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Spintronic devices for energy-efficient data
storage and energy harvesting
Jorge Puebla1✉, Junyeon Kim1, Kouta Kondou1 & Yoshichika Otani 1,2✉

The current data revolution has, in part, been enabled by decades of research into magnetism

and spin phenomena. For example, milestones such as the observation of giant magne-

toresistance, and the resulting development of the spin-valve read head, continue to motivate

device research. However, the ever-growing need for higher data processing speeds and

larger data storage capabilities has caused a significant increase in energy consumption and

environmental concerns. Ongoing research and development in spintronics should therefore

reduce energy consumption while increasing information processing capabilities. Here, we

provide an overview of the current status of research and technology developments in data

storage and spin-mediated energy harvesting in relation to energy-efficient technologies. We

give our perspective on the advantages and outstanding issues for various data-storage

concepts, and energy conversion mechanisms enabled by spin.

Data storage capacity in our society has drastically increased so to keep up with ever-
increasing data generation. Simultaneously, memory devices have reduced in size. This
increase in data storage capacity at reduced dimensions in part facilitates the carrying of

information such as images and music in mobile phones, and allows exchanging them online.
Part of this technological advancement has been enabled by manipulating the spin degree of
freedom of electrons in electronics, and this field of research and technology is therefore often
called spintronics. A crucial milestone in the development of sprintronics was the discovery of
giant magnetoresistance1,2. The giant magnetoresistance mechanism enabled replacing the core
operation concept of memory devices, the collective magnetisation of localized spins in ferro-
magnetic layers, with electronic conduction depending on the electron spin state. Digital
information is recorded following a binary state of 0 and 1 formed by two different spin
configurations.

However, this increase in data storage capacity has come with a significant increase in energy
consumption. Cloud data storage and sharing information online are powered by big data
centres, which in 2010 were estimated to consume 1–1.5% of the global electricity usage3,4, with
predictions of increment from 3 to 13% consumption by 2030, depending on the measures taken
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to reduce electricity expenditure5. For example, electricity con-
sumption associated with the information and communication
sector is predicted to represent 11% of the global electricity
consumption in 2020 (see Fig. 1)5. Electrical usage by data centres
globally in 2020 might also be larger than electricity generated in
the United Kingdom in 2017, and the global use of electricity by
ICT devices in 2020 (such as mobile phones, computers and
smart televisions) may be comparable to electricity generated by
Japan in 20176. Although ICT can help to reduce the global
consumption of energy by aiding the development of more effi-
cient industrial processes, the undeniable increasing demand for
ICTs must be dealt with carefully. In a typical data centre, cooling
infrastructure accounts for about (50%) of energy consumption,
while servers and storage require about (26%) combined7. Beyond
the challenge of energy supply for the ICT sector, there are also
increasing concerns regarding the predicted environmental
impact, such as the greenhouse gas emissions8. In this Review we
discuss on-going efforts towards energy-efficient spintronic
devices related to ICTs, incoming technologies, and open ques-
tions. We start our discussion with a summary of progress in
non-volatile memory devices and logic operational mechanisms
that aim to mimicking brain-like operations. Then, we describe
efforts towards spin-mediated energy interconversion between
electricity, heat, sound, vibration and light. We conclude with a
discussion of the outstanding challenges for spintronics-based
devices for energy-efficient data storage and energy harvesting.

Data storage from memory to logic devices
Magnetic random-access memory to racetrack memory. Argu-
ably, nowadays, storage of digital information is mostly accom-
plished by flash memories, dynamic random-access memory
(DRAM), and hard disk drives (HDD). Regarding HDD, the most
critical issue is its operation dependence on the mechanical
movement of its two main components, a storage disk, and a read/
write head. The mechanical movement reduces reliability, slows
down operation and increases power consumption. In contrast,
the DRAM consists of non-moving parts, allowing for faster
sequential read/write operations (HDD~ 100MB/s, DRAM~ 500
MB/s) for moving large files, and larger input/output operations
per second (HDD ~ 100, DRAM~ 100,000) for better multi-
tasking performance at lower power consumption.

However, in spite of its virtue, technologists are attempting to
find a substitute for the DRAM due to its volatile nature,
meaning that when the devices are powered off the capacitor
leaks the electrical charge information. Flash memory does not
contain capacitors, giving it a non-volatile nature, however, with
the caveat of limited endurance. Hence, we look towards
spintronic concepts and devices as promising alternatives since

they solely show a non-volatile characteristics with an infinite
endurance9.

Benchmarks of performance of spin-based/magnetic memories
(non-volatile) with high endurance10 capture the most salient
trends relating to the write energy and time costs on the underlying
physical phenomena (Fig. 2). In-plane magnetic anisotropy devices
are both slower and less energy efficient than perpendicular
magnetic anisotropy. Spin-diffusion writing and spin Hall effect
(SHE) memory are more energy efficient because they require a
smaller voltage due to a lower resistance writing path. Also they are
faster, because it is easier to create overdrive relative to the critical
current. The SHE label here is not limited to the bulk spin–orbit
effects, but rather encompasses all sorts of spin–orbit torque.
Domain wall (DW) memories are expected to switch at an even
smaller driving current and are thus estimated to operate with
quite low energy. Bear in mind that the domain wall devices
considered here incorporate a domain wall motion within a single
cell of the random-access memory (RAM). Racetrack memory, in
which a domain wall moves over multiple positions of bits, is not
RAM, but rather a sequential storage device.

Magnetoelectric (ME) memories have the lowest energy cost of
the considered types, since they are relying on charging a
capacitor rather than current-generated torque. The value of the
ME field may result in somewhat slower switching speed. The

Fig. 1 Electricity consumption of the information and communication technology (ICT) sector. Expected consumption of electricity by 2020 of the ICT
sector accounts for 11% of the Global use of electricity (data from ref. 5). For comparison, the electricity usage of Data Centres and Network exceeds the
electricity generation of United Kingdom in 2017, and the ICT device usage is comparable to the electricity generation of Japan in 2017 (data from ref. 6).

