaces, such a deviation is only relaxed by movement of the quasiparticles [24]
in a direction that projects on kr and so A, like relaxation is equivalent to energy relaxation.

To understand the observed time-dependence of the pump-probe response, we model our system with a modified
two-temperature model (TTM) only considering low energy acoustic phonons [43] instead of solving the full Boltzmann
equations presented above. We take the limit I';;, < I'p,, and neglect the reverse I',. phonon absorption process, which
should be appropriate in the limit of low temperatures. We treat the THz pump in the perturbative limit and focus
on the long-time behavior, which avoids some of the limitations of the TTM at low temperatures [20]. We also assume
that T, 2 T, in the regime of a perturbative excitation by the THz pulse, where T}, describes the temperature of a
subset of coupled phonons that can be at a different temperature than the rest of the system. The assumption is that
on long time scales the heat in the phonon system will diffuse to a heat sink that is the substrate and the cryostat
ultimately. The time dependence given by our toy model is governed by the coupled equations:

a;;e = *Arep(Te - TP)
a1, C. Y
W — FPA F@p(Tc — Tp) - BFPS(TP — Tsink)a

where I'¢), is the energy relaxation rate from electron-phonon scattering and I'ps is the rate of energy loss via heat
diffusion to a heat sink, and C,, C, are the specific heat coefficients of the electrons and the coupled phonon system.

As the temperature increases, the number of energy diffusing phonons increases. They are able carry off excess
energy in the phonon distribution, leading to the disappearance of the long lived non-equilibrium regime. At sufficiently
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FIG. 5. Simulations of two different limits for the electron-phonon and phonon-phonon energy relaxation rates.

high temperatures, we would expect the non-equilibrium phonon regime to disappear. Then the pump-probe response
is only governed by energy relaxation dynamics by the electron-phonon scattering rate.

In Fig. 5, we show the numerical solution to the above differential equations for two extreme limits of the decay
rates: I'ep, > I'ys and I'yp, < I')s. We keep I'ep, = 0.1 THz fixed, and set I',s = 1 GHz and I'ys = 1 THz respectively.
We find that in the first limit of I'¢, > I'ps, the time-dependence of the electron temperature captures many of the
qualitative features observed in our experimental data at low temperature with the two separate timescales visible.

In the opposite limit of I'e, > T's, there is no accumulated energy transferred to the coupled phonon system (no
bottleneck) and the rate of energy transfer to the sink is determined by T',.

ELECTRIC FIELD DEPENDENCE OF THE PUMP PROBE RESPONSE

To confirm that the the fields used in our experiment are in the perturbative limit, we studied the field dependence
at 10 K in a cross-polarized geometry with the probe fixed at 5 kV/cm and the pump varied between 5 - 29 kV /cm
as shown in Fig. 6(a). Fitting the pump-probe response to the same bi-exponential model, we observe that the fast
relaxation rate shown in Fig. 6(b) appears nearly independent of the applied field. This indicates that the energy
relaxation of the quasiparticles probed is in the perturbative limit. In Fig. 6(c) the field-dependence of the amplitude
of the two pump-probe contributions is shown. We find that the amplitude of the fast decay is proportional to pump
field square, but the amplitude of the slow decay is linearly proportional to the pump field. Since the fast component
governs the decay of excited quasiparticles, we expect it to scale with intensity An oc E2.
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FIG. 6. The electric field dependence of the pump-probe response is shown at 10 K, with the applied probe field set to
Eprobe = 5 kV/cm and the maximum Epump = 50 kV/cm. The two pulses are cross-polarized. The absolute response is shown
in (a) with arbitrary offsets added for clarity, with fits to the bi-exponential model from Fig. 2(c) also shown. We find that the
fast decay channel shown in (b) does not change significantly with a large variation in applied field. We find that the amplitude
of the fast decay channel appears to be proportional to Afes FE?, whereas the amplitude of the slow decay channel varies
only as Asiow x E.
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