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The field of spintronics, or magnetic electronics, is maturing and giving rise to new subfields. These new
directions involve the study of collective spin excitations and couplings of the spin system to additional
degrees of freedom of a material, as well as metastable phenomena due to perturbations that drive the
system far from equilibrium. The interactions lead to possibilities for future applications within the realm
of energy-efficient information technologies. Examples discussed herein include research opportunities
associated with (i) various spin-orbit couplings, such as spin Hall effects, (ii) couplings to the thermal bath
of a system, such as in spin Seebeck effects, (iii) spin-spin couplings, such as via induced and interacting
magnon excitations, and (iv) spin-photon couplings, such as in ultrafast magnetization switching due to
coherent photon pulses. These four basic frontier areas of research are giving rise to new applied disciplines
known as spin orbitronics, spin caloritronics, magnonics, and spin photonics, respectively. These topics are
highlighted in order to stimulate interest in the new directions that spintronics research is taking and to
identify open issues to pursue.
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I. INTRODUCTION

The discovery of giant magnetoresistance [1,2] is the
genesis for the field of spintronics, which focuses on the
interplay between charge transport and magnetization
structure and dynamics [3,4]. Spintronics is a remarkable
success story in terms of transitioning fundamental science
into applications, since within a decade after its initial
discovery, giant magnetoresistance became an integral part
of read heads in magnetic data storage enabling ever-
increasing amounts of digital data to be stored. As such,
spintronics was instrumental in the digital revolution,
wherein analog information was essentially replaced by
digital data [5] to the point where the transmission,
manipulation, and storage of information have become a
pervasive aspect of our lives.
While the initial applied impact of spintronics is mostly

related to information storage, which already utilizes
magnetic materials for long-term data retention, more
recently, there have been increased efforts to integrate
spintronic concepts also into the logic operations of
information technologies. The driver for combining spin-
tronics with semiconducting logic is that the continuous
miniaturization of semiconducting electronics known as
“Moore’s law” goes hand in hand with increased power
dissipation due to leakage currents [6]. Towards this end,
information-processing systems based on magnetic degrees
of freedom offer appealing opportunities. Unlike purely
charge-based systems, information encoded in magnetiza-
tion states is generally nonvolatile, thus, reducing the power
requirement for maintaining data. However, we note that
with decreasing size, thermal stability (and, thus, volatility)
becomes an issue that may require materials with increased

magnetic anisotropies [7] in order to develop magnetic
devices with ultrahigh miniaturization. Nevertheless, since
the energy difference between opposite magnetization
directions can be negligibly small, this offers, in principle,
the possibility to manipulate data at its thermodynamic
limits [8]. Besides overcoming the power-dissipation lim-
itations of semiconducting electronics, improved energy-
efficient information technologies are also imperative for
overcoming the concomitant increasing global energy
consumption, which is driven, in part, by the ubiquitous
growth in the popularity of electronic devices [9].
The aim of this paper is to briefly summarize recent

key developments to understand fundamental phenomena
within the field of spintronics, which are poised to also
impact applications. For this purpose, we focus on four
topics: spin orbitronics, spin caloritronics, magnonics, and
ultrafast spin photonics. These examples illustrate some of
the complexity encountered due to the inherent mesoscale
nature of magnetism, where interactions at many different
length scales are relevant and lead to the coupling of many
different degrees of freedom [10]. Spin orbitronics is an
emergent subfield of spintronics, which aims to harness
spin-orbit coupling for the generation and detection of spin
currents even in nonmagnetic materials. Phenomena driven
by spin-orbit coupling are also essential in establishing the
new research direction of spin caloritronics, which focuses
on the interplay of spin and charge currents with heat
currents. Spin-wave excitations (magnons) appear to be
important for understanding heat-driven phenomena but
also form the basis of the new spintronics concept known as
magnonics. Here the goal is to use magnons instead of
diffusive spin currents to encode and process information.
While spin-wave excitations range in frequencies from the
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gigahertz to terahertz range, it was recently realized that
magnetization dynamics can also occur at time scales that
go beyond the typical frequencies of spin-wave excitations.
This is known as ultrafast light-pulse-triggered magneti-
zation phenomena or spin photonics. Their investigation
has opened new ways to explore the interaction between
magnetism and light. It is important to note that this paper
does not intend to be a comprehensive overview of all
recent spintronic developments. There are other promising
opportunities beyond the topics covered herein. Given the
breadth of interests of the applied magnetism community
[11] and the brevity of this paper, it is unavoidable that the
selection of these topics and the examples provided for
illustrating them are subjective and driven by the research
interests of the authors.

II. SPIN ORBITRONICS

For the first decade after the discovery of giant mag-
netoresistance [1,2], virtually all spintronic concepts were
based on the idea of generating a spin-polarized current by
passing a charge current through a ferromagnetic layer [4].
More recently, it has been realized that spin-orbit inter-
actions can provide an efficient alternative pathway for
generating spin currents from charge current flows even
through nonmagnetic conductors. Among the key phenom-
ena are spin Hall effects [12,13], which were already
theoretically predicted in 1971 by D’yakonov and Perel’
[14]. Here, either extrinsic spin-dependent scattering or
intrinsic spin-dependent transverse velocities determined
by the electronic band structure can convert an initially
unpolarized charge current into a transverse spin current,
which leads to spin accumulation at the boundaries of the
conductors. Such spin Hall effects initially were considered
mostly an academic curiosity. However, recently it was
realized that the spin currents can rival or even exceed
those generated by direct electric injection, which occurs

upon passing a charge current from a ferromagnetic layer
with spin-polarized charge transport through an interface
into an adjacent nonmagnetic conductor. Naively, this
seems surprising, since using either a half-metallic ferro-
magnetic injector [15] or symmetry-selective tunnel junc-
tions, such as MgO [16–18], can result in charge current
polarizations close to an ideal 100%. In contrast, for bulk
spin Hall effects, the material-specific spin Hall angle given
by the ratio of charge-to-spin current densities is the
parameter that describes the conversion efficiencies. For
the best-known materials, the parameter reaches values of
10%–30% [13,19–24]. However, due to the transverse
nature of spin Hall effects, the ratio of spin-to-charge
current can actually exceed unity since the cross section for
the spin current can be significantly larger than the cross
section for charge currents. In other words, the same
electron carrying the charge current can repeatedly transfer
its spin angular momentum at opposite interfaces. For
example, using a tunnel junction, where the free layer of the
tunnel junction is in contact to a conducting layer with large
spin Hall effects (see Fig. 1), Liu et al. [20] demonstrated
that the spin Hall angle in Ta is sufficiently large to switch
the magnetization of the free ferromagnetic layer. From the
measurements, one can determine a spin Hall angle of 12%,
but given the geometry of the sample, with the free layer
being 100 nm wide and the Ta layer being 6 nm thick, the
spin current absorbed in the free layer is about twice as
large as the charge current flowing underneath the free
layer, ignoring any current shunting. For injection of spin
currents into more extended structures, this ratio can
become arbitrarily large, which indicates that spin Hall
effects can have significant applied advantages as a source
for spin currents. In addition, it has recently been realized
that sizeable spin Hall effects may also exist in magneti-
cally ordered materials and that the direction and magni-
tude of the magnetization may manipulate the spin Hall
conductivities [25–29].
Furthermore, the transverse geometry enables spin cur-

rent injection into insulators such as yttrium iron garnet
[30] and can result in a reduction of damping [31–33] and
even in the excitation of auto-oscillations [34]. Similar
auto-oscillation has also been observed in heterostructures
with metallic ferromagnets [35–37]. More recently, it has
also been shown that spin Hall effects can be used for the
generation and detection of ferromagnetic resonance in
insulators [38,39].
The idea that the transverse geometry of spin Hall effects

offers advantages for scaling devices by reducing the
layer thickness of the charge-current-carrying layer is
limited for bulk spin Hall effects by the spin-diffusion
length. Fortunately, a large spin Hall angle is also generally
accompanied by a short spin-diffusion length, typically of a
few nanometers [22,40–43]. However, this concept can be
pushed to the ultimate limit by passing the charge current
through a two-dimensional system, which can generate a

FIG. 1. (a) Three-terminal device used for demonstrating mag-
netization switching via spin Hall effects. By passing a current
through the extended Ta layer, a spin accumulation is generated via
the spin Hall effect at the bottom interface with the free layer of a
CoFeB=MgO=CoFeB tunnel-junction stack (the label “Lock-in
ref” refers to the reference wave). (b) Switching is then detected by
monitoring the tunnel-junction resistance. During the measurement,
an external field is applied to compensate the dipolar coupling
between the free and fixed layers. Adapted from Ref. [20].
Reprinted with permission from AAAS.
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current-induced spin accumulation. Such a current-induced
spin accumulation has been theoretically established for the
case of Rashba spin-orbit coupling [44,45], and, recently, it
has been shown experimentally that Rashba states at
metallic interfaces can result in significant spin-transfer
torques [46]. It also was demonstrated for semiconductors
that Rashba spin-orbit coupling leads to magnetization
switching with electric currents [47]. More recently, the
concept of current-driven magnetization switching has been
extended to topological insulators [48,49], where strong
Rashba-type spin-orbit coupling can give rise to metallic
surface states for bulk insulators. Combining these materi-
als with ferromagnetic layers enables the direct detection of
the current-induced spin polarization, which is due to the
spin-momentum locking given by the Rashba-type spin-
orbit coupling [50]. The spin-momentum locking, in turn,
results in a sizable spin-orbit torque on the ferromagnetic
magnetization [51], which even can be used to switch the
magnetization [52].
Just as the transverse geometry of spin Hall effects

enables the generation of large spin currents from charge
currents, it also lends itself for a careful metrology of these
effects using macroscopically generated spin currents. Such
macroscopic spin currents can be achieved via spin
pumping, which occurs when ferromagnetic resonance is
excited in a ferromagnet in direct contact with a non-
magnetic conductor, as schematically shown in Fig. 2(a)
[53,54]. The magnetization dynamics at the interface gives
rise to time- and spin-dependent scattering at the interface,
which, in turn, generates a spin current in the nonmagnetic
conductor diffusing away from the interface. This spin
current subsequently can be converted into a charge current
via the inverse spin Hall effect [55–57]. Unlike electric spin
injection, which is typically limited to electrical contacts
with small contact areas in order to avoid complications of
inhomogeneous current flow, such as current crowding,

spin pumping can be used to generate spin currents over
arbitrarily large interfacial areas. Therefore, spin pumping
enables the generation of macroscopic spin currents, which
can be converted into relatively large electric voltages. As
an example, Fig. 2(b) shows spin pumping or spin Hall
effect voltages measured for a bilayer of 15-nm permalloy
(Py) and 15-nm Pt measured at 4 GHz. The voltage
spectrum contains two contributions, which can be sepa-
rated by their symmetry: an antisymmetric Lorentzian
contribution, which comes from the anisotropic magneto-
resistance, and a symmetric Lorentzian contribution from
the inverse spin Hall effect. The lateral length of this sample
is 2.92 mm, which generates a voltage due to the spin Hall
effect of about 0.5 mV. Measuring the spin Hall voltage as a
function of nonmagnetic layer thickness yields the spin-
diffusion length [22,58], and together with determining the
spin current from the precession cone angle of the ferro-
magnetic resonance, this permits the spin Hall angles to be
determined; i.e., the measurements on Py=Pt in Fig. 2(b)
yield a spin Hall angle of 8.6%� 0.5% [22].
The relative ease of sample fabrication for spin-pumping

experiments makes this approach well suited to investigate
spin currents in a wide variety of materials. Besides
measuring spin Hall effects in nonmagnetic conductors,
this approach has also been adopted for magnetically
ordered systems, such as ferromagnets [26] and antiferro-
magnets [28]. In addition, it has been shown that induced
magnetic moments from proximity effects can reduce
spin Hall conductivities [29]. Furthermore, spin pumping
does not suffer from the conductance mismatch problem
that hinders effective electrical spin injection into low-
conductivity materials [60]. For example, spin-current
injection via spin pumping has been demonstrated in
semiconductors, such as Si [61] and GaAs [62], organic
semiconductors [63], and even two-dimensional systems,
such as graphene [64] and topological insulators [65,66].
With respect to topological insulators, it is also interesting
to note that spin pumping has been used to investigate the
spin transport in two-dimensional interface states, which
give rise to Rashba-type spin-orbit coupling [67,68].
Finally, it has been recently suggested that spin pumping
can even inject spin currents into insulating antiferromag-
nets, such as NiO, where a spin current might be mediated
by magnon excitations [69].
Since spin Hall effects benefit from strong spin-orbit

coupling, the materials of interest generally include heavy
elements. Another effect, which has gained interest
recently, also occurs at the interfaces between ferromag-
netic layers with these heavy-element materials, namely, a
chiral Dzyaloshinskii-Moriya interaction [70,71] stabilized
by the breaking of inversion symmetry. An interesting
consequence of this interaction is that it can stabilize
chiral magnetic domain configurations [72] and favor
Néel domain walls with a fixed chirality rather than
Bloch domain walls in ultrathin films with perpendicular