Fig. 2 Performance estimates, writing energy vs time, for various
spintronic memory cells. SD: spin diffusion, STT: spin-transfer torque, SHE:
spin Hall effect, DW: domain wall motion, ME: magnetoelectric switching,
IMA: in-plane magnetic anisotropy, PMA: perpendicular magnetic
anisotropy. A red star designates the preferred corner (2017 IEEE,
reprinted, with permission from ref. 10).
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caveat here is that only spin-transfer torque (STT) memories have
been commercialised. The rest are at various stages of research
and development, with ME memories being the least mature.

Interestingly, most of the research and developments towards
new memories are based on magnetic tunnel junction (MTJ)
structures. It is illustrative to recall its properties, recent research
advancements and its open challenges. In the MTJ structure, an
oxide tunnelling barrier is sandwiched by two ferromagnetic
layers named a free layer and a pinned layer. Here only the free
layer is allowed to switch its magnetisation direction. The data
reading is accomplished by tunneling magnetoresistance (TMR),
which depends on the magnetisation configuration of the two
layers; low (high) resistance when the parallel (anti-parallel)
magnetisation state is prepared11–13. Particularly, the TMR is
remarkably enhanced after employing the MgO as a tunneling
barrier14,15.

For data writing, the magnetisation switching is achieved via
spin-transfer torque, where a spin-polarised current from the
pinned layer is injected into the free layer16–18. In 2010, a MTJ
constituted by perpendicularly aligned ferromagnetic layers was
successfully achieved19. This result allowed enhancements of spatial
scalability and thermal stability for the MTJ structures. However,
despite the remarkable enhancement of performance, the MTJ
structure has an inherent drawback on the writing process. The
MTJ needs an incubation time during the writing process to create a
magnetic configuration for the spin-transfer torque action. Since the
thermal agitation determines the incubation, it encounters difficulty
for lowering the writing time below ten nanoseconds (ns). The
relatively slow writing time eventually creates an obstacle to achieve
low operating power. This issue can be overcome by reconsidering
the design from perpendicularly arranged magnetisation20. How-
ever, the development of STT-MRAM for ultrafast applications
remains problematic. Fast switching requires large current through
the thin oxide barrier of a MTJ, which leads to reliability issues and
accelerated aging of the barrier. An alternative solution to these
issues may be found using spin–orbit torque (SOT) switching
mechanism via spin conversion21.

A conversion between spin and charge (spin conversion)
induced by spin–orbit coupling (SOC) provides a cornerstone for
a novel type of Spintronic devices, so-called Spin-orbitronics22. In
early days, the spin Hall effect, which initiates an opposite spin-
dependent trajectory for opposite spin states, was suggested for
bulk systems23. Pioneering experimental works succeeded to
observe the spin conversion by spin Hall effect in GaAs24 or Pt25.
The utility of the spin Hall effect for spin manipulation was
verified in magnetic heterostructures induced by efficient STT
from heavy materials such as Pt, W or Ta26,27. Alternatively,
interfaces with spin textures offer an additional spin conversion
system. The interfaces such as topological insulators28,29 and
Rashba interfaces30 show equal or better spin conversion
efficiency than the SHE in bulk systems. Spin conversion enabled
a significant advancement in the design and operation mechan-
ism of MTJ structures. In MTJ structures under spin conversion,
the charge current does not need to penetrate a high-resistive
tunneling barrier, in contrast to the conventional MTJ devices.
Therefore, magnetisation switching can take place in sub-ns,
allowing ultrafast writing under low incident power21.

Despite the advantage of the spin conversion MTJ, we still
encounter challenging issues: assistant field for the magnetisation
switching and the relatively large size of devices. Remarkably,
recent studies suggest alternatives without the need for the assistant
field by utilising the spin-polarised current generated from two
dimensional systems31 or two-terminal spin–orbit torque memory
configurations32. In addition, lowering the switching energy is
actively pursued by spin conversion. A recent report showed

that hybridizing voltage-controlled magnetisation anisotropy is a
powerful method for reducing the switching power33. Efficient spin
conversion in a highly conductive material34–36 and enhanced spin
torque efficiency using ferrimagnets37 also provides intriguing new
directions for spin manipulation at low power consumption.

An alternative proposal to push further the data density while
preserving thermal stability, it is to look at domain walls (DW) in
nanowires arranged in 3-dimensions, instead of the 2-dimensional
operation in current MRAM technology. This novel concept is
known as racetrack memory38. In racetrack memory, the current-
induced domain wall motion records a memory bit that
corresponds to a magnetic domain. To achieve an efficient race-
track memory, the domain wall should move fast with a small
incident current. A recent report shows that merging the DMI
(Dzyaloshinskii–Moriya interaction) mechanism with an anti-
ferromagnetic configuration enhances the velocity of domain wall
motion tremendously39. Despite these encouraging advancements,
the stochastic nature40 of the perpendicularly aligned magnetic
layers under a low driving force due to the creep motion41 is an
inherent obstacle to realise the racetrack memory. An alternative
may be found via the recent reported fast domain wall motion in
ferrimagnets42. In addition, with a similar operating mechanism,
magnetic Skyrmions formed by DMI is arising as a very attractive
direction due to the less demanding critical energy for motion and
other intriguing functionalities such as spin Hall-like driving
dynamics43.

Spin logic device to neuromorphic computation
The performance of logic circuits encompasses the same trends as
memories plus some additional considerations (see Fig. 3). Field-
effect transistors (FET) are in general faster than spintronic logic,
because charging the capacitors in the gate is faster than the

Fig. 3 Benchmarks of performance, switching energy vs. delay in one clock
cycle of a 32-bit arithmetic logic unit (ALU). CMOS HP: high-performance
transistors from the 2018 process generation (0.73 V supply), CMOS LV:
low voltage (0.3 V) transistors, FEFET: ferroelectric field-effect transistors,
NCFET: negative capacitance FET, STT/DW: spin-transfer-torque domain-
wall device, ASL: all-spin logic, CSL: charge-spin logic, NML: nanomagnetic
logic, SMG: spin majority gate, magnetoelectric, SWD: spin wave device,
with magnetoelectric transduction, ThinTFET: 2D-material vertical tunnel
FET, TMDTFET: transition-metal dichalcogenide tunnel FET, MESO:
magneto-electric spin–orbit logic, two versions with different material
parameters resulting in different computing throughput per dissipated
power. Adapted from ref. 74 by permission from Springer Nature, ©2019.
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precession of magnetisation. However, spintronic logic is non-
volatile, in essence combining logic with embedded memory,
while most of FET are volatile. Ferroelectric FET is a special case:
it is non-volatile, but limited by the intrinsic time of ferroelectric
switching. Magnetoelectric logic, and especially MESO (magneto-
electric spin–orbit logic), is predicted to reach extremely low
operation energies.

The energy and delay of operation are the linked quantities
relevant to a user: dissipated power and computing throughput,
i.e., the number of operations performed on a chip. In previous
decades, computing performance was limited by a single-core and
was synonymous with the speed of operation. In the last decade,
computing is limited by the dissipated power, in three aspects: (1)
the ability to remove dissipated heat from a chip; (2) the amount
of energy supplied by a battery, especially in mobile devices; (3)
the power available to a system with multiple multi-core chips
mostly doing parallel processing. The last consideration is espe-
cially applicable to the usage case of a data centre (a server farm).
To quantify the above considerations, a limit of power density,
aka cap is applied to estimate the circuit performance (Fig. 4).
The above obstacles are tackled by embracing green, i.e., energy-
efficient computing. In that thrust, only the energy, not the speed
of operation is the most valued figure of merit.

Following this bench-marking, we overview the developments
since 2010. A report in 2010 by Behin-Aein et al.44 proposed the
development of an all-spin logic device based on a non-local spin
valve, where two nanomagnets are interconnected by a nano-
channel with a distance shorter than its spin-diffusion length. A
non-local spin valve generates pure spin current without electrical
charge flowing in the nano-channel, the spin current contains
information of the magnetisation of the input nanomagnet and
transfers the information to the output nanomagnet via spin-
transfer torque. The functionality of non-local spin-valve struc-
tures has been widely applied for research of spin properties of
diverse materials45; however, it does not fulfil the essential
characteristics of a logic device: nonlinearity, concatenability,
feedback suppression, gain and Boolean operations. The non-
linearity and concatenability are achieved by making identical
input and output, which facilitates connectivity, scalability and
induces bistability. Feedback suppression means a diode-like

behaviour, where the input modifies the output but not vice versa.
If input and output are similar, the feedback suppression can be
controlled by the interfaces; each nanomagnet has two interfaces,
one input with a tunneling barrier to facilitate spin injection and
one output with low resistance to suppress reflection. Ensuring
gain implies that the energy use in the output operation should
not exclusively come from the input. The output operation
requires energy equal or larger than its energy barrier. This
energy can be supplied by an external voltage to place the output
nanomagnet in a neutral position; then, the input information
locates the nanomagnet in either of its two lower states of
minimal energy. Binary operation can be achieved by super-
position of spin currents from two inputs with opposite magne-
tisation, the polarity of the gate voltage in the inputs dictates the
construction of a AND/OR operation or NAND/NOR, and extra
fix input nanomagnet can flip the order of the inputs from AND/
OR to OR/AND.

The proposal of an all-spin logic device based on the spin-
transfer torque mechanism was indeed catalytic; nevertheless, its
application is strongly withheld by its gain dependence to applied
external voltage and bias magnetic field. An alternative came with
the so-called spin torque nano-oscillators (STNOs)46. The STNO
structure consists of an asymmetric MTJ; with a ferromagnetic
layer exchange coupled with antiferromagnetic pinning layer with
in-plane easy axis, and a ferromagnetic free layer with interfacial
perpendicular anisotropy. A d.c. current flowing from the pinned
layer to free layer drives coherent precession of the free layer
magnetisation. The STNO can be driven with low charge currents
(108 A/m2) without bias magnetic field or voltage, with output
powers of tens of nW in MHz to GHz frequencies, suitable for
high-speed digital systems47. These characteristics allow reducing
the size of the devices down to tens of nanometres.

Moreover, in a network of compact arrays of STNOs, the
STNOs are very sensitive to the dynamics of neighbouring
oscillators, in close analogy to the coupling mechanism in neuron
networks48. Interestingly, a recent report demonstrated the fea-
sibility of vowel recognition by synchronizing only four STNOs49.
Neuromorphic computing based on STNOs offers a platform
with a similar geometry to the already developed STT-MRAM
integrated with CMOS technology, with great potential for fab-
rication of high-density networks of STNOs. However, in spite of
being a very promising route, the demonstrated energy con-
sumption is limited to pico-Joules and optimisation has to be
done to reach the atto-Joule operation of brain-like activity. Also,
so far, the neuromorphic computing based on STNOs require a
training process via an online learning algorithm, which has to be
optimised and perhaps in the future substituted by an offline self-
learning mechanism.

Neuromorphic circuits50 are drastically different than the
typical Boolean circuits. For one, they are much tightly inte-
grated with the memory. As such, the speed of their operation
is not limited by the von Neumann bottleneck: transfer of data
between the memory and the arithmetic processor. Both the
device type and the type of neural network architecture
determine the performance (see Fig. 5). The magnetoelectric
devices still result in the lowest energy among neural networks
of the same type. The analogue ferroelectric device proves to be
the fastest. Other types of spin devices have higher energy or
longer time of operation. The digital CMOS implementation
losses out on both time and energy, because non-linear func-
tions of neurons multiplied by the number of bits require
multiple transistors.

For a time-perspective, we present a synthesis of major
achievements towards non-volatile storage devices and promising
candidates for near-future developments in Fig. 6.

Fig. 4 Dissipated power density vs. computing throughput (in tera-
integer-operations per second). The device labels are as in Fig. 3. The
power density is capped at 10W/cm2. If the estimated power density
exceeds it, the passive area is inserted, and throughput is reduced. Adapted
from ref. 74 by permission from Springer Nature, ©2019.
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Spin-dependent energy harvesting
Although, spin-mediated energy harvesting by itself is far from
the state of the art efficiencies of energy harvesting without
involvement of spin, it is certainly intriguing to explore the
fundamentals and prospects of application of the energy har-
vesting with participation of the spin degree of freedom. Various
efforts in this direction have already achieved fascinating results
of spin conversion among diverse energy types we experience
every day, such as heat, light, vibrations, sound and electricity22.
Schematic in Fig. 7 shows spin conversion energy powering ser-
vers in data centres. In the following we describe the main
advancements in these topics and their limitations.

Spin thermoelectric generation
The TE (thermoelectric) physics is based on the unbalance of
electron and holes at the Fermi energy in metals. A temperature
difference in the metal creates a heat current carried by both hot
electrons and holes. When the electron current is larger than
the hole current, it results in a net charge current in opposite
direction to the heat flow. Interestingly, the thermal energy in the
form of heat gradients can also couple to gradients of angular
momentum or spin currents. Research on this coupling has
already demonstrated the spin Seebeck/Peltier effect, anomalous
Nernst effect, TE Hall conversions and spin-transfer torque

mediated by thermal conductance. For deeper insight of the
Physics behind these spin TE phenomena we refer the reader to a
specialised review in the topic in ref. 51. Although, there are
indeed important applications for domain wall motion and spin-
transfer torque by heat currents52, we focus our discussion in the
TE power conversion efficiency based on spin phenomena.

The figure of merit of a TE power device is given by the
dimensionless factor ZT ¼ σS2T

κ , where electrical conductivity is σ,
Seebeck coefficient S, thermal conductivity κ and temperature T.
We first focus on the spin TE conversion at magnetic insulator/
nonmagnetic metal bilayers via longitudinal spin Seebeck effect
(SSE) and spin–orbit coupling (SOC). This device structure has
the advantage of a simplified fabrication and TE conversion
directly proportional to the device area, suitable for large TE
power generators53. In contrast, enhancements in charge based
TEs are bound to parallel arrangements of individual modules, as
schematically shown in Fig. 8a, adapted from ref. 54. Moreover,
utilising a magnetic insulator allows to separate the contributions
of the thermal conductivity of the magnetic material κ and the
electrical conductivity of the metal layer for spin to charge con-
version mechanism σ. Tuning these two parameters indepen-
dently facilitates the design for maximum TE power conversion
by careful selection of materials. Although, the ZT factors of spin-
based TEs (ZT ~ 0–0.1) are still below to the state-of-the-art
values for charge based TEs (ZT ~ 1–3), these encouraging fea-
tures of spin TEs allow for new device architectures and larger
collective efficiencies.

Another intriguing option for spin thermoelectric generation
is the Anomalous Nernst effect (ANE). A crucial difference
between SSE and the anomalous Nernst effect (ANE) is the
direction of the output current generated. As schematically
shown in Fig. 8b, the ANE output is perpendicular to the
temperature gradient, while the SSE output is parallel (long-
itudinal) to the temperature gradient. Since the generated
output current creates additional thermal instabilities, it ulti-
mately sets a lower limit of conversion for the SSE when
compare with ANE (see Fig. 8c)55. Additional to this, while the
Peltier heat current in a SSE device carries heat from the hot to
the cold side of the device, decreasing the overall efficiency. On
the other hand, in a ANE the Ettingshausen heat current carries
heat from cold to hot side, increasing the overall efficiency. In
ferromagnets, the level of ANE signal conversion is directly
proportional to the applied external magnetic field. Interest-
ingly, recently it was observed that ANE signals obtained in
antiferromagnets (AF) are within the level of the best reported
values for ferromagnets but under lower applied magnetic
fields, see Fig. 8d adapted from ref. 56.

Spin thermoelectric effects can be also benefited by the redu-
stribution of density states and lowering of Fermi energy as
consequence of the Rashba57. Engineering of this side effect has
not been explored and is poorly understood.

Fig. 5 Energy vs. delay for one inference in a circuit implementing the
LeNet convolutional neural network. Artificial neural networks (ANN,
magenta dots), cellular neural networks (CNN, green dots), spiking neural
networks (SNN, Spi (gold dots)), oscillator neural networks (ONN, Osc
(blue dots)). Labels for device-architecture combinations include DiC:
digital CMOS, AnC: analogue CMOS, FET: ferroelectric transistor, STT:
spin-transfer torque, SOT: spin–orbit torque, DoW: domain wall motion,
ME: magnetoelectric switching. Reproduced from ref. 50.

Fig. 6 Timeline of major research and technology milestones in data storage devices. We present a synthesis of major achievements towards non-
volatile energy-efficient storage devices. Cross symbols indicate a commercialise technology and chevron arrows indicate a research concept.
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Spin photovoltaics
The perspectives for developments of a commercial spin-
polarised photovoltaic cell are still limited at this time. The
major limitations are the necessity of circular polarisation of light

and the specific range of semiconductor materials for absorption
of light at energies with relevance for solar cell developments.
One alternative is the fabrication of a p-n semiconductor junction
where one of the layers is a ferromagnet58. Under non-polarised
illumination internal build-up electric field separates the holes
and electrons creating a non-polarised photocurrent, however, in
the presence of a ferromagnetic layer a preferential spin tunneling
takes place and as a result preferential spin-polarised electrons are
extracted with no need for circular polarisation. Also, broadband
light excitation in the solar cell spectrum at room temperature has
been recently reported, where the spin current is generated in a
magnetic insulator/nonmagnetic metal bilayer, and then the spin
to charge current conversion is done by inverse spin Hall effect59.
Although, these results represent important advancement of
Spintronic research in photovoltaics, the projected efficiencies are
still far from the state-of-art efficiencies of solar cell modules,
with reported efficiencies around 30% for GaAs and Si-based
cells60.

