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We study ultrafast magnetization quenching of ferromagnetic iron following excitation by an optical
versus a terahertz pump pulse. While the optical pump (photon energy of 3.1 eV) induces a strongly
nonthermal electron distribution, terahertz excitation (4.1 meV) results in a quasithermal perturbation of the
electron population. The pump-induced spin and electron dynamics are interrogated by the magneto-optic
Kerr effect (MOKE). A deconvolution procedure allows us to push the time resolution down to 130 fs, even
though the driving terahertz pulse is about 500 fs long. Remarkably, the MOKE signals exhibit an almost
identical time evolution for both optical and terahertz pump pulses, despite the 3 orders of magnitude
different number of excited electrons. We are able to quantitatively explain our results using a nonthermal
model based on quasielastic spin-flip scattering. It shows that, in the small-perturbation limit, the rate of
demagnetization of a metallic ferromagnet is proportional to the excess energy of the electrons,
independent of the precise shape of their distribution. Our results reveal that, for simple metallic
ferromagnets, the dynamics of ultrafast demagnetization and of the closely related terahertz spin transport

do not depend on the pump photon energy.

DOI: 10.1103/PhysRevX.11.041055

I. INTRODUCTION

To push writing of magnetic information to ultrafast
timescales, it is essential to understand the response of
magnetically ordered solids to a quasi-instantaneous per-
turbation [1,2]. A model experiment is the excitation of a
ferromagnet by a femtosecond laser pulse [Fig. 1(a)] [3-5].
In ferromagnetic metals like Fe, Co, and Ni, the resulting
ultrafast demagnetization (UDM) is known to proceed on a
timescale of 100 fs and yields insights into fundamental
material parameters such as the electron-spin equilibration
time. In terms of applications, UDM is an important
process in all-optical magnetization switching [2]. It is
driven by the same force as ultrafast spin transport [6—9]
and, thus, relevant for applications such as generation of
spin torque [10] and terahertz (THz) electromagnetic pulses
[11-13].

An open question regarding UDM is how strongly the
magnetization dynamics depends on the nature of the
pump-induced electron distribution. In thermal equilib-
rium, the electron distribution is Fermi-Dirac-like [see
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Fig. 1(b)]. It becomes strongly nonthermal [14-19] by
excitation with an optical pulse, as schematically shown in
Fig. 1(b) for a pump photon energy of 3.1 eV. On a
timescale of approximately 100 fs, electron scattering (in
particular, with other electrons) again leads to a Fermi-
Dirac (thermal) distribution with elevated electron
temperature 7, [20-22].

Several works emphasize that the initial nonthermal
electron distribution can lead to an enhanced quenching
rate of the magnetization [16,23,24], for instance, through
Bloch states with large spin-orbit coupling [16], so-called
hot spots. Other works, however, argue that the nonthermal
character of the initial electron distribution is rather
negligible in terms of UDM [5,25,26].

To study the impact of the precise shape of the initial
pump-induced electron distribution, we propose to use a
pump photon energy either much larger (3.1 eV) or smaller
(4.1 meV) than the characteristic thermal energy of
kgTo =25 meV, where kp is the Boltzmann constant
and T, =300 K is the equilibrium sample temperature
under ambient conditions [Fig. 1(b)]. Straightforward
model calculations (see Appendix C) show that this
approach allows us to tune the character of the electron
distribution right after excitation from highly nonthermal
[blue curve in Fig. 1(b)] to Fermi-Dirac-like [black curve in
Fig. 1(b)]. It is remarkable that, initially and for the same
deposited energy density, the THz pump yields 3 orders of
magnitude more excited electrons than the optical pump.
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(a) Schematic of the experiment. A pump pulse at optical (photon energy of 3.1 eV) or THz (4.1 meV) frequency with transient

electric field E,(f) excites a ferromagnetic Fe thin film with in-plane magnetization M|, along the y axis. The subsequent sample
evolution is monitored by a time-delayed probe pulse (1.6 eV), whose polarization state is detected after reflection from the sample.
(b) Calculated variations An(e) of the electron occupation number versus electron energy e after deposition of 0.01 mJ/cm? by photons
with 4.1 meV (black curve) and 3.1 eV energy (blue curve). We assume constant electronic density of states and transition matrix
elements [see Eq. (C29) in Appendix C]. For the THz pump, An(e) can be well fit by the difference of two Fermi-Dirac distributions
with temperatures Ty + 140 K and T, = 300 K and the same chemical potential y (red curve). The shaded area shows the unperturbed
Fermi-Dirac distribution ng(e) with temperature T, = Ty = 300 K and chemical potential .

These two distributions imply a very different phase space
for subsequent electron scattering and, thus, potentially
different magnetization dynamics.

Previous works have already shown that UDM occurs at
pump photon energies below 1.5 eV, from the infrared
[27,28] down to the THz range [29-33]. As the THz pulses
have a center frequency of typically 1 THz, it is, however,
challenging to push the time resolution to the characteristic
time constants of electron-spin (approximately 100 fs) [4,7],
electron-electron (approximately 100 fs) [22,34], and
electron-phonon equilibration (approximately 500 fs) [4].

In this work, we measure the ultrafast magnetization
dynamics of the model ferromagnet iron (Fe) following
ultrashort THz (4.1 meV) versus optical (3.1 eV) excitation.
To directly compare the two datasets, we stay in the linear-
with-fluence regime and apply a deconvolution procedure,
thereby pushing the time resolution down to 130 fs, even
though the driving THz pulse has a duration of 500 fs.
Surprisingly, the spin dynamics are found to proceed
almost identically for both THz (thermal) and optical
(nonthermal) sample excitation. Therefore, the evolution
of UDM is predominantly determined by just the amount of
deposited pump energy rather than the precise shape of the
pump-induced electron distribution. We explain this behav-
ior by an analytical nonthermal model based on quasielastic
spin-flip scattering.

II. EXPERIMENTAL SETUP

A. Pump-probe experiment

This section provides the essential features of the
experimental setup, and more details can be found in

Appendix A. A schematic of our pump-probe experiment
is displayed in Fig. 1(a), and details are shown in Fig. S1(a)
[35]. A ferromagnetic Fe thin film is excited by either an
optical or a THz pump pulse under an angle of incidence of
45°. The resulting evolution of the electron spin and orbital
degrees of freedom is monitored by a time-delayed near-
infrared probe pulse, whose polarization state after reflec-
tion off the sample is measured.

As a sample, we choose a ferromagnetic Fe thin film on a
glass substrate and capped with 3 nm SiO,. The Fe-layer
thickness of 4 nm is significantly smaller than the attenu-
ation length of the pump (approximately 80 nm at 1 THz
and about 10 nm at 3.1 eV) and the probe (approximately
20 nm) [36]. Together with the insulating substrate, this
condition prevents transport due to field gradients along the
sample normal. The sample is characterized with THz
transmission spectroscopy (Fig. S5 [35]) and yields an
electron-velocity relaxation time of approximately 8 fs.
When the pump is off, the sample magnetization My =
Myu,, is in the plane and parallel to the y axis with unit
vector u, [Fig. 1(a)].

In our setup, all laser pulses are obtained from an
amplified Ti:sapphire laser system. The THz pump pulses
[photon energy 4.1 meV, duration 500 fs full width at half
maximum (FWHM) of intensity, pulse energy 1 uJ, and
repetition rate 1 kHz] are generated by optical rectification
of amplified laser pulses (1.55 eV, 50 fs, 4 mJ, and 1 kHz)
in a LiNbO; crystal [37,38]. The transient electric field and
amplitude spectrum of the THz pulse are shown in
Fig. 2(a). The optical pump pulses (3.1 eV, 200 fs,
140 nJ, and 1 kHz) are obtained by frequency doubling
of the amplified pulses, and their intensity profile is shown
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FIG. 2. Typical traces of pump-induced MOKE rotation and ellipticity AS(¢) odd in M. (a) Rotation (blue curve, scaled) and
ellipticity (red) signals linear in the field E,, of the driving THz pump pulse. Assuming this contribution arises from Zeeman torque, its
derivative is proportional to the THz magnetic and electric field (black shaded curve). The inset shows the amplitude spectrum of the
THz pump field E ,. (b) THz-pump-induced MOKE rotation (blue) and ellipticity (red) quadratic in E ,. (¢) The same as (b), but for the
optical pump pulse. Shaded areas (gray) indicate the corresponding pump intensity profiles Ei(t).

in Fig. 2(c) (gray area). Because the refractive index of Fe at
approximately 1 THz is large (about 250) [36], the THz
pump field inside the Fe film is in plane to very good
approximation.

As a probe, we use pulses (1.6 eV, 40 fs, 1 nJ, and
80 MHz) from the seed oscillator of the laser system
[Fig. S1(a) [35]] [39,40]. Changes in polarization rotation
and ellipticity of the probe upon reflection from the sample
are measured by a balanced detection scheme as a function
of the delay ¢ since sample excitation by the pump pulse
at t =0.

B. Expected probe signals

The detected signal S(z), which equals either the rotation
(™Y or ellipticity (S of the probe polarization, is up to
linear order in the sample magnetization M given by [41—
43] S =a-M + b. The first term is the magneto-optic Kerr
effect (MOKE), where the vector @ = 0S/0M quantifies
how strongly the magnetization affects the linear optical
properties of the sample. A nonmagnetic contribution b
appears due to a difference between Fresnel reflection
coefficients for s and p polarization.

The pump pulse modifies the quantities ay, My = Mou,,
and b, of the unperturbed sample by Aa, AM and Ab,
respectively. We, thus, measure the pump-induced signal
AS = A(a-M + b) as a function of ¢, which equals

AS = A(a-M +b) = ay- AM + MyAa, + Ab (1)

up to first order in the pump-induced changes. Note that
Eq. (1) applies to both MOKE rotation $™'(¢) and ellipticity
Se!(£). The magneto-optic coupling coefficients are, how-
ever, expected to exhibit disparate dynamics [41-44]:
Aa™'(1) # Aa''(1).

We expect two contributions to AM: (i) a component
AM|,+ = AM ,u, perpendicular to the sample plane, which
arises from Zeeman-type torque by the magnetic compo-
nent B ,(¢) of the pump field [30,45], and (ii) a contribution
AM |ypy = AM ju, along the direction of the unperturbed
M, due to UDM [29]. To lowest order, contributions (i) and
(i) scale linearly and quadratically in the pump field E ,,
respectively. While component (ii) occurs for both THz and
optical pump, component (i) oscillates rapidly with the
optical pump field and, thus, cannot be time resolved with
our probe.

To suppress effects of third and higher order in E,, we
choose the incident pump fluence of the order of
0.1 mJcm™2 (see Fig. S4 [35]). As detailed in
Appendix B, we disentangle the various signal contribu-
tions by alternating the sign of M and of the THz pump
field E, [33]. First, measuring for +M, allows us to
separate Ab and A(a - M) [see Eq. (1)]. Second, alternating
the sign of the THz field E, allows us to separate the
contributions related to magnetization quenching (ASMo ;.
linear in M, and quadratic in E,) and Zeeman torque
(ASMoE;: Tlinear in both M, and E,). Hysteresis-loop
measurements of the MOKE signal of the unexcited sample
yield So(M,) — So(—M,) = 2ag,M,, which is used to
normalize the pump-probe traces [see Eq. (B2)].

III. RESULTS

A. Pump-probe signals

Figure 2 displays MOKE signals obtained following
THz [Figs. 2(a) and 2(b)] and optical pumping [Fig. 2(c)].
The full set of the underlying raw data is shown in Fig. S2
[35]. All signals depend linearly or quadratically on the
pump field amplitude (Fig. S4 [35]).
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Figure 2(a) shows signals ASMoE» following THz

excitation, odd in M, and linear in E,. Note that the
rotation and ellipticity signal exhibit the same dynamics,
which indicates that we observe exclusively true magneti-
zation dynamics here (Aa, = 0). Indeed, in electric-dipole
approximation, a pump-induced change Aa odd in E,, is
not allowed in the bulk of our nominally inversion-
symmetric Fe thin film. A nonvanishing magnetization
change, on the other hand, is possible only in magnetic-
dipole approximation and exclusively affects M. This fact
is fully consistent with Zeeman torque as the microscopic
excitation mechanism, which obeys AM|,; « B »(1) X M.
Therefore, by taking the time derivative of the MOKE
signals in Fig. 2(a), we consistently obtain a waveform that
is proportional to the THz magnetic and electric field inside
the Fe film. The THz waveforms extracted from the
Zeeman-torque transient are in excellent agreement with
waveforms obtained by electro-optic sampling in quartz
[see Figs. S3(a) and S3(b) [35] and Appendix A].

Figure 2(b) shows MOKE signals ASMoE following
THz excitation, odd in M, and quadratic in E,,. The signals
rise over the duration of the pump pulse and decay
subsequently. The double-peak structure of the THz-driven
dynamics coincides with the double peak in the THz
intensity profile [shaded area in Fig. 2(b)]. Figure 2(c)
displays corresponding signals ASMoE; following optical
excitation. Analogous to the THz case, the ASMoE} rise
with arrival of the pump and decay subsequently.

Note that the rotation and ellipticity signals in
Figs. 2(b) and 2(c) exhibit substantially different dynamics.
Therefore, the signal quadratic in the pump field E,
contains pump-induced variations Aa of the magneto-optic
coefficients [Eq. (1)] and, thus, cannot be interpreted as
pure magnetization dynamics. This point is, however, no
issue here, because we are primarily interested in a
comparison of THz and optical pumping. Further below,
we approximately extract AM(¢) from our data.

B. Deconvoluting the pump profile

We aim to compare the signals following optical and
THz excitation quadratic in the pump field E,. This goal is
not straightforward, as the measured signals depend on the
shape of the pump pulse, which is very different for optical
and THz excitation. As seen in Fig. 2, the intensity trace of
the optical pump [Fig. 2(c)] is a single peak (200 fs
FWHM), whereas the intensity trace of the THz pump
[Fig. 2(b)] has, in addition, a sizable preceding peak
(approximately 500 fs FWHM).

To solve this issue, we reshape the signals such that they
refer to fictitious optical and THz pump pulses with the
same intensity profile and shorter duration than in the
experiment. As the relevant signals [Figs. 2(b) and 2(c)] are
quadratic in E,, they can be written as a convolution

AS(r) = (H * E2)(1) = / deH(i—DEX(r)  (2)

of the pump intensity profile E3(r) and the intrinsic
response H(t) of the system. Equation (2) implies that
the two interactions with the pump field [E,(z;) and
E,(7,)] occur with negligible delay (z, —7; = 0). This
assumption is reasonable, because the memory time is
given by the dephasing of electronic states at optical
frequencies (approximately 20 fs in metals [46]) and the
transport relaxation time (approximately 8 fs in our sample;
see Fig. S5 [35]) for THz excitation. In Eq. (2), convolution
with the probe intensity profile is neglected, because the
probe pulse is significantly shorter than the pump.