FIG. 2. (a) Schematic of a spin current generated in a non-
magnetic metal (NM) via the magnetization precession in an
adjacent ferromagnet (FM). (b) Voltage spectrum measured at
4 GHz in a spin pumping or inverse spin Hall effect measurement
for a Py=Pt bilayer. The line shape of the voltage as a function of a
magnetic field has symmetric and antisymmetric Lorentzian
components, which correspond to voltages generated by the spin
Hall effect and the anisotropic magnetoresistance, respectively.
Reprinted figure with permission from Ref. [59]. Copyright 2010
by the American Physical Society.
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anisotropy [73–78]. It was recently observed that this
stabilization of Néel domain walls with well-defined
chirality in combination with spin-transfer torques from
spin Hall effects results in very efficient domain-wall
motion with electric currents [75,76]. One consequence
is that domain walls from up-to-down and down-to-up
domains are affected differently by external magnetic
fields within the plane of the ferromagnetic layer and
perpendicular to the domain wall, as shown in Fig. 3.
Figure 3(b) shows the domain-wall velocity in a stack of
ð3 nmÞPt=ð0.6 nmÞCo80Fe20=ð1.8 nmÞMgO patterned into
500-nm-wide wires as a function of a magnetic field
applied along the wire axis for an electric current density
of −3 × 1011 A=m2 [75]. As can be seen, the change of the
velocity with magnetic field is opposite for the two types of
possible domain walls. This is intuitively obvious, since in
one case the external field is parallel to the magnetization
within the domain wall, while for the other type, it is
antiparallel. Indeed, large enough fields can reverse the
direction of the magnetization in the domain wall,
which then also results in a reversal of the direction of
domain-wall motion [76]. Remarkably, the velocity of the

domain-wall motion due to spin Hall effect is significantly
larger compared to cases where any current-induced spin-
transfer torque arises only from a current traversing the
domain wall. The motion can become even more efficient if
the single ferromagnetic layer is replaced by two anti-
ferromagnetically coupled ferromagnetic layers [79]. In
this case, the response of the magnetization to the spin-
transfer torques from the spin Hall effect can result in
additional exchange coupling torques, which lead to a
significant increase of the domain-wall velocity. From an
applied point of view, the ability to manipulate domain-wall
motion is of interest for racetrack memories, where
information is encoded in the presence or absence of
magnetic domain walls, which can be reversibly shifted
via the application of electric charge currents [80].
For thin films that are more extended than the wires

discussed above, the chirality of the domain walls can give
rise to more complex spin textures known as skyrmions
[81–86]. Magnetic skyrmions are spin textures that
were first discovered in materials with bulk chiral
Dzyaloshinskii-Moriya interactions [87], where in a narrow
temperature and field region, the spin structure is topo-
logically distinct from a homogenous magnetization state.
Namely, tubes of magnetization are formed that are anti-
parallel aligned to that of the surrounding matrix (see
Fig. 4), which is aligned with the external magnetic field.
The name skyrmion is derived from the name of Tony
Hilton Royle Skyrme, who developed the concept of
similar topological solitons for describing baryons, such
as neutrons and protons, in nuclear physics [88]. What
makes this magnetization structure topologically distinct is
the spin structure at the domain-wall boundary, where the
spins point into every possible three-dimensional direction
[89–91]. As a result, these magnetic skyrmions are robust
against perturbation and can behave like quasiparticles that
can be manipulated via magnetic-field gradients and charge
and heat currents. Depending on the nature and symmetry
of the chiral Dzyaloshinskii-Moriya interactions, the actual
spin structure of the skyrmion can be slightly different:

FIG. 3. (a) Schematic of chiral Néel domain walls in
Pt=Co=MgO. HSL indicates the effective field that is due to
spin-transfer torques from spin Hall effects resulting in both types
of domain walls (up to down and down to up) moving in the same
direction against the direction of electron flow je. (b) Response of
the domain-wall velocity measured at constant current density
je ¼ −3 × 1011 A=m2 to a magnetic field HL applied along the
direction of the wire. Adapted by permission from Macmillan
Publishers Ltd: Nature Materials from Ref. [75], copyright 2013.

FIG. 4. Schematics of (a) a vor-
texlike (Bloch) and (b) a hedge-
hoglike (Néel) magnetic
skyrmion structure. The vortex-
like skyrmions are typical for sky-
rmions generated by bulk
(c) chiral Dzyaloshinskii-Moriya
interactions, such as in B20 com-
pounds, while the hedgehoglike
skyrmions are generally stabi-
lized from interfacial (d) chiral
Dzyaloshinskii-Moriya inter-
actions. Adapted by permission
from Macmillan Publishers Ltd:
Nature Nanotechnology from
Ref. [96], copyright 2013.
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there are vortexlike skyrmions [see Fig. 4(a)], where the
intermediate spins are aligned tangentially to the circular
structures (resembling a Bloch domain wall), and hedge-
hoglike skyrmions [see Fig. 4(b)], where the intermediate
spins point along a radial direction (resembling a Néel
domain wall). However, both structures are topologically
equivalent. With few exceptions, such as GaV4S8 [92],
skyrmions in materials with bulk chiral Dzyaloshinskii-
Moriya interactions form typically vortexlike structures,
while skyrmions in magnetic multilayers with chiral
Dzyaloshinskii-Moriya interactions due to interfacial sym-
metry breaking result in hedgehoglike structures. It should
be noted that vortexlike skyrmion magnetic structures
can also be stabilized in magnetic multilayers by geometric
confinement in the absences of interfacial chiral
Dzyaloshinskii-Moriya interactions [93,94]. Last, it should
be noted that skyrmions are known to be stabilized at room
temperature only for a few bulk materials [95], while
skyrmion structures have been observed at room temper-
ature in a variety of magnetic multilayer combinations
[84–86,94].
Another important consequence of the distinct topology

for skyrmionic spin structures is that they result in
emerging virtual magnetic fields giving rise to a deflection
of electric charge motion (topological Hall effects) [97,98].
This, in turn, also gives rise to a backaction on the magnetic
skyrmions, meaning that they can be efficiently moved
even with low charge currents [99]. At the same time, the
confined geometry of skyrmions minimizes their pinning.

This was recently demonstrated in micromagnetic simu-
lations that also explored the feasibility of using skyrmions
as information carriers in magnetic wires [96], similar to
earlier concepts of domain-wall racetrack memories [80].
One of the key challenges to make skyrmions useful for

information encoding is the ability to generate skyrmions
on demand. For this, one wants to operate in a region of
the magnetic phase diagram, where metastable skyrmions
can coexist with the fully saturated magnetic state so that,
alternatively, the presence or absence of a skyrmion can
persist for long time scales. An early demonstration of
skyrmion generation utilized a spin-polarized scanning
tunneling microscope. Using this approach at cryogenic
temperatures, a spin-polarized current from the magnetic
tunneling tip can provide sufficient torque on the magneti-
zation, enabling the creation and annihilation of metastable
skyrmions in PdFe bilayers on an Ir(111) surface [82].
However, it is unclear whether the skyrmions created in this
system are mobile and if this approach can be extended to
room temperature. More recently, it was shown that sky-
rmions can also be generated from instabilities [84] that are
similar to Rayleigh-Plateau instabilities in surface-tension-
dominated fluid flow [100]. Namely, geometrically con-
stricting the charge current flow in a perpendicular
magnetized film with chiral domain walls and strong spin
Hall spin-transfer torques results in an inhomogeneous
effective field that drives the domain-wall motion [see
Figs. 5(a)–5(d)]. As a consequence, the magnetic band
domains expand, resulting in increased surface tension,
which ultimately leads to the breakup of a band domain into
individual skyrmion bubbles. This is experimentally shown
in Figs. 5(e) and 5(f), where the domain structure is imaged
using the magneto-optic Kerr effect (MOKE) [101] for a
Tað5 nmÞ=Co20Fe60B20ð1.1 nmÞ=TaOxð3 nmÞ trilayer in a
small perpendicular magnetic field of −0.5 mT. By apply-
ing a single electric-current pulse for 1 s of magnitude
5 × 105 A=cm2 (normalized by the width of the wide parts
of the wire), the magnetic stripe domains on the left side
of the 3-μm-wide constriction are transformed into many
skyrmion bubbles [84]. Measurements with smaller cur-
rents reveal the gradual generation of individual skyrmions,
similar to the mechanism schematically depicted in
Figs. 5(a)–5(d). After generating the skyrmions with larger
pulses, their motion can be investigated with smaller
currents. These measurements reveal a ratio of speed-to-
current density that is comparable to measurements with
individual domain walls [75,76], but the critical current
density is reduced by about 3 orders of magnitude [76] to
approximately 10 kA=cm2. This suggests that previous
theoretical predictions about low-current manipulation of
skyrmions in thin-film systems are indeed viable, and,
therefore, the goal of using topological charges instead of
electric charges for memory and/or logic devices is feasible.
It should be noted that the fact that skyrmions are mobile in
two dimensions, unlike domain walls in linear devices, can

FIG. 5. (a)–(d) Schematic of skyrmion formation from stripe
domains. (a) By placing the stripe domain into a constriction, there
is a laterally varying current distribution that gives rise to
inhomogeneous spin-transfer torques. (b),(c) The inhomogeneous
spin-transfer torques from spin Hall effects result in lateral forces
Fsh expanding the stripe domain. (d) Ultimately, the surface
tension of the domain wall will lead to a bubble domain breaking
off from the stripe domain. (e) MOKE imaging of domain structure
at B⊥ ¼ −0.5 mT before electric current is applied. The con-
striction is 3 μm wide and 20 μm long, while the wide parts of the
wires are 60 μm wide. (f) MOKE imaging after current pulse with
a density of je ¼ 5 × 105 A=cm2 in the wide parts of the wire,
resulting in the formation of many skyrmions. Adapted from
Ref. [84]. Reprinted with permission from AAAS.
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offer additional opportunities. In fact, for magnetic-field-
driven skyrmion bubbles, it already has been demonstrated
that two-dimensional patterns can be moved coherently
[102], which opens the way to massively parallel racetrack
memories.

III. SPIN CALORITRONICS

A modern paradigm of spintronics is to investigate the
interplay between charge currents and spin structures and
dynamics. The spin Hall effects discussed above have been
instrumental in ushering in a new field of research, spin
caloritronics [103], where in addition to purely charge-
current-driven effects, the interaction of spin and charge
degrees of freedom with heat currents is investigated also.
The key phenomenon that started this field is the spin
Seebeck effect [104–106]. While the original spin Seebeck
measurements in a transverse geometry [104,107,108] have
been controversial because of complications with analyzing
the results due to other magnetothermoelectric effects, in
particular, anomalous Nernst effects, [109–111], the longi-
tudinal spin Seebeck [104,105,112–114] effect is better
established. The typical measurement geometry is shown
in the inset at the top of Fig. 6(a). Here a ferromagnetic
insulator, yttrium iron garnet (YIG), is capped by a thin
layer of Pt, which is a material with a large spin Hall
effect, and a voltage perpendicular to the magnetization
direction is detected along the Pt layer upon applying a
thermal gradient across this bilayer, as shown in Fig. 6. The
thermal gradient is established by contacting the sample to
different temperature sinks [96,99], laser heating [115],

current-induced heating [116], or integrating independent
heating elements into the devices [117]. This effect is
generally understood in terms of magnon heat currents,
which generate via spin pumping a diffusive spin current in
the adjacent paramagnetic metal that is then converted into
transverse voltages by the spin Hall effect [118–121].
Recently, the reciprocal spin Peltier effect has been
observed also, where a temperature modulation dependent
on the magnetization direction in YIG was observed in
response to spin accumulation generated at a YIG=Pt
interface from direct spin Hall effects [122]. It should be
noted that beyond these novel effects that are considered to
depend on heat transport via magnons, there are also effects
related to thermal transport at interfaces with conductive
ferromagnets, which are spin-dependent versions of ordi-
nary Seebeck and Peltier effects due thermal transport by
spin-polarized charge carriers [123,124].
The realization that there are nontrivial connections

