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Spintronics è Spinorbitronics 

Design goals 
•  small, robust, ultrafast 
•  purely electric control 
•  energetically cheap 

Spin Hