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Spin current driven by ultrafast
magnetization of FeRh

KyuhweKang1,HirokiOmura2, Daniel Yesudas1,OukJae Lee 3, Kyung-Jin Lee 4,
Hyun-Woo Lee 5, Tomoyasu Taniyama2 & Gyung-Min Choi 1,6

Laser-induced ultrafast demagnetization is an important phenomenon that
probes arguably the ultimate limits of the angular momentum dynamics in
solid. Unfortunately,many aspects of the dynamics remain unclear except that
the demagnetization transfers the angular momentum eventually to the lat-
tice. In particular, the role and origin of electron-carried spin currents in the
demagnetization process are debated. Here we experimentally probe the spin
current in the opposite phenomenon, i.e., laser-induced ultrafast magnetiza-
tion of FeRh, where the laser pump pulse initiates the angular momentum
build-up rather than its dissipation. Using the time-resolved magneto-optical
Kerr effect, we directly measure the ultrafast-magnetization-driven spin cur-
rent in a FeRh/Cu heterostructure. A strong correlation between the spin
current and themagnetizationdynamics of FeRh is foundeven though the spin
filter effect is negligible in this opposite process. This result implies that the
angular momentum build-up is achieved by an angular momentum transfer
from the electron bath (supplier) to the magnon bath (receiver) and followed
by the spatial transport of angular momentum (spin current) and dissipation
of angular momentum to the phonon bath (spin relaxation).

Ultrafast demagnetization is a rapid quenching of the magnetic
ordering in a ferromagnetic metal (FM) in less than a picoseconds1–4.
Such a short timescale indicates a rapid dissipation mechanism for
angularmomentum in FM. Considering the Einstein-deHaas effect, the
ultimate destination of angular momentum should be the lattice
bath5–7. A recent study in a single FM layer demonstrated that ultrafast
demagnetization induces a circularly polarized phonon in less than a
picosecond, suggesting a fast transfer of angular momentum between
the magnetization bath and phonon bath8. However, the microscopic
process of the angular momentum transfer remains poorly under-
stood. In particular, the role of the electron-carried spin current in the
transfer process remains unclear.

The electronic contribution to the angular momentum transfer
was revealed from the spin dynamics in heterostructures: ultrafast
demagnetization of FM generates a transient spin current in a non-

magnetic metal (NM). Ultrafast-demagnetization-driven spin currents
have been confirmed by various experimental observations, such as
spin accumulation on NM in FM/NM9–13, terahertz generation fromNM
in FM/NM14–17, coupling of demagnetization dynamics of FM layers in
FM/NM/FM with the collinear magnetization18–20, and spin-transfer-
torque on FM in FM/NM/FM with a non-collinear magnetization21,22.
However, the mechanism of the spin current remains
controversial9,10,23–25. The superdiffusive theory is hot-electron version
of the spin filter effect and argues that the spin-dependent transport of
hot electrons inside FM generates a strong spin current to NM23,24.
Since the electronic density-of-states of FM is spin-dependent, an
electronic transport at the FM/NM interface leads to a spin filter
effect26. Another mechanism is the angular momentum transfer
between magnons (wave-like excitation of local magnetic moments)
and conduction electrons4,10,27,28. The angular momentum of the FM
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phase is stored in the d-band electrons, which are responsible for the
magnetization, and angular momentum transfer should be mediated
by the magnetic excitations of the d-band, such as magnons27,28 and
Stoner excitations4 (in this work, for simplicity, we call magnons as a
representative of the magnetic excitations). When the angular
momentum in the magnon bath (d band) is converted to the angular
momentum in the electron bath (spband), spin current is generatedby
−dM/dt, whereM is themagnetization of themagnon bath, and t is the
time (dM/dt model)10.

In this study, we investigated the spin current in the reverse
process, i.e., ultrafast magnetization of FeRh during the phase transi-
tion from the antiferromagnetic metal (AFM) phase to the FM phase.
Whereas ultrafast demagnetization releases angularmomentum to the
surrounding, ultrafast magnetization of FeRh should absorb angular
momentum from the surrounding. Since the spin filter effect is not
allowed with the initial AFM phase, ultrafast magnetization is an opti-
mal circumstance to investigate the mechanism for the spin current
generation.

Results and discussion
Angular momentum transfer during phase transition
Angular momentum transfer is also important to understand the
phase transition mechanism. FeRh exhibits a unique phenomenon of
the 1st-order phase transition, which leads to a magnetic transition
from the AFM phase to the FM phase accompanied by a lattice
expansion of ~1%, at a critical temperature of ~350K29,30. Previous
reports have demonstrated that themagnetization change and lattice
expansion can occur on the order of picoseconds during the phase
transition31–38. However, the mechanism for such a fast phase transi-
tion is under debate. The timescale of the phase transition consists of
two contributions: the timescale for the driving force responsible for
the phase transition and the timescale for angular momentum
transfer. As for the driving force, Kittel proposed that drastic lattice
expansion drives the sign inversion of the exchange coupling
parameter39, then its timescale may be characterized by the speed of
lattice expansion35,38. Other possible sources of the driving force
include electric band structure change37,40, magnetic moment of Rh

atom32, and magnon excitations41, whose timescale are expected to
differ from that of lattice expansion. As for the angular momentum
transfer, the driving force should initiate a rapid transfer of the
angular momentum considering the huge difference in the magneti-
zation density between the AFM and FM phases. However, the exact
procedure of the angular momentum transfer during the phase
transition is not known. Especially, the role of conduction electrons
for the angular momentum transfer has not been studied.

