
ASPIN Work package 2 Deliverable 2.1

H2020 FET-Open Research and Innovation Actions Project Number 766566

Antiferromagnetic spintronics (ASPIN)

Work package 2, Deliverable D2.1:
Report on optical and terahertz experiments

This report summarizes the work of the ASPIN project consortium on optical and THz detection
and excitation of dynamics in antiferromagnets. It spans a broad range of works from developing the
tools with high temporal and spatial resolution and studies of the fundamentals of spin-dynamics,
to demonstrations of THz-pulse electrical switching of antiferromagnetic memory devices and THz
spintronic emitters. Apart from the reference to our comprehensive review, covering our as well as
world-wide research in the field, the report outlines our original results in selected specific topics. We
give references to the corresponding publications featuring details of these results and for each topic
we also explicitly list the contributing teams from the consortium comprising: Institute of Physics
in Prague (IOP), University of Nottingham (NOT), Max-Planck Institutes (MPG), IGS Ltd. (IGS),
Charles University in Prague (CHU), Johannes Gutenberg University in Mainz (JGU).
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1 Review on antiferromagnetic opto-spintronics

Contributing teams: CHU, MPG
Control and detection of spin order in ferromagnetic materials is the main principle enabling mag-

netic information to be stored and read in current technologies. Antiferromagnetic materials, on the
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other hand, are far less utilized, despite having some appealing features. For instance, the absence
of net magnetization and stray fields eliminates crosstalk between neighbouring devices, and the ab-
sence of a primary macroscopic magnetization makes spin manipulation in antiferromagnets inherently
faster than in ferromagnets. However, control of spins in antiferromagnets requires exceedingly high
magnetic fields, and antiferromagnetic order cannot be detected with conventional magnetometry. In
this review [1] we provide an overview and illustrative examples of how electromagnetic radiation can
be used for probing (see Fig. 1) and modification of the magnetic order in antiferromagnets. We also
discuss possible research directions that are anticipated to be among the main topics defining the
future of this rapidly developing field.

REVIEW ARTICLE
NATURE PHYSICSREVIEW ARTICLE

Many magneto-optical (MO) studies have been performed in 
canted AFs24,31–37, where the probe of antiferromagnetism relies on a 
linear dependence of ε(a)

ij on the secondary magnetization M. A large 
MO Kerr effect was predicted also for the non-collinear AFs Mn3X 
where X =  Rh, Ir, Pt (ref. 38). Assume a coordinate system with x and 
y axes in the sample plane and the z axis along the sample normal, 
where M is oriented. If, in the otherwise isotropic medium with rela-
tive dielectric permittivity ε, an external stimulus induces ε(a)

xy, it will 
break the degeneracy between right- and left-handed circularly polar-
ized light propagating in the z direction. Light of opposite helicity will 
be refracted and absorbed differently, resulting in circular birefrin-
gence and dichroism, respectively39. Linearly polarized light propagat-
ing along the z axis will experience a polarization rotation by an angle

α ω
ε

ε= d
c2 Re( )

Im( ) (1)ij
a

F
( )

where ω is the light wave frequency, d is the sample length and c is 
the vacuum speed of light. Magnetization-induced polarization rota-
tion (and ellipticity) upon transmission or reflection is called the MO 
Faraday and Kerr effect, respectively (see Fig. 1c). Even if the equilibrium  

magnetization is zero and no magnetic field is applied, the magneti-
zation in AFs can still be induced40 by coherent dynamics of spins M 
~ L ×  dL/dt. Therefore, the dynamic magnetization can be used to 
probe pump-induced changes of the spin ordering in AFs19,20,41.

An alternative MO approach is to use ε(s)
ij, which depends qua-

dratically on L and is, therefore, present even in compensated AFs 
(where M =  0). If, in an otherwise isotropic medium, the spins 
are antiferromagnetically ordered along the x axis, the alignment 
will change ε(s)

ij, so that ε(s)
xx ≠  ε(s)

yy, inducing linear dichroism 
and birefringence18,22,28,29,42–44. The former, which is usually called  
the Voigt or Cotton–Mouton effect, can be measured as a polariza-
tion rotation45. Contrary to the Faraday effect, the polarization rota-
tion angle α V is the largest when the light propagation direction is 
perpendicular to the spin orientation. It also depends on the angle 
between the incoming light polarization (β) and the L orientation 
(φ) according to

α β φ β= −P sin( ) (2( )) (2)V
MLD

The MO coefficient PMLD, which scales quadratically with the L 
projection onto the plane perpendicular to the light propagation 
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Fig. 1 | Schematics of investigation of antiferromagnets by electromagnetic radiation. Although AFs possess no net magnetization to couple to, there 
are numerous ways to observe their spin pattern. a, An example of an antiferromagnetic spin structure consisting of two oppositely aligned ferromagnetic 
planes. (Other examples of antiferromagnetic ordering are depicted in Figs. 5d and 8f.) M1 and M2 represent magnetization orientations in two magnetic 
sublattices from which the antiferromagnetic vector L =  M1 −  M2 and the ferromagnetic vector M =  M1 −  M2 ≈  0 can be defined. b, The opposite domain 
state of the same structure. c, An intense optical pump laser pulse, typically in the red or infrared spectral regions, brings the AF out of equilibrium, which 
can be measured by detecting the polarization rotation of a weaker optical probe pulse. Alternatively, magnetization-assisted SHG or electromagnetic 
radiation emitted by precessing spins in the terahertz spectral range can be used to monitor the dynamic and/or static properties of AFs.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 1: Schematics of investigation of antiferromagnets by electromagnetic radiation [1].