Deconvolution of Eq. (2) is possible because the E2 (1)
are accurately known and have nominally the same shape
for each pulse in the train of pump pulses. The procedure is
detailed in Appendix B and Fig. S6 [35]. It delivers a signal
ASgec(t) = (H * EZ)(f) that would be obtained for a
fictitious pump pulse whose intensity profile EZ () is
shown by the gray area in Fig. 3. Notably, by using this
approach, we push the time resolution of all signal traces
down to the same value of 130 fs, even though the driving
THz pulse is 500 fs wide [Fig. 2(b)]. Because the
considered signals are linear in E2, we scale the ASg.
for the THz pump to match the traces for the optical pump
at a delay of t~ 2 ps, where electron and phonon baths
should be almost fully thermalized [4].

—— 3.1 eV, rotation

— 3.1 eV, ellipticity

—— 4.1 meV, rotationx2.7
—— 4.1 meV, ellipticity x2.7

Transient MOKE signal (%)

0.0 0.5 1.0 1.5 2.0
Time t (ps)

FIG. 3. Pump-induced variations of MOKE rotation and
ellipticity ASMoE; (1) odd in the sample magnetization M, and
quadratic in the pump field E,. All signals are deconvoluted with
respect to the intensity profile E3 (1) of optical (3.1 V) and THz
(4.1 meV) pump pulses. They refer to the same fictitious pump
profile EZ (1) as shown by the shaded black curve. Signals for the
THz-pump data are scaled to match the optical one. The scaling
factor of 2.7 corresponds to the ratio of the absorbed optical and
THz pump fluences (see Appendix A).
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Deconvoluted traces ASy..(¢) for the optical and THz
pump are shown in Fig. 3. The high-frequency oscillations
arise from the deconvolution procedure, which amplifies
noisy high-frequency components of the measured pump-
probe signal (see Appendix B and Fig. S6 [35]). Figure 3
reveals a remarkable feature: The signals for the optical and
THz pump exhibit very similar dynamics. This finding is
consistent with the raw signals in Fig. 2, whose shapes
agree quite well, apart from differences during overlap of
pump and probe pulses around ¢ = 0.

In summary, optical and THz pump pulses are found to
induce almost identical dynamics of the MOKE signal
[Eq. (1)]. Therefore, the dynamics of the magnetization is
almost identical, too. This observation is surprising because
(1) the number of initially photoexcited nonthermal electrons
differs by 3 orders of magnitude (3.1 eV/4 meV ~ 10%),
and (ii) the distribution An(e, t) of those carriers is strongly
different (see Fig. 1). Thus, the data in Fig. 3 indicate
that thermalization of electrons and their exact distribution
after excitation do not play a dominant role in UDM on the
scale of our time resolution of 130 fs.

C. Modeling UDM

To understand this observation, we follow Ref. [47] and
model UDM by spin-flip scattering of electrons in a Stoner-
type approach to ferromagnetism. As indicated in Fig. 4(a)
and detailed in Appendix C, the dominant spin-flip events
are assumed to arise from impurities and phonons and are,
therefore, approximately elastic [5].

For an isotropic electron distribution, the occupation
number n° (e, t) of a spin-up (¢ =1) or spin-down (¢ = |)

Bloch state depends only on its energy € and on time 7. As
suggested by Fig. 4(a), the rate of change of the electron
occupation n' (e, ) of a spin-up Bloch state with energy e
due to elastic spin-flip scattering is proportional to n'D'
and the number (I —n*)D' of unoccupied spin-down
states at the same energy ¢ minus an analogous term for
the reverse process. Here, D’(¢) is the spin-dependent
electronic density of states, and each transition is weighted
with its squared matrix element P (€). The rate of change
in the magnetization M « [ de(D'n" — D'n') is, there-
fore, given by

M« —2 / de(An' — AnY)D'DV P, (3)

where An°(e, t) denotes the pump-induced change in the
occupation number n°. In the linear fluence regime of our
experiment (see Fig. S4 [35]), the weighting factor
(D'DPg)(e, t) can be evaluated for the unexcited sample
and is, thus, time independent.

To explore Eq. (3), we consider two instructive scenarios
right after excitation by the pump (photon energy 7®,).
First, we assume that P, D', and D' are all independent of
energy [Fig. 4(a)]. In the spin-up subset, the pump gen-
erates holes below and electrons above the Fermi level y.
Because P;D' D' is constant with respect to €, a spin-flip
transition of an excited spin-up electron into a spin-down
state is as likely as that of an excited spin-up hole. An
analogous argumentation for the spin-down channel shows
that no net magnetization change occurs. Therefore, an

FIG. 4. Two model scenarios of optically induced magnetization quenching. (a) The electronic densities of states D (e) and DV (e)
(black lines) and transition-matrix elements are independent of electron energy e. The total number n°(e)D?(€) of electrons with spin
o =1 or | and energy ¢ is indicated by the red area. The pump pulse (photon energy 7w, blue arrow) generates electrons and holes

above and below the Fermi level y, thereby modifying the number of spin-up electrons D' n' at a given energy e. Because D' and D'
do not depend on ¢, the net number of spin-flip scattering events is zero, leaving the magnetization unchanged. (b) The spin-down
density of states DY increases linearly with e. Consequently, more scattering events for the spin-up electrons (@) than for the spin-up
holes (®) are possible, resulting in magnetization quenching. When the photon energy is reduced to, for instance, 7, /2, the difference
in the number of final spin-down states for a spin-up electron (®) minus the analogous number for a spin-up hole (®) decreases by a
factor of 2. This effect is, however, compensated by the number of pump-excited spin-up electrons, which has increased by a factor of 2.
The resulting demagnetization rate is the same as for photon energy hw,, provided the deposited pump energy is the same.
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energy-dependent product DT DV P is essential to obtain a
magnetization change.

Consequently, in the second scenario [Fig. 4(b)], we
allow the spin-down density of states to depend on energy
linearly, that is, D‘(e) = D¥(uy) + 7" - (€ — pg). From
Fig. 4(b), we see that the excited spin-up electrons can
scatter into a larger number of spin-down states than the
excited spin-up holes. Therefore, the monotonic increase of
D' (€) with energy e enables magnetization quenching.

Note that the number of final spin-down states for spin-
up electrons minus the analogous number for spin-up holes
scales with D¥ (e + hw,) — D¥(¢) = y'hw,,. On the other
hand, the number of pump-excited spin-up electrons is
proportional to W[T, /hw,, where WIT, is the pump-pulse
energy that is absorbed by spin-up electrons. Therefore, the
impact of the pump photon energy %w, cancels, and the

demagnetization rate is determined only by W,T,. This
reasoning is illustrated in Fig. 4(b) for the two pump
energies hw, and hw,/2.

The preceding consideration can be extended to any
pump-induced variation An° of the electron distribution
(see Appendix C and Ref. [7]). Assuming that no mag-
netization quenching has occurred yet (AM = 0), we find
that the quenching rate AM is proportional to a weighted
average of the energy the pump pulse has deposited in the
spin-up and spin-down electrons, independent of the
precise shape of the electron distribution [see Eqs. (C18)
and (C21)].

More generally, one can assign generalized temperatures
Ty + AT°(t) to the instantaneous electron distributions
ng + An°(e, t). They reduce to the familiar temperatures
when the two distributions ny + An° are Fermi-Dirac
functions [see Eq. (C8)]. Assuming that the generalized
temperatures of spin-up and spin-down electrons equili-
brate rapidly, the electrons can be described by one
common excess temperature AT, = AT = ATY, which
is directly proportional to the instantaneous excess energy
of all electrons [see Eq. (C21)]. In this case, the evolution of
the magnetization can be shown [Eq. (C20)] to proceed
according to

AM (1) Am dre TTAT (1 — 1), (4)

where I, is the inverse time constant of electron-spin
equilibration. If, for example, AT, changes steplike, AM
will adapt to the new temperature with time constant I';!.