In this study, we investigate angular momentum transfer during
the phase transition of FeRh bymeasuring the ultrafast-magnetization-
driven spin current in the MgO substrate/FeRh (20 nm)/Cu (120nm)
structure. The FeRh and Cu layers were grown by Molecular Beam
Epitaxy (see Methods), and the FeRh/Cu interface has a clean and flat
morphology (Fig. 1a). From the quasi-static measurements of the
magnetization as a function of temperature, the phase of our FeRh
changes from AFM to FM at ~370K (Fig. 1b and Supplementary Sec-
tions 1 and 2). The transient dynamics of the phase transition is
investigated by using an optical pump-probe technique (see Methods
and Supplementary Section 3). When we inject a pump pulse on FeRh
through the MgO substrate, it triggers the phase transition of FeRh. A
probe pulse detects the magnetization (ΔM) of FeRh and spin accu-
mulation (ΔS) of Cu via the magneto-optical Kerr effect. A probe also
detects the lattice expansion (ΔL) of FeRh via the strain-induced
reflectivity change (Fig. 1c). We examine the correlation between the
magnetization dynamics of FeRh and the spin accumulation of Cu in
terms of sign, time delay, and magnitude.

Ultrafast magnetization of FeRh
Firstly, we measure ultrafast magnetization of FeRh during the phase
transition. With an initial AFM phase at a base temperature of 300K, a
pump pulse triggers an ultrafast phase transition from the AFM phase
to the FM phase, and a probe pulse detects the time evolution of ΔM.
An externalmagneticfieldof 0.15 T is applied to set the direction of the
magnetic moment of the FM phase (see Methods). With a pump flu-
ence >2 Jm−2, a sharp increase of ΔM occurs at 2~4 ps (Fig. 2a). How-
ever, with a pump fluence of 0.9 Jm−2, ΔM becomes negligible. Such a
threshold is a characteristic behavior for the 1st order phase transition
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Fig. 1 | Schematics of the experiment. aTransmission-electron-microscope image
of the FeRh/Cu heterostructure. A white scale bar indicates 5 nm. The FeRh/Cu
interface shows a clean and flat morphology. b Magnetization versus temperature
of FeRh. At temperature less than350K, FeRhbecomesanantiferromagnetic (AFM)
phasewith negligiblemagnetization. At temperature above 400K, FeRh becomes a
ferromagnetic (FM) phase with a net magnetization of ~106Am−1. The right insets

are the configurations of atomicmoments (blue arrows) of the AFM and FMphases
of FeRh. c Schematics of the ultrafast-magnetization-driven spin current. Thepump
pulse triggers the phase transition from the AFM phase to FM phase of FeRh, which
induced a spin current to Cu, where the blue arrow indicates the spin polarization,
the black arrow indicates the flow of spin. The probe pulse detects the magneti-
zation (ΔM), lattice expansion (ΔL) of FeRh, and spin accumulation (ΔS) of Cu.
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with a latent heat. The fast rise ofΔM at 2~4 ps (ps dynamics) saturates
with a pump fluence >5 Jm−2, whereas the slow rise ΔM at a longer
timescale of ~100 ps (sub-ns dynamics) exhibits further increase with
increasing the pump fluence (Fig. 2b). Both ps and sub-ns dynamics
during the FeRh phase transition have been observed previously, and
the former and latter were attributed to the FMdomain nucleation and
growth (or coalescence), respectively33–36. Although the complete
growth of the FM domain takes a long timescale because of a slow
domain wall motion, we expect that the magnetic moment of the
initially nucleated FM domain is at least partially aligned along the
magnetic field, which produces the Zeeman energy term on the mag-
netic moment, without a time delay from the onset of the domain
nucleation. In this study, we focus on the ps dynamics rather than the
sub-ns dynamics because the spin current generation is mostly driven
by the ps dynamics (shown later). According to the dM/dtmodel10, the
faster magnetization changes, the larger spin current is generated.

In addition to two major dynamics at ps and sub-ns timescales, a
subtle peak appears at ~0.5 ps (sub-ps dynamics). Considering such a
short timescale, we expect that the sub-ps dynamics could be origi-
nated from the modification in the electronic band structure, whose
timescale was reported to be 0.35 ps using a photoelectron
spectroscopy37. However, we find that the sub-ps dynamics of FeRh
does not contribute to the spin current generation as shown later.

To emphasize the timescale of the ps dynamics during the
phase transition, we compare the phase-transition-driven
dynamics to ultrafast-demagnetization-driven one. Whereas the
phase transition induces a net magnetization to emerge starting
from zero, ultrafast demagnetization reduces the magnetization
starting from a finite value. Upon increasing the base temperature
to 430 K, the initial phase of FeRh becomes a FM phase (Fig. 1b
and Supplementary Section 2). A sudden heating of the FM phase
by a pump pulse leads to ultrafast demagnetization within 1 ps
(Fig. 2c). The thermalization process among the electron, mag-
non, and phonon baths can explain this timescale (Supplementary
Sections 4 and 5). Importantly, when we compare the decrease of
ΔM by ultrafast demagnetization and the rise of ΔM by ultrafast
magnetization, the timescale of the ultrafast magnetization is
delayed by 2.5 ps. Such a delay suggests that the phase transition
requires an additional process other than the thermalization.