2 Optical detection of antiferromagnetic moments in CuMnAs

2.1 Optical determination of the Néel vector in a CuMnAs thin-film antiferro-
magnet

Contributing teams: CHU, IOP, NOT, MPG
The absence of a net magnetic moment and ultrashort magnetization dynamics timescales make

antiferromagnets notoriously difficult to study using common magnetometers or magnetic resonance
techniques. In this work [2] we have demonstrated the experimental determination of the Néel vec-
tor in a thin film of antiferromagnetic CuMnAs, a prominent material used in the first realization
of antiferromagnetic memory chips. We use a table-top femtosecond pump-probe magneto-optical
experiment that is considerably more accessible than the traditionally employed large-scale-facility
techniques such as neutron diffraction or X-ray magnetic dichroism measurements.
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2.2 Investigation of exchange coupled bilayer Fe/CuMnAs by pump-probe exper-
iment

Contributing teams: CHU, IOP, NOT, MPG
In this work we employed [3] time-resolved pump-probe magneto-optical method to study Fe/CuMnAs

bilayer. The probe polarization dependence was used to identify and separate parts of detected sig-
nals due to Faraday and Voigt magneto-optical effects that provide information about pump-induced
magnetization precession in ferromagnetic Fe and reduction of the sublattice magnetization in anti-
ferromagnetic CuMnAs layers, respectively. We observe a strong asymmetry in the dependence of the
precession phase on the external magnetic field that we attribute to the exchange coupling between Fe
and CuMnAs. Unlike in X-ray magnetic linear dichroism experiments, we do not observe any signifi-
cant reorientation of magnetic moments in CuMnAs by external magnetic field due to the interlayer
exchange coupling with Fe. Differences between these two experimental techniques, providing the
distinct pictures, are discussed.

3 Time-resolved optical detection of laser-pulse induced dynamics
in insulating antiferromagnets

3.1 Ultrafast quantum dynamics of the order parameter in antiferromagnets in-
duced by femto-nanomagnons

Contributing teams: JGU, IOP
The impulsive generation of high-energy two-magnon modes in antiferromagnets by femtosecond

optical pulses (see Fig. 2), so-called femto-nanomagnons, leads to coherent longitudinal oscillations
of the antiferromagnetic order parameter that cannot be described by a thermodynamic Landau-
Lifshitz approach. In this work [4] we have formulated a quantum mechanical description in terms
of magnon pair operators and coherent states to derive an effective macroscopic equation of motion
for the dynamics of the antiferromagnetic order parameter. An implication of the latter is that the
photo-induced spin dynamics represents a macroscopic entanglement of pairs of magnons with fem-
tosecond period and nanometer wavelength. By performing magneto-optical pump-probe experiments
with 10 femtosecond resolution in the cubic KNiF3 and the uniaxial K2NiF4 collinear Heisenberg an-
tiferromagnet, we observed coherent oscillations at the frequency of 22 THz and 16 THz, respectively.
The detected frequencies as a function of the temperature ideally fit the two-magnon excitation up to
the Néel point. The experimental signals are described as dynamics of magnetic birefringence due to
longitudinal oscillations of the antiferromagnetic vector. The oscillations are triggered as a result of
laser-induced changes of the exchange interaction.

3.2 Dissecting spin-phonon equilibration in ferrimagnetic insulators by ultrafast
lattice excitation

Contributing team: MPG
To gain control over magnetic order on ultrafast time scales, a fundamental understanding of the

way electron spins interact with the surrounding crystal lattice is required. However, measurement
and analysis even of basic collective processes such as spin-phonon equilibration have remained chal-
lenging. In this work [5] we directly probe the flow of energy and angular momentum in the model
insulating ferrimagnet yttrium iron garnet (see Fig. 3). After ultrafast resonant lattice excitation, we
observe that magnetic order reduces on distinct time scales of 1 ps and 100 ns. Temperature-dependent
measurements, a spin-coupling analysis, and simulations show that the two dynamics directly reflect
two stages of spinlattice equilibration. On the 1-ps scale, spins and phonons reach quasi-equilibrium
in terms of energy through phonon-induced modulation of the exchange interaction. This mechanism
leads to identical demagnetization of the ferrimagnet?s two spin sublattices and to a previously inac-
cessible ferrimagnetic state of increased temperature yet unchanged total magnetization. Finally, on
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ii

Like any Raman mode also this excitation can be induced via
impulsive stimulated Raman scattering (ISRS),19–21 respect-
ing the corresponding conservation laws (see Fig. 1). A dis-
crepancy between the temperature-dependence of the magnon
signal in the time-domain ISRS and the frequency domain SR
experiments, motivated some authors to report that the role of
the long-range spin ordering (i.e. magnons at the center of the
Brillouin zone) is important, if not essential, for an impulsive
excitations of the 2M-mode.21 This argument, if confirmed,
would point towards a fundamental difference between light
scattering in the frequency and in the time-domain.

We have recently demonstrated that it is possible to photo-
induce pairs of magnons with wavevectors near the edges of
the Brillouin zone via ISRS: these spin excitations have fem-
tosecond period and nanometer wavelength and, for this rea-
son, they are named femto-nanomagnons.19 We discovered
that these high-energy magnons trigger coherent longitudi-
nal oscillations of the anti- ferromagnetic vector, which is
the order parameter. This novel regime corresponds to coher-
ent oscillations of the magnonic population which, similarly
to the well-known case of the Rabi oscillations, is a quan-
tum phenomenon. According to thermodynamics, the magni-
tude of the antiferromagnetic vector is defined by temperature,
which in the case of femto-nanomagnons would lead to the
non-physical conclusion of temperature oscillating at THz fre-
quencies. Moreover, other key concepts commonly employed
in the classical description of spin dynamics (mean field, cou-
pling of the magnetization and antiferromagnetic vector) do
not hold in the regime here explored. To bypass these limita-
tions, previous works have employed the direct solution of the
Schroedinger equation on the basis of an harmonic magnon
theory.19–21 However, an effective macroscopic theory to de-
scribe the purely longitudinal coherent dynamics of the order
parameter induced by femto-nanomagnons is missing.