between heat and spin transport has opened a variety of
fundamental questions as well as new opportunities for
applications. Recently, An et al. [125] demonstrated the
interplay between heat transport and magnons explicitly.
Using infrared imaging, they observed that the excitation of
surface magnons with nonreciprocal propagation directions
results in an asymmetric temperature distribution around
the microwave antenna used for the magnon excitation.
This then raises the question whether spin currents can be
used for local thermal management [126]. At the same
time, it might be possible to use spin Seebeck effects for
large-scale thermal-energy harvesting [127,128], which has
advantages due to the low cost of the materials and the
straightforward scaling given by the transverse nature of the
voltage generation in spin Seebeck structures. On a more
fundamental level, it has been suggested theoretically
that magnon heat currents can give rise to spin-transfer
effects [129] that result in the motion of magnetic solitons,
such as domain walls [130,131] and skyrmions [132].
Experimentally, this has recently been demonstrated for
domain-wall [133] and magnetic skyrmion motion [134]. In
addition, the ability to generate macroscopic spin currents
from temperature gradients has been used for investigating
spin-transport phenomena, i.e., comparing spin Hall effects
for different materials [135]. Last, the recent interest in heat
currents in the context of spin current has also revived
interest in well-established magnetothermal transport phe-
nomena, especially the anomalous Nernst effect. Towards
this end, the anomalous Nernst effect has been used to
image domain structures [115] and for the detection of spin
waves [136]. The detection of spin waves has been
demonstrated for waveguides of permalloy (Ni81Fe19),
where spin waves are excited with a coplanar microwave
antenna; see Fig. 7(a). The power dissipated by the spin
waves leads to a vertical temperature gradient [see
Fig. 7(b)], which, in turn, gives rise to measurable
Nernst voltages [see Fig. 7(c)]. Besides providing a

FIG. 6. (a) Longitudinal spin Seebeck voltage as a function of
temperature difference across single-crystal yttrium iron garnet
with a 15-nm-thick Pt wire measured with a magnetic field H ¼
1 kOe applied along either parallel (0°) or perpendicular (90°) to
the Pt wire. (b) Field dependence of the spin Seebeck voltage for
the indicated temperature differences. Reprinted figure with
permission from Ref. [106]. Copyright 2010 by AIP Publishing.
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remarkable signal-to-noise ratio, this approach for spin-
wave detection has the advantage that, unlike optical or
inductive techniques, it is not limited by the wavelength of
the spin waves. For example, the detection of spin waves
down to wavelengths of 125 nm has been demonstrated,
which opens the door to investigate exchange-dominated
spin waves. Thus, ideas inspired by the exploration of spin-
caloric effects may impact investigations beyond simply
understanding the interplay of spins and heat.

IV. MAGNONICS

As discussed in the previous section, spin waves can play
an important role in the connection between heat and
diffusive spin currents. Spin waves are the fundamental
quasiparticle excitations of magnetically ordered systems
and, hence, are also referred to as magnons. Like diffusive
spin currents, spin waves are associated with angular
momentum transfer, but in contrast to diffusive spin
currents, they do not require the actual motion of spins
in real space. The interaction between spins, both close-
range exchange coupling as well as long-range dipolar
coupling, establishes the coherent spin dynamics. At the
same time, the dissipation of spin waves can be low in
insulating magnetically ordered systems [137], which can
result in spin waves propagating over much larger distances
than diffusive spin currents. As a consequence, spin waves
have been envisioned as information carriers for low-power
data storage and processing, which is now known as the
field of magnonics [138–140]. Besides the advantage of
low-power dissipation, spin waves also offer the oppor-
tunity to harness their coherence and, thus, encode infor-
mation both in their amplitude and phase. For information
processing based on spin waves, it is important to note that
their frequencies (gigahertz to terahertz) and wavelengths
(which can be as small as a few nanometers) are well
matched to today’s technological requirements for infor-
mation technologies. The coherent properties of spin waves
have already been exploited for a first implementation of

logic gates based on the interference of two spin-wave
signals with control of their relative phase [141]. In
addition, new spin-wave excitation schemes based on
spin-transfer torques may enable the controlled generation
of short-wavelength spin waves along well-defined propa-
gation directions [142].
Furthermore, the propagation of spin waves can be

locally controlled via tailoring of magnetic properties
[143] and/or by application of magnetic fields [144,145].
This idea is demonstrated by introducing the concept of a
spin-wave multiplexer, as shown in Fig. 8. Using local
Oersted fields through an adjacent conducting layer enables
the selective rotation of the magnetization in a permalloy
wire perpendicular to the wire direction. In contrast, the
non-current-carrying sections of the device will have the
magnetization aligned with the wire direction due to shape

FIG. 7. (a) Schematic of a spin-wave wave-
guide fabricated from permalloy with a
coplanar waveguide for spin-wave excitation.
(b) The energy absorption and dissipation by
the spin waves is confined to the permalloy
layer, but due to the GaAs substrate acting as
a heat sink, a temperature gradient is created
across the thickness of the permalloy layer.
(c) Resultant Nernst voltage as a function of
applied field for various excitation frequen-
cies from 4 to 20 GHz. The dotted line
indicates a theoretical estimate for the dis-
sipated power by the spin waves. Reprinted
figure with permission from Ref. [136].
Copyright 2012 by the American Physical
Society.

