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Transient energy dissipation at the Fermi velocity in a magnetocaloric metal
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Realizing fast energy dissipation in crystalline materials over macroscopic length scales is critical for energy-
efficient devices and applications toward a carbon-neutral society but is usually dominated by electron-lattice
interactions that cap the energy dissipation at the phonon velocity. Going beyond this velocity has been the
focus of many studies, and the physical limit is the Fermi velocity where the energy is predominantly carried
away by electrons throughout the materials. However, whether and how the Fermi velocity can be reached over
macroscopic distances experimentally remain largely elusive. Here we show ultrafast energy dissipation at the
Fermi velocity in the magnetocaloric metal LaFe;(Co, 0Si; 4. Using time-resolved powder x-ray diffraction, we

observe negative thermal expansion of the lattice throughout the micron-sized crystals in less than 600 fs with
an incident optical fluence higher than 8 J cm~2. The ultrafast timescale is in sharp contrast to the normal energy
dissipation and shows the existence of a macroscopic momentum-relaxing electron mean free path immediately
after the optical excitation. Our findings open a different regime in energy dissipation and demonstrate the

possibility of manipulating macroscopic material properties by strong optical pulses.

DOI: 10.1103/PhysRevB.110.134323

I. INTRODUCTION

How energy dissipates in solid-state materials is critical for
realizing applications and devices with high energy efficiency.
On the atomic and nanoscales, energy dissipation is dictated
by the electron-electron and electron-lattice interactions and
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takes place over ultrafast timescales [1-6]. Over longer dis-
tances, the energy dissipation is rate limited by the phonon
velocity (~10°ms~!), fundamentally due to the momentum
relaxation of electrons from a plethora of scattering events
[7-10]. Surpassing the phonon velocity and achieving faster
energy dissipation have been the focus of numerous experi-
mental and theoretical studies. Recently, it was demonstrated
that energy can travel as fast as several tens of kilometers per
second under intense optical excitations, 1 order of magnitude
faster than phonons, a phenomenon that was referred to as
“transient lattice hydrodynamics” [11]. Achieving energy dis-
sipation at a Fermi velocity of ~10® ms~!, ~10? faster than
the phonon velocity, is much desired, with huge implications
for a wide range of applications from high-speed electronics
to civil engineering. Whether such regime can be realized

©2024 American Physical Society
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FIG. 1. The energy dissipation velocity across materials where the pump depth is substantially smaller than the probe depth. (a) For normal
materials, the electron-phonon scattering leads to the relaxation of the electron momentum. The subsequent energy dissipation is dominated
by lattice vibrations at the speed of sound v,,. (b) For energy dissipation at the Fermi velocity, the momentum-relaxing electron mean free path
Amr 1S comparable to or longer than w, which can be the size of the material or the probe depth, whichever is smaller. Red regime: hot electron;
blue regime: cold electron. (c) The characteristic decay timescales 7, versus w/v,. The data points are compiled from previous studies in
which the probe depth is larger than that of the pump [7-10]. The value of w/v, from Co-LaFeSi in this work is marked by the purple star.

remains elusive, calling for candidate materials and, equally
important, appropriate means of exciting the materials as well
as determining the dissipation velocity.

The key physical quantity of interest is the momentum-
relaxing electron mean free path Apg, which includes
contributions from events such as electron-phonon scattering
and umklapp processes. In normal materials, Ay is usually
substantially smaller than the size of the material. Energy
dissipation beyond Ayg is dominated by the lattice, limiting
the dissipation velocity. Experimentally determining Amg
and quantifying the energy dissipation is extremely difficult
and at equilibrium often relies on careful measurements of
the electronic properties with elaborately designed sample
geometries [12—16].

With the progress of ultrafast lasers and the advent of x-
ray free electron lasers (XFELs), time-resolved studies using
nonuniform optical excitations have provided new approaches
for assessing the energy dissipation velocity and Ayg. The
uniformity of the optical pump or the lack thereof is compared
to the area where the probe signal is collected. A nonuniform
pump can either be achieved using structured optical excita-
tions including transient grating [17-19] or can be derived
from the profile of the pump, e.g., by probing materials at
different spatial locations even for a Gaussian laser beam. The
latter approach is vital to the discovery of the “transient lattice
hydrodynamics™ [11].