Perhaps more intriguing, it is the advent of a new family of
materials, perovskites; the outstanding improvements of the
conversion efficiencies in structures based on perovskites such as
FAPbI3 (FA=CH(NH2)2+), MAPbI (MA=CH3NH3

+) and PbI2,
already place them in close proximity to those efficiencies
achieved by GaAs and Si, see Fig. 9 adapted from data in ref. 60.
These lead-based organometal halide perovskites posses very
strong spin–orbit coupling (SOC). It has been already demon-
strated that SOC in these compounds induces strong modifica-
tions in the electronic structure, band-gap tuning and carrier

Fig. 8 Spin thermoelectric generation mechanism. a Comparison between fundamental element of a Seebeck effect device and longitudinal spin Seebeck
effect device, and their corresponding module architectures (2016 IEEE, reprinted, with permission from ref. 54). b, c Show the schematics of the
thermoelectric conversion mechanism for a Seebeck device and a Nernst effect device, and comparison of the maximum conversion efficiencies ζmax under
a temperature gradient ΔT= 300 K (figures reproduced from ref. 55). d Comparison of Nersnt signals Sji for ferromagnets (FM) and the non-collinear
antiferromagnet (AF) Mn3Sn. Adapted from ref. 56 by permission from Springer Nature, ©2017.

Fig. 7 Energy interconversion rectified by the electron spin. Diverse spin
phenomena can act as energy interconversion rectifiers among energy
sources such as heat (spin Seebeck effect), light (spin photovoltaics),
sounds and vibrations (magnetoelastic effect and spin–rotation coupling).
The collected energy can feedback power to servers in data centres.
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lifetime enhacements61–63. However, there is a crucial limitation,
the stability of perovskites in ambient conditions. Recent reports
demonstrated that hybrid organic/inorganic perovskite structures
are a promising route to overcome the stability issues64. Inter-
estingly, these hybrid structures also possess relatively large
Rashba spin splitting allowing for Spintronic applications65.
Further understanding of the role played by the SOC in per-
ovskites may help to improve their optical absorption and sta-
bility, opening opportunities for spin photovoltaic applications66.

Spin mechanics
Phonons, the quantum description of lattice vibrations, can be
coupled to the electron spin and magnons, allowing the genera-
tion of spin current from energy taken from mechanical vibra-
tions and sound. Although, the fundamental relation of magnetic
and elastic energies, the magnetoelastic effect is a well-known
concept, the generation of spin current by magnetoelastic cou-
pling has not been reported until recently. Ferromagnetic reso-
nance is induced by microwave surface acoustic waves injecting
spin current into a nonmagnetic layer to finally convert the spin
current into charge current via inverse spin Hall effect or inverse
Edelstein effect67,68. Perhaps even more intriguing, it is the pro-
posal for generation of spin currents in the absence of magnetic
materials or external magnetic fields. This novel proposal relies
on the spin–rotation coupling based on the direct transfer of
angular momentum from mechanical energy and the electron
spins bound to the atomic lattice69.

In terms of applications, at the moment it is difficult to esti-
mate the impact of the generation of spin currents via mechanical
energy, however, one may think of energy-efficient sensors based
on surface acoustic waves, a well-developed sensing technology,
where collection of otherwise wasted energy could be converted
to charge current by magnetoelastic coupling and SOC. More-
over, the spin–rotation coupling does not require SOC or mag-
netic fields to generate spin currents, opening a new sub-field of
Spintronics research and route for developments of novel devices.

Outlook
Great advancement has been achieved in the last 10 years or so,
towards energy-efficient storage devices and energy harvesting
with spin information. However, many interesting challenges

remain open. In terms of storage information the challenge of
increasing data density and speed operation is pursued by domain
wall motion in ferromagnetic nanostructures. However, there are
two important limits to overcome; first the stray fields can act as
disturbance noise for densely packed devices, and second, the so-
called Walker-breakdown: a threshold driving force at which the
internal magnetisation of the domain wall starts to precess,
reaching a limit of the velocity of domain walls.

Different from ferromagnets, the exchange interaction in
antiferromagnets protects the domain walls, increasing the
Walker-breakdown field to values out of the disturbance zone for
applications70; therefore, the speed operation limit is set by the
magnon velocity (spin wave propagation velocity) itself which
reaches values of THz frequencies. Three orders of magnitude
larger than ferromagnets. The antiferromagnetic ordering itself
also nullifies the stray fields allowing for increase in data density,
making antiferromagnets a very attractive platform for device
developments71. Furthermore, antiferromagnets manifest intri-
guing spin–orbit phenomena, such as the recently reported
magnetic control of spin Hall effect72, which may facilitate con-
trol operations.

The demonstration of neuromorphic computing by coupling of
few oscillators opened a new route towards the ultimate limit of
energy-efficient data processing in the form of brain-like opera-
tion. New challenges may appear as the number of oscillators
scale-up, and interactions create complex networks. Few propo-
sals using deep learning in neural networks may be interesting to
apply in neuromorphic computing devices73.

In the full integration for novel CMOS architectures, the
combination of magneto-electric control and SOC in topological
state of matter may permit to realise the recent Intel proposal of a
magneto-electric spin logic device74.

In terms of energy harvesting with spin information, perhaps
the most revolutionary concept in the last years has been the
advent of the spin Seebeck effect and anomalous Nernst effect
with already on-going commercial thermoelectric device devel-
opments. The conversion magnitude of these thermoelectric
devices is proportional to the magnetisation in ferromagnets,
which may set a limit in device performance. An alternative may
be in topological antiferromagnets, although, the magnetisation in
antiferromagnets is weak, a recent report showed anomalous
Nernst effect three orders of magnitude larger than expected. This
unexpected finding has been explained in terms of enhancement
of Berry curvature: in electrodynamics, the phase acquired by a
vector potential in an adiabatic process. Such enhancement can
be realised with the associated chirality of a Weyl point at the
Fermi level56. Further studies are necessary for better under-
standing of the thermoelectric effects in topological antiferro-
magnets and their potential applications.

In photovoltaics, the absence of spatial inversion symmetry
inducing spin–orbit coupling and Berry curvature may help to
overcome the long-standing ShockleyQueisser limit of conver-
sion: the maximum theoretical photovoltaic conversion effi-
ciency set by radiative recombination. Recent reports showed
evidence of this phenomenon by the steady-state photocurrent
generation in ferroelectrics and metal halide perovskites75,76. As
previously exhibited, another consequence of the absence of
spatial inversion symmetry is the splitting of spin sub-bands,
opening venues for spin photovoltaic conversion mechanisms.
Moreover, very recently it has been reported initial evidence of
the spin-dependent photovoltaic conversion in metallic inter-
faces and metallic/oxide interfaces at photon energies where
optical absorption is expected to be low77,78. The explanation at
the moment relies on modifications of the electronic structure
due to spin–orbit interaction. More studies towards this direction
are needed in novel heterostructures.

Fig. 9 Efficiencies of solar cells tested under one sun terrestial irradiance
AM1.5 spectrum (1000W/m2) at 25°. We summarise the relation of best
reported efficiencies (y-axis) vs fill factor (x-axis) which gives a relation of
the maximum power achived by the cell. Solid symbols show the lead-
based organometal halide perovskites which posses strong spin–orbit
coupling (SOC). The plotted data are based on tables reported in ref. 60.
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The spin conversion of energy from mechanical displacement
is a relatively new subject; nonetheless, recent encouraging
reports showed the spin hydrodynamic generation by the vorti-
city in liquid Hg and initial evidence of the spin–rotation cou-
pling in solid nonmagnetic metal/ferromagnetic metal
bilayer79,80. As next step, it would be desirable to show similar
demonstration in non-toxic elements and spin–rotation coupling
without magnetic materials to push forward the broad potential
for applications.

Received: 4 March 2020; Accepted: 23 March 2020;

References
1. Baibich, M. N. et al. Giant magnetoresistance of (001) Fe/(001) Cr magnetic

superlattices. Phys. Rev. Lett. 61, 2472 (1988).
2. Binash, G., Grünberg, P., Saurenbach, F. & Zinn, W. Enhanced

magnetoresistance in layered magnetic structures with antiferromagnetic
interlayer exchange. Phys. Rev. B 39, 4828 (1989).

3. Garimella, S. V., Persoons, T., Weibel, J. & Yeh, L. T. Technological drivers in
data centers and telecom systems: Multiscale thermal, electrical, and energy
management. Appl. Energy 107, 66–80 (2013).

4. Corcoran, P. & Andrae, A. Emerging Trends In Electricity Consumption For
Consumer ICT. (Nat. Univ. Ireland, Galway, Ireland, Tech. Rep., 2013).

5. Andrae, A. S. G. & Edler, T. On global electricity usage of communication
technology: trends to 2030. Challenges 6, 117–157 (2015).

6. Global, B. P. BP Statistical Review of World Energy, 67th edn (2018).
7. Dayarathna, M., Wen, Y. & Fan, R. Data center energy consumption

modeling: a survey. IEEE Commun. Surv. Tutor. 18, 1 (2016).
8. Belkhir, L. & Elmeligi, A. Assessing ICT global emissions footprint: trends to

2040 and recommendations. J. Clean. Prod. 177, 448–463 (2018).
9. Bhatti, S., Sbiaa, R., Hirohata, A. & Ohno, H. Spintronics based random access

memory: a review. Mater. Today 20, 530–548 (2017).
10. Pan, C. & Naeemi, A. Nonvolatile spintronic memory array performance

benchmarking based on three-terminal memory cell. IEEE J. Explor. Solid-
State Comput. Dev. Circuits 3, 10–17 (2017).

11. Parkin, S. S. P. et al. Exchange-biased magnetic tunnel junctions and
application to nonvolatile magnetic random-access memory. J. Appl. Phys. 85,
5828 (1999).

12. Moodera, J. S., Kinder, L. R., Wong, T. M. & Meservey, R. Large
magnetoresistance at room temperature in ferromagnetic thin film tunnel
junctions. Phys. Rev. Lett. 74, 3273 (1995).

13. Miyazaki, T. & Tezuka, N. Giant magnetic tunneling effect in Fe/Al2O3/Fe
junction. J. Magn. Magn. Mater. 139, L231–L234 (1995).

14. Yuasa, S., Nagahama, T., Fukushima, A., Suzuki, Y. & Ando, K. Giant room-
temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic tunnel
junctions. Nat. Mater. 3, 868–871 (2004).

15. Parkin, S. S. P. et al. Giant tunnelling magnetoresistance at room temperature
with MgO (100) tunnel barriers. Nat. Mater. 3, 862–867 (2004).

16. Slonczewski, J. C. Current-driven excitation of magnetic multilayers. J. Magn.
Magn. Mater. 159, L1 (1996).

17. Katine, J., Albert, F. J., Buhrman, R. A., Myers, E. B. & Ralph, D. C. Current-
driven magnetization reversal and spin-wave excitations in Co/Cu/Co pillars.
Phys. Rev. Lett. 84, 3149 (2000).

18. Ralph, D. C. & Stiles, M. D. Spin transfer torques. J. Magn. Magn. Mater. 320,
1190–1216 (2008).

19. Ikeda, S. et al. A perpendicular-anisotropy CoFeB–MgO magnetic tunnel
junction. Nat. Mater. 9, 721–724 (2010).

20. Liu, H. et al. Ultrafast switching in magnetic tunnel junction based orthogonal
spin transfer devices. Appl. Phys. Lett. 97, 242510 (2010).