Lattice expansion of FeRh
We argue that the 2.5 ps delay originates from the timescale of the
lattice expansion. We compare timescales of the thermalization and
lattice expansion through the reflectivity change (ΔR) measurement. It

is well known that temperature or strain on lattice causes ΔR. For
the pump-probe experiment with conventional metals, temperature
rise generates a peak inΔR at the electron-phonon thermalization time
(temperature-induced ΔR: ΔRT), and acoustic-wave-induced strain
generates a peak inΔR at round-trip time of acoustic wave through the
metal thickness (acoustic-wave-induce ΔR: ΔRA)42. The lattice expan-
sion during the phase transition also induces strain, and therefore it
can produce a peak in ΔR (lattice-expansion-induced ΔR: ΔRL).
Although bothΔRA andΔRL are caused by strain, they can be separated
by using their different dependences on the magnetic field. Whereas
the acoustic wave does not depend on the magnetic field, the lattice-
expansion depends on the phase transition and thus on the magnetic
field43. To extract the magnetic-field-dependent part, we take the dif-
ference of ΔR without and with magnetic field of 0.15 T. Note that this
magnetic-field-dependent part corresponds to a partial change of ΔRL

by 0.15 T, but it can effectively exclude ΔRT and ΔRA. Indeed, the raw
ΔR shows clear contributions of ΔRT and ΔRA: temperature rise at near
0 ps and an acoustic echo at 5 ps (Fig. 3a). The position of the acoustic
echo is determined as 2 dFeRh � dsurf

� �
=vs, where vs is the sound velo-

city of ~5 km s−1 of FeRh44, dFeRh is the thickness of FeRh, and dsurf is the
surface depth of initial heating by light penetration (assuming a fixed
vs of 5 km s−1, dsuf of 7 nm can explain the acoustic echo at 5 ps). On the
other hand, the magnetic-field-dependent part of ΔR shows a domi-
nant contribution of ΔRL at 2.5 ps, which matches the one-way trip of
acoustic wave through the FeRh thickness. Note that the ΔRL signal at
2.5 ps has a threshold behavior that is a characteristic feature of the
phase transition. The same time delay of 2.5 ps in ΔM (emergence of
the FMphase) andΔL (lattice expansion) suggests that the timescale of
the domain nucleation during the phase transition is limited by the
speed of the lattice expansion.

The causal relation between ΔM and ΔL is a chicken-and-egg
problem for the mechanism of the phase transition in FeRh. We argue
that the speed limit of the phase transition originates from the struc-
tural dynamics, speed of acoustic wave. However, if one can find an
explanation for 2.5 ps in terms of the magnetic dynamics, such as
speeds of precession or domain wall motion, the speed limit could be
related to the magnetic origin.

Spin accumulation on Cu
Next, we measure the spin accumulation on Cu driven by ultrafast
magnetization of FeRh in the FeRh/Cu heterostructure. When a
pump pulse triggers the phase transition of FeRh, a probe pulse
detects spin accumulation (ΔS) in the conduction electron bath of
Cu. For NM materials with no magnon bath, only the spin

Fig. 2 | Ultrafast magnetization of FeRh in FeRh/Cu heterostructure. The
dynamic Kerr rotation (ΔθK) by ultrafast magnetization of FeRh at (a) short time-
scale <10ps (sub-ps and ps dynamics) and (b) long timescale <500ps (sub-ns
dynamics). The magnetization direction of the FM phase of FeRh is set by an
external magnetic field of 0.15 T, which is along the out-of-plane direction. The left
y-axis is the dynamic Kerr rotation, and the right y-axis is the relativemagnetization
(ΔM). ΔM is determined as4M = 4θK

θK
� Mz

Ms
, where θK is the static Kerr rotation of 5.8

mrad for the saturation magnetization (Ms) of the FM phase of FeRh, andMz is the
z-component of magnetization. With an external field of 0.15 T,Mz/Ms is 0.13. The
color indicates the pump fluence in a unit of J m−2: 0.9 (black square), 2.2 (red

circles), 3.5 (blue up-triangles), 5.3 (greendown-triangles), 7.1 (magenta diamonds),
8.8 (orange stars), 10.6 (purple left-triangles), and 16.4 (dark yellow right-triangles).
In a, a major response occurs at 2~4 ps (ps dynamics). In addition, a subtle peak
appears at 0.5 ps (sub-ps dynamics). A dashed straight line at the time zero indicate
the position of the pump pulse. c The dynamic Kerr rotation by the ultrafast
demagnetization of the FM phase of FeRh with a pump fluence of 7.1 Jm−2 at a base
temperature (Tb) of 430K (red circles). As a reference, ultrafast magnetization at a
base temperature of 300K with the same pump fluence is shown as black squares.
There is 2.5 ps time delay between the ultrafast demagnetization and ultrafast
magnetization.
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polarization of the conduction electrons is responsible for the
Kerr rotation. We observe a negative spin polarization on Cu with
a peak position at 4 ps, clearly indicating that conduction elec-
trons carry spin current from FeRh to Cu (Fig. 4a). The negative
peak at 4 ps is a common feature with pump fluences of >2 J m−2,
but an additional positive peak occurs at 1.5 ps with a very high
pump fluence of 28 J m−2. We expect that a high pump fluence
induces a significant rise in the steady-state temperature (Sup-
plementary Section 6), which may cause the initial FeRh to have a
small portion of the FM phase. For a clear comparison between
the initial AFM phase and FM phase, we measure ultrafast-
demagnetization-driven spin accumulation with a complete FM
phase of FeRh at a base temperature of 430 K (Fig. 4b). Ultrafast
demagnetization generates a positive spin polarization on Cu
with a peak position at 1 ps, which is 3 ps faster than 4 ps of the
negative peak for the ultrafast-magnetization-driven ΔS.