FIG. 8. Demonstration of a spin-wave multiplexer. Spatially
resolved Brillouin light scattering is used to image the spatial
distribution of the spin waves, which are excited at the bottom of
a Y-shaped permalloy waveguide (30 nm thick, 2 μm wide) by a
local microwave antenna. Local Oersted magnetic fields gen-
erated via charge currents through a separate 50-nm-thick
conducting Au layer underneath the permalloy waveguide en-
ables the spin waves to be selectively steered to the left (a) or to
the right (b). (c) With the charge currents replaced by a uniform
external magnetic field, the spin waves terminate at the junction.
Adapted by permission from Macmillan Publishers Ltd: Nature
Communications from Ref. [145], copyright 2014.
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anisotropy. Since the frequency for spin waves propagating
perpendicular or parallel to the magnetization is signifi-
cantly different, this anisotropy results in the spin waves
being confined to paths that can be selected by controlling
the direction of the charge flow.
The other attractive feature of spin waves is that the

inherent nonlinearity of magnetization dynamics provides
pathways for manipulation due to multi-magnon-scattering
processes. Based on this idea, a magnon transistor, where
magnon propagation can be controlled by four-magnon-
scattering processes was recently implemented with a
modulation of the transmitted magnon amplitude by 3
orders of magnitude [146]. Furthermore, four-magnon
scattering conserves the overall magnon number, and,
therefore, upon sufficiently high pumping the scattering
may thermalize the magnons and result in the formation of
a Bose-Einstein condensate. Experimentally this Bose-
Einstein condensation is observed even at room temper-
ature by exciting magnons via parametric pumping [147].
This provides exciting opportunities to develop devices that
take full advantage of the coherency of the magnon
condensate [148] and to explore phenomena in analogy
to superconducting devices, such as spin supercurrents
[149–152] and Josephson effects [153].
Since the dispersion of spin waves in thin films is

strongly influenced by dipolar interactions, which give
rise to demagnetizing fields, it follows that the properties
of spin waves can be tuned by changing the geometry
via patterning. In particular, periodic structures can be
used to define magnonic crystals [138,154,155], where the
propagation of spin waves is controlled by allowed and
forbidden frequency bands. Even topologically nontrivial
magnonic band structures generated by periodic patterning
that give rise to chiral edge modes are conceivable
[156,157].
Besides patterning magnetic films to manipulate their

magnetization dynamics, another opportunity is given by
the fact that magnetic systems can often support a wide
variety of remanent magnetic states. A particularly inter-
esting case is given by magnetic vortex singularities that
form in soft-magnetic disks [158]. Here the geometric
confinement results in a magnetization that swirls in plane
clockwise or counterclockwise and forms a nano-size
vortex core, where the magnetization points out of plane
(up or down). This vortex core has distinct gyrotropic
dynamics, where the direction of dynamic motion is
determined by the polarity of the magnetization in the
core [159–161]. While the dynamics is degenerate for
isolated disks, interactions between disks can lift the
degeneracy [162]. In fact, for pairs of interacting vortices,
it was observed that the frequency of the dynamics
depends on whether the core polarities were parallel or
antiparallel [163]. This idea can be generalized to a large
two-dimensional vortex array forming a reprogrammable
magnonic crystal, where the band structure of the spin

waves is determined by the configuration of individual
vortex cores [164].
A crucial aspect of realizing a truly reprogrammable

magnonic crystal is the ability to control the magnetization
states, which give rise to different dynamic resonances.
Towards this end, an elegant approach akin to spectral
hole burning [165] was recently realized. This is shown in
Fig. 9, where absorption spectra of the gyrotropic motion of
two overlapping permalloy disks (48 nm thick, 1 μm
diameter each) are measured. In this case, the direct contact
gives rise to strong interactions between the two disks.
As can be seen in Fig. 9(c), there is a distinct difference in
the gyrotropic motion of the vortex cores depending on
whether the polarization of the cores is parallel or anti-
parallel relative to each other. This spectrum is obtained
from >1000 disk pairs with a microwave power of
−10 dBm in the as-grown state, where the relative core

FIG. 9. (a) Atomic-force-microscopy image of structures
consisting of two connected disks, each 1 μm in diameter.
(b) Schematic of the double-disk structures integrated with a
coplanar waveguide for inductive microwave absorption spec-
troscopy. (c) Absorption spectrum at remanence for an array of
double-disk structures with random relative orientation of vortex
core polarizations. The insert indicates the relative chiralities of
the corresponding gyrotropic motions. (d) Absorption spectra
measured after high-rf-amplitude excitation at either ω↑↓ or ω↑↑
as indicated in (c). The inset shows the corresponding global
relative core polarizations. Adapted by permission from Mac-
millan Publishers Ltd: Nature Communications from Ref. [168],
copyright 2012.
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polarizations are random. Upon applying microwaves with
10-dBm power at either of the two absorption peaks in
Fig. 9(c), the spectrum changes only to a single absorption
peak. This indicates that all double-disk pairs switch to the
same relative core-polarization state, which is opposite to
the state that corresponds to the frequency where the
excitation occurs. In other words, the high-power excitation
leads to switching to the nonresonant ground state, which
does not respond to the excitation. The same idea can be
generalized to more extended arrays of coupled vortices
[166], and it has been shown that the switching between
different remanent magnetization states can be achieved at
submicrosecond time scales [167].
Interestingly, the idea that different remanent states may

lead to distinct magnetization-dynamics signatures is not
limited to coupled vortices with different core polarization.
Micromagnetic simulations of artificial spin-ice structures,
which can include topological monopole defects, show
distinct dynamic features correlated with the presence
of these topological defects [169]. Thus, it is conceivable
that in these systems, resonant excitations may lead to a
reorganization of the magnetic structure, which, in turn,
modifies the dynamic response. Since this idea suggests
that complex responses are dependent on the history of the
dynamic inputs, it may open pathways for neuromorphic
computation [170], where information processing is
based on adaptive processing of analog information and
thereby resembling the functionality of the natural brain.
Furthermore, computation via modulation of magnetic
states is the underlying principle for magnetic quantum
cellular automata [171], which may be scaled down to the
single-atom level [172]. Thus, many potential avenues are
available to extend these intriguing ideas.