The dynamics of AT, can be described by the familiar
two-temperature model [48], even though T, + AT, is a
generalized temperature [see Eq. (C25)]. We conclude that
the dynamics of ATe and, thus, AM are determined by the
electronic excess energy, independent of the way it was
deposited.

D. Dynamics of UDM

To extract the pure magnetization dynamics AM(t) =
AM(t)u, from the transient MOKE rotation and ellipticity
signals in Fig. 3, we use Eq. (1) and the procedure
described in Ref. [43] and Appendix B. The resulting
AM(t)/M, curves are displayed in Fig. 5. As expected
from the MOKE signals (Fig. 3), AM(¢) proceeds almost
identically for optical and THz excitation. The slight
differences in the observed dynamics may appear due to
uncertainties in the AM(¢) extraction and deconvolution.

To compare the experimentally determined AM(¢)
with our model result [Eq. (4)], we calculate the
dynamics of the electronic excess energy assuming a
5(t)-like pump pulse. As detailed in Appendix C, we
obtain AT,(t) x ©(£)[(1 — R)e "=’ + R], where O(t) is
the Heaviside step function, ngl is the time constant of
electron-phonon equilibration, and R is the ratio of elec-
tronic and total heat capacity of the sample. With this input,
Eq. (4) yields

Iﬁes —-I

AM (1) x B(1)
ep Iﬁes - Fep

(5)

To account for our non-§(¢)-like pump pulse, Eq. (5) is
convoluted with the pump-intensity profile EZ_ (1) (Fig. 3)
analogous to Eq. (2). We fit the resulting function to the
measured AM(¢) jointly for both THz and optical pump,

where I', I, R, a global scaling factor, and a rigid time

0-0 .ft:f’
S
< 05
S
3
e
2 -1.0
[s]
o
5 3.1eV
° 41meVx27
1.5¢ \7 Joint fit 1
Y 1/r,,=100 fs
0.0 0.5 1.0 1.5 2.0
Time t (ps)
FIG. 5. Extracted magnetization dynamics AM(r)/M, for

optical (3.1 eV, blue squares) and THz (4.1 meV, red circles)
excitation with a temporal profile indicated by the gray area. The
data are inferred from the transients shown in Fig. 3. The black
solid curve is a fit according to Eq. (5). The dotted curve is a
result of a fit for THz excitation and subsequent convolution with
a steplike exponential (decay time 100 fs) mimicking a situation
where electron-electron thermalization after optical excitation is
relevant (see Sec. IV).
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shift are free parameters. For the best fit (black solid curve
in Fig. 5), we obtain I')! =27 +9 fs, I'| = 670 £ 50 fs,
and R = 0.46 £ 0.01.

The value of I'z! is approximately compatible with the
electron-spin equilibration time found previously [4]. We
note, however, that the value of ngl comes with significant
uncertainty, because it heavily relies on the procedure we
use to extract AM(¢) and because the duration of our
fictitious pump pulse is significantly longer. The extracted
value of ng' is consistent with measurements of transient
anisotropic reflectance Ab(¢) [see Eq. (1) and Fig. S7 [35]],
whose decay is a monitor of electron-phonon equilibration
[22], and with results from time-resolved photoelectron
spectroscopy [6].

The value of R obtained from the fitis much larger than the
ratio of electronic and total heat capacity, which is about 0.06
for Fe [49]. This discrepancy is quite common for MOKE
probing of UDM [4,5] and arises from the relatively large
signal amplitude that remains after electrons and phonons
have equilibrated (¢ > 2 ps in Figs. 3 and 5). We attribute
this effect to the pump-induced variation Aa, of the
magneto-optic coefficients [Eq. (1)]. As detailed in
Appendix B, the extraction procedure [43] of AM =
AM, is designed to remove contributions of the increased
electron temperature to Aa,, which prevail directly after
sample excitation [see Eq. (B9)]. However, the procedure
does not cancel contributions due to the increased phonon
temperature, which may lead to a significant vertical offset of
the signal after excitation [see Appendix B and Eq. (B10)].

IV. DISCUSSION

We observe almost identical magnetization dynamics of
a Fe thin film following excitation by an optical and by a
THz pump pulse (see Figs. 3 and 5). This behavior is
remarkable, because the two pump pulses induce a very
different transient state of the material. First, the THz pump
pulse (photon energy of 4.1 meV) generates 3 orders of
magnitude more electron-hole pairs than the optical pump
(3.1 eV). Second, while excitation by the THz pulse merely
results in a Fermi-Dirac electron distribution at elevated
temperature, the optical pump induces a highly nonthermal
electron distribution [Fig. 1(b)]. We are able to explain the
identical dynamics following optical versus THz excitation
by phase-space arguments for quasielastic spin-flip scatter-
ing [Fig. 4(b)].

A. Impact of electron thermalization

Note that identical dynamics following optical versus
THz excitation would also be observed if the optically
induced nonthermal electron distribution relaxed (thermal-
ized) to a Fermi-Dirac-type distribution much faster than
the time resolution (approximately 130 fs) of our experi-
ment. This scenario appears, however, rather unlikely in
view of known electron thermalization times I'z! of

transition metals such as Ni (approximately 100 fs)
[50,51], Fe (approximately 100 fs) [52], Ru (approximately
140 fs) [21], Pt (approximately 100 fs) [22], Au (approxi-
mately 1 ps) [53], or other metals like Gd (approximately
100 fs) [20].

If electron thermalization was relevant for UDM, we
would have to convolute the generalized temperature in
Eq. (4) with a function that delays the rise of AT, by
I'z! = 100 fs. To mimic this behavior, we first fit the THz-
excitation data (for which electron thermalization is not
relevant) in Fig. 5 with Eq. (5) and subsequently convolute
the best fit by He(7) = [.O(t)e =, The resulting curve
(black dotted line) drops significantly more slowly than the
measured one and, thus, cannot describe the optical-
excitation data. We conclude that electron thermalization
is not relevant for UDM of Fe, consistent with our
theoretical model [Eq. (4)].

Interestingly, the difference between rotation and ellip-
ticity signals shows that pump-induced changes Aa(t) in the
magneto-optic coefficients contribute significantly to the
measured MOKE signal, also after deconvolution (Fig. 3).
This observation and the identical observed dynamics of
the MOKE signals following optical and THz excitation
(Fig. 3) suggest that Aa(z) also scales with the electronic
excess energy, independent of the shape of the electron and,
possibly, phonon distribution. An analogous statement can
be made for the dynamics of the nonmagnetic signal
contribution Ab(7) [see Eq. (1) and Fig. S7 [35]].

We emphasize that thermal and nonthermal excitation of
metals do not always induce identical spin dynamics. An
important example is the ultrafast interfacial spin Seebeck
effect in stacks of yttrium iron garnet (YIG) and Pt thin
films. Excitation of the Pt layer leads to a spin current from
YIG to Pt, whose magnitude is the largest when the excited
electron distribution in Pt relaxes to a Fermi-Dirac dis-
tribution [22].