The sign and time delay of ΔS provide an important clue for the
underlying mechanism. The opposite sign of ΔS driven by the ultra-
fast magnetization and demagnetization of FeRh disproves any
mechanism based on the spin filter effect. The sign of the spin
polarization by the spin filter effect is determined by the

magnetization direction of the FM phase of FeRh, which is set by the
magnetic field, and it is the same for ultrafast magnetization and
demagnetization processes. In addition, the 4 ps time delay in ΔS
cannot be explained by the hot electron effect because the transport
of hot electrons takes less than 1 ps (Supplementary Section 5). On
the other hand, the sign and time delay in ΔS on Cu has a close
relation to ΔM of FeRh. According to the dM/dtmodel, −dM/dt of the
magnon bath acts as spin generation on the electron bath (Fig. 4c).
The sign of ΔS matches well to the sign of −dM/dt of FeRh: ultrafast
magnetization/demagnetization of FeRh induces a negative/positive
ΔS. In addition, a time shift of 3 ps in ΔS between the ultrafast mag-
netization and demagnetization is close to that of 2.5 ps in −dM/dt.
This result reveals a critical role of the angular momentum transfer
between the magnon and electron baths for the spin current
generation.

In addition to the ps-dynamics at 2.5 ps, the sub-ps dynamics
during the phase transition of FeRh is expected to generate spin cur-
rent (Fig. 4c).However, wefind that theΔSofCuhas a close correlation
only to the ps-dynamics but not to the sub-ps dynamics (Fig. 4b).
Further research is required to understand why the sub-ps dynamics
does not contribute to the spin current generation.

Fig. 4 | Spin accumulation on Cu in FeRh/Cu heterostructure. a, b The dynamic
Kerr rotation (ΔθK) by the spin accumulation on Cu. a The pump fluence depen-
dence of the spin accumulation at a fixed base temperature of 300K. The color
indicates the pump fluence in a unit of J m−2: 0.9 (black square), 2.2 (red circles), 7.1
(magenta diamonds), and 28 (dark yellow right-triangles). At a pump fluence
>2 Jm−2, a negative spin accumulation appears at 4 ps. With a very large pump
fluence of 28 Jm−2, a positive spin accumulation appears at 1.5 ps in addition to the
negative spin accumulation. b The base temperature (Tb) dependence of the spin
accumulation at a fixed pump fluence of 7.1 Jm−2. At Tb of 430K, the initial phase of
FeRh becomes ferromagnetic. Then, a positive spin accumulation appears at 1 ps
(red circles). As a reference, a negative spin accumulation at Tb of 300K, with an

initial AFM phase of FeRh, is shown as black squares. The black and red solid lines
are the results of the spin transport simulation in Fig. 5c, d. The left y-axis is the
dynamic Kerr rotation, and the right y-axis is the spin accumulation (ΔS) on Cu in a
unit ofmagnetization density using a conversion factor46 of 4 × 10−9radmA−1. c The
negative time-derivative ofmagnetization (−dM/dt) of FeRh, obtained from the ΔM
results of Fig. 2c. The black squares and red circles are fromultrafastmagnetization
and ultrafast demagnetization, respectively, at Tb of 300K and 430K. The −dM/dt
at Tb of 300K shows the sub-ps and ps dynamics at <1 ps and 2.5 ps, respectively.
The −dM/dt atTb of 430K shows the b-ps dynamics at <1 ps. The black solid line is a
smooth fitting for the ps dynamics of ultrafastmagnetization. The red solid line is a
smooth fitting for the sub-ps dynamics of ultrafast demagnetization.

Fig. 3 | Lattice expansion of FeRh in FeRh/Cu heterostructure. a, b The reflec-
tivity change (ΔR) during the phase transition of FeRh. The color indicates the
pump fluence in a unit of J m−2: 0.9 (black square), 2.2 (red circles), 3.5 (blue up-
triangles), 5.3 (green down-triangles), and 7.1 (magenta diamonds). a The raw ΔR
consists of the temperature-induced (ΔRT). acoustic-wave-induced (ΔRA), and
lattice-expansion-induced (ΔRL) ones: temperature rise produces a fast rising inΔRT
at around time zero; acoustic wave produces a peak of ΔRA at 5 ps, which

corresponds to a round trip of acoustic wave through the FeRh thickness; a non-
linear dependence on the pump fluence comes from ΔRL, which is caused by the
phase transition. b The magnetic-field-dependent part of ΔR, difference of ΔRwith
andwithout anexternalmagneticfield of 0.15 T, comes fromapartial changeofΔRL

by the magnetic field without a contribution from ΔRT and ΔRA. It shows a sig-
nificant rising at 2.5 ps, which has a nontrivial dependence on the pump fluence: a
threshold at pump fluence of >2 Jm−2 and a saturation at a pump fluence of >5 Jm−2.
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Spin transport simulation
For a quantitative analysis of the angular momentum transfer, we
perform a simulation of the combined process of spin generation,
diffusion, and relaxation in the electron bath (Fig. 5). For the spin
generation, we make two assumptions: 1) the ps dynamics of the
domain nucleation during the phase transition is mediated by the
magnetic excitations, i.e., magnons (Fig. 5a); 2) a change of angular
momentum of the magnon bath is quickly supplied by the conduction
electron bath (Fig. 5b). Then, ΔM of the magnon bath is entirely

converted to the spin polarization of the conduction electron bath,
and the spin generation rate (gs) of the electron bath is expressed as
gs = �dM=dt. The generated spins in the electron bath can diffuse
spatially via spin diffusion and dissipate to phonons via spin relaxation
(Fig. 5b). The magnitude of the spatial spin current is determined by
the competition between the diffusion time and relaxation time. We
determine the transport parameters, such as diffusion constants and
density of states, from electrical measurements and literature reports
(see Method sections and Table I). The simulation result for the spin
transport well explains the peak position of ΔS: the negative peak at
4 ps for the ultrafast-magnetization-driven (phase-transition-driven)
ΔS is the combined result of the time scale for the phase transition of
FeRh (Δtp = 2.5 ps) and that for the diffusive transport from FeRh to Cu
(Δtd = 1.5 ps) (Fig. 5c), and the positive peak at 1 ps for the ultrafast-
demagnetization-driven ΔS is almost exclusively determined by Δtd
(Fig. 5d). Note thatΔtd is ~0.5 ps longer in Fig. 5c than in Fig. 5d because
the electron mobility of FeRh is smaller in the AFM phase than in the
FM phase (Table I).