V. ULTRAFAST SPIN PHOTONICS

For the past 15 years, the term nano has been used to
describe a dominant theme in materials research. What
theme or themes might dominant in the coming 15 years?
While it is always quite difficult to predict the future, it is
likely that ultrafast phenomena will play an important role.
This is both because of developments in laser technology
that permit bench-top experiments in the femtosecond
realm, as well as developments in fourth-generation light
sources that deliver short x-ray pulses by means of free-
electron lasers (FELs) that utilize linear accelerator sources.
An added value is that both benchtop and FEL sources
deliver coherent light.
One might ask, what is the shortest time scale that makes

physical sense in the world of materials? We know that time
scales of the order of 10−43 s (1 Planck time) are relevant in
discussing the earliest evolution of the Universe within the
big bang theory. However, in the Universe that we live in
presently, the time it takes light to traverse the distance of
an atom, approximately 10−18 s (an attosecond), or of an
atomic nucleus, approximately 10−21 s (a zeptosecond), is

about as short as imagination can take us. Today’s fast
lasers typically deliver pulses in the subpicosecond range
of approximately 10−13 to 10−14 s (tens of femtosecond
range; a record of 67 as was set in 2012 [173]). Thus, we
are not at the ultimate limit of time, but such pulses are fast
enough compared to most chemical and physical processes
of interest to enable observing them in stopped action in
pump-probe experiments.
Hence, condensed matter physicists can imagine wit-

nessing events such as the birth of elementary excitations,
which certainly represents a new realm for exploration.
New questions emerge, such as does the physics we know
apply to ultrafast events? A problem is that the energy
density of short pulses of light can be such that the pulsing
blows apart the object meant to be observed [174]. Thus,
the observation time is limited because the object will soon
not exist. Certainly, challenges are abound here that readily
could span a 15-year research agenda.
Within the realm of ultrafast spin photonics, new and

engagingmagnetization-dynamics phenomena have already
been reported that signal fruitful paths to explore. We visit a
few of these in order to give a sense of the richness of the
field. Necessarily, we combine ultrafast with ultrasmall
because there is obvious technological interest in the physics
ofmagnetic switching. Today’smagnetic bits respond on the
nanosecond time scale, but new evidence points to possibil-
ities that are 1000 times faster via spin-photonic interactions.
Whenever a technology can be accelerated by 3 orders of
magnitude, we are outside the realm of incremental
advances and possibly entering the realm of revolutionary
advances. Thus, there is the excitement that information
technology can continue along its path of development. Of
course, this also requires overcoming today’s thermal
limitations, but this is already on the agenda to address
by means of basic and applied research.
There are many publications on short-time-scale

magnetic phenomena. Some representative experimental
pump-probe papers with useful reference lists include spin-
resolved photoemission experiments [175], angle-resolved
photoemission experiments [176], Faraday effect studies
[177], and Kerr effect studies [178–181]. While these
experimental papers also tend to contain mechanistic and
theoretical discussions, there are also representative theory
papers by Oppeneer and Liebsch [182] and by Carva
et al. [183].
The papers by Beaurepaire et al. [184] and Siegmann

et al. [185] were instrumental in launching the field.
Beaurepaire et al. [184] utilized pump-probe ultrafast
magneto-optics to show that the spin system of ferromag-
netic nickel responded on the picosecond time scale, much
faster than the lattice can respond. Siegmann et al. [185]
also utilized magneto-optics but in a static mode to
characterize what happened to CoPt alloy films after being
subjected to the huge transient magnetic field created by an
ultrafast 50-GeV electron pulse provided by the Stanford
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linear accelerator shot through the film. Siegmann’s team
[186] subsequently refined their work utilizing Co=Pt
multilayers. Siegmann is regarded as the father of spin-
polarized electron spectroscopies. He can also be considered
a father of ultrafast magnetization phenomena. There is an
excellent reference book by Stöhr and Siegmann [187].
There are also two excellent reviews of ultrafast magneti-
zation phenomena by the Nijmegen group of Kirilyuk et al.
[188,189]. Below, the role of the Nijmegen group is
discussed in advancing the field into a new realm.
Recently, great interest has been generated by experi-

ments on optical control of magnetic switching at ultrafast
speeds. These experiments are on compounds of rare-earth
transition-metal ferrimagnetic films performed by the
Nijmegen group and their collaborators. They found that
circularly polarized ultrafast laser pulses are able to switch
the magnetization state of the film. This inspired a host of
possible theoretical explanations. One involves an inverse
Faraday effect. In the Faraday effect, linearly polarized
light rotates on transmission through a magnetized
medium. Since the films under consideration are not
transparent, as are typical Faraday glasses, rather than
the light being transmitted, it is partially absorbed and
partially backreflected, as in the Kerr effect. This can be
viewed as a double Faraday effect (one on the way into the
medium and the other on the way back out). Thus, the
reflected light that emerges from the medium becomes
elliptical (or takes on some circularly polarized character).
This is because linearly polarized light can be decomposed
into two equal complementary (left and right) circularly
polarized components. Within the magnetized medium,
these two components behave (reflect and absorb) differ-
ently. Thus, there is an imbalance in the two recombined
components on exiting the medium. This leads to the light
acquiring some circular (elliptical) character. In the inverse
effect, the circularly (or elliptically) polarized light changes
the magnetization of the medium it passes through. If the
effect is large enough, it can even switch the magnetization
state. Qualitatively, this is what is observed experimentally,
a switching of the magnetization state.
It is also known that the spin-relaxation times for rare-

earth metals and transition metals are different because
the f-electron spins of the rare earth are more isolated
(localized) than the d-electron spins of the transition metal.
Thus, an f-electron spin system can take longer to
equilibrate after laser-pulse excitation (that can raise the
spin system to temperatures that are above characteristic
magnetic-ordering temperatures). This can lead to non-
equilibrium transient states of the ferrimagnetic system
where the two magnetic sublattices have parallel (rather
than antiparallel) magnetization. Such a transient state can
control interesting switching dynamics on cooling, espe-
cially since such films might traverse a compensation point
on cooling back to their equilibrium temperature. At high
spin temperatures, the magnetization of the transition metal

dominates, while below the compensation point, the
magnetization of the rare earth is larger, causing it to
dominate (meaning that it aligns with, not against, an
externally applied magnetic field). An example is shown in
Fig. 10 taken from Radu et al. [190] who utilized x-ray
magnetic circular dichroism (XMCD) to follow the mag-
netization dynamics of Fe and Gd [190]. Their sample is an
amorphous ferrimagnetic alloy film of GdFeCo at 83 K.
They estimate that the spin temperature rises to approx-
imately 1500 K due to the laser excitation, while the
compensation temperature is only 250 K. The paper [190]
also presents a model that quantitatively describes the
experiment for which the Fe relaxes more rapidly from
the laser pulse than the Gd. A follow-up study by Ostler
et al. [191] showed that experiments and modeling of
ultrafast magnetization switching dynamics agreed again in
configurations where the GdFeCo was initially above the
compensation temperature, and the laser pulsing raised
the spin temperature above the Curie temperature in the
absence of an external magnetic field. This study again
represents a striking result.
There have been additional ideas proposed earlier that

could potentially provide insight into such phenomena.
One involves the transfer of angular momentum from the
circularly polarized pulse to the spin system of the medium,
another invokes the action of spin currents induced by the
laser. These ideas are outlined and referenced in the recent
work of Mangin et al. [192]. They are intriguing in that they
deepen our understanding of the interaction of light and
matter on ultrashort time scales. They also suggest further
experimentation to sharpen our insights into the funda-
mental processes of interest.
This is precisely what happened. The field was sub-

sequently opened further by a set of fast-pulse laser
experiments performed by an international collaboration
of Mangin et al. [192] followed by that of Lambert et al.