B. Other materials

To test whether our observations for Fe are general or
rather specific to Fe, analog pump-probe experiments
should be conducted on other transition-metal ferromag-
nets. Here, Ni is a particularly interesting case, because it is
a strong ferromagnet, in contrast to the weak ferromagnet
Fe. However, the MOKE response of Ni is a factor of 5
smaller than that of Fe at our 800-nm probe wavelength
[54]. Thus, the resulting signal levels are at the edge of our
high probe sensitivity, which is close to the shot noise of the
probe pulses. Other detection schemes such as single-shot
detection may overcome this limitation.

Nevertheless, two arguments suggest that our observa-
tions for Fe carry over to other metallic ferromagnets such
as Co and Ni. First, recent experiments [7,8] reveal that
UDM of transition-metal ferromagnets and THz spin
transport (TST) out of the magnet proceed with identical
dynamics. Therefore, insights gained into the dynamics of
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TST can be transferred to UDM and vice versa. In
particular, works on TST out of Fe [12], CoFeB [13],
and NiggFe,; [55] show that the transport dynamics are
independent of the pump photon energy over the ranges
3.1-1.55, 3.1-0.8, and 3.1-1.55 eV, respectively. Although
these photon energies are certainly not yet in the THz range
(approximately 4 meV), the results provide some indication
that TST and, thus, UDM are independent of the pump
photon energy for Fe-, Co-, and Ni-dominated magnets.
Second, our modeling predicts identical magnetization
dynamics following both optical and THz excitation not
only for Fe, but also other ferromagnets such as Co and Ni.

C. Model limitations

It is important to note that our model relies on the
moment expansion of Eq. (C7): The energy dependence of
the weight function W(e) = —2(P;D"DV)(e) [see Eq. (3)]
is assumed to depend linearly on the electron energy e
around the Fermi level u of the unexcited sample. In other
words, we approximate W(e) by W(uo) + W' (ug) (€ — uo),
which needs to hold over the width of the transient changes
An' and An' in the distribution functions. Directly after
optical excitation, this width is of the order of twice the
pump photon energy, that is, 6.2 eV. Given calculated
electronic densities of states of Fe, Co, and Ni [56], it is
questionable whether W (e) varies linearly over such a large
energy range. Note, however, that the width of the transient
electron distribution reduces by a factor of the order of 2 in
the course of each electron-electron scattering cascade.
From the THz conductivity of our sample, the electron
scattering time is roughly estimated to be 10 fs or less.
Thus, only 30 fs after optical excitation, the width of the
transient electron distribution is expected to be significantly
less than 1 eV, thereby making linearization of W(e) and,
thus, the moment expansion of Eq. (C7) much more
credible.

From the experimental side, we note that if the moment
expansion was strongly violated due to discontinuities of
W(e) around the Fermi energy, UDM and TST should
proceed with different temporal dynamics [7]. However, for
metallic magnets such as Co;pFesy, CoyoFes9Bog, and
NiggFeyy, TST and UDM are observed to follow identical
temporal evolution [7]. We, thus, conclude that the moment
expansion of Eq. (C7) is fulfilled for Co-, Fe-, and
Ni-dominated ferromagnetic alloys.

D. Conclusions

We have shown that both optical and THz excitation of a
ferromagnetic Fe thin film result in identical magnetization
dynamics, even though the two pulses induce very different
changes in the electron distribution directly after absorp-
tion. Phase-space considerations of quasielastic spin-flip
scattering can consistently explain our observations. They
show that the UDM dynamics are determined by the

electronic excess energy, independent of the way it is
deposited.

Our results are also relevant from an applied viewpoint.
First, the speed of UDM is not limited by carrier multi-
plication [22]. The onset of its rate is determined only by
the pump-pulse duration. Second, because ultrafast spin
transport is driven by the same force as UDM [6-9], it
should exhibit the same dynamics, independent of the
photon energy of the pump pulse. Such behavior was
indeed reported recently for photon energies between 0.8
and 3.1 eV [12,13,55]. Our insights are, in particular,
interesting for two practical applications involving UDM
and, thus, ultrafast spin transport: all-optical helicity-
dependent magnetization switching [2] and spintronic
generation of broadband THz pulses [11-13].
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APPENDIX A: EXPERIMENTAL DETAILS
1. Setup details

For generation of the pump pulses, we use an amplified
Ti:sapphire system. Optical pump pulses (spot diameter
200 um, photon energy 3.1 eV, repetition rate 1 kHz, and
p-polarized) are generated by frequency doubling of the
laser output in a BBO crystal. The THz pulses (900 um,
4.1 meV, 1 kHz, and p-polarized) are generated by tilted-
wave-front-type optical rectification in a LiNbO; crystal
and focused on the sample using three parabolic mirrors
(see Fig. S1a [35]). For the probe pulses, we use the output
of the amplified system seed oscillator (100 ym, 1.6 eV,
80 MHz, and polarized at 3° out of the s axis).

The paths of probe and optical pump are combined by
means of a dichroic mirror. The probe is reflected from the
magnetized sample [Fig. 1(a)] and directed into the bal-
anced detection. An optional quarter wave plate serves to
switch between measurements of probe rotation and
ellipticity. The polarity of the external magnetic field
(magnitude 40 mT) is alternated at a rate of 500 Hz. We
use two THz polarizers to alternate the polarity of the THz
pulse. A set of filters serves to block the fundamental after
the BBO crystal and to block the optical pump after
reflection from the sample.

2. Pump-pulse characterization

For our deconvolution procedure (see Appendix B), we
need to know the intensity profiles Ef,(t) of the pump
pulses versus time. For the THz pump, we calculate
E%(1) < B3(t) from the transient THz magnetic field

041055-8



ULTRAFAST DEMAGNETIZATION OF IRON INDUCED BY ...

PHYS. REV. X 11, 041055 (2021)

B,(t), which is obtained from the Zeeman-torque
contribution [see Fig. 2(b)]. For comparison, we also
measure the THz electric field E,(f) by electro-optic
sampling in quartz [see Fig. S3(b) [35]] [36]. For the
optical pump, we measure E%,(t) through the optical Kerr
effect in a 300-um-thick diamond window [see Figs. 2(c)
and S3(c) [35]].

3. Sample details

The Fe thin film is grown by electron-beam evaporation
at a rate of 0.2 A s~ and a base pressure in the 10~° mbar
range. The film has in-plane magnetic anisotropy.
Hysteresis loops of M, as measured by the longitudinal
MOKE are shown in Fig. S1(b) [35].

The THz conductance of the Fe thin film is determined
by THz transmission spectroscopy [57,58], in which we
measure THz fields Ef|qp, and Egy, through the sample
Fe||sub (Fe film on substrate) and the substrate (sub)
without Fe film, respectively. In the frequency domain,
the ratio T'(w) of the two fields obeys

o) = EFeHsub (w) - n, ((1)) + I’lsub(a))
(@) = Fon(@) ~ 1a@) + no(@) + ZG(@)

. (Al)

where n,(®w) ~ 1 and ngy,(w) ~ 2.1 are the known refrac-
tive indices of air and the glass substrate [59], respectively
[see Fig. 2(a)], and Zy, ~ 377 Q is the free-space imped-
ance. The conductance G(w) = o(w)d of the nominally
homogeneous Fe film is given by the product of its
conductivity o(w) and thickness d =4 nm. We, thus,
obtain

G(w) _ ng, (w) —iz_onsub(w> |:T(1w> _ 1:| , (AZ)

from which the conductivity 6(w) = G(w)/d is obtained.
Results of the THz transmission measurements are shown
in Fig. S5 [35]. By fitting the conductivity with a Drude
model [see Fig. S5(b) [35]], we obtain an electron velocity
relaxation time of approximately 8 fs.