The only unknown parameter for the spin transport simulation is
the spin relaxation time (τs). From the magnitude of ΔS, we determine
τs of the conduction electrons of FeRh, which describes the speed of
angular momentum dissipation from the electron bath to the phonon
bath. The longer τs of FeRh is, the more spin is transported from FeRh
to Cu before the dissipation to phonons (the long τs of Cu has a neg-
ligible effect on the simulation result). Fitting the amplitude of the spin
accumulation between the experiment and simulation, we determine
τs of 0.05 ps for the AFM phase of FeRh. We also perform a similar

Fig. 5 | Process of angularmomentumtransfer during phase transitionof FeRh.
a Different timescales during the phase transition of FeRh: a modification of the
electronic band structure occurs at sub-ps timescale37; a nucleation of ferromag-
netic domains, mediated by magnetic excitation, occurs at ps timescale33–36; a
domain growth and coalescence, mediated by domain wall motion, occurs at sub-
ns timescale33–36. b Angular momentum transfer during the domain nucleation of
FeRh. Initially, angular momentum is supplied from the electron bath to the mag-
non bath with a spin generation rate of gs . Then, the magnon bath has a positive
magnetization (green arrows), and the electron bath has a negative magnetization
(green arrows). The angular momentum of the electron bath of FeRh can relax to
thephononbath of FeRhwith a spin relaxation timeof τs anddiffuse to the electron
bath of adjacent layers with a diffusion constant of D. The flow of angular
momentum among electron, magnon, and phonon baths are indicated as blue

arrows. The spin transport simulation for the (c) ultrafast-magnetization-drivenand
(d) ultrafast-demagnetization-driven spin current. The black lines in c and d are the
spin generation rate on the electron bath of FeRh, determined as gs = � dMFeRh

dt × Mz
Ms
,

where dM/dt is obtained from smooth fittings of Fig. 4c, andMz/Ms of 0.13 with an
external magnetic field of 0.15 T. The red, blue, and magenta lines are the simula-
tion results of the spin accumulation (ΔS) on the electron bath of Cu surface. The
number indicates τs of the conduction electrons in FeRh: τs of 0.025 ps (c) and
0.07 ps (d) for the blue lines; τs of 0.05ps (c) and 0.14 ps (d) for the red lines; τs of
0.1 ps (c) and 0.28ps (d) for themagenta lines. The red lines of c and d correspond
to the solid lines in Fig. 4b. The dashed-vertical lines in c and d indicate the time
delays for gs andΔS. In c, the peakof gs has a time delay by phase transition (Δtp) of
2.5 ps, and the peak of ΔS has a time delay by diffusion (Δtd) of 1.5 ps in addition to
Δtp. In d, the peak of gs has no time delay, and the peak of ΔS has only Δtd of 1 ps.

Table I | Material parameters for spin transport simulation

FM FeRh AFM FeRh Cu

NF (10
47Jm−3) 8.25 3.43 1.6

σ (106
Ω

−1 m−1) 1.3 0.8 50

D (nm2 ps−1) 62 91 12200

τs (ps) 0.14 0.05 13

ls (nm) 2.9 2.1 400

NF is the electronic density of state at the Fermi level, σ is the electrical conductivity, D is the
electrical diffusivity, τs is the spin relaxation time, and ls is the spin relaxation length.NF values are
determined as NF =

3γ
π2k2B

, where γ is the coefficient of the electronic heat capacitance from
ref. 44, kB is the Boltzmann constant. We assume that the spin density states (Ns) for the spin
transport simulation can be approximated to be a half ofNF. σ values aremeasured using a four-
point probemethod.D values are obtained from σ valuesusing the relationofD= σ

e2NF
, wheree is

the elementary charge. τs values of FeRh are determined by comparing the spin accumulation
experiment and spin transport simulation (see Methods). τs values of Cu are obtained from ls of
400 nm from ref. 50. using the relation of ls =

ffiffiffiffiffiffiffiffi
Dτs

p
.
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simulation for the ultrafast-demagnetization-driven spin accumulation
and determine τs of 0.14 ps for the FMphase of FeRh. The difference in
τs between the AFM and FM phases could be due to the different band
structures of electrons, magnons, and phonons. Recently, a significant
change in the damping constant of FeRh during the phase transition
was reported45. Assuming that the damping constant and the spin
relaxation rate are positively correlated, ref. 45. suggested that the
spin lifetime ismuch shorter in the AFM phase than in the FM phase. τs
can be converted to the spin diffusion length, ls, using the relation of
ls =

ffiffiffiffiffiffiffiffi
Dτs

p
, whereD is the electronic diffusivity of FeRh, andweobtain ls

values of 2.1 nm and 2.9 nm, respectively, for the AFM and the FM
phases of FeRh, which are smaller than ls of 7 nm of pure Fe46.
According to the Elliot-Yafetmechanism4,47,48, the spin relaxationof the
electron bath is due to incoherent electron-phonon scattering in the
presence of spin-orbit coupling. We expect that the strong spin-orbit
coupling of Rh49 enhances the spin-flip probability during the electron-
phonon scattering.