FIG. 10. XMCD data taken from the work of Radu et al. [190]
that shows the Gd and Fe magnetic moment responses in GdFeCo
due to 60-fs laser excitation on 3-ps (a) and 12-ps (b) time scales.
The Gaussian pulse in (a) illustrates the 0.1-ps experimental time
resolution. The solid lines are fits to the data, as described in
Ref. [175], and the dashed lines represent the opposite sign of the
Fe fits.
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[193]. The work of Mangin et al. [192] demonstrated that
the range of materials that could be optically switched via
ultrafast pulses was broader than just amorphous rare-earth
transition-metal ferrimagnetic alloys but included synthetic
ferrimagnetic multilayer films that are crystalline and that
could be rare-earth free. The follow-up work by Lambert
et al. [193] further generalized the materials systems that
could be optically switched to include ferromagnetic
systems not just ferrimagetic ones. These studies were
performed on multilayer films including 3d=5d transition-
metal multilayers, such as Co=Pt with perpendicular
magnetic easy axes and even on simple thin metallic films.
The laser pulses in both of these studies included linearly
polarized light (that possesses no net angular momentum)
as well as left and right circularly polarized light.
This is shown in Fig. 11 for a ½Coð0.4 nmÞ=Ptð0.7 nmÞ�3

sample. The images in the figure are taken by means of a
Faraday microscope subsequent to the sample being pulsed
with an approximately 0.1-ps laser beam. The figure shows
the three polarization directions schematically to the left.
The region imaged originally had a magnetic domain wall,
which separates two perpendicularly oriented domains, that
ran vertically through the middle, as indicated by the dark
and light contrast. The laser beam is swept horizontally
across the domain wall. The length scale is approximately
0.1 mm across each image. The work demonstrates all-
helicity optical switching of the magnetization of a
ferromagnetic film. It also shows magnetic-domain fine

structure, especially in the bottom image that is associated
with the linearly polarized light pulse, as discussed in
Lambert et al. [193]. However, there are two major open
issues associated with this work. One is that, while the
paper assumes that the role of the helicity of the pulse
persists only on the picosecond time scale, it does not track
this time dependence in order to confirm the ultrafast nature
of the switching. The Faraday images are taken subsequent
to the pulsing. The other is that the mechanism of the
switching still requires a theoretical understanding of its
underlying mechanism. Thus, the work will undoubtedly
stimulate follow-up studies in the future both experimen-
tally and theoretically.
Despite the open issues, the striking result is that many

types of films can have their magnetization switched
optically; thus, ultra-fast-pulse-initiated optical switching
appears to be a general phenomenon. This situation can be
likened to the early days of giant magnetoresistance
(GMR), when Parkin [194] showed that GMR was a quite
general materials phenomenon not limited to the Fe=Cr
system that the Grünberg and co-workers [2] and Fert and
co-workers [1] teams had discovered. Thus, the problem of
optical switching has become even more interesting. First,
the phenomena identified by the Nijmegen group and their
collaborators seem to be even more general than just
applying to ferrimagnets. Second, systems such as Co=Pt
are already of interest to the magnetic recording commu-
nity. Thus, there might be new ways to significantly speed
up magnetization switching in materials that are commer-
cially relevant to the information-technology community.

VI. SUMMARY AND CONCLUSIONS

This short paper is meant to walk the reader through
some of the interesting recent developments in the field of
spintronics as viewed through the eyes of the authors. The
goal is to stimulate interest in the great variety of directions
the field is taking. This is a healthy sign for a maturing
field. The topics of spin-orbit physics, spin calorics,
induces spin-wave effects, and ultrafast magnetization
dynamics are highlighted with examples. While each of
these areas is rich in basic physics, the point is also to
suggest the applied aspects and opportunities for further
research. Hence, provocative subtitles are used, such as
spin orbitronics and magnonics. Will these ideas enter the
commercial arena and advance the field of information
technology? This question is of particular interest to
ponder, given that the present year, 2015, represents the
50th anniversary of the famous prediction by Moore known
as “Moore’s law” [195]. Moore extrapolated into the future
the rise in the packing density of transistors on a chip.
Moore’s visionary prediction has since been loosely gen-
eralized to cover additional advances in the realm of
information technology encompassing the mantra: smaller,
faster, cheaper, cooler. However, the miniaturization of
today’s silicon technology is leading to thermal problems.

FIG. 11. Faraday microscopy images for a ½Coð0.4 nmÞ=
Ptð0.7 nmÞ�3 film sample taken subsequent to sweeping across
each image an approximately 0.1-ps laser pulse of 800-nm
(1.55-eV) wavelength with a repetition rate of 100 kHz without
any applied magnetic field. The light and dark contrast represents
the perpendicularly oriented magnetic domains of opposite
orientation. The sample originally had a domain wall midway
across it vertically. Scanning the laser horizontally across each
image changed the contrast from light to dark or dark to light,
thus, switching the magnetization. There is also fine structure in
the switched domains, especially in the bottom image, as
discussed by Lambert et al. [193] The process appears to be
statistical since multiple pulses seem to be needed for the
switching. The figure is adapted from the Supplemental Material
of Ref. [193] Reprinted with permission of AAAS.
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This is where fields like spintronics can help, because they
can involve less heat dissipation. Thus, we envision the
possibility that spintronics can provide small and cool
information-processing and storage systems in the future.
We also see that the fast part looks promising within the
spintronics realm. Since economics tends to dominate the
marketplace, it remains to be seen if and which emerging
ideas will ultimately be cost effective to manufacture. The
playing field is wide open to explore.
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