To clarify these issues here we show that the microscopic
description of femto-nanomagnons can be simplified by intro-
ducing magnon pair operators. Most importantly, using coher-
ent states for these operators, we are able to derive an effective
macroscopic description beyond the conventional Landau-
Lifshitz phenomenology. Moreover, the commonly employed
concept of light-induced effective field to describe the photo-
excitation of macroscopic spin dynamics6,17,18 does not apply
to the femto-nanomagnons. In our theoretical framework we
formulate an analogous concept, a generalized force responsi-
ble for the spin dynamics.

To validate this approach we experimentally studied the
temperature-dependence and the pump-polarization depen-
dence of the spin dynamics generated by femto-nanomagnons
in two antiferromagnets with different magnetocrystalline
anisotropy. By comparing the results obtained in these com-
pounds, we can rule out any contribution of spin waves with
wavevectors at the center of the Brillouin zone to the observed
dynamical regime. Our model properly describes the compre-
hensive experimental observations of spin dynamics induced
by femto-nanomagnons and naturally predicts that the pairs of
collective spin excitations are entangled. This discovery could
pave the way for the development of femtosecond manipula-
tions of quantum phenomena and even entanglement.

Magnon

Laser pulse

ΔS = 0Δk = 0

Magnon

Figure 1. Conservation laws of the ISRS excitation of the 2M-mode. The
total spin is conserved, since magnons are generated by spin flip events occur-
ring in opposite sublattices. The visible excitation light pulse has almost zero
wavevector, thus only pairs of magnons with the same and opposite wavevec-
tors can be triggered. As a result, the total wavevector exchanged in the pro-
cess is zero.

This paper is organized as follows. In Sec. II the quan-
tum mechanical theory describing the spin dynamics initiated
by the generation of femto-nanomagnons is reported. Sec-
tion. III describes the experimental techniques, together with
the properties of the materials investigated. Section IV re-
ports the investigation of the temperature dependence of the
femto-nanomagnonic dynamics. The experimentally verified
criterion allowing to select the proper conditions for the phase
control is discussed in Sec. V. The conclusions and perspec-
tives of our work are reported in Sec. VI.

II. Theory

The dynamical magnetic regime triggered by the genera-
tion of k ≈ 0 long-wavelength magnons is properly described
by classical equations of motions of the Landau-Lifshitz type,
considering only the two following macroscopic quantities:
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(1)

where N is the number of magnetic atoms (N/2 per sublattice)
per unit volume, M is the magnetization, L is the antiferro-
magnetic vector which is canonically introduced as order pa-
rameter for an antiferromagnet.30 The symbols S⇑i and S⇓j rep-
resent the spins belonging to two sublattices of an antiferro-
magnet and, in the context of low-energy and long-wavelength
spin dynamics, they are classical vectors. For the sake of
simplicity we use dimensionless units in the definition of M
and L. We interpret here the averages appearing in Eq.(1) as

Figure 2: Schematics of photo-induced pairs of magnons via impulsive stimulated Raman scattering
[4].

the much slower, 100-ns scale, the excess of spin angular momentum is released to the crystal lattice,
resulting in full equilibrium. Our findings are relevant for all insulating ferrimagnets and indicate that
spin manipulation by phonons, including the spin Seebeck effect, can be extended to antiferromagnets
and into the terahertz frequency range.

4 Magneto-optical microscope integrated in a pump-probe experi-
mental setup

Contributing teams: CHU, IOP, MPG
In this work [6], we describe our experimental setup for a spatially resolved pump-probe experiment

with an integrated wide-field magneto-optical (MO) microscope (see Fig. 4). The functionality of the
Voigt effect-based microscope was tested using an in-plane magnetized ferromagnetic semiconductor
(Ga,Mn)As. It was revealed that the presence of mechanical defects in the (Ga,Mn)As epilayer alters
significantly the magnetic anisotropy in their proximity. The importance of MO experiments with
simultaneous temporal and spatial resolutions was demonstrated using a (Ga,Mn)As sample attached
to a piezoelectric transducer, which produces a voltage-controlled strain. We observed a considerably
different behavior in different parts of the sample that enabled us to identify sample parts where the
epilayer magnetic anisotropy was significantly modified by the presence of the piezoelectric transducer
and where it was not. We discuss the possible applicability of our experimental setup for the research
of compensated antiferromagnets, where only MO effects even in magnetic moments are present.

5 Writing by THz pulses in a CuMnAs antiferromagnetic memory

Contributing teams: IOP, MPG, NOT, JGU
The speed of writing of state-of-the-art ferromagnetic memories is physically limited by an intrinsic

gigahertz threshold. Our recent realization of memory devices based on antiferromagnets has moved
research in an alternative direction. In this work [7] we experimentally demonstrate at room temper-
ature that the speed of reversible electrical writing in a memory device can be scaled up to terahertz
using an antiferromagnet (see Fig. 5). A current-induced spin-torque mechanism is responsible for the
switching in our memory devices throughout the 12-order-of-magnitude range of writing speeds from
hertz to terahertz. Our work opens the path toward the development of memory-logic technology
reaching the elusive terahertz band.
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Figure 2A displays the absorptance spectrum of a 15-mm-thick
BiGa:YIG film from 10 to 45 THz, where absorption is known to be
due solely to infrared-active phonons (26). Our ab initio calculations
show that the pump pulse centered around 21 THz (red spectrum in
Fig. 2A) predominantly excites long-wavelength TO(G) lattice normal
modes characterizedby an asymmetric Fe-O stretch vibration (see Fig. 1B,
fig. S4, and Materials and Methods).