4. Absorbed fluences

To determine the THz absorptance Ary,(w) of the Fe
film, we take advantage of the THz transmission measure-
ments. The absorbed power per volume is given by
dP,/dV = |Eg(w)*Re{c(w)}/2. The approximately
homogeneous THz pump field Eg. (@) within and directly
behind the Fe film is related to the incident field Ej,.(w)
and the measured T(w) [Eq. (Al)] through Ep.(0) =
2n,(0)T (@) Eqne(@)/[n,(@) + ()], whereas o(w) =
G(w)/d is obtained from Eq. (A2). Integration of
dPys/dV from 7z =0 to d yields the absorbed power
per sample area:

dPabs _ ‘Einc(w”z 2na(w)T(w) 2

dA 27y | @)+ ngp(w)
Re{ | 1] (o) 4 na@l . (43

By assuming a real-valued n,(®), the power flux dP;,./dA
of the incident wave can be written as n,(@)|E.(@)|?/
27, and, with Eq. (A3), its absorbed fraction becomes

_ dPabs/dA _ 2

~ dPy,./dA

2T ()
ng (w> + Ngup (w)

cRe{ | 1| (o) 4 nno)l . (A9)

We obtain Ary, ~ 0.3 for normal incidence [Fig. S5(a)
[35]].

Because the pump-induced MOKE signal ASMoE: [see
Eq. (B1)] depends linearly on the pump fluence (see Fig. S4
[35]), the ratio of the pump-probe signals long
after excitation should be equal to the ratio of absorbed
fluences FopAopi/ Fru Az, Where Foy and Fry, is the
incident fluence and A, and Ay, is the absorptance of the
Fe film. From the incident powers and approximate pump-
spot sizes, we calculate incident fluences of Fy =
0.15mIem™2 and Fpy, = 0.06 mJcm™2. We estimate
the absorptances for the case of normal incidence and
obtain Ay, ~0.4 [11] and Ay, ~#0.3 (see above). The
result is F oy Aop/ Fru A, = 3.6, which is in reasonable
agreement with the experimental value of 2.7 (see Fig. 3).

Ay, (@)

1q(@)

APPENDIX B: PUMP-PROBE DATA ANALYSIS

1. Processing of raw signals

The measured pump-induced signals are probe rotation
or ellipticity changes [see Fig. S1(a) [35]] with respect to
the equilibrium value, when no pump is applied:
AS(t) = S(t) — Sy. The signals are recorded for two
opposite magnetizations =M, of the Fe film and two
opposite pump fields +E () in the case of THz pumping
[Figs. S2(a) and S2(b) [35]]. To separate various contri-
butions by their parity with respect to M, and E,, we take
corresponding sums (even parity) and differences (odd
parity) of these signals [33]. For example, to separate the
contribution AS¥oE; linear in M, and linear in E,, (which
is dominated by Zeeman torque) and contribution ASMo-E>
linear in M, yet quadratic in E, (which corresponds to
UDM), we use

4ASM0‘EP (t)
4ASM0~E§ (t) = [AS(Z, +M0, —I—Ep) — AS(Z, _MO’ +Ep)]
F [AS(1,+My,—E,) — AS(1,—-M,, —E,, )]

(B1)
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and similarly for all other signal components [Figs. S2(c)
and S2(d) [35]]. The signals corresponding to UDM can be
normalized by the height of the MOKE hysteresis loop
given by So(My) — So(—M,) = 2ay,M,,. Based on Eq. (1),
such normalization yields relative variations of magneti-
zation and magneto-optic coefficient:

208MoBi (1) ag AM(r) _Aay(1)
So(+My) — So(—My)  ag, M, agy
AM (t Aa,(t
_AM(0) | Aa(0) (B2)
MO aoy

Similar to the odd-in-M, responses, we perform the
analysis for the nonmagnetic responses (even in M|, and
E ) and directly compare them for optical and THz pump.

2. Deconvolution procedure

According to Eq. (2), the measured pump-probe signal
AS(1) is a convolution of the intensity profile of the driving
pulse E2 (1) and the impulse-response function H(r), which
can be interpreted as the system response to a d-like pump
pulse. By applying Fourier transformation to Eq. (2), we
obtain

AS(w) = H(w)E} (o), (B3)
where the tilde denotes the Fourier transformation.
Practically, it is not possible to solve Eq. (B3) for H(w)
at all frequencies w/27x, because the width of the spectrum
of Ei is finite. Therefore, we rather consider the system
response to a fictitious pump pulse with intensity profile
E: (1) and obtain

Fi(0) B (0) = AS(w) @)

AEdec (0)> = fic
Ej(w)

(B4)

For the spectrum of EZ , we set E%.(w) = F(w/®,), where
F(w/w,.) is zero for frequencies |w| above the cutoff
frequency .. Simultaneously, in the time domain,
EZ (1) should consist of only one peak at 7 = 0 and decay
rapidly to zero with negligible side lobes. These require-
ments are excellently fulfilled by the Norton-Beer apod-
izing function of Eq. (3) in Ref. [60] for the case
“FWHM = 2.0.” For |x| < 1, it is given by

8

F(x)=> C;(1—x2),

Jj=0

(B5)

while F(x) = 0 otherwise. The nonvanishing coefficients
in Eq. (B5) are C,=0.002267, C,=0.140412,
Cy =0487172, Cq=0.256200, and Cg=0.113948

[60]. The spectrum E} (w) and time-domain trace E3 (1)
are, respectively, shown in Figs. S6(b) and S6(a) [35] for a
cutoff frequency w./2z of 8 THz.

Inverse Fourier transformation of Eq. (B4) finally yields
ASgec(t) = (H * E2.)(1), the system response to the ficti-
tious pump pulse. As our choice of EZ_ is essentially non-
negative and well localized, the signal ASy..() can be
understood as the response H to a d-like pump pulse, which
is subsequently smeared over the width of EZ (t).

To obtain the finest time resolution of ASy.., the cutoff
frequency w,./2x should be as large as possible. However,
when @,. is increased, it is finally located in the noise floor
of the spectrum Ef, of the pump-intensity trace. The
deconvolution [Eq. (B4)] tends to amplify this noise,
resulting in oscillations in the time domain. This effect
can be observed in Fig. S6(c) [35]: With increasing w,., the
rising edge of AS4. becomes steeper, but oscillatory
features appear.

3. Extracting magnetization dynamics

For AM,= AM_, =0, the relative pump-induced
change in the MOKE signal can, according to Eq. (B2),
be rewritten as

8S(1) = M(t) + da(r), (B6)

where 6S(7) equals the left-hand side of Eq. (B2),

SM(t) = AM,/M,, and éa(t) = Aa,/ay. As seen in

Fig. 2, the contribution Ja(¢) leads to different dynamics

of rotation and ellipticity signals because, in general,

5a™(t) # 6a®(t). To separate the components SM(t)

and éa(r) of our signal, we follow Ref. [43] and assume that

8a™\(t) = g,6a" (1), (B7)

where g, is a proportionality constant. We have, thus, three
equations for three unknowns, which yield

885" (1) — ¢85 (1)
1—g ‘

sM(1) (BS)

As in Ref. [43], we choose the value of the unknown
constant g such that the resulting signal M (¢) does not
exhibit discontinuities in the vicinity of ¢ = 0, that is, at the
arrival time of the pump. Interestingly, the optimal value of
g; is approximately —1 for both the optical and the THz
pump, thereby resulting in simple summation of the two
transients [see Eq. (B8)]. The resulting magnetization
transients are shown in Fig. 5. The impact of various
values of ¢; is shown in Fig. S8 [35].