Our work combines two-seemingly-unrelated phenomena: spin
current and phase transition. An integrated understanding of the
spatial flow of angular momentum (spin current) and the relocation of
angularmomentum inside amaterial (phase transition)will expand the
research area of spintronics. In addition, a dynamic coupling between
the spin current and phase transition could be useful for the high-
speed operation of memory devices, such as magnetic memory and
phase change memory.

Methods
Film growth
A MgO (001) substrate/Fe50Rh50 (20 nm)/Cu (120 nm)/SiO2 (4 nm)
stacking structure was fabricated usingmolecular beam epitaxy (MBE)
and sputtering. An epitaxial FeRh layer was grown on a MgO (001)
substrate at 450 °Cby co-evaporating Fe andRh from separate sources
in an ultrahigh vacuum MBE chamber with a base pressure of
~10−10Torr, followed by post-annealing at 600 °C. To achieve a strong
spin current, the thickness of FeRh should be close to the spin diffu-
sion length of FeRh46. However, we found that the AFM phase of FeRh
becomes incomplete when its thickness becomes too thin. The thick-
ness of FeRh was chosen to 20 nm to have a complete AFM phase at
300K (Supplementary Sections 1 and 2). A 120-nm-thick Cu layer was
then grown on the FeRh layer at room temperature. The thickness of
Cu should be much thicker than the light penetration depth but
smaller than the spin diffusion length of Cu50. At the Cu thickness of
120 nm, the probe on the Cu side only sees the spin accumulation on
Cu without any contribution from the magnetization of FeRh46. After
the growth of FeRh and Cu, the films are immediately transferred to
the sputter chamber, and an additional capping layer of a 4-nm-thick
SiO2 was grown on top of the Cu layer using RF sputter at Ar pressure
of 2 × 10−2Torr at room temperature. The SiO2 capping layer prevents
the oxidation of Cu so that our films maintain its property.

Optical measurement
We used a pump-probe optical technique to observe both the phase
transition of FeRh and the spin accumulation on Cu in the time
domain. A pulsed laser was generated using a Ti-sapphire oscillator
with a repetition rate of 80MHz and awavelength of 785 nm. The laser
beam was divided into pump and probe beams by a polarizing beam
splitter. The time delay between the pump and probe beams was
controlled using a motorized mechanical stage. The pump and probe
beams were modulated by an electro-optic modulator and optical
chopper, respectively, at frequencies of 1MHz and 200Hz. The full
widths at halfmaximumof the time correlation of the pumpandprobe
were determined to be 1.2 ps. Considering the large group velocity
dispersion of EOM, we expect that FWHM is 1.0 and 0.2ps for pump
and probe, respectively. Both the pump and probe beams were
focused to a spot size of 3μm (1/e2 radius) using a 20× objective lens.

The pump triggers the phase transition of FeRh, and the probe detects
magnetization of FeRh or spin accumulation on Cu via magneto-
optical Kerr effect (MOKE) and lattice expansion of FeRh via strain-
induced reflectivity change. For the MOKE, we used a polar MOKE
geometry and aligned the magnetization of FeRh to the out-of-plain
direction using a ring magnet, with a magnetic field of 0.15 T.
Depending on the position of probe, either on the FeRh side or on the
Cu side, we used different optical setup, whose schematics and
explanation are shown in Supplementary Section 3.

Spin transport simulation
To simulate the diffusive transport of the spins of conduction elec-
trons, we used the following equation46:

∂μs

∂t
=D

∂2μs

∂z2
� μs

τs
+

gs

μBNs
, ð1Þ

where μs is the spin chemical potential, t is time, z is the spatial
coordinate along the film thickness, D is the diffusion constant, τs
is the spin relaxation time, gs is the spin generation rate, μB is
theBohrmagneton, andNs is the spindensity of state.gs is determined
as gs = � dM

dt , where M is obtained from the experimentally
measured ultrafast magnetization of FeRh (Fig. 2c). Since the FeRh
thickness is thicker than the light penetration depth, we assume a non-
uniform gs along the FeRh thickness, and distribution ofgs

is determined from the distribution of the light absorption (Supple-
mentary Note 4). D was determined from the electrical conductivity
as D= σe

e2NF
, where σe is the electronic conductivity of the material, e

is the elementary charge, and NF is the electronic density of states at
the Fermi level. The σe values of 1.3 × 106, 0.8 × 106, and 50× 106 Ω−1 m−1

of FM FeRh, AFM FeRh, and Cu, respectively, are measured using a
four-point probe method. Ns was determined as Ns =

NF
2 . μs of FeRh

and Cu are connected at the interface with an interfacial spin
conductance of Gs, which is determined as Gs =

Ge
2e2, where Ge is

the electrical conductance at the interface and e is the elementary
charge. Since Ge value of the FeRh/Cu interface is not known, we used
Ge of 2 × 1015 Ω−1 m−2 of the permalloy/Cu and Co/Cu interfaces51.
The diffusive spin current was estimated using Js =

D
Ns

∂μs
∂z at the bulk of

FeRh and Cu and Js =GsΔμs at the FeRh/Cu interface, where Δμs

is the difference in μs at the interface. Although we used a Gs value,
which is not taken from the actual interface of FeRh/Cu, we argue
that the uncertainty in Gs is not critical. From the spin transport
simulation with the thicknesses of 20nm for FeRh and 120 nm for
Cu, we found that the bulk parameter of D has a dominant effect on
the spin transport over the interface parameter of Gs. The only
free parameter for the spin transport simulation is the spin
relaxation time (τs) of FeRh, and it was determined from the fitting
between the experiment and the simulation. The τs of Cu was
determined from the reported spin diffusion length (ls) of 400nm
of Cu50. The parameters for the spin diffusion simulation are
summarized in Table I.