RESULTS AND DISCUSSION
Ultrafast spin dynamics
Figure 2B shows the relative pump-induced changeDq/q0 =q(t)/q0− 1 in
the Faraday rotation as a function of the delay t since excitation. Here,
q0 = q(−2 ps) refers to the equilibrium case. When pumping off the
TO(G) phonon resonances, at around 38 THz (blue pump spectrum in

Fig. 2A), a relatively small signal is found (blue curve in Fig. 2B). In
marked contrast, we witness a response more than one order of mag-
nitude stronger for resonant phonon excitation around 20 THz (red
pump spectrum in Fig. 2A): an ultrafast single-exponential drop of
the Faraday signal with a time constant as short as tfast = 1.6 ps (red
curve in Fig. 2B).Onmuch longer time scales, an additional exponential
reduction of q with a time constant of tslow = 90 ns is found (Fig. 2C).
Recovery back to the initial state occurs over about 1 ms (fig. S2D).

Because the pump-probe signal grows linearly with the pump
fluence (inset of Fig. 2C), excitation is dominated by one-photon ab-
sorption, whereas strong-field effects such as field or impact ionization
are negligible (27). This notion is further supported by Fig. 2A, which
demonstrates that the sample absorptance and transient Faraday
rotation are found to depend on the pump frequency in a very sim-
ilar way.

We emphasize that almost identical dynamics are observed when a
pure YIG sample, instead of the BiGa:YIG film, is used (see fig. S2, B
to D). Additional control experiments confirm that, as soon as the
pump pulse has left the sample, the transient Faraday signal Dq(t) reli-
ably reflects the dynamics of the sublattice magnetizationsMa andMd

with time-independent coefficients aa and ad in Eq. 1 (seeMaterials and
Methods and fig. S3).

Figure 2B also shows the relative optical transmittance change of the
BiGa:YIG sample for the case of resonant pumping. The signal starts
with a peak-like feature whose width coincides with that of the terahertz
pump pulse. Already for delays t > 1 ps, the signal is almost constant,
changing by less than 10% in the subsequent evolution. This relaxation
to a quasi-steady state is substantially faster than seen for the transient
Faraday rotation, which still doubles its value at t = 1 ps in the following
5 ps (Fig. 2B). Furthermore, the transmittance signal is found to be
independent of the samplemagnetization (fig. S3C). These features sug-
gest that the transmittance change predominantly monitors the redis-
tribution dynamics of the pump-deposited energy in the crystal lattice.

Although the relative signal changes are small and still in the per-
turbative regime, our results in Fig. 2 show a proof of concept that res-
onant phonon excitation provides an ultrafast manipulation of
magnetic order. It only involves the crystal lattice and electron spins,
yet no electronic orbital degrees of freedom (Fig. 1A). The picosecond
spin dynamics observed here (Fig. 2B) are unexpected because they
are five orders of magnitude faster than the spin coherence lifetime
(>0.1 ms) of YIG, which is known to be one of the longest among
magnetically ordered materials (8, 15).

Temperature dependence
To characterize the transient states established on the fast (tfast =
1.6 ps) and slow (tslow = 90 ns) time scales, respectively, we increase
the sample temperature T0 from 300 to 420 K. Simultaneously, we
measure the equilibrium Faraday rotation q0 as well as its pump-
induced change Dq at ultrashort (t = 10 ps; Fig. 2B) and long delays
(t = 1 ms; Fig. 2C) after phonon excitation.

The resulting q0 versus T0 has the typical shape (15) of a ferri-
magnet’s static magnetization curve (Fig. 3A). Its slope ∂q0/∂T0

steepens with rising T0 until the transition into the paramagnetic
phase occurs at the Curie temperature TC = 398 K of BiGa:YIG. In
contrast, the pump-induced Faraday signal at t=1 ms (Fig. 3B) increases
with T0 and reaches a maximum right below TC, reminiscent of the
derivative of the static curve (Fig. 3A). Indeed, we find that Dq(1 ms)
versus T0 closely follows (∂q0/∂T0)DT (Fig. 3B). Here, DT = 0.39 K is
the increase in equilibrium temperature as calculated from the
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Fig. 1. Ultrafast probing of spin-phonon interactions. (A) Experimental principle.
A terahertz pump pulse resonantly and exclusively excites optical phonons of a
ferrimagnet. The impact on the sample magnetization is monitored by the Faraday
rotation q of a subsequent femtosecond probe pulse. By using an electric insulator,
the electronic orbital degrees of freedom remain unexcited (see red crosses). (B) Part
of the unit cell of ferrimagnetic YIG. Magnetic Fe3+ ions at tetrahedral d sites and
octahedral a sites comprise, respectively, the majority and minority spin sublattice
of the ferrimagnet. The pump pulse resonantly excites a TO(G) optical phonon asso-
ciated with a Fe-O stretch vibration at the tetrahedral d site.
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Figure 3: Ultrafast probing of spin-phonon interactions in ferrimagnetic YIG [5].

6 THz spectroscopy, spin-currents, and spintronic emitters

6.1 Femtosecond formation dynamics of the spin Seebeck effect revealed by ter-
ahertz spectroscopy

Contributing teams: MPG, JGU
Understanding the transfer of spin angular momentum is essential in modern magnetism research.