Optical-pump x-ray-probe experiments provide a natural
platform for achieving nonuniform optical excitations, taking
advantage of the fact that the optical excitation depth is

usually substantially smaller than the Xx-ray penetration
length. For metals under the excitation of visible light, the
optical penetration depth is usually on the order of tens
of nanometers. Meanwhile, hard x-ray photons with an
energy on the order of 10 keV or higher can probe over
tens of microns of solid-state materials. The significant
pump-probe-depth mismatch could be utilized to clearly
identify the dissipation velocity and Aypg.

To illustrate our idea, we compare the energy dissipa-
tion in two regimes with Ayr < w [Fig. 1(a)] and Ay >
w [Fig. 1(b)]. Here we use w to denote the x-ray penetra-
tion depth or the size of the materials, whichever is smaller.
The red and blue regions represent the optically excited and
unpumped areas of the material with “hot” and “cold” elec-
trons, respectively. On the order of Ayg, hot electrons transfer
energy to the lattice through electron-phonon or umklapp scat-
tering. When Ayr < w, as discussed previously, subsequent
energy dissipation is then dominated by phonons [Fig. 1(a)].
The time for the entire material probed by x rays to “warm
up” can be estimated to zeroth order as w divided by the
sound velocity (~10° ms~! in solids). In Fig. 1(c), we com-
pile previous studies in which the optical penetration depth
is much smaller than the probed depth. Indeed, the charac-
teristic timescales captured by the probe are consistent with
the zeroth-order estimate using sound velocities in the respec-
tive materials [8,20,21]. In comparison, when Ayr > w, the
energy dissipation gets significantly faster [Fig. 1(b)]. Elec-
trons can now travel through the material without interacting
with the lattice until they hit the physical boundary of the
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crystallite. The duration is fundamentally limited only by the
Fermi velocity (~10° ms1).

In this paper, we determine the speed of energy dissipa-
tion in the Co-doped magnetocaloric metal LaFe3_,Si, (x ~
1.4) using time-resolved powder x-ray diffraction (PXRD).
Above an incident optical fluence of 8.74 J cm~2, we observe
lattice thermalization throughout the micron-sized crystals
in less than 600 fs. This ultrafast timescale corresponds to
the energy dissipation at the Fermi velocity and shows the
existence of a macroscopic Ayr at least comparable to the
size of the crystallite. Our findings reveal a different regime
of energy dissipation and demonstrate the capability of ma-
nipulating macroscopic material properties by strong optical
pulses.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Polycrystalline Co-LaFeSi was prepared using an arc-
melting method followed by long time annealing to reduce
the impurity phase of «-Fe, as previously described [22].
The powders were ground, filtered (¢ = 50 um), and ex-
amined with scanning electron microscopy (SUPRA 55-VP
FEGSEM, Zeiss) and transmission electron microscopy
(JEM-2100F, JEOL). The powders were determined to be
mostly single crystals with a mean diameter of ~1 um.
The phase transition from the ferromagnetic (FM) phase
to the paramagnetic (PM) phase was determined using su-
perconducting quantum interference device magnetometry
(Quantum Design MPMS XL). Through magnetization at 100
Oe as a function of temperature, the Curie temperature for
Co-LaFeSi was determined to be 304 K. Further details of
the sample preparation are discussed in the Supplemental
Material [23].

B. Time-resolved powder x-ray diffraction

The XFEL experiment was carried out at BLO3 of the
SPring-8 Angstrom Compact free electron LAser (SACLA)
in Japan [24]. The incident x-ray photon energy was 15 keV
(a wavelength of 0.827 A) with a pulse repetition rate of
30 Hz. The x-ray beam size was 100 um in both the hori-
zontal and vertical directions. The x-ray pulse duration was
less than 10 fs. The optical pump pulse was generated by a
Ti:sapphire laser. An amplifier was added to boost the pulse
energy [25]. The pump laser had a wavelength of 800 nm and
a repetition rate of 30 Hz. The pulse duration of the pump
laser was ~30 fs. The pump laser energy used during the
measurement was between 143 and 992 uJ per pulse. This
optical pulse energy translated to an incident pump fluence
between 1.26 and 8.74 Jcm™2 at the sample position based
on the circular laser profile with a diameter of 100 um and
an effective factor (69.2%) imposed by the laser intensity
distribution. The experiment was carried out using a high-
viscosity sample injector [26,27]. The diffracted powder x-ray
diffraction pattern was captured by multiport charge-coupled
devices (MPCCDs) [28]. For our measurements, both the Si
powder (NIST standard reference material 640c, used to cali-
brate the MPCCD position and distance relative to the sample)
and the Co-LaFeSi powders were filtered (¢ = 50 wm) and

then mixed uniformly with a highly viscous DATPE grease
acting as a particle carrier [29-31] that is optically trans-
parent to the 800 nm pump laser. The DATPE grease is
made of 25 wt % dextrin palmitate (Rheopearl KL2, Chiba
Flour Milling Co.) dispersed in dialkyl tetraphenyl ether oil
(DATPE, S-3230, MORESCO). The mixed sample was filled
into the DAPHNIS injector (inner diameter: 100 um) and
flowed down at a rate of 0.024 mL min~! to provide fresh
samples. The injected sample flow was perpendicular to the
x ray and the pump laser. The x-ray and the pump laser pulses
spatially overlapped in the same region of the grease column.
The diffraction images were acquired shot by shot using the
MPCCD, and ~1000 shots were accumulated at each nominal
delay to obtain clear ring patterns prior to the arrival timing
jitter correction. The timing jitter between the XFEL and
the optical laser pulses was 256 fs [32] and was corrected
shot by shot using the timing tool for each PXRD image.
After the jitter correction, the time resolution was the con-
volution of the x-ray and optical pulse durations and was less
than 32 fs.

C. Reduction and analysis of the time-resolved PXRD data

The MPCCD detector background was removed from the
collected PXRD pattern. We calibrated the sample-to-detector
distance (51.8 mm), the position of the direct x-ray beam, and
the detector rotation and tilts using the Si standard. With the
calibrated parameters, for a given delay, the two-dimensional
PXRD patterns from individual XFEL pulses were summed
and converted into the one-dimensional PXRD intensity as a
function of momentum transfer Q using the PYFAI package
[33]. The PXRD background from the grease was further
subtracted, resulting in the PXRD intensities displayed in
Fig. 2. For a given delay after the optical excitation, each
224 Bragg peak was fitted using two Voigt functions with
a linear background. The peak positions of the two Voigt
functions were fixed as the 224 Bragg peak in the FM and
PM phases. The fitted areas of the Voigt functions were
further used to evaluate the FM phase fraction fpy. To ob-
tain the conversion and recovery timescales, we took into
account the drift of time zero during the experiment. This
drift was determined to be 0.12 ps, consistent with the typical
drift at SACLA.

III. RESULTS

LaFe;3;_,Si, is a canonical giant magnetocaloric metal
that has attracted broad attention for its solid-state refrig-
eration applications [22]. LaFe;;_,Si, has a NaZn;3 type
of lattice structure with La atoms caged in Fe/Si clusters
[Fig. 2(a), inset]. This lattice structure is known for its poor
lattice thermal conduction. Previous studies showed the effi-
cient magnetic-thermal energy conversion in LaFe;_,Si, is
attributed to a strong spin-lattice interaction [22,34-36]. In-
deed, LaFe;;_,Si, features a first-order magnetoelastic phase
transition from the FM phase below to the PM phase above
the Curie temperature [Fig. 2(a)]. During the transition, the
lattice exhibits a discontinuous negative thermal expansion
without any lattice symmetry change [37,38]. Specifically, the
lattices on both sides of the transition have a fcc structure with
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FIG. 2. Ultrafast phase transition in Co-LaFeSi observed using time-resolved powder x-ray diffraction (tr-PXRD). (a) Magnetization
measured under zero-field cooling (ZFC; pink diamonds) and field cooling (FC; blue hexagons) as a function of temperature through the
ferromagnetic (FM) to paramagnetic (PM) phase transition at thermal equilibrium. (b) Tr-PXRD experimental setup. The powder sample
mixed with grease was extruded from a nozzle at a fixed flow rate. Hard x-ray pulses with a photon energy of 15 keV and the 800 nm optical
pump laser intersect at the path of the grease column. The ultrafast x-ray and optical laser pulses are synchronized with a repetition rate of
30 Hz. The PXRD patterns were recorded shot to shot using the MPCCD. (c) The PXRD intensity as a function of momentum transfer Q
before (at —0.1 ps, blue solid line) and 0.6 ps after (red solid line) the arrival of the optical excitation. The difference between the two PXRD
intensities is displayed by the black line, where all the Bragg peaks move toward higher Q after the pump. (d) The temporal evolution of Bragg
peaks 024, 224, and 135 under an incident laser fluence of 8.74 J cm~2. The vertical dashed lines mark the peak positions in the FM and PM

phases under thermal equilibrium.

the space group Fm3c [22]. The Curie temperature can be
tuned from ~200 up to 350 K by substituting Fe with Co
atoms or by adding interstitial hydrogen atoms with mini-
mal magnetic-entropy changes [37,39]. As our time-resolved
PXRD (tr-PXRD) setup is limited to room temperature, we
selected LaFe;y¢Co;0Sij4 (Co-LaFeSi), with To ~ 304 K.
The contraction of the unit-cell volume of Co-LaFeSi through
the magnetic phase transition is determined to be as large as
1% from equilibrium-state powder x-ray diffraction measure-
ments. The details of material synthesis as well as magnetic
and structural property characterizations are presented in the
Supplemental Material [23].

The tr-PXRD study was carried out at SACLA using the
Diverse Application Platform for Hard X-ray Diffraction
in SACLA (DAPHINS) system [28] [Fig. 2(b)]. Co-LaFeSi
samples were ground into powders and dispersed from
the nozzle as a grease column [26,27]. Scanning electron
microscopy and transmission electron diffraction studies
showed that the majority of the powders are single crystals. A
statistical analysis of the particle size distribution revealed that
the x-ray diffraction intensity was dominated by crystallites

a few microns in diameter (see the Supplemental Material
[23] for details). The 800 nm pump laser and 15 keV probe
x-ray photons intersect at the path of the grease column,
both with a FWHM of 100 um to match the size of the
grease column. The PXRD patterns were acquired in a
transmission Debye-Scherrer geometry. Further discussions
of the experimental setup and the grease column are presented
in the Supplemental Material [23].

We show a typical experimental setup of x-ray diffraction
rings from Co-LaFeSi in Fig. 2(b). For a given time delay,
the PXRD intensity as a function of momentum transfer Q
was derived by summing along the azimuth of the powder
ring. In Fig. 2(c) we plot the PXRD intensities before and
0.6 ps after the optical pump with an incident laser fluence
of 8.74 Jem~2. The 0.6 ps dataset is displayed because this
is when the transient evolution of the PXRD intensity is most
pronounced. The difference between the PXRD intensities is
also displayed in Fig. 2(c) using the black solid line. After
the optical excitation, all the Bragg peaks move toward higher
0 in reciprocal space, which corresponds to a contraction of
the lattice and signals a laser-induced FM-PM magnetoelastic
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FIG. 3. Ferromagnetic (FM) phase fraction as a function of time delay. (a) The 224 Bragg peak position as a function of time delay at
2.01 and 8.74 Jcm~2. The broad semitransparent lines are guides to the eye. (b) Fitting the 224 Bragg peak with two Voigt functions. The
experimental data and the fits are displayed using open circles and solid lines, respectively. The FM and PM phase contributions are marked
by the light green and light purple shaded regions. (c) The FM phase fraction as a function of time delay at two laser fluences. (d) A zoomed-in

view of the FM phase fraction in (c).

phase transition. Fitting the PXRD in Fig. 2(c) yields lattice
constants of 11.517 A (before) and 11.444 A (at 0.6 ps),
both with the fcc structure. These values are consistent with
the lattice constants in the FM and PM phases at thermal
equilibrium, within the resolutions of the experimental se-
tups and the refinement methods. Thus, at 0.6 ps and with a
pump fluence of 8.74 Jcm~2, Co-LaFeSi converts from the
FM phase predominantly to the PM phase. In Fig. 2(d) we
show the temporal evolution of three Bragg peaks which are
representative of all the measured peaks. To achieve the best
time resolution possible (~32 fs), the pump-probe delay jitter
has been corrected for each x-ray pulse. Details of the data
analysis are discussed in the Supplemental Material [23]. All
three peaks reach maximum peak shift between 0.6 and 0.9 ps
and subsequently move back to lower Q. Note the timescales
for the initial conversion (<0.9 ps) and subsequent recovery
(<20 ps) are substantially faster than phonon-mediated lat-
tice dynamics in materials of similar sizes (on the order of
~100 ps) and even faster than dynamics observed in some
single-crystalline films less than 10 nm thick (a few picosec-
onds) [20]. These comparisons indicate that electrons play a

nontrivial role in the energy dissipation and transient dynam-
ics of Co-LaFeSi.

We further study the fluence dependence of this ultrafast
phase transition. As the dynamics can be observed at all the
Bragg peaks, we focus on the 224 Bragg peak hereafter. In
Fig. 3(a), we plot the position of the 224 Bragg peak as a
function of delay at the lowest (2.01 Jecm~2) and highest
(8.74 Jcm™2) fluences used in our study. The FWHMs of
the peaks are summarized in the Supplemental Material [23].
At 2.01 Jem~2, the 224 peak increases from 2.672 A~! only
up to 2.678 A~!, smaller than the corresponding Bragg peak
position in the PM phase. Because the evolution of the lattice
constant is discontinuous across the FM-PM phase transition,
from 11.517 to 11.444 A, at 2.01 Jem~2 only part of the
crystallite is converted into the PM phase. As such, we fit the
224 Bragg peaks as the sum of two Voigt functions centered
at Q =2.672 A" and Q = 2.691 A~!. The centers of the two
Voigt functions are calculated from the lattice constants in
the FM and PM phases. Similar fitting schemes were adopted
previously in time-resolved studies of first-order phase transi-
tions with lattice discontinuities [8,19,40]. We show the fitting
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FIG. 4. Characteristic timescales of the decay and recovery processes as a function of incident pump fluence. The minimal fraction of the
residual FM phase and the decay t, and recovery 7, timescales are displayed in (a)—(c), respectively.

results for selected pump fluences and delays in Fig. 3(b).
Note the Bragg peaks are well defined. Thus, there is no
detectable melting of Co-LaFeSi into the liquid phase despite
the relatively high laser fluence within the resolution of our
measurement. Moreover, that the peak is still well defined at
delays as long as 100 ps [Fig. 3(c)] suggests the absence of
appreciable laser damage to the sample at least up to 100 ps
during the tr-PXRD measurement.

We define the FM phase fraction fry as the area of the 224
Bragg peak in the FM phase divided by the total intensity of
the peak in both phases. The evolution of the fr\ as a function
of delay at 2.01 and 8.74 J cm~? is displayed in Fig. 3(c), with
a zoomed-in view of the first 2 ps shown in Fig. 3(d). The
initial decay of the FM phase fraction is substantially faster
at 8.74 Jem~2 than at 2.01 Jem™2, with the minimum FM
phase fractions occurring at ~0.6 ps and between 4 and 10 ps,
respectively. Indeed, it appears a faster decaying component
emerges at 8.74 J cm~2 and “sits” on top of the slower decay
at 2.01 Jem™2 [Fig. 3(c)], reminiscent of the well-known
two-temperature model. Notably, the fast and slow decaying
components in the conventional two-temperature model in
previous studies commonly correspond to the dynamics of
the electrons and the lattice, with the effective temperature
of the electrons well exceeding that of the lattice immediately
after the optical excitation [8,41]. In our case, the resemblance
to the two-temperature model is particularly interesting, as
PXRD is directly sensitive to only the lattice and not the
electron charge or spin. Taken together, these observations
indicate the critical role of electrons during energy dissipation
at higher pump fluences.

For a more quantitative description of the fluence de-
pendence, we extract three characteristic quantities from the
temporal evolution of fgy: (1) the residual FM phase fraction
JFM.min, Which is defined as the minimum FM phase fraction
at a given fluence; (2) the decay timescale 7;; and (3) the
recovery timescale t,. 7; and 7, are determined using [3,42]

fem(@) = fam(t < 0)e™/™ + (1 —e™"/™)]. (1

Only one timescale each is needed to describe the dynamics
and stabilize the fit at lower fluences. For direct comparison,
the same set of parameters is used for the highest fluence.
Overall, frv min reflects the maximum fraction converted to
the PM phase, 7, describes the duration for the optical ex-
citation to dissipate through the material, while t, describes

the recovery as the energy subsequently dissipates into the
environment.

Figure 4 shows the fluence dependences of these three
quantities. Several observations can be made from the fluence
dependence. Most prominently, there is a fluence-induced
phase transition between 5.51 and 8.74 Jcm™2. Specifically,
JeM.min and 7z remain almost unchanged below 6] cm™2
[Figs. 4(a) and 4(b)]. At 8.74] cm~2, JrM.min dramatically
falls from above 70% to almost zero [Fig. 4(a)], consistent
with Fig. 3. Meanwhile, 7; decreases by more than 1 order of
magnitude from ~5 to ~300 fs [Fig. 4(b)]. In comparison,
the recovery time 7, is almost independent of the incident
fluence [Fig. 4(c)], which we assign to the electron-phonon
coupling and will detail later. Therefore, it is clear that the
transient phase at 8.74 Jcm~2 is qualitatively different from
those at lower pump fluences (see the Supplemental Material
[23]). However, the only relevant lattice constants from this
tr-PXRD study are those of the FM and PM phases, and we are
not aware of any other phases, at least at thermal equilibrium.
As such, the nature of the transient phase at 8.74 Jcm™2
cannot be distinguished from those below 6Jcm™2 using
known order parameters, i.e., magnetic order or lattice order.
Thus, we argue the incident fluence above 81J cm~2 excites
the material into a new regime without any thermodynamic
counterparts.

The defining feature of the new transient regime is that it
dissipates energy much faster and more efficiently (with an
almost complete conversion to the PM phase) than the “nor-
mal” transient phase [Fig. 1(a)]. As the diffraction intensities
of the Co-LaFeSi powders are dominated by crystallites a few
microns in size, the 15 keV x-ray photons can probe the entire
crystal, while the pump laser excites less than the first 100 nm
facing the laser. Due to the dramatic pump-probe depth mis-
match, the speed of energy dissipation can be estimated using
the average size of the particle divided by the time it takes for
the side of the particle facing away from the laser to heat up
across the phase transition. As an order of magnitude estimate,
we use an average particle size of 1 um. The duration is chosen
to be ~600 fs, where frv reaches the minimum residual FM
phase fraction from Fig. 3(c), on the order of t,. This gives a
speed of energy dissipation of ~10% ms~'. This speed is on
the order of the Fermi velocity in a metal but is three orders of
magnitude larger than the sound velocity. Strictly speaking, as
the electrons must transfer energy to the lattice for the negative
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lattice expansion to be observed, 600 fs and t, are the upper
bounds for the estimate of duration, with 10° m s~! being the
lower bound of velocity for energy dissipation mechanisms
beyond phonons. Thus, the Fermi velocity is the only relevant
speed in materials on this order.

Following Fig. 1, energy dissipation at the Fermi velocity
can be realized only when the momentum-relaxing electron
mean free path Aygr is greater than or at least comparable
to the size of the material w (Ayr = w). In other words, a
statistically significant fraction of electrons needs to travel
from the optically excited area to the “cold” regions through
the micron-sized material without scattering with the lattice
to simultaneously account for the nearly complete phase con-
version and the ultrafast t,. We use the word “statistically” to
acknowledge that even within Ay, electron-phonon or umk-
lapp scattering processes can still take place. In fact, assuming
these scatterings are Markovian, Aymr can be longer than the
size of the crystallite as long as, e.g., the momentum-relaxing
scattering events account for less than 1 — 1/e = 63% of all
scattering events. Given the chemical disorder from Si and
Co substitutions of the Fe site in the unit cell, some electrons
will unavoidably scatter with local lattice defects and imper-
fections. These scattering events are momentum relaxing in
nature and lead to the energy transfer to the lattice, giving rise
to alocal (e.g., tens of nanometers or less) FM-PM phase tran-
sition. These local phase transitions allow the entire crystallite
to transform within 600 fs, without having to wait for heat
transfer from the boundary of the crystallite.

To highlight the ultrafast timescale in this work, we
compare the structural evolution in Co-LaFeSi to previous
pump-probe studies in other ferromagnetic materials. Per-
formed in the pump-probe volume-matched regime and often
for thin-film materials, past studies reported the electrons
lose ferromagnetism much faster than 1 ps and are usually
time resolution limited [43-47]. However, the thermalization
and subsequent recovery of the lattice take place substan-
tially more slowly than those of the electrons and can extend
well over tens of picoseconds. The ultrafast lattice response
in Co-LaFeSi deep in the pump-probe mismatched regime
is therefore highly unusual and reflects the strong electron-
lattice coupling and, ultimately, the superior magnetocaloric
property in the material.

We further compare the energy dissipation in this work to
that reported in noble metals. Previously, Brorson et al. [48]
discovered energy dissipation at the Fermi velocity in gold
films with thicknesses of a few hundred nanometers at a rela-
tively modest pump fluence on the order of a few millijoules
per square centimeter. However, gold is known for its superior
electrical conductivity. The low pump fluences did not lead
to any phase transition in the gold. With much higher pump
fluences greater than 100 mJ cm™2 [8], which were enough
to induce the phase transition, the lattice response slowed
down to ~50 ps, and the grain boundaries in the film led
to momentum-relaxing electron scattering. This comparison
adds to the significance of this work, with Fermi velocity
energy dissipation occurring despite even higher (> 8 J cm™2)
pump fluences.

Now that we have clarified the nature of the transient phase
and the role of electrons, we examine the role of the lattice
and electron-lattice interactions. From Fig. 4(c), the recovery

timescale 7, is around 5 ps and essentially independent of
pump fluence. Also, in the normal transient phase, 7, is
almost identical to 7,. Thus, the ~5 ps timescale most likely
arises from the same origin. We can rule out this timescale
as being solely from phonons. Following the speed of sound
argument, a phonon-dominated timescale should be at least on
the order of hundreds of picoseconds over micrometer length
scales [8,20]. Also, to zeroth order, PXRD is not sensitive to
the magnetic degree of freedom. Therefore, electron-phonon
coupling is the most likely interaction corresponding to the
~5 ps timescale. Our assignment is consistent with the lack
of fluence dependence, as the timescale of electron-phonon
interaction is fundamentally related to the strength of this
interaction [3,49].

Interestingly, no phonon-dominated recovery timescales
were observed in our experiment, in contrast to what was
reported in a wide range of other materials [3,20,21]. While
such a slow recovery process may still exist, within our
experimental resolution, the PXRD peak position and the
intensity mostly recover by 20 ps [Figs. 2(d), 3(a), 3(c) and
3(d)]. Phonon-dominated energy dissipation at best plays a
very minor role in Co-LaFeSi single crystallites. This may
be due to the complex crystal structure of the LaFe;s_,Si,
family. As discussed previously, the La atoms are trapped in
Fe/Si/Co cages. This type of cage structure is known to give
rise to reduced lattice thermal conductivity [50,51]. Since the
lattice does not conduct energy efficiently, electron-phonon
coupling overtakes phonons as the major channel for energy
dissipation. For the LaFe;;_,Si, family, the strong coupling
and coherent energy exchange between the electrons and the
lattice not only explain the absence of slow recovery but
may also correlate with the small thermal hysteresis of the
material. For magnetocaloric materials, the first-order phase
transitions are usually desirable due to the large magnetic
entropy changes [22], while most first-order phase transitions
feature sizable intrinsic thermal hysteresis. It is fundamentally
challenging to simultaneously optimize the overall mag-
netocaloric properties to achieve larger magnetic entropy
changes and smaller thermal hysteresis. Here the combination
of negligible thermal hysteresis shown in Fig. 2(a) and the
magnetic entropy changes larger than 20 Tkg~' K~! makes
the LaFe;3_,Si, family unique. In this sense, it is tempting to
explore systems with first-order phase transitions and strong
electron-lattice coupling as future magnetocaloric materials.
Moreover, it would be attractive to discover more examples of
ultrafast energy dissipations in such materials.