Data availability
The dataset of the main figures generated in this study is provided in
the Supplementary Information/Source Data file. Source data are
provided with this paper.

References
1. Beaurepaire, E., Merle, J.-C., Daunois, A. & Bigot, J.-Y. Ultrafast spin

dynamics in ferromagnetic nickel. Phys. Rev. Lett. 76, 4250 (1996).
2. Bigot, J.-Y., Vomir, M. & Beaurepaire, E. Nat. Phys. 5, 515 (2009).
3. Boeglin, C. et al. Distinguishing the ultrafast dynamics of spin and

orbital moments in solids. Nature 465, 458 (2010).
4. Koopmans, B. et al. Explaining the paradoxical diversity of ultrafast

laser-induced demagnetization. Nat. Mater. 9, 259 (2010).

Article https://doi.org/10.1038/s41467-023-39103-2

Nature Communications |         (2023) 14:3619 6



5. Einstein, A. & de Haas, W. J. Experimenteller Nachweis der Ampèr-
eschen Molekularströme. Verhandl. Deut. Phys. Ges. 17, 152 (1915).

6. Stamm, C. et al. Femtosecondmodification of electron localization
and transfer of angular momentum in nickel. Nat. Mater. 6, 740
(2007).

7. Dornes, C. et al. The ultrafast Einstein–de Haas effect. Nature 565,
209 (2019).

8. Tauchert, S. R. et al. Polarized phonons carry angular momentum in
ultrafast demagnetization. Nature 602, 73 (2022).

9. Melnikov, A. et al. Ultrafast transport of laser-excited spin-polarized
carriers in Au/Fe/MgO(001). Phys. Rev. Lett. 107, 076601 (2011).

10. Choi, G. M., Min, B. C., Lee, K. J. & Cahill, D. G. Spin current gen-
erated by thermally driven ultrafast demagnetization. Nat. Com-
mun. 5, 4334 (2014).

11. Choi, G. M. & Cahill, D. G. Kerr rotation in Cu, Ag, and Au driven by
spin accumulation and spin-orbit coupling. Phys. Rev. B 90,
214432 (2014).

12. Hofherr, M. et al. Speed and efficiency of femtosecond spin current
injection into a nonmagnetic material. Phys. Rev. B 96, 100403
(2017). (R).

13. Ortiz, V. H., Coh, S. & Wilson, R. B. Magneto-optical Kerr spectra of
gold induced by spin accumulation. Phys. Rev. B 106, 014410 (2022).

14. Kampfrath, T. et al. Terahertz spin current pulses controlled by
magnetic heterostructures. Nat. Nanotech. 8, 256 (2013).

15. Seifert, T. et al. Efficient metallic spintronic emitters of ultrabroad-
band terahertz radiation. Nat. Photo 10, 483 (2016).

16. Yang,D. et al. Powerful and tunable THz emitters basedon the Fe/Pt
magnetic heterostructure. Adv. Opt. Mater. 4, 1944 (2017).

17. Wu, Y. et al. High-performance THz emitters based on ferromagnetic/
nonmagnetic heterostructures. Adv. Mater. 29, 1603031 (2017).

18. Malinowski, G. et al. Control of speed and efficiency of ultrafast
demagnetization by direct transfer of spin angularmomentum.Nat.
Phys. 4, 855 (2008).

19. Rudolf, D. et al. Ultrafast magnetization enhancement in metallic
multilayers driven by superdiffusive spin current. Nat. Commun. 3,
1037 (2012).

20. Alekhin, A. et al. Femtosecond spin current pulses generated by the
nonthermal spin-dependent Seebeck effect and interacting with
ferromagnetics in spin valves. Phys. Rev. Lett. 119, 017202 (2017).

21. Schellekens, A. J., Kuiper, K. C., De Wit, R. R. J. C. & Koopmans, B.
Ultrafast spin-transfer torque driven by femtosecond pulsed-laser
excitation. Nat. Commun. 5, 4333 (2014).

22. Choi, G. M., Moon, C. H., Min, B. C., Lee, K. J. & Cahill, D. G. Thermal
spin-transfer torque driven by the spin-dependent Seebeck effect
in metallic spin-valves. Nat. Phys. 11, 576 (2015).

23. Battiato, M., Carva, K. & Oppeneer, P. M. Superdiffusive spin
transport as a mechanism of ultrafast demagnetization. Phys. Rev.
Lett. 105, 027203 (2010).

24. Battiato, M., Carva, K. & Oppeneer, P. M. Theory of laser-induced
ultrafast superdiffusive spin transport in layered heterostructures.
Phys. Rev. B 86, 024404 (2012).

25. Kimling, J. & Cahill, D. G. Spin diffusion induced by pulsed-laser
heating and the role of spin heat accumulation. Phys. Rev. B 95,
014402 (2017).

26. Slachter, A., Bakker, F. L., Adam, J.-P. & van Wees, B. J. Thermally
driven spin injection froma ferromagnet into a non-magneticmetal.
Nat. Phys. 6, 879 (2010).

27. Carpene, E., Hedayat, H., Boschini, F. & Dallera, C. Ultrafast
demagnetization of metals: collapsed exchange versus collective
excitations. Phys. Rev. B 91, 174414 (2015).

28. Turgut, E. et al. Stoner versus Heisenberg: Ultrafast exchange
reduction and magnon generation during laser-induced demag-
netization. Phys. Rev. B 94, 220408 (2016). (R).

29. Fallot,M. Les alliagesdu fer avec lesmétauxde la famille duplatine.
Ann. Phys. 11, 291 (1938).

30. Lewis, L. H., Marrows, C. H. & Langridge, S. Coupled magnetic,
structural, and electronic phase transitions in FeRh. J. Phys. D. Appl.
Phys. 49, 323002 (2016).