21. Garello, K. et al. Ultrafast magnetization switching by spin-orbit torques. Appl.
Phys. Lett. 105, 212402 (2014).

22. Otani, Y., Shiraishi, M., Oiwa, A., Saitoh, E. & Murakami, S. Spin conversion
on the nanoscale. Nat. Phys. 13, 829–832 (2017).

23. Sinova, J., Valenzuela, S. O., Wunderlich, J., Back, C. H. & Jungwirth, T. Spin
Hall effects. Rev. Mod. Phy. 87, 1213–1260 (2015).

24. Kato, Y. K., Myers, R. C., Gossard, A. C. & Awschalom, D. D. Observation of
the spin Hall effect in semiconductors. Science 306, 1910–1913 (2004).

25. Kimura, T., Otani, Y., Sato, T., Takahashi, S. & Maekawa, S. Room-
temperature reversible spin Hall effect. Phys. Rev. Lett. 98, 156601 (2007).

26. Liu, L. et al. Spin-torque switching with the giant spin Hall effect of tantalum.
Science 336, 555–558 (2012).

27. Pai, C.-F. et al. Spin transfer torque devices utilizing the giant spin Hall effect
of tungsten. Appl. Phys. Lett. 101, 122404–122404 (2012).

28. Mellnik, A. R. et al. Spin-transfer torque generated by a topological insulator.
Nature 511, 449–451 (2014).

29. Fan, Y. et al. Magnetization switching through giant spinorbit torque in a
magnetically doped topological insulator heterostructure. Nat. Mater. 13,
699–704 (2014).

30. Snchez, J. C. R. et al. Spin-to-charge conversion using Rashba coupling at the
interface between non-magnetic materials. Nat. Comm. 4, 2944 (2013).

31. MacNeill, D. et al. Control of spin–orbit torques through crystal symmetry in
WTe2/ferromagnet bilayers. Nat. Phys. 13, 300–305 (2017).

32. Sato, N., Xue, F., White, R. M., Bi, C. & Wang, S. X. Two-terminal spinorbit
torque magnetoresistive random access memory. Nat. Electron. 1, 508–511
(2018).

33. Ohsawa, Y. et al. in 2018 IEEE 2nd Electron Devices Technology and
Manufacturing Conference (EDTM) 214–216 (2018).

34. Niimi, Y. & Otani, Y. Reciprocal spin Hall effects in conductors with strong
spin–orbit coupling: a review. Rep. Prog. Phys. 78, 124501 (2015).

35. Kondou, K., Tsai, H., Isshiki, H. & Otani, Y. Efficient spin current generation
andsuppression of magnetic damping due tofast spin ejection from
nonmagnetic metal/indium-tin-oxide interfaces. APL Mater. 6, 101105 (2018).

36. An, H., Kageyama, Y., Kanno, Y., Enishi, N. & Ando, K. Spintorque generator
engineered by natural oxidation of Cu. Nat. Commun. 7, 13069 (2016).

37. Mishra, R. et al. Anomalous current-induced spin torques in ferrimagnets near
compensation. Phys. Rev. Lett. 118, 167201 (2017).

38. Parkin, S. S. P., Hayashi, M. & Thomas, L. Magnetic domain-wall racetrack
memory. Science 320, 190–194 (2008).

39. Yang, S.-H., Ryu, K.-S. & Parkin, S. Domain-wall velocities of up to 750 ms−1

driven by exchange-coupling torque in synthetic antiferromagnets. Nat. Nano.
10, 221–226 (2015).

40. Kim, J., Je, S.-G. & Choe, S.-B. Universality of stochasticity in magnetic
domain-wall motion. Appl. Phys. Express 8, 063001 (2015).

41. Lemerle, S. et al. Domain wall creep in an Ising ultrathin magnetic film. Phys.
Rev. Lett. 80, 849–852 (1998).

42. Kim, K.-J. et al. Fast domain wall motion in the vicinity of the angular
momentum compensation temperature of ferrimagnets. Nat. Mater. 16,
1187–1192 (2017).

43. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nano. 8, 152
(2013).

44. Behin-Aein, B., Datta, D., Salahuddin, S. & Datta, S. Proposal for an all-spin
logic device with built-in memory. Nat. Nanotech. 5, 266–270 (2010).

45. Idzuchi, H., Fukuma, Y. & Otani, Y. Spin transport in non-magnetic nano-
structures induced by non-local spin injection. Phys. E 68, 239–263 (2015).

46. Locatelli, N., Cros, V. & Grollier, J. Spin-torque building blocks. Nat. Mater.
13, 11–20 (2014).

47. Zeng, Z. et al. Ultralow-current-density and bias-field-free spin-transfer nano-
oscillator. Sci. Rep. 3, 1426 (2013).

48. Torrejon, J. et al. Neuromorphic computing with nanoscale spintronic
oscillators. Nature 547, 428–431 (2017).

49. Romera, M. et al. Vowel recognition with four coupled spin-torque nano-
oscillators. Nature 563, 230–234 (2018).

50. Nikonov, D. E. & Young, I. A. Benchmarking delay and energy of neural
inference circuits. IEEE J. Explor. Solid-State Comput. Dev. Circuits 5, 75–84
(2019).

51. Bauer, G. E. W., Saitoh, E. & van Wees, B. J. Spin caloritronics. Nat. Mater. 11,
391–399 (2012).

52. Hinzke, D. & Nowak, U. Domain wall motion by the magnonic spin Seebeck
effect. Phys. Rev. Lett. 107, 027205 (2011).

53. Uchida, K. et al. Observation of longitudinal spin-Seebeck effect in magnetic
insulators. Appl. Phys. Lett. 97, 172505 (2010).

54. Uchida, K. et al. Thermoelectric generation based on spin Seebeck effects.
Proc. IEEE 104, 1946–1973 (2016).

55. Mizuguchi, M. & Nakatsuji, S. Energy-harvesting materials based on the
anomalous Nernst effect. Sci. Tech. Adv. Mater. 20, 262–275 (2019).