A model case is the generation of magnons in magnetic insulators by heating an adjacent metal film.
In this work [8] we reveal the initial steps of this spin Seebeck effect with 27 fs time resolution using
terahertz spectroscopy on bilayers of ferrimagnetic yttrium iron garnet and platinum (see Fig. 6).
Upon exciting the metal with an infrared laser pulse, a spin Seebeck current arises on the same 100
fs time scale on which the metal electrons thermalize. This observation highlights that efficient spin
transfer critically relies on carrier multiplication and is driven by conduction electrons scattering off
the metal-insulator interface. Analytical modeling shows that the electrons? dynamics are almost
instantaneously imprinted onto spin current because their spins have a correlation time of only 4
fs and deflect the ferrimagnetic moments without inertia. Applications in material characterization,
interface probing, spin-noise spectroscopy and terahertz spin pumping emerge.
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073703-2 Janda et al. Rev. Sci. Instrum. 89, 073703 (2018)

by a CCD camera. This optical microscope enables a visualiza-
tion of the sample topography. In this contribution, we show an
experimental setup where we improve this optical microscope
by adding a MO sensitivity and we combine it with a local
pump-probe technique. We use the wide-field MO microscope
to get quickly the spatially resolved image of the sample and
to identify regions which are interesting for further investiga-
tion by a time-resolved pump-probe method. This combination
represents an efficient solution which still enables to achieve
both the high temporal and spatial resolutions at reasonable
measurement times.

Our paper is organized as follows: First, we describe
experimental details of the setup for the pump-probe exper-
iment with a high spatial resolution (Sec. II A) and for a wide-
field MO microscope (Sec. II B). Next, we verify that domains
in in-plane magnetized materials can be visualized using the
Voigt effect (VE) in this MO microscope. Finally, we test
the overall performance of the combined setup by a study of
ferromagnetic semiconductor (Ga,Mn)As attached to a piezo-
electric transducer. This sample structure enables us to achieve
a strain-induced modification of the magnetic anisotropy in
(Ga,Mn)As, which is user-controlled by a voltage applied to
the piezoelectric transducer,21–23 which is a very promising

feature for many envisioned spintronic applications.24,25 How-
ever, this functionality is achieved at the expense of rather
inhomogeneous sample properties, which are caused by the
inhomogeneous transfer of strain from the piezo-stack through
the glue to the investigated material.26 In particular, we illus-
trate that the wide-field MO microscope functionality of our
experimental setup allowed us to identify sample regions with
distinct effects of the piezo-induced strain, which are indis-
tinguishable in a normal optical microscope. Subsequently,
we performed time-resolved MO measurements in such pre-
selected areas and observed that their magnetization dynamics
is also considerably different.

II. EXPERIMENTAL SETUP FOR SPATIALLY
RESOLVED PUMP-PROBE EXPERIMENT WITH
INTEGRATED MAGNETO-OPTICAL MICROSCOPE

The experimental setup shown in Fig. 1(a) consists of
two parts which enable us to perform pump-probe experi-
ments and magneto-optical imaging both independently and
also in conjunction in a single combined experiment. In
the following, we describe in detail both these functional
parts.

FIG. 1. Pump-probe experimental setup with a high spatial resolution combined with a wide-field MO microscope. (a) A sketch of the experimental layout.
Pump-probe experiment: Each pulse emitted by a femtosecond (fs) laser is divided into pump and probe pulses by a polarizing beam splitter (PBS) with an
intensity ratio set by a half-wave plate (HWP). Another pair of HWP and polarizer is used to set the intensity in each beam. Filters F1 and F2 are used to spectrally
separate the pump and probe beams. Sets of polarizer, half-, and quarter-wave plate (QWP) define the polarization of pump and probe pulses which are then
merged by a beam splitter (BS), with a variable mutual time delay set by a delay line, and focused on the sample (S) by an objective lens. The sample is placed
in an optical cryostat between the poles of an electromagnet. Beams reflected from the sample are directed by BS 2 toward an optical-bridge detection system
where the pump pulses are suppressed by filters F2. MO microscope: HWP and polarizer are used to set intensity and vertical (s) polarization of light emitted
by a continuous (cw) laser. A laser speckle reducer (LSR) suppresses interference effects due to the laser coherence. The optical system creates nearly parallel
beam illuminating the sample, and the reflected light is guided by an optional flip-mirror through an analyzer to a CCD camera. (b) The working principle of a
wide-field MO microscope. The polarization plane of the light reflected from places with different orientations of magnetization in the sample plane is rotated
by a different angle resulting in a different intensity transmitted through the analyzer.

Figure 4: Pump-probe experimental setup with a high spatial resolution combined with a wide-field
MO microscope [6].

(16); examples of stable retention at room temperature in CuMnAs are
reported byWadley et al. (18), and inMn2Au byBodnar et al. (19). Data
in Fig. 3A were obtained for an applied writing current density j = 3 ×
107A cm–2 and awriting pulse repetition rate of 1Hz.Wadley et al. (14)
and Olejník et al. (16) reported more systematic dependencies of the
switching signal on the writing pulse length, repetition rate, and current
density in the contact setup.

Remarkably, analogous reversible switching traces, with an initial
steep increase of the AMR signal followed by a tendency to saturate,
can be written in the same CuMnAs memory cell structure by pico-
second pulses, as shown in Fig. 3B. Here, the current density, recalcu-
lated from the applied intensity of the terahertz electric field E = 1.1 ×
105 V cm–1, was increased to j ≈ 2.7 × 109 A cm–2 for these ultrashort
pulses. See below for a detailed discussion of the E to j conversion. The
correspondence between themeasured data in Fig. 3 (A andB) indicates
that for the picosecond pulses, the reversible switching of the antiferro-
magnet, controlled by the polarization direction of the incident terahertz
electric field, is also due to the current-induced staggered spin-orbit

field. Note that this switchingmechanism allows us to use the electric
field transient and that we do not rely on the weak magnetic field
component of the radiation (28) or on nonlinear orbital transition
effects (29).