31. Thiele, J. U., Buess, M. & Back, C. H. Spin dynamics of the
antiferromagnetic-to-ferromagnetic phase transition in FeRh on a
sub-picosecond time scale. Appl. Phys. Lett. 85, 2857 (2004).

32. Ju, G. et al. Ultrafast generation of ferromagnetic order via a laser-
inducedphase transformation in FeRh thin films. Phys. Rev. Lett.93,
197403 (2004).

33. Bergman, B. et al. Identifying growthmechanisms for laser-induced
magnetization in FeRh. Phys. Rev. B 73, 060407 (2006). (R).

34. Radu, I. et al. Laser-induced generation and quenching of magne-
tization on FeRh studied with time-resolved x-ray magnetic circular
dichroism. Phys. Rev. B 81, 104415 (2010).

35. Mariager, S. O. et al. Structural and magnetic dynamics of a laser
inducedphase transition in FeRh. Phys. Rev. Lett. 108, 087201 (2012).

36. Baldasseroni, C. et al. Temperature-driven nucleation of ferro-
magnetic domains in FeRh thin films. Appl. Phys. Lett. 100,
262401 (2012).

37. Pressacco, F. et al. Subpicosecond metamagnetic phase transition
in FeRh driven by non-equilibrium electron dynamics. Nat. Com-
mun. 12, 5088 (2021).

38. Li, G. et al. Ultrafast kinetics of the antiferromagnetic-ferromagnetic
phase transition in FeRh. Nat. Commun. 13, 2998 (2022).

39. Kittel, C. Model of exchange-inversion magnetization. Phys. Rev.
120, 335 (1960).

40. Tu, P., Heeger, A. J., Kouvel, J. S. & Comly, J. B. Mechanism for the
first-order magnetic transition in the ferh system. J. Appl. Phys. 40,
1368 (1969).

41. Gu, R. Y. & Antropov, V. P. Dominance of the spin-wave contribution
to the magnetic phase transition in FeRh. Phys. Rev. B 72,
012403 (2005).

42. Norris, P. M. et al. Femtosecond pump-probe nondestructive
examination of materials. Rev. Sci. Ins. 74, 400 (2003).

43. Maat, S., Thiele, J.-U. & Fullerton, E. E. Temperature and field hys-
teresis of the antiferromagnetic-to-ferromagnetic phase transition
in epitaxial FeRh films. Phys. Rev. B 72, 214432 (2005).

44. Cooke, D. W. et al. Thermodynamic measurements of Fe-Rh alloys.
Phys. Rev. Lett. 109, 255901 (2012).

45. Wang, Y. et al. Spin pumping during the
antiferromagnetic–ferromagnetic phase transition of iron–rhodium.
Nat. Commun. 11, 275 (2020).

46. Ko, K. H. & Choi, G. M. Optical method of determining the spin
diffusion length of ferromagnetic metals. J. Magn. Magn. Mater.
510, 166945 (2020).

47. Elliot, R. J. Theory of the effect of spin-orbit coupling on magnetic
resonance in some semiconductors. Phys. Rev. 96, 266 (1954).

48. Yafet, Y. Solid State Physics 14 (eds Seitz, F. & Turnbull, D.) (Aca-
demic, 1963).

49. Sandratskii, L. M. & Mavropoulos, P. Magnetic excitations and
femtomagnetism of FeRh: a first-principles study. Phys. Rev. B. 83,
174408 (2011).

50. Jedema, F. J., Filip, A. T. & van Wees, B. J. Electrical spin injection
and accumulation at room temperature in an all-metal mesoscopic
spin valve. Nature 410, 345 (2001).

51. Pratt, W. P. Jr. & Bass, J. Perpendicular-current studies of electron
transport across metal/metal interfaces. Appl. Surf. Sci. 256,
399 (2009).

Acknowledgements
K.K. and and G.-M.C. are supported by Samsung Research Funding &
Incubation Center of Samsung Electronics under Project Number SRFC-
MA2001-03. H.O. and T.T. are supported in part by JST CREST Grant No.
JPMJCR18J1, JSPS KAKENHI Grant No. 21H04614. H.W.L is supported by
Samsung Science and Technology Foundation (BA-1501-51). K.-J.L. is

Article https://doi.org/10.1038/s41467-023-39103-2

Nature Communications |         (2023) 14:3619 7



supported by the National Research Foundation of Korea (NRF-
2020R1A2C3013302). O. Lee was supported by the NRF of Korea
(2020M3F3A2A01081635). Device fabrication was supported in part by
Advanced Facility Center for Quantum Technology at Sungkyunkwan
university.

Author contributions
G.-M.C. supervised the study. K.K. performed the measurement and
analysis for the phase transition and spin current generation. H.O. and
T.T. grew theFeRh/Cuheterostructurefilms andmeasured themagnetic
properties. D.Y. contributed to the inital growth of FeRh. O.L. provided
reference FeRh samples and fabrication procedure. K.-J.L. and H.-W.L.
provided a theoretical consideration for angularmomentum transfer. All
authors discussed the results and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39103-2.

Correspondence and requests for materials should be addressed to
Gyung-Min Choi.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39103-2

Nature Communications |         (2023) 14:3619 8

https://doi.org/10.1038/s41467-023-39103-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Spin current driven by ultrafast magnetization of FeRh
	Results and discussion
	Angular momentum transfer during phase transition
	Ultrafast magnetization of FeRh
	Lattice expansion of FeRh
	Spin accumulation on Cu
	Spin transport simulation

	Methods
	Film growth
	Optical measurement
	Spin transport simulation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