56. Ikhlas, M. et al. Large anomalous Nernst effect at room temperature in a chiral
antiferromagnets. Nat. Phys. 13, 1085–1090 (2017).

57. Wu, L. et al. Two-dimensional thermoelectrics with Rashba spin-split bands in
bulk BiTeI. Phys. Rev. B 90, 195210 (2014).

58. Endres, B. et al. Demonstration of the spin solar cell and spin photodiode
effect. Nat. Commun. 4, 2068 (2013).

59. Ellsworth, D. et al. Photo-spin-voltaic effect. Nat. Phys. 12, 861–866
(2016).

60. Green, M. A. et al. Solar cell efficiency tables (Version 53). Prog. Photovolt.
Res. Appl. 27, 3–12 (2018).

61. Amat, A. et al. Cation-induced band-gap tuning in organohalide perovskites:
interplay of spinorbit coupling and octahedra tilting. Nano Lett. 2014146,
3608–3616 (2014).

REVIEW ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-0022-5

8 COMMUNICATIONS MATERIALS |            (2020) 1:24 | https://doi.org/10.1038/s43246-020-0022-5 | www.nature.com/commsmat

www.nature.com/commsmat


62. Even, J., Pedesseau, L., Jancu, J.-M. & Katan, C. Importance of spin–orbit
coupling in hybrid organic/inorganic perovskites for photovoltaic
applications. J. Phys. Chem. Lett. 2013417, 2999–3005 (2013).

63. Zheng, F., Tan, L. Z., Liu, S. & Rappe, A. M. Rashba spin-orbit coupling
enhanced carrier lifetime in CH3NH3PbI3. Nano Lett. 15, 7794–7800
(2015).

64. Berry, J. et al. Hybrid organicinorganic perovskites (HOIPs): opportunities
and challenges. Adv. Mater. 27, 5102–5112 (2015).

65. Zhai, Y. et al. Giant Rashba splitting in 2D organic-inorganic halide
perovskites measured by transient spectroscopies. Sci. Adv. 3, e1700704
(2017).

66. Even, J., Pedesseau, L., Jancu, J.-M. & Katan, C. Importance of spin-orbit
coupling in hybrid organic/inorganic perovskites for photovoltaic
applications. J. Phys. Chem. Lett. 4, 2999–3005 (2013).

67. Weiler, M. et al. Spin pumping with coherent elastic waves. Phys. Rev. Lett.
108, 176601 (2012).

68. Xu, M. et al. Inverse Edelstein effect induced by magnon-phonon coupling.
Phys. Rev. B 97, 180301 (2018).

69. Matsuo, M., Ieda, J., Harii, K., Saitoh, E. & Maekawa, S. Mechanical generation
of spin current by spin-rotation coupling. Phys. Rev. B 87, 180402 (2013).

70. Gomonay, O., Jungwirth, T. & Sinova, J. High antiferromagnetic domain wall
velocity induced by Néel spin-orbit torques. Phys. Rev. Lett. 117, 017202
(2016).

71. Jungwirth, T. et al. The multiple directions of antiferromagnetic spintronics.
Nat. Phys. 14, 200–203 (2018).

72. Kimata, M. et al. Magnetic and magnetic inverse spin Hall effects in a non-
collinear antiferromagnet. Nature 565, 627–630 (2019).

73. Shen, Y. et al. Deep learning with coherent nanophotonic circuits. Nat.
Photon. 11, 441–446 (2017).

74. Manipatruni, S. et al. Scalable energy-efficient magnetoelectric spinorbit logic.
Nature 565, 35–42 (2019).

75. Tan, L. Z. et al. Shift current bulk photovoltaic effect in polar materialshybrid
and oxide perovskites and beyond. npj Comput. Mater. 2, 16026 (2016).

76. Nakamura, M. et al. Shift current photovoltaic effect in a ferroelectric charge-
transfer complex. Nat. Commun. 8, 281 (2017).

77. Hirose, H., Ito, N., Kawaguchi, M., Lau, Y. C. & Hayashi, M. Circular
photogalvanic effect in Cu/Bi bilayers. Appl. Phys. Lett. 113, 222404 (2018).

78. Puebla, J. et al. Photoinduced Rashba spin-to-charge conversion via an
interfacial unoccupied state. Phys. Rev. Lett. 122, 256401 (2019).

79. Takahashi, R. et al. Spin hydrodynamic generation. Nat. Phys. 12, 52–56 (2016).
80. Kobayashi, D. et al. Spin current generation using a surface acoustic wave

generated via spin-rotation coupling. Phys. Rev. Lett. 119, 077202
(2017).

Acknowledgements
We are in great debt to Dmitri E. Nikonov for helpful discussions and guidance. We are
also very grateful to Neill Lambert for reading our paper and his valuable comments.
This work was supported by Grant-in-Aid for Scientific Research on Innovative Area,
Nano Spin Conversion Science (Grant No. 26103002) and JSPS KAKENHI (No.
19H05629).

Author contributions
Y.O. proposed the content of the paper, contributed to the discussion of all topics and the
writing of the paper. K.K. contributed to the research and discussion of all topics in the
present review. J.K. contributed to the research and discussion of all topics in the present
review. J.P. proposed the content of the paper, contributed to the research and discussion
of all topics in the present review and writing of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.P. or Y.O.
Reprints and permission information is available at http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

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

© The Author(s) 2020

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-0022-5 REVIEW ARTICLE

COMMUNICATIONS MATERIALS |            (2020) 1:24 | https://doi.org/10.1038/s43246-020-0022-5 |www.nature.com/commsmat 9

http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmat
www.nature.com/commsmat

	Spintronic devices for energy-efficient data storage�and energy harvesting
	Data storage from memory to logic devices
	Magnetic random-access memory to racetrack memory

	Spin logic device to neuromorphic computation
	Spin-dependent energy harvesting
	Spin thermoelectric generation
	Spin photovoltaics
	Spin mechanics
	Outlook
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




