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Spin transport is crucial for future spintronic devices operating at bandwidths up to the terahertz range. In
F|N thin-film stacks made of a ferromagnetic/ferrimagnetic layer F and a normal-metal layer N, spin transport
is mediated by (1) spin-polarized conduction electrons and/or (2) torque between electron spins. To identify a
crossover from (1) to (2), we study laser-driven spin currents in F|Pt stacks where F consists of model materials
with different degrees of electrical conductivity. For the magnetic insulators yttrium iron garnet, gadolinium
iron garnet (GIG) and γ -Fe2O3, identical dynamics is observed. It arises from the terahertz interfacial spin
Seebeck effect (SSE), is fully determined by the relaxation of the electrons in the metal layer, and provides
a rough estimate of the spin-mixing conductance of the GIG/Pt and γ -Fe2O3/Pt interfaces. Remarkably, in
the half-metallic ferrimagnet Fe3O4 (magnetite), our measurements reveal two spin-current components with
opposite direction. The slower, positive component exhibits SSE dynamics and is assigned to torque-type
magnon excitation of the A- and B-spin sublattices of Fe3O4. The faster, negative component arises from the
pyrospintronic effect and can consistently be assigned to ultrafast demagnetization of minority-spin hopping
electrons. This observation supports the magneto-electronic model of Fe3O4. In general, our results provide a
route to the contact-free separation of torque- and conduction-electron-mediated spin currents.

DOI: 10.1103/PhysRevB.105.184408

I. INTRODUCTION

A. Spin currents

Control over spin currents is a cornerstone of spin-
tronic technologies [1]. Functionalities in such diverse fields
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as energy conversion and information technologies are
envisaged to benefit from the generation, processing, and
detection of spin currents [2–5]. An important goal is
to push the bandwidth of spintronic operations to the
terahertz frequency range, corresponding to ultrafast time
scales [1,6].

A model system for the investigation of the transport
of spin angular momentum is the F|N thin-film stack of
Fig. 1(a), where spin can be transmitted from a ferromag-
netic or ferrimagnetic layer F to an adjacent nonferromag-
netic/nonferrimagnetic metal layer N. The spin current in
F is mediated not only by (1) spin-polarized conduction
electrons [7], which typically dominate spin transfer in met-
als, but also by (2) magnons, i.e., torque between coupled
spins [8,9], which is the main transport channel in insulators.
Accordingly, spin transfer across an F/N interface can
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FIG. 1. (a) Schematic of photoinduced spin transport in an F|Pt stack, where Pt is platinum, and F is a magnetic layer with equilibrium
magnetization M0. An ultrashort laser pulse excites the sample and induces an ultrafast spin current with density js from F to Pt along the z
axis. In the Pt layer, js is converted into a transverse charge current with density jc that gives rise to the emission of a terahertz electromagnetic
pulse. Schematics (1) and (2) indicate spin transfer across the F/Pt interface that is mediated by (1) spin-polarized conduction electrons and (2)
spin torque, the latter coupling to magnons in F. Both flavors (1) and (2) can be driven by gradients of temperature and spin accumulation. (b)
Simplified schematic of the single-electron density of states vs electron energy ε of the tetrahedral A and octahedral B sites of the ferrimagnetic
half-metal Fe3O4. The DC conductivity predominantly arises from the B-site minority-type hopping electrons of the e-sublattice. (c) In our
interpretation, optical excitation of the Fe3O4|Pt stack triggers spin transfer through both the spin Seebeck effect (SSE) and pyrospintronic
effect (PSE). While the SSE current is mediated by torque between Pt electrons and Fe3O4 electron spins far below the Fermi level μ0

[(2) in panel (a)], the PSE transiently increases the chemical potential of the B-site minority-spin electrons around μ0 and, thus, induces a
conduction-electron spin current [(1) in panel (a)].

be mediated by (1) spin-polarized conduction electrons
traversing the interface [see (1) in Fig. 1(a)] and by (2)
spin torque between adjacent F and N regions [(2) in
Fig. 1(a)]. As mechanism (2) results in the excitation of
magnons in F [10], it can be considered as magnonic spin
transfer.

In general, to drive an incoherent spin current of density
js from F to N, a difference in temperature or spin chemical
potential (also known as spin accumulation or spin voltage)
between the two layers is required [11,12]. For example, for a
temperature gradient between F and N, the resulting spin cur-
rent arises from the interfacial spin-dependent Seebeck effect
(SDSE) [13] for channel (1) or the interfacial spin Seebeck
effect (SSE) [14–19] for channel (2).

In any case, the spin flow from F to N can be detected
by conversion of the longitudinal js into a transverse charge
current with density jc [Fig. 1(a)] and measurement of the re-
sulting voltage. For this purpose, N materials with sufficiently
large inverse spin Hall effect (ISHE), for instance, Pt, are well
suited.

B. Terahertz spin transport

A powerful and ultrafast approach to deposit excess energy
in F|N stacks is optical excitation by femtosecond laser pulses
[Fig. 1(a)]. Measurement of the ultrafast transverse charge
current jc as a function of time t allows one to resolve ele-
mentary relaxation processes such as electron thermalization
[10] and electron-spin and electron-phonon equilibration [12].
It also delivers insights into the role of temperature [20,21],
strain [22], defects [23], film thickness [24,25], intermediate
layers [26–28], and spin sublattices [29,30] in spin transport
and into details of spin-to-charge-current conversion [31–39].

For an insulating and pump-transparent F, temperature
gradients between F and N (i.e., the SSE) were found to be
the dominant driving force of the ultrafast js [10,40]. For
metallic F, in contrast, such temperature differences (i.e., the
SDSE) were concluded to make a minor contribution. Instead,
spin-voltage gradients were suggested and identified as the
relevant driving force of spin transport on subpicosecond time
scales in metals [12,41–45]. More precisely, dynamic heating
of F leads to a transient spin accumulation or spin voltage,
which quantifies the excess of spin angular momentum in
F. This phenomenon, which may be termed pyrospintronic
effect (PSE), induces a spin current across the F/N interface
[12,43]. While the pump polarization has no impact on these
incoherent effects, pump-polarization-sensitive spin transport
was reported in several cases and ascribed to coherent torque
[46,47].

There are important open questions regarding the role of
terahertz SSE and PSE. First, the SSE was so far only ob-
served in F|Pt stacks with F made of yttrium iron garnet (YIG)
[10,40]. According to the microscopic model of Ref. [10],
the spin-current dynamics should be fully determined by the
relaxation dynamics of the Pt electrons, independent of the
insulating F-layer material. This quite universal implication
remains to be shown.

Second, with increasing electrical conductivity of the F
material, a transition from ultrafast SSE to PSE should oc-
cur, which was not yet observed. At the crossover point,
both spin transport channels (1) and (2) may be operative
[Fig. 1(a)], and disentangling them is crucial to maximize the
overall generation efficiency of spin currents. The experimen-
tal separation of conduction-electron- and magnon-carried
incoherent spin transport is challenging under quasistatic con-
ditions [10,48,49]. However, on femtosecond time scales, SSE
and PSE dominate and exhibit different temporal dynamics, as
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indicated by previous works [10,12]. Thus, a separation of the
two phenomena might be possible.

C. This paper

In this paper, we study ultrafast photogenerated spin cur-
rents in F|Pt bilayers as a function of various magnetic model
F materials with different degrees of electric conductivity: the
ferrimagnetic insulators maghemite (γ -Fe2O3), gadolinium
iron garnet (Gd3Fe5O12, GIG) and YIG (with a thickness
ranging over three orders of magnitude), the ferrimagnetic
half-metal magnetite (Fe3O4), and for referencing purposes,
the ferromagnetic metal iron (Fe).

We reveal that the ultrafast dynamics of the SSE is inde-
pendent of the choice of the magnetic insulator (YIG, GIG,
or γ -Fe2O3 ), its thickness (3.4 nm to 3 μm) and growth
method. Remarkably, in the half-metallic ferrimagnet Fe3O4,
we observe simultaneous signatures of both SSE and PSE,
whose ultrafast spin currents counteract each other. The PSE
current is much smaller and of opposite sign than with Fe.
We assign the PSE current in Fe3O4 to the minority hopping
electrons [Fig. 1(b)].

II. EXPERIMENTAL DETAILS

A. Terahertz emission setup

To launch an ultrafast spin current, the sample under study
is excited with near-infrared femtosecond laser pulses (central
wavelength of 800 nm, duration of 10 fs, energy of 1 nJ,
repetition rate of 80 MHz) from a Ti:sapphire laser oscillator
[see Fig. 1(a)]. Part of the energy of the incident pump pulse
is instantaneously deposited in the electronic system of the Pt
layer and, if metallic, of F. Any induced spin-current density
js(t ) flowing across the F/Pt interface is partially converted
into a transverse charge-current density jc(t ) in Pt through
the ISHE. The charge current, in turn, results in the emission
of electromagnetic pulses with frequencies extending into the
terahertz range [Fig. 1(a)] [10,31,33–35,50–54]. We detect the
transient terahertz electric field by electro-optic sampling in a
1-mm-thick ZnTe(110) crystal, resulting in the electro-optic
signal S(t, M0) [55–57].

During the experiments, the in-plane equilibrium magneti-
zation M0 of the sample is saturated by an external magnetic
field (magnitude ≈ 100 mT). We measure signals for two
opposite orientations ±M0. Because we are only interested
in odd effects in the magnetization M0, we focus on the
antisymmetric signal

S(t ) = S(t,+M0) − S(t,−M0)

2
. (1)

All data are acquired at room temperature in air if not
mentioned otherwise.

B. From signals to currents

In the frequency domain, the electro-optic signal S(ω) is
related to the terahertz electric field E (ω) directly behind the
sample by

S(ω) = H (ω)E (ω). (2)

The transfer function H (ω) describes the propagation of
the terahertz wave away from the sample and the response
function of the electro-optic detector, i.e., the ZnTe crystal
[4,10]. We first measure H (ω) using a 50-μm-thick GaP(110)
nonlinear-optical crystal as reference emitter, the terahertz
emission of which is quantitatively well understood [58].
Second, we use H (ω) and Eq. (2) to retrieve E (ω) up to a
cutoff frequency of ωc/2π = 40 THz. Frequencies |ω| > ωc

are omitted because the small amplitudes of S(ω) and H (ω)
may lead to significant uncertainties of the retrieved E (ω)
[59].

Finally, if the emitted terahertz field E (ω) is dominated by
spin transport from F to Pt and the ISHE in Pt [Fig. 1(a)], it is
related to the spin-current density js(ω) through a generalized
Ohm’s law [51]:

E (ω) = eZ (ω)θSHλPt js(ω). (3)

Here, Z (ω) denotes the sample impedance, θSH ∼ 0.1 is
the spin-Hall angle of Pt, and λPt = 1 nm is the relaxation
length of the spin current in Pt at terahertz frequencies [60].
In Eq. (3), the electron charge −e shows up because js and
jc are given in units of half of Planck’s constant h̄/2 and of
−e, respectively. The sample impedance can be calculated by
using [26,51,61]

Z (ω) = Z0

ns(ω) + na(ω) + Z0G
, (4)

where ns and na ≈ 1 are the refractive indexes of substrate
and air, respectively, and G is the electrical conductance of
the thin-film stack.

C. Material choice

For the F material in our F|Pt stacks, we choose common
and spintronically relevant two-lattice ferrimagnets with in-
creasing degree of electric conductivity: (i) insulating YIG
(thickness 3.4 nm to 3 μm), (ii) insulating GIG (58 nm),
(iii) insulating γ -Fe2O3 (10 nm), and (iv) the half-metal
Fe3O4 (10 nm) [62]. For referencing, (v) the ferromagnetic
metal Fe (2.5 nm) is used. As the N material, we choose Pt
for all samples due to its large spin Hall angle [63]. The ap-
proximate F-material conductivities [64–67] are summarized
in Fig. 2(a).

The insulating F materials transfer spin angular momentum
by torque [Fig. 1(a), (2)], whereas for the metal Fe, the spin
current is expected to be carried predominantly by conduction
electrons [Fig. 1(a), (1)] [12].

In this respect, Fe3O4 is special because it exhibits both lo-
calized and mobile electrons with magnetically ordered spins.
More precisely, the ferrimagnet Fe3O4 is a half-metal since
its conductivity is dominated by hopping-type transport of
minority electrons. Fe3O4 possesses two sublattices A and B
of, respectively, localized Fe2+/Fe3+ and Fe3+ spins, which
couple antiferromagnetically [62]. In the so-called magneto-
electric model, the spins of the hopping electrons are aligned
predominantly antiparallel to M0 due to exchange interac-
tion with A and B and, thus, form the so-called e-sublattice
[68–71].

A highly simplified schematic of the electronic struc-
ture of Fe3O4 is displayed by the spin- and site-resolved
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FIG. 2. Terahertz emission from F|Pt bilayers as a function of F conductivity. (a) Electrical conductivities of the studied F materials on a
logarithmic scale. (b) Electro-optic signals of terahertz pulses emitted from various F|Pt bilayers with F = YIG (thick and thin), GIG, γ -Fe2O3,
Fe3O4, and Fe. Note the different amplitude scalings. The time-axis origin is the same for all signals and was determined by the signal from
Fe|Pt reference stacks (Fig. S1 in the Supplemental Material [76]). The dashed vertical line marks the minimum signal for the insulating F
materials YIG, GIG, and γ -Fe2O3, and the two black arrows label a sharp feature in the traces for F = Fe3O4 and Fe. (c) Fourier amplitude
spectra of the signals of panel (b), normalized to peak height 1. Dashed lines show two duplicates of the spectrum of γ -Fe2O3|Pt. Curves in
(b) and (c) are vertically offset for clarity.

single-electron density of states in Fig. 1(b) [72,73]. The ma-
jority (spin-up) electrons exhibit an electronic bandgap with
a calculated magnitude of 1.7 eV [74], while the presence
of minority (spin-down) hopping electrons at the Fermi level
μ0 [68] makes magnetite a half-metal. The measured spin
polarization at μ0 amounts to −72% in Fe3O4(001), indi-
cating a nonvanishing number of majority hopping electrons
[Fig. 1(b)] [75].

D. Sample details and excitation

Details on the sample fabrication can be found in the Ap-
pendix. In brief, the YIG films are fabricated by three different
techniques [pulsed laser deposition (PLD), sputtering, and
liquid-phase epitaxy (LPE)]. The Fe|Pt reference sample is
obtained by growing an Fe layer on top of half the F|Pt region
for most of the samples (Fig. S1 in the Supplemental Material
[76]). The terahertz emission signal from the resulting F|Pt|Fe
regions is dominated by Pt|Fe and equals the reversed signal
from an Fe|Pt layer [10]. By means of the Fe|Pt reference
signals, the time axes of the terahertz signals from all samples
can be synchronized with an accuracy better than 10 fs.

The pump electric field is approximately constant along
z [Fig. 1(a)] throughout the thin-film stack of our samples.
Therefore, the locally absorbed pump-pulse energy is only
proportional to Im(n2), where n is the complex-valued re-
fractive index of the material at the pump wavelength (800
nm). While the Pt and Fe layers are strongly absorbing

[Im(n2) = 28 and 30] [77], Fe3O4 is weakly absorbing (2.3)
[78], and YIG, GIG, and γ -Fe2O3 are largely transparent to
the pump beam [Im(n2) � 1.5] [79,80].

III. RESULTS AND DISCUSSION

A. Terahertz emission signals

Figure 2(b) shows electro-optic signals S(t ) [Eq. (1)] of
terahertz pulses emitted by the Fe|Pt, γ -Fe2O3|Pt, Fe3O4|Pt,
GIG|Pt, and the thinnest as well as the thickest YIG|Pt sam-
ples. Terahertz signals from all other YIG samples can be
found in Fig. S2(a) in the Supplemental Material [76]. Mea-
surements of YIG(3 μm)|Pt(5 nm) [10] and Fe3O4|Pt confirm
that the terahertz signal increases linearly with the pump
power (Fig. S7 in the Supplemental Material [76]). We make
two observations in terms of (i) signal shape and (ii) magni-
tude.

(i) The waveforms from all samples with YIG, GIG, and
γ -Fe2O3 exhibit very similar dynamics (Figs. 2(b) and S3
in the Supplemental Material [76]). In contrast, the signal
for Fe3O4 features a steeper initial rise, a sharp notch right
before the first maximum (see black arrow), and a subsequent
smaller peak. The global minimum is shifted to later times,
as indicated by the dashed vertical line. This trend is even
more enhanced for Fe|Pt and indicates that different processes
occur in the samples as the F-material conductivity increases
[Fig. 2(a)] [62,64,65,81,82].
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FIG. 3. Ultrafast photoinduced spin transport in F|Pt stacks. (a) Curves show the spin-current density js(t ) in magnetic-insulator|Pt and
Fe|Pt stacks, i.e., YIG(3 μm)|Pt(5 nm), GIG(58 nm)|Pt(2 nm), γ -Fe2O3(10 nm)|Pt(2.5 nm), and Fe(2.5 nm)|Pt(2.5 nm), as extracted from the
terahertz emission signals of Fig. 2(b). Each signal is normalized by the pump-excitation density inside the Pt layer and by the indicated factor.
(b) Spin current js(t ) in Fe3O4(10 nm)|Pt(2.5 nm) along with scaled spin currents in γ -Fe2O3|Pt and Fe|Pt. The violet arrows F1 and F2 mark
characteristic features of the curves. Note that js(t ) in Fe3O4|Pt can be well described as a linear combination of the other two spin currents
(light violet curve). (c) Same as in panel (b), but for the terahertz-emission raw signals.

(ii) While the signals from all YIG-based samples have
similar strengths (Fig. S2(a) in the Supplemental Material
[76]), the signals from the γ -Fe2O3 and Fe3O4 samples are
nearly one order of magnitude larger. The signal from Fe|Pt
is even more than two orders of magnitude larger than from
YIG|Pt.

By Fourier transformation of the time-domain waveforms
S(t ) [Fig. 2(b)], the normalized amplitude |S(ω)| as a func-
tion of frequency ω/2π is obtained [Fig. 2(c)]. As expected
from the time-domain data [Fig. 2(b)], the terahertz signal
of the YIG, GIG, and γ -Fe2O3 samples have approximately
the same amplitude spectrum. For Fe3O4, however, a slightly
blueshifted spectrum with an increased bandwidth is found.
This trend is more pronounced for the Fe|Pt spectrum.

B. Spin current for insulating F materials

As detailed above, we retrieve the spin-current dynamics
from the measured terahertz signal waveforms. Figure 3(a)
displays the resulting spin-current density js(t ) vs time t in
γ -Fe2O3(10 nm)|Pt(2.5 nm), GIG(58 nm)|Pt(2 nm), and the
YIG(3 μm)|Pt(5 nm) samples, normalized by the pump exci-
tation density. We observe that (i) js(t ) in GIG|Pt, γ -Fe2O3|Pt,
and all YIG|Pt samples exhibits very similar temporal dy-
namics. (ii) The overall amplitude of the spin current in
γ -Fe2O3|Pt is about up to one order of magnitude larger than
for the thinnest YIG|Pt samples. Observations (i) and (ii) are
fully consistent with the temporal shape and global amplitude
of the underlying raw data [see Fig. 2(b)]. They have four
important implications.

1. SSE dynamics

First, it is remarkable that the optically induced spin cur-
rents in F|Pt bilayers proceed with the same dynamics, even
though the magnetic layer is made of very different insulators
(F = YIG, GIG, and γ -Fe2O3 ) and covers, in the case of

YIG, three different growth techniques. Note that, in these
samples, the pump pulse is to the largest extent absorbed by
the Pt layer. Therefore, observation (i) confirms the previous
notion [10] that the ultrafast dynamics of the optically induced
SSE current are solely determined by the relaxation dynamics
of the electrons in the Pt layer.

More precisely, the instantaneous spin-current density was
predicted to monitor the instantaneous state of the electronic
system of N = Pt through [10]

h̄

2
js(t ) = K�T̃ N

e (t ). (5)

Here, K is the interfacial spin Seebeck coefficient, and
�T̃ N

e is the pump-induced change in a generalized tempera-
ture of the N electrons, which is also defined for nonthermal
electron distributions. Importantly, �T̃ N

e approximately scales
with the number of pump-induced electrons above the Fermi
level μ0. Therefore, it is relatively small directly after optical
excitation but subsequently increases by nearly two orders of
magnitude owing to carrier multiplication through electron-
electron scattering [10]. The rise of js(t ) on a time scale of
100 fs [Fig. 3(a)], thus, reflects the evolution of the initially
nonthermal electron distribution to a Fermi-Dirac distribution.
The decay is determined by energy transfer from the electrons
to the phonons.

2. Impact of YIG thickness

Second, finding (i) also implies that the dynamics of the
spin current are independent of the YIG thickness, which
covers a wide range from 3.4 nm to 3 μm (Fig. S2(b) in the
Supplemental Material [76]). This result supports the notion
[10] that the spin current traversing the YIG/Pt interface stems
from YIG regions less than a few nanometers away from the
YIG/Pt interface. It is easily understood given that magnons in
YIG have a maximum group velocity of typically <10 nm/ps
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TABLE I. Material parameters of Fe, YIG, GIG, γ -Fe2O3, and Fe3O4, which are measured, calculated, or taken from the literature for
the determination of the relative spin-mixing conductance according to Eq. (7). Note that most of the experimentally acquired parameters are
relative values and, therefore, normalized to the respective values of YIG. The bulk saturation magnetization of GIG is close to zero at room
temperature. To account for the continuous heating of the sample by the pump beam, we took the GIG magnetization at 400 K. The other
materials do not show such a drastic dependence of the saturation magnetization with temperature at our operating temperatures as GIG and
are, therefore, given at room temperature (300 K).

Parameter F = Fe YIG GIG γ -Fe2O3 Fe3O4 Comment

Lattice constant a (nm) 0.286 [86] 1.252 [87] 1.247 [88] 0.834 [89] 0.8396 [66]

Bulk saturation magnetization (μB/a3 ) 4.3 [62,90] 29.6 [62,91] 10.5 [92,94] 25.0 [62,95] 30.6 [62,95] GIG at 400 K, all others at 300 K

Pt thickness d (nm) 2−5 5 2 2.5 2.5 Determined by growth

F|Pt absorptance A 0.55 0.50 0.50 0.50 0.50 Measured

Conductivity σ (kS/m) ∼1000 ∼0.1 [64] ∼0.1 [65] ∼0.35 [66] ∼20 [67] Measured for Pt

Infrared refractive index of substrate – 3.5 [96] 3.5 [96] 3.07 [97] 3.07 [97]

Rel. impedance Z (F |Pt)/Z (YIG|Pt) – 1.0 2.5 0.6 0.1 Calculated

Rel. peak signal ‖S(F |Pt)‖max/‖S(YIG|Pt)‖max – 1.0 1.6 8.0 8.8 Measured

Rel. spin-mixing conductance g↑↓
r (F/Pt)/g↑↓

r (YIG/Pt) – 1.0 ∼0.1 ∼6 ∼45 Inferred from measurements

Spin-mixing conductance g↑↓
r (1018 m−2 ): previous work – ∼1−15 [85,98] – ∼1−10 [99] ∼4−20 [104,105]

[83] and that most of the ultrafast spin-current dynamics pro-
ceed within <1 ps [Fig. 3(a)].

3. SSE amplitude and g↑↓
r

Third, we observe that the spin current in the γ -Fe2O3|Pt
sample is ∼3 times higher than for the thickest YIG|Pt or
GIG|Pt sample. To understand how this observation is related
to the F/Pt interface, we consider Eq. (5) and note that the
terahertz SSE coefficient equals [10]

K = kB

π

g↑↓
r

MIFVint
. (6)

Here, kB is the Boltzmann constant, and MIF is the in-
terfacial saturation magnetization. The real part g↑↓

r of the
spin-mixing conductance describes the spin conductance of
the F/Pt interface in terms of spin torque [Fig. 1(a)]. The
volume Vint denotes the F volume with which a Pt conduc-
tion electron effectively interacts when it scatters off the F/Pt
interface. At the ultrafast time scales of our experiment, Vint

is given by the range of the exchange interaction between Pt
and F, which approximately equals the lattice constant a of F
according to ab initio calculations [84]. We, therefore, assume
Vint = a3 [10]. On longer time scales, magnon propagation
increases the effective interaction volume [17]. Consequently,
in the DC SSE theory, Vint equals a magnon coherence volume
[17,85].

To determine the order of magnitude of g↑↓
r from the

terahertz peak signal ‖S‖max = max |S(t )|, we note that the
peak electron-temperature increase �T̃ N

e (t ) of Pt scales with
A/d . Here, A denotes the total pump-pulse absorptance of the
F|Pt sample, and d is the Pt-layer thickness. By combining
Eqs. (3), (5), and (6), we obtain the scaling relation

g↑↓
r ∝ ‖S‖maxMIFa3d

AZ
, (7)

which allows us to provide a rough estimate of the magnitude
of g↑↓

r relative to the YIG|Pt reference sample. While ‖S‖max

[Fig. 2(b)] and A are measured [31], MIF and a are taken
from the literature [62,66,86–95], where bulk saturation-

magnetization values are assumed for MIF [62,90–95]. The
impedance Z is calculated using Eq. (4) and the measured con-
ductance [31] and literature values of the substrate refractive
index [96,97]. All values and references are summarized in
Table I along with the inferred g↑↓

r .
Table I indicates that g↑↓

r of the γ -Fe2O3/Pt interface is
∼6 times larger than for the YIG/Pt reference. This value is
consistent with previous measurements [85,98,99], which ex-
hibit significant variations. For GIG/Pt, g↑↓

r is a factor of
∼0.1 smaller than the YIG/Pt reference interface because
the magnetizations of the two spin sublattices of GIG nearly
compensate each other at room temperature. We are not aware
of any previous g↑↓

r measurement of GIG/Pt.

4. Induced charge backflow

The SSE spin current [Eq. (5) and Fig. 3(a)] and, thus,
charge current are nonnegative because �T̃ N

e � 0 at all times.
This observation suggests that the primary photocurrent jc =
θSH js [Eq. (3)] separates opposite charges in the Pt-film plane
whose electric field induces a backflow jind of charge and the
emission of a secondary terahertz wave. We note that this
screening effect is already included in Eq. (3), which con-
nects the terahertz field behind the sample with the primary
photocurrent jc, not the total current jc + jind.

As shown in Ref. [26], Eq. (3) is an excellent approxima-
tion for all spatial Fourier components of the in-plane current
distribution that contribute to the electro-optic signal S. For
spatial Fourier components with larger in-plane wave vectors
k‖, the impedance Z becomes k‖ dependent, indicating a more
complex pattern of the induced current distribution. These
spatial Fourier components, however, result in evanescent
waves or are blocked by the effective apertures of our setup
and, thus, do not propagate to the electro-optic detection [26].

C. Spin current in Fe|Pt

The ultrafast pump-induced spin current in the Fe|Pt ref-
erence sample is shown in Fig. 3(a) (blue curve). It rises and
decays much faster than the SSE-type spin currents in the F|Pt
samples with a magnetic insulator [Fig. 3(a)].
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In a previous work [12], the spin-current dynamics in F|Pt
stacks with ferromagnetic metallic F was explained by the
PSE: excitation by the pump pulse leads to a sudden increase
of the electron temperature of F as well as of the spin voltage
�μ̃s, also called spin accumulation, which quantifies the in-
stantaneous excess of spin density in F. As the system aims to
adapt the F magnetization to the excited electronic state, spin
angular momentum is transferred from the electrons to the
crystal lattice of F and/or to the adjacent Pt layer. Remarkably,
temperature gradients between F and Pt (i.e., the SDSE) were
concluded to make a minor contribution on subpicosecond
time scales [12], resulting in the simple relationship:

js(t ) ∝ �μ̃s(t ). (8)

In the case of Fermi-Dirac distributions, �μ̃s equals the
difference of the chemical potentials of spin-up and spin-down
electrons, but the concepts of generalized spin voltage and
temperature still apply for nonthermal electron distributions
[12].

The transfer of spin angular momentum out of the F elec-
trons into the crystal lattice or the Pt layer leads to a decay
of the spin voltage on time scale τes. The dynamics of js(t )
is, thus, governed by τes and the relaxation of the electron
excess energy of F, as parameterized by the generalized elec-
tron excess temperature �T̃ F

e . Quantitatively, the dynamics of
�μ̃s(t ) and, thus, js(t ) can be described by [12]

�μ̃s(t ) ∝ �T̃ F
e (t ) −

∫ ∞

0

dτ

τes
exp

(
− τ

τes

)
�T̃ F

e (t − τ ). (9)

Following excitation by the pump [12], �T̃ F
e immediately

jumps to a nonzero value. The spin voltage �μ̃s(t ) and js(t )
follow without delay, according to the first term of Eq. (9).
Due to the subsequent transfer of spin angular momentum out
of the F electrons, the spin voltage relaxes with time constant
τes, as forced by the second term of Eq. (9).

Consequently, the spin current in Fe|Pt rises instanta-
neously within the time resolution of our experiment (∼40 fs)
[12], much faster than in, for instance, YIG|Pt [Fig. 3(a)].
Its decay is predominantly determined by electron-spin equi-
libration on the time scale τes, with a minor correction
due to the significantly slower electron-phonon equilibration
[12]. To summarize, the very different dynamics of SSE
(magnetic-insulator|Pt) and PSE (Fe|Pt) seen in Fig. 3(a)
suggest that both effects and, thus, torque- and conduction-
electron-mediated spin transport can be separated.

D. Spin current in Fe3O4|Pt

Figure 3(b) displays the spin current js(t ) flowing from
Fe3O4 to the Pt layer. We observe two features with different
dynamics: (F1) a fast and sharp negative dip (see violet arrow
F1), followed by (F2) a slower positive feature (arrow F2) that
decays with a time constant of 0.3 ps. As Fe3O4 is a half-
metal, it is interesting to compare the dynamics in Fe3O4|Pt to
those in the two F|Pt stacks with the insulator F = γ -Fe2O3

and the metal F = Fe [see Fig. 3(b)]. For F = γ -Fe2O3, the
spin current across the F/Pt interface is mediated by spin
torque, whereas for F = Fe, it is predominantly carried by
spin-polarized electrons.

Note that the fast feature (F1) is comparable with js(t ) of
Fe|Pt (blue curve), whereas the slower feature (F2) resembles
the js(t ) of γ -Fe2O3|Pt (orange curve). As shown in Fig. 3(b),
we are even able to reproduce the js(t ) of Fe3O4|Pt by a
sum of −0.026 js(t ) of Fe|Pt and 0.51 js(t ) of γ -Fe2O3|Pt. We
emphasize that such very good agreement is also observed for
the corresponding terahertz electro-optic signals of Fig. 2(b),
as demonstrated in Fig. 3(c).

We confirm explicitly that other signal contributions are
negligible: magnetic-dipole radiation due to ultrafast demag-
netization of Fe3O4 (Fig. S4 in the Supplemental Material
[76]) [12,38,100–103] and signals due to Fe contamination
of Fe3O4 by the nearby Fe reference layer, which would yield
a signal like that from Fe|Pt (Fig. S5(a) in the Supplemental
Material [76]).

To summarize, the spin current in Fe3O4|Pt can be very
well represented by a superposition of spin currents in two
very different samples comprising insulating and conducting
magnetic materials, respectively. This remarkable observa-
tion strongly suggests that the spin current in Fe3O4|Pt has
contributions from both the PSE, i.e., through spin-polarized
electrons, [see (1) in Fig. 1(a)] and the SSE, i.e., through spin
torque and magnons [see (2) in Fig. 1(a)].

E. Physical interpretation for Fe3O4|Pt

We suggest the following scenario to explain the coexis-
tence of SSE and PSE in Fe3O4.

1. SSE

The pump excites mainly Pt and, thus, establishes a
temperature difference between Pt electrons and Fe3O4

magnons, leading to the SSE spin current across the Fe3O4/Pt
interface [Fig. 1(a), (2)]. From the measured spin-current
amplitudes [Fig. 3(b)], we infer that the spin-mixing
conductance of the Fe3O4/Pt interface is a factor of ∼45
larger than that of YIG/Pt (see Table I), consistent with the
literature [104,105]. The sign of the current agrees with that
of YIG|Pt, suggesting the SSE in Fe3O4 is dominated by the A
and B spin sublattices, whose total magnetization is parallel
to the external magnetic field, whereas the e-sublattice is
oppositely magnetized.

2. PSE

The pump also excites the hopping electrons of Fe3O4,
either directly by optical absorption in Fe3O4 or by ultra-
fast heat transport from Pt to the interfacial Fe3O4 regions.
Because magnetic order of the e-sublattice is understood to
decrease with increasing temperature [68–71], the spin volt-
age of the e-sublattice electrons changes upon arrival of the
pump [Figs. 1(b) and 1(c)] and, thus, triggers spin transfer
to the crystal lattice and/or the adjacent Pt layer [Fig. 1(a),
(1)] [12]. Remarkably, as the e-sublattice spins are on aver-
age aligned antiparallel to the equilibrium magnetization M0

[Figs. 1(b) and 1(c)], the PSE tends to increase the magnitude
of the total magnetization in Fe3O4, whereas in Fe, it is de-
creased. We, thus, interpret the observed opposite sign of the
PSE currents in Fe3O4|Pt and Fe|Pt [Fig. 2(b)] as a hallmark
of the ultrafast quenching of the residual magnetization of the
e-sublattice minority hopping electrons in Fe3O4.
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The much smaller amplitude of the PSE current in
Fe3O4|Pt than Fe|Pt can have several reasons. First, the trans-
port of spin-polarized electrons requires charge conservation
[106,107] and, thus, an equal backflow of charges. However,
because the Fe3O4 spin polarization at the Fermi level is high
(−72%) [75], there are fewer majority states permitting the
backflow electrons from Pt to Fe3O4 [12]. Second, the mobil-
ity of the Fe3O4 hopping electrons is likely lower than that
of the Fe conduction electrons [68,69]. Third, at room tem-
perature, the magnetization of the e-sublattice is significantly
smaller than the total Fe3O4 magnetization [68]. The nonvan-
ishing e-sublattice magnetization inferred here suggests that
its ferromagnetic-to-paramagnetic transition covers a wide
temperature range, possibly because of sample imperfections
such as impurities [68].

The relaxation time of the PSE is approximately given by
the electron-spin equilibration time τes. Figure 3(b) suggests
that the τes values of Fe3O4 and Fe are comparable and of the
order of 100 fs. This conclusion is consistent with previous
measurements of ultrafast demagnetization of Fe3O4, in which
an instantaneous drop of the signal was observed directly after
optical excitation [108].

It appears that the PSE dynamics does not significantly
perturb the slower SSE dynamics, thereby suggesting that the
e-sublattice does not excite magnons of the A and B spins to a
sizable extent on time scales <1 ps. Indeed, in laser-induced
magnetization dynamics of Fe3O4 [108], the instantaneous
signal drop was followed by a much larger component with
a time constant >1 ns. To summarize, we can consistently
assign the PSE current in Fe3O4 to the demagnetization of
the e-sublattice-type minority hopping electrons at the Fermi
energy.