In an attempt to justify and extend Eq. (B7), we note that
the pump-induced changes Ja(f) in the magneto-optic
coupling constants for small excitation densities are given
by a linear functional of the changes in the occupation
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numbers of spin-up (¢ =1) and spin-down (¢ = |) elec-
trons and in the phonon occupation numbers. Thus,
following the moment expansion of Eq. (C7) in
Appendix C below, one can characterize the electronic
contribution to da by a linear combination of changes in the
generalized electron temperatures AT and chemical poten-
tials AP°. By definition, da does not depend on AM to
linear order. Because of Eq. (C14), the AP’ do not
contribute to da to linear order, either. We finally assume
that the temperatures quickly equilibrate (ATT = ATV =
AT,) and that the phononic contribution to da is suffi-
ciently characterized by the change AT,, in the generalized
phonon temperature. This reasoning yields

Sa(t) = A AT, (1) + A,AT (1), (B9)
where the constant coefficients A, and A, are, in general,
different for MOKE rotation and ellipticity. Directly after
excitation by a -like pump pulse, AT, is much larger than
ATP, and Eq. (B9) approximately leads to da « AT, for
both rotation and ellipticity, resulting in Eq. (B7). At longer
times, however, the decrease of ATe and increase of ATp
may cause a sizable contribution of the phonons to da and,
thus, violate Eq. (B7).

To extend Eq. (B7) to longer times, we note that, for
constant electron and phonon heat capacities, energy
conservation implies ATP AT, for t > 0. This relation-
ship results in AT ,(r) = B|AT,(t) + B,O(r), where B,
and B, are constant coefficients and ©(¢) is the Heaviside
step function. By substituting ATp(t) in Eq. (B9) and
accounting for the shape of the pump pulse analogous to
Eq. (2), we obtain

50 (1) = 160 (1) + g2 - (©+ E2)(r).  (B10)
Finally, by substituting Eq. (B10) into the two Eqgs. (B6)
yields

0] — 1654 (1) )

oM (t
( ) I—g I—g

(©xE3)(1). (B11)
In practical terms, Eq. (B11) implies that one just needs to
add the function (@ * E2)(r) with suitable overall ampli-
tude to the previously used Eq. (B8) [43], thereby
predominantly changing the signal strength at longer delays
by an offset. For the fit using Eq. (5), this modification
results in a different value of the fit parameter R.

APPENDIX C: MODEL OF
MAGNETIZATION DYNAMICS

1. Model details

We adopt the model in Ref. [47], which accounts for
ferromagnetism by a Stoner-type approach and treats the

dynamics by Boltzmann-type rate equations. All spin-
conserving electron scattering events are considered, while
for spin flips, we restrict to quasielastic single-electron
scattering [5].

We assume that the state of the electronic system is fully
characterized by the occupation numbers n{ of a Bloch
state (k, o), where 6 =1, |, refers to the electron spin and &
summarizes the band index and wave vector. We also
assume that the k dependence is fully given by the energy
€7 of the Bloch state, that is,

nf(t) = n’(ef, 1). (C1)
In the framework of the Stoner model, the Bloch energy
depends on the pump-induced change Am in the magnetic
moment according to
€q(t) = €y + I°Am(t). (C2)
Here, €, is the Bloch energy before arrival of the pump
pulse, and 1° = IV = 41/2 quantifies the strength of the
effective electron-electron Coulomb interaction.

Note that we are interested only in effects up to first order
in the pump-induced changes

An® = n® —ny (C3)
in the distribution functions. Before arrival of the pump
pulse, the n?(e, t) are given by one and the same Fermi-
Dirac function n(¢) at temperature 7. The reason is that,
in our experiments, all demagnetization signals are found to
scale linearly with the deposited pump-pulse energy.

The magnetic moment of the sample in Bohr magnetons
is given by

m= /de(DTnT —D'nb). (C4)

As derived in the main text, the rate of change in m is given
by Eq. (3), which is rewritten as

A = —Z/de(AnT — AnY) gy (C5)

Here, gy(€) = (P¢D'DV)(¢€) scales with the probability
that a spin-up electron with energy € makes a transition into
spin-down states of the same energy. Because the density
D' and D' of, respectively, spin-up and spin-down
electronic states and the squared matrix Pg element can
all depend on the Bloch-electron energy e, the product g
does also.

2. Moment expansion

To analyze Eq. (C5), we assume that the weight factor
W = —2g4 can be approximated by
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W(e) = W(go) + W'(po)(e — po) (Co)

for all energies € around the unperturbed chemical potential
o at which the changes An' and An' in the electron
distribution are notably nonzero. The integral over WAn®
(6 =1, ) then yields

/deWAn" = W(uo)AP° + W' (ug)AA°,  (C7)

which is just a linear combination of the zeroth and first
moments of the distribution changes An°. The moments are
defined as

AP° = /deAn" and

ane — 7K

T AT’ = /de(e—yo)An". (C8)

In the case when n° = ny + An° is a Fermi-Dirac distri-
bution with chemical potential 4° and temperature 7°, AP°
and AA° reduce to
AP° =pu° —yy, and AT =T°—-T, (C9)
respectively, to linear order in the An®. One can, thus,
interpret AP? and AT” « AA? as changes in, respectively, a
generalized chemical potential and a generalized temper-
ature. We emphasize, however, that the definition of the
moments AP’ and AA° [Eq. (C8)] also applies to non-
thermal electron distributions ny + An®. We use both AA®
and AT° for convenience.
By applying the moment expansion of Eq. (C7) to
Eq. (C5), we obtain
A = =29 (po) AP — 2%‘(/10)(&4T —AAt). (C10)
The first term on the right-hand side describes magnetiza-
tion relaxation driven by the spin voltage
AP, = AP" — APY. (C11)
The term proportional to AAT — AAY is a term analogous to
the Seebeck effect, which contributes as long as the
generalized temperatures of spin-up and spin-down elec-
trons are different.

3. Magnetization dynamics

To eliminate AP in Eq. (C10), we take advantage of
particle conservation. The change in the sample magnetic
moment [Eq. (C4)] is given by Am = A(NT — NV), where
N° = f deD’n° is the number of electrons with spin
o =7, |. To linear order, the pump-induced change is

AN = / de(ADng + DZART).  (C12)

The pump-induced change AD? in the density of states arises
from the magnetic-moment change through Eq. (C2).
We express AD°(e) to first order in the An® by
ADe(€) = D§ (¢)I° Am. By expanding D (¢) = D§(uo) +
D§ (o) (e — o) [see Eq. (C6)], we obtain [ deADny =
D§(pt0)1° Am for the first term of Eq. (C12). By applying the
moment expansion [Eq. (C7)] to the second term, we find
AN" = D§ (o) 17 Am+ D () AP* + D (p) AA®.  (C13)
By taking particle conservation into account,
A(NT+N¥)=0, and making use of Am = A(NT — NV)
and I° = +1/2, Eq. (C13) becomes

=1 — 10§ (o) | Am = 2D (4y) AP” +2D§ (o) AA”  (C14)

foro =1, |. As we are interested in the relationship with the
spin voltage AP, = AP" — AP}, we subtract the two
Egs. (C14) and finally find

1 D]/
—Am = AP, +— (uo) AAT
Xs D}

DY
— - (mo)AAY,  (C15)
DO

where the Pauli spin susceptibility y, > 0 is given by

1 1 1
=t 1.
Xs  2Dg(po) 2D (mo)

(C16)

We, thus, express Am by the moments AP, and AA°.
Note that, in standard thermodynamics with state
variables y;, = u' — u' and one temperature T, Eq. (C15)
corresponds to

om om

Am =" a2
"= o S T ot

AT. (C17)

From Eq. (C15), we can substitute AP, into Eq. (C10) and
obtain the equation of motion for Am,

(8, + Tu)Am = AF, (C18)
where Fes = ZQSf(MO)/)(.v and
AF=2 (i—gif>( )AAT
\p] ga)""
/!
2y (ﬁ—i—i—)( DaAl(C19)
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is the force that drives the magnetization change. It is
proportional to aweighted average of the generalized excess
electron temperatures. The solution of Eq. (C18) is given by
the convolution

Am(t) = (Hy, % AF)(1) = / dtH (1 — 1)AF(z)  (C20)

of AF with a response function H(t) = ©(t)e "=’ where
O(¢) is the Heaviside step function. The time constant I'z!
quantifies how quickly the magnetization adapts toachange
inthe squared generalized temperatures of spin-up and spin-
down electrons.