Performing ameasurementwith an isolated single pulsewas not fea-
sible in our terahertz setup. However, we emphasize that the writing
pulse repetition rate in Fig. 3B was set to 1 kHz, that is, the ratio of pulse
delay to pulse length is as large as 109. We also point out that at the
millisecond (or longer) range of delays between writing pulses, the
change of the signal due to the subsequent pulse in the train is not
affected by transient heating effects of the previous pulse and is
independent of the delay time (16).

However, to more explicitly highlight the effect of a single pico-
second pulse, we increase the current density to j ≈ 2.9 × 109 A cm–2

and further reduce the repetition rate of the writing pulses to 125 Hz
and match it closely to the readout repetition rate (100 Hz). The
measured data plotted as a function of the pulse number are shown
in Fig. 4A. We observe that the initial picosecond pulse accounts for

Fig. 3. Comparison of switching by microsecond and picosecond pulses. (A) Reversiblemultilevel switchingby30-s trainsofmicrosecondelectrical pulseswithahertzpulse
repetition rate, delivered viawire-bonded contacts along twoorthogonal directions. The appliedwriting current density in the 3.5-mm-size CuMnAs/GaAs cell is 3× 107A cm–2. Intervals
with thepulse trains turnedonarehighlighted ingray, and the twoorthogonal current directions of the trains alternate fromone interval to thenext. Electrical readout is performedat a
1-Hz rate. Right insets show schematics of the transverse AMR readout. White dashed lines depict readout current paths. (B) Same as (A) for picosecond pulses with a kilohertz pulse
repetition rate. The writing current density in the 2-mm-size CuMnAs/GaAs bit cell recalculated from the amplitude of the applied terahertz electric field transient is 2.7 × 109 A cm–2.
Electrical readout is performed at an 8-Hz rate.

Fig. 4. Effects of individual picosecond and microsecond pulses. (A) The multilevel memory signal as a function of the number of applied picosecond pulses. The
writing current density in the 2-mm-size CuMnAs/GaAs bit cell recalculated from the applied terahertz field amplitude is 2.9 × 109 A cm–2. (B) Same as (A) for the micro-
second pulses and an applied writing current density of 3 × 107 A cm–2 in the 3.5-mm-size CuMnAs/GaAs cell.
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Figure 5: Comparison of switching in a CuMnAs memory cell by microsecond and picosecond pulses
[7].

6.2 Terahertz spectroscopy for all-optical spintronic characterization of the spin-
Hall-effect metals Pt, W and Cu80Ir20

Contributing teams: MPG, JGU
Identifying materials with an efficient spin-to-charge conversion is crucial for future spintronic
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Transfer of spin angular momentum between two sub-
systems is a common process in modern magnetism
research and highly relevant for the implementation of

spintronic functionalities1. In contrast to electrical currents, spin
transfer can be induced not only by the flow of conduction
electrons, but also by torques exerted between the subsystems2,3.
A model case of incoherent spin torque is the spin Seebeck
effect2–7 (SSE), which is typically observed at the interface3,8,9 of a
magnetic insulator (F) and a nonmagnetic metal (N) (see Fig. 1).
By applying a temperature difference TN− TF, a spin current
with density2,10

js ¼ K " TN # TF! "
ð1Þ

across the interface is induced where K is the SSE coefficient.
Since F is insulating and N nonmagnetic, js is carried by magnons
in F and by conduction electrons in N. It is readily measured in
the N layer through the inverse spin Hall effect (ISHE), which
converts the longitudinal js into a detectable transverse charge
current jc (Fig. 1). In the case of temperature gradients in the F
bulk, magnon accumulation at the F|N interface can make an
additional contribution to Eq. (1)3,11.

Note that Eq. (1) presumes a static temperature difference and
a frequency-independent SSE coefficient K. It is still an open
question how the SSE current js evolves for fast temperature
variations and in the presence of nonthermal states. Insights into
these points are crucial to reveal the role of elementary processes
in the formation of the SSE current, for instance magnon crea-
tion12 in F and spin relaxation13 in N. The high-frequency
behavior of the SSE is also relevant for applications, such as
magnetization control by terahertz (THz) spin currents14–16 and
spintronic THz-radiation sources17–21.

In previous time-resolved SSE works, a transient temperature
difference TN− TF was induced by heating the N layer with an
optical or microwave pulse8,9,22,23. It was shown that Eq. (1)
remains valid on the time resolution of these experiments, from
microseconds8 through to ~0.1 ns (ref. 9) and even down to 1.2 ps
(ref.23). To search for the SSE speed limit, even finer time reso-
lution is required, ultimately reaching the 10 fs scale, which
resolves the fastest spin dynamics in magnetic materials24.

In this work, we reveal the initial elementary steps of the
longitudinal SSE by pushing its measurement to the THz regime.
Upon exciting the metal of a prototypical F|N bilayer structure
with an infrared laser pulse, the dynamics of the spin Seebeck
current js versus time t are determined with a resolution better
than 27 fs using the ISHE and electrooptic sampling. We find that
js(t) rises and decays on time scales of ~100 fs. The decay directly
follows the cooling dynamics of the N electrons as seen in the
transient sample reflectance. An analytical model shows that js(t)
monitors the density of the transient electrons and holes in the
metal quasi-instantaneously because their spins have a correlation
time of only ~4 fs and deflect the ferrimagnetic moments without
inertia. Simulations consistently reveal that the rise of js(t) mir-
rors the thermalization process during which the photoexcited
electrons approach a Fermi–Dirac distribution. This observation
highlights that efficient spin transfer critically relies on carrier
multiplication and is driven by conduction electrons scattering off
the metal–insulator interface. Our results are relevant for a large
variety of optically driven spin-transfer processes. Applications in
material characterization, interface probing, spin-noise spectro-
scopy and THz spin pumping come into reach.