F. Interface sensitivity

The relative values of the spin-mixing conductance g↑↓
r as

inferred above are order-of-magnitude estimates. They need
to be taken with caution in particular because g↑↓

r , MIF, and,
thus, the SSE are very sensitive to the F/Pt interface properties
and, therefore, to the growth conditions of the F|Pt stack
[31,105,109]. For instance, as observed for YIG|Pt previously
[10], the spin current amplitude may vary by up to a factor of
3 from sample to sample. Different interface properties may
also explain the amplitude variations of the terahertz signals
between the various YIG|Pt samples studied here (Fig. S2(b)
in the Supplemental Material [76]).

For Fe3O4|Pt, the SSE contribution is robustly observed
for samples with Pt grown at room temperature. However,
when the Pt deposition temperature is increased to 720 K, the
SSE component disappears (Fig. S5(b) in the Supplemental
Material [76]). We assign this effect to Pt-Fe interdiffusion
at the interface, which magnetizes Pt in the vicinity of Fe, as
reported previously [110,111].

IV. CONCLUSIONS

We study ultrafast spin transport in archetypal F|Pt stacks
following femtosecond optical excitation. For the ferrimag-
netic/ferromagnetic layer F, model materials with different
degrees of electrical conductivity are chosen. For the mag-

netic insulators YIG, GIG, and γ -Fe2O3, our results indicate
a universal behavior of the interfacial SSE on ultrafast time
scales: The spin current is solely determined by the relaxation
dynamics of the electrons in the Pt layer, and it is localized
close to the F/Pt interface.

Remarkably, in the half-metallic ferrimagnet Fe3O4 (mag-
netite), our measurements reveal two dynamical spin-current
components, which exhibit opposite sign and PSE- and SSE-
type dynamics. The SSE component is assigned to magnon
excitation of the A and B spin sublattices [see (2) in Fig. 1(a)],
whereas the PSE component can consistently be assigned to
ultrafast demagnetization of e-sublattice minority-spin hop-
ping electrons [(1) in Fig. 1(a)].

Our results show that measuring heat-driven spin currents
faster than their natural subpicosecond formation time allows
one to unambiguously separate SSE and PSE contributions
by their distinct ultrafast dynamics. Finally, insights into the
physics of ultrafast spin transport are also potentially inter-
esting for tailoring terahertz spin currents and for related
applications such as spin torque [112–114] and spintronic
emitters of terahertz radiation [54,115–121].
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APPENDIX: SAMPLE FABRICATION

All investigated F|Pt samples including film thicknesses
are summarized in Figs. 2(b) and S2 in the Supplemental
Material [76].

1. YIG

Films of F = YIG covering a wide range of thicknesses
(3.4 nm to 3 μm) are fabricated by three different methods on
double-side-polished Gd3Ga3O12 (GGG) substrates. The film
with the smallest thickness of 3.4 nm is epitaxially grown on
GGG(111) by PLD using a KrF excimer laser. The growth
temperature is 1000 K, and the oxygen pressure is 7 Pa. The
growth is monitored by in situ reflection high-energy electron
diffraction (RHEED). A clear RHEED pattern is observed,
indicating the film is single crystalline.

The YIG films with thicknesses 5–120 nm are deposited
on GGG(111) using a sputtering system (ULVAC-MPS-4000-
HC7) with a base vacuum of 1 × 10−6 Pa. After deposition,
annealing at 1070 K in oxygen atmosphere is carried out
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to further improve the crystal quality and enhance in-plane
magnetic anisotropy. Finally, a heavy metal Pt thin film is
deposited on all the YIG samples.

The YIG film with the largest thickness of 3 μm is grown
by LPE on a GGG substrate (thickness of 500 μm). For
details, we refer to Ref. [122] including the Supplementary
Information.

2. GIG

A film of F = GIG (thickness of 58 nm) on GGG(001)
is fabricated by PLD using a custom-built vacuum cham-
ber (base pressure of 2 × 10−6 Pa) and a KrF excimer laser
[123]. The growth is performed at a substrate temperature
of 475 ◦C, an O2 background pressure of 2.6 Pa, and a
deposition rate of 1.4 nm/min without subsequent anneal-
ing. A Pt layer (thickness of 2 nm) is deposited ex situ
by sputtering deposition. The heteroepitaxial growth of GIG
and the absence of impurity phases is confirmed by x-ray
diffraction.

3. γ-Fe2O3, Fe3O4, and Fe

Layers of F = γ -Fe2O3 and Fe3O4 (thickness of 10 nm)
are epitaxially grown on MgO(001) substrates (thickness of
0.5 mm) by PLD [95]. Subsequently, all films are in situ
covered by DC sputtering with a thin film of Pt (thickness
given in Figs. 2(b) and Fig. S3 in the Supplemental Material
[76]), followed by a thin film of Fe (thickness of 2.5 nm) on
part of each of the F|Pt samples, resulting in F|Pt and F|Pt|Fe
stacks on the same substrate (see Fig. S1 in the Supplemental
Material [76]).

Deposition of adjacent F|Pt and F|Pt|Fe stacks on the same
substrate significantly simplifies the terahertz emission ex-
periments. The two stacks can easily be accessed by lateral
shifting into the focus of the femtosecond pump beam, with
minimal changes of optical paths (Fig. S1 in the Supplemental
Material [76]). The terahertz signal from the F|Pt|Fe regions
of each sample serves as an ideal reference that allows for
accurate alignment of the setup and definition of the time-axis
origin.
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