4. Energy transfer to phonons

In the framework of the Stoner model, the energy of the
electrons is given by E, =), [de(e—po)Dn°+
Im?/4. Tt is modified by excitation by the laser-pulse
and electron-phonon interactions through changes An?, the
sample magnetic moment m, and, thus, the density D? of
states. By a consideration similar to Eq. (C13), one can
show that the latter two processes cancel to linear order in
the An°, and one obtains

AE, =) CIAT" (C21)

for the electron excess energy. Here, C¢ = (n%k%/3)x
ToDG (1), AT® « AA® [Eq. (C8)], and C, = C} + C} is
the heat capacity of the electrons. Note that AE, is
the total pump-induced excess energy of the electrons,
which captures both their orbital and spin degrees of
freedom.

Equation (C21) underscores the interpretation of
Ty + AT® as generalized temperature [Eq. (C8)] and
allows us to rephrase the interpretation of Eq. (C18):
Once spin-up and spin-down electrons are equilibrated
(AT" = ATY), AF is directly proportional to the
excess energy of all electrons, independent of the precise
shape of the electron distributions. We emphasize
that Eq. (C21) is valid in the limit that the relevant
effects scale linearly with the occupation changes An°.
Beyond this regime, at higher pump fluences, explicit
spin terms containing the magnetization would show up
in Eq. (C21).

After excitation by the pump pulse, the total excess
electron energy AE, decays due to electron-phonon (ep)
interactions. To determine the dynamics of AE,, we neglect
spin flips and use the relationship [48]

AE |epo<2/d5 (F)° /de{[ ()

—n°(e+08)|p(8)—[1—n’(e)|n’(e+68)}. (C22)

Here, (a’F)°(5) denotes the Eliashberg function that
describes the coupling of phonons of energy 6 with two
electronic states of the same spin ¢ and energy € and € + 6.
The occupation of phonons with energy & is given by p(§).
Note that the term under the € integral becomes zero for all
6 and e if n? is a Fermi-Dirac distribution and p is a Bose-
Einstein distribution with the same temperature.

Following Ref. [7], we linearize Eq. (C22) with respect
to An® = n° —nyg and Ap = p — p, to obtain

AE |epo<2/d5 (a2F)°(8)5Ap(5 Z/chn
« / d5(@F)[1 —ng(e—8) —ng(e+8)].  (C23)

Because the weight factor of An?(e) in Eq. (C23) is
sufficiently smooth, it is legitimate to apply the moment
expansion of Eq. (C7), resulting in

AE|poc> / d5(a®F)°(5)5Ap(5)

—) Aac / dS(aPF)° (8)[—2n) (o —8)].  (C24)

Note that the first integral approximately scales with the
pump-induced phonon excess energy, because (a?F)?(5) is
approximately proportional to the phonon density of states
[48]. Owing to Egs. (C8) and (C21), the second integral
approximately scales with the excess energy of the o
electrons. The generalized chemical potential does not
show up in Eq. (C24), as the weight factor of An°(¢) in
Eq. (C23) is antisymmetric with respect to € — .

When we finally assume that the phonon distribution
Ppo + Ap is thermal and obeys a Bose-Einstein distribution
at temperature T + AT, Eq. (C24) along with Egs. (C8)
and (C21) leads to the familiar result
(AT, — (C25)

CAT,|, =G AT,).

ep
Here, C, = C! + ¢! is the total electronic heat capacity,
and the coupling strength G, is proportional to
>y [d5(a*F)°(5)[—2ny(uo — 5)]. In the last step to
Eq. (C25), we took advantage of the fact that A]fiq|ep =0
when AT, = AT ,.We emphasize that the electron-phonon
energy-transfer rate is given by the difference between the
generalized temperature of the o electrons and the thermal
phonons, independent of the precise shape of the possibly
nonthermal electron distribution.

Energy conservation implies that C,AT, + C AT, =
C,AT,, after excitation, where C), is the phononic heat
capacity and AT, is the increase of the electron temper-
ature directly after excitation by the S-like pump pulse at
t=0. Substitution of AT, into Eq. (C25) yields the
solution
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AT, (1) = O()AT (1 — R)e o' + R, (C26)

where R = Ce/(cp + Ce) and Fep = Gep/Ce'

5. Distribution function after pump absorption

The change An(e) in the electron occupation number
directly after absorption of a pump pulse with photon
energy hw, is proportional to the strength of transitions
from states with energy € + hw,, that is,

An(e) = C(e){[no(e = hw),) — no(e)]

+ [no(e + haw),) —no(e)]}. (C27)

Here, ny(e€) is a Fermi-Dirac distribution with temperature
T =Ty, and chemical potential (Fermi level) u,. The
prefactor C(e) captures matrix elements, densities of states,
and the pump-pulse energy and is assumed to be constant
over the relevant electron energies. The absorbed pump
energy is given by

|

An(e) _ Fabsv/d

ny(e — hw,) —2ny(€) + ny(e + hw,)

AWy, = AE, = [ defe= ) Do(e)An(e)

~ Do(jo) / de(e — po)An(e). (C28)

where Dy = Dg + D(% is the electronic density of states
before arrival of the pump pulse. In the last step of
Eq. (C28), we apply the moment expansion of Eq. (C7).
The density of states can be obtained from the known molar
electronic specific heat C,/N = yT, of Fe, where N is the
number of Fe atoms and y ~5 mJmol~! K~2 [36], and
C, = (7°k%/3)ToDo(uy) [see Eq. (C21)], yielding
Dy(ug)/N = 3y/n*k% ~2.1 eV~! per Fe atom.

On the other hand, the absorbed pump energy per Fe
atom can be calculated as AW, ./N = Fy,v/d, where F
is the absorbed pump fluence, d =4 nm is the Fe film
thickness, and v = V/N = 0.012 nm? is the volume per Fe
atom. Combining these considerations with Eqgs. (C27) and
(C28) allows us to determine C and yields the change in the
electron occupation number directly after pump absorption:

Figure 1(b) of the main text shows calculations of An(e) for
optical (3.1 eV) and THz (4.1 meV) photons for an
absorbed fluence of F,, = 0.01 mJcm™2. This value is
slightly smaller than the absorbed THz-pump fluence in the
experiment (0.017 mJ cm~2), since the THz pulse duration
is comparable to the electron-phonon thermalization time.
Fitting the resulting An(e) by a Fermi function (temper-
ature Ty + AT, and chemical potential ) minus ng(¢)
yields a change of AT, = 140 K in the electron temper-
ature [see Fig. 1(b)]. For comparison, using the electron
specific heat [49], we obtain AT, = AW,,,/C, = 120 K,
which is in good agreement with the fit approach.
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