Results
Experiment. A schematic of our experimental setup is shown
in Fig. 1 and detailed in the Methods section. In brief, we
use ultrashort laser pulses (duration 10 fs, center photon energy
1.6 eV, pulse energy 3.2 nJ) from a Ti:sapphire laser oscillator
(repetition rate 80MHz) to excite the metal of yttrium iron garnet
(YIG)|platinum (Pt) bilayers. Any spin current js(t) arising in the
metal is expected to be converted into a charge current jc(t) by
the ISHE with a bandwidth extending into the THz range17.

These extremely high frequencies are, however, inaccessible
to electrical measurement schemes. We, therefore, sample the
transient electric field of the concomitantly emitted electromag-
netic pulse by contact-free electrooptic detection over a
bandwidth of 45 THz. This technique allows us to determine
the spin current js(t) with a time resolution better than 27 fs
(see Methods and ref.25). To monitor the electron dynamics in
the Pt thin film, we also measure its transient reflectance by a
time-delayed optical probe pulse (see Fig. 1).

THz emission from YIG|Pt. Typical THz electrooptic signals S
versus time t for a YIG(3 μm)|Pt(5.5 nm) bilayer are displayed in
Fig. 2a. The signal inverts when the in-plane sample magnetiza-
tion M is reversed. Since the SSE current is expected to be odd in
M, we focus on the THz-signal difference S_= S(+M)− S(−M)
in the following.

Figure 2b shows the amplitude of S_(t) as a function of the
external magnetic field, along with the sample magnetization M
measured by the magnetooptic Faraday effect (see Methods).
First, both curves coincide. Second, the THz electric field
associated with S_(t) is found to be linearly polarized and
oriented perpendicular to M (see Supplementary Fig. 1).

Third, when reversing the layer sequence from F|N to N|F,
S_(t) changes polarity (see Supplementary Fig. 2). Fourth, S_(t)
does not depend on the pump-pulse polarization (linear and
circular, see Supplementary Fig. 3). Finally, as seen in Fig. 2c, the
root mean square (RMS) of S_(t) grows approximately linearly
with the absorbed pump fluence. These observations are in line
with the scenario suggested by Fig. 1.

Impact of the metal layer. To test the relevance of the ISHE, we
replace the Pt with a tungsten (W) layer. The resulting S_(t)
exhibits a reduced amplitude and reversed sign (Fig. 2d), con-
sistent with previous ISHE works26. On bare YIG and single Pt

THz pulse E (t )

Femto-
second
pump

0 d
z z

y

x

0

∆Te
N

F = YIG

M

N = Pt

js
jc

Reflec-
tance
probe

Fig. 1 Experiment schematic. To probe the ultimate speed of the spin
Seebeck effect, a femtosecond laser pulse (duration 10 fs, center photon
energy 1.6 eV) is incident on a F|N bilayer made of N= Pt (thickness of
d= 5 nm) on top of F= YIG (thickness 5 µm, in-plane magnetization
M, electronic band gap of 2.6 eV). While the YIG film is transparent to the
pump pulse, the Pt film is excited homogeneously, resulting in a transient
increase ΔTN

e of its electronic temperature. Any ultrafast spin–current
density js(t) arising in Pt is converted into a transverse charge–current
density jc(t) by the inverse spin Hall effect, thereby acting as a source of a
THz electromagnetic pulse whose transient electric field E(t) is detected by
electrooptic sampling. The electron dynamics in the Pt layer is interrogated
by an optical probe pulse that measures the transient sample reflectance
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Figure 6: Experimental schematics for probing the ultimate speed of the spin Seebeck effect in a
YIG/Pt bilayer [8].

applications. In this respect, the spin Hall effect is a central mechanism as it allows for the intercon-
version of spin and charge currents. Spintronic material research aims at maximizing its efficiency,
quantified by the spin Hall angle and the spin-current relaxation length. In this work [9] we develop an
all-optical contact-free method with large sample throughput that allows us to extract these param-
eters. Employing terahertz spectroscopy and an analytical model, magnetic metallic heterostructures
involving Pt, W and Cu80Ir20 are characterized in terms of their optical and spintronic properties.
The validity of our analytical model is confirmed by the good agreement with literature DC values.
For the samples considered here, we find indications that the interface plays a minor role for the
spin-current transmission. Our findings establish terahertz emission spectroscopy as a reliable tool
complementing the spintronics workbench.

6.3 Terahertz Spin Currents and Inverse Spin Hall Effect in Thin-Film Het-
erostructures Containing Complex Magnetic Compounds

Contributing team: MPG
Terahertz emission spectroscopy (TES) of ultrathin multilayers of magnetic and heavy metals has

recently attracted much interest. This method not only provides fundamental insights into photoin-
duced spin transport and spin?orbit interaction at highest frequencies, but has also paved the way for
applications such as efficient and ultrabroadband emitters of terahertz (THz) electromagnetic radia-
tion. So far, predominantly standard ferromagnetic materials have been exploited. In this work [10],
by introducing a suitable figure of merit, we systematically compare the strength of THz emission from
X/Pt bilayers with X being a complex ferro-, ferri- and antiferromagnetic metal, that is, dysprosium
cobalt (DyCo5), gadolinium iron (Gd24Fe76), magnetite (Fe3O4) and iron rhodium (FeRh). We find
that the performance in terms of spin-current generation not only depends on the spin polarization
of the magnet?s conduction electrons, but also on the specific interface conditions, thereby suggesting
TES to be a highly interface-sensitive technique. In general, our results are relevant for all applications
that rely on the optical generation of ultrafast spin currents in spintronic metallic multilayers.
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6.4 Ultrabroadband single-cycle terahertz pulses from a metallic spintronic emit-
ter