IV. DISCUSSION

Our key observation is a regime of energy dissipation at
the Fermi velocity, which amounts to a momentum-relaxing
electron mean free path Ayr > w. We propose this regime is
intimately related to the much anticipated “transient electron
hydrodynamics.” At thermal equilibrium, electron hydrody-
namics features “liquidlike” electron transport [15,52-55]
that simultaneously satisfies Ayr > w > Avc, Where Anc
is the momentum-conserving electron mean free path. Un-
til recently, electron hydrodynamics has been discovered
only in a handful of materials at thermal equilibrium un-
der cryogenic temperatures [12-16,56-59]. This is because
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both Amr and Apc decrease rapidly with increasing tem-
perature. At room temperatures, most metals have Ayc and
Amr smaller than the sample size and behave as normal met-
als. In our case, away from equilibrium, optical excitation
usually leads to an ultrafast increase in the electron tem-
perature, making our observation of Ayr > w in Co-LaFeSi
extremely striking. Since both our work and previous studies
on electron hydrodynamics concern Ayr = w and since the
energy dissipation is much faster than the transient lattice
hydrodynamics [11], it is plausible to name the energy dis-
sipation at the Fermi velocity in this work “transient electron
hydrodynamics.”

Admittedly, our measurements were not sensitive to Ayic,
and determining Ayc in a transient state is highly nontrivial.
However, Ay is most likely much smaller than the size of
the crystallite in the transient state. At room temperature and
over a wide temperature range, the LaFeSi family (including
Co-LaFeSi) is a bad metal, with a resistivity on the order of
10~* Qcm [60,61]. This number is 3 orders higher than that
of typical elemental metals. e.g., gold, silver, and copper. At
room temperature, the electron mean free paths for these noble
metals are all in the vicinity of ~50 nm [62]. Therefore, the
total electron mean free path for the LaFeSi family is expected
to be less than 10 nm, which includes contributions from both
Amc and Aypg. For the LaFeSi family, Ayc is dominated by
the strong magnetic interactions in the material [63] and is
expected to be on the same order as the total electron mean
free path. Moreover, upon photoexcitation, Apyc is propor-
tional to Te’z, where 7, is the effective electron temperature.
Taken together, it is plausible that Ayc < w above 8J cm™2
and most likely for the entire range of optical fluence. Our
observation is in marked contrast to both the normal and bal-
listic electron transport regimes and suggests electrons exhibit
hydrodynamic behavior under the strong optical excitation.
Thus, we refer to the optically induced phase above and below
~8 Jem™2 as “hydrodynamic” and “normal,” respectively
[Fig. 4(b)].

To sum up, we discovered an ultrafast energy dissipation at
the Fermi velocity in micron-sized Co-LaFeSi crystals arising
directly from a macroscopic Apr over distances comparable

to or larger than the size of the material, which indicates
transient electron hydrodynamic behavior. While it is un-
clear why similar transient phenomena were not observed in
“purer” metals with higher electron mobility, e.g., platinum
or gold, our observations provide an avenue toward realizing
electron hydrodynamics away from thermal equilibrium and
will inspire theoretical and experimental investigations into
the general notions and microscopic descriptions of transient
electron hydrodynamics.
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