Contributing teams: MPG, JGU
In this work [11] we explore the capabilities of metallic spintronic thin-film stacks as a source of

intense and broadband terahertz electromagnetic fields (see Fig. 7). For this purpose, we excite a
W/CoFeB/Pt trilayer (thickness of 5.6?nm) on a large-area glass substrate (diameter of 7.5?cm) by
a femtosecond laser pulse (energy 5.5 mJ, duration 40 fs, and wavelength 800?nm). After focusing,
the emitted terahertz pulse is measured to have a duration of 230 fs, a peak field of 300?kV/cm,
and an energy of 5 nJ. In particular, the waveform exhibits a gapless spectrum extending from 1 to
10?THz at 10% of its amplitude maximum, thereby facilitating nonlinear control over matter in this
difficult-to-reach frequency range on the sub-picosecond time scale.

In our experiment [see Fig. 1(c) for a schematic], we use
laser pulses (energy of 5.5 mJ, center wavelength of 800 nm,
duration of 40 fs, repetition rate of 1 kHz) from an amplified
Ti:sapphire laser system (Coherent Legend Elite Duo). The
collimated beam [diameter of 4.8 cm full width at half maxi-
mum (FWHM) of intensity] is incident onto the STE, whose
in-plane magnetization is saturated by permanent magnets
delivering a field of about 610 mT. To spectrally separate
the pump from the THz radiation, the emitted THz beam is
reflected by a float glass with indium-tin-oxide coating
(thickness of 100 nm, sheet resistance <7 X/sq, covered with
a SiO2 passivation layer) under an angle of 45!. After trans-
mission through a silicon wafer (angle of incidence of 45!6
2!), blocking the residual pump radiation, the THz beam is
eventually focused on two different detectors to characterize
the THz power and the transient THz electric field. The THz
power is measured using a power meter (Gentec THz-B),
which requires chopping of the near-infrared pump beam at
25 Hz. To determine the THz polarization state, we employ a
rotatable free-standing wire-grid polarizer (InfraSpecs model
P02) placed directly behind the silicon wafer.

We characterize the transient THz electric field by stan-
dard electrooptic (EO) sampling using a femtosecond probe
pulse from the seed oscillator (energy of 0.6 nJ, center wave-
length of 750 nm, duration of 8 fs, repetition rate of 80 MHz)
that is coupled into the THz beam path upon reflection from
the rear side of the silicon wafer [Fig. 1(c)]. Both beams are
focused using a 45! off-axis parabolic mirror (focal length of
200) into the EO detection crystal of either (110)-oriented GaP
(thickness of 50 lm), (110)-oriented ZnTe (10 and 50 lm), or
(001)-oriented Quartz (50 lm). The THz-field-induced probe
ellipticity is measured using an optical bridge [Fig. 1(c)]. The
detection crystals are sufficiently thin to ensure a linear scal-
ing of the EO signal with the THz electric field. If not men-
tioned otherwise, measurements are conducted at room
temperature in air. Details on EO detection with a Quartz
crystal will be published elsewhere.

Figure 2(a) shows a typical EO signal as recorded with a
50 lm thick Quartz crystal. We observe an almost complete
reversal of the THz signal when the sample magnetization is

reversed. This behavior is consistent with our understanding
of the THz emission process [see Fig. 1(a) and Ref. 27]. The
pump-fluence dependence [inset of Fig. 2(a)] demonstrates
that the THz emission is still well below saturation. We note
that the temporal shape of the THz pulse is independent of

FIG. 1. High-field spintronic terahertz emitter (STE). (a) Principle of operation. A femtosecond laser pulse drives spin currents js from a ferromagnetic (FM)
layer (with in-plane magnetization M) into two adjacent non-magnetic (NM) layers. The inverse spin Hall effect (ISHE) converts these spin currents into
orthogonal in-plane charge currents j1

c and j2
c . By design, NM1 and NM2 have opposite spin Hall angles, thereby resulting in constructive superposition of the

two sub-picosecond charge currents. Consequently, a THz pulse ETHz is emitted into the optical far-field. (b) Photograph of the spintronic terahertz emitter.
Two bar magnets labeled N and S provide a magnetic field of " 10 mT across the entire emitter area. A 2 e coin serves as a scale reference. (c) Schematic of
the experimental setup. For details, see the main text. Bext: external magnetic field, ITO: indium-tin-oxide-covered glass, Si: silicon wafer, OPM: off-axis para-
bolic mirror, EO: electrooptic, k/4: quarter-wave plate, WP: Wollaston prism, and PD: photodiode.

FIG. 2. Raw data. (a) Typical THz electrooptic signals measured using a
50 lm thick Quartz detector for opposite sample magnetizations 6M. The
inset shows the pump-fluence dependence of the THz signal (root mean
square). (b) THz pulse energy as a function of the rotation angle a of a THz
polarizer inserted before the THz power meter for two orthogonal sample
magnetizations (black and blue dots). Grey lines are cos2 a and sin2 a fits.
THz pulse energies are corrected for polarizer transmission losses.

252402-2 Seifert et al. Appl. Phys. Lett. 110, 252402 (2017)

Figure 7: Principle of operation, photograph, and schematic of the experimental setup of a high-field
spintronic terahertz emitter [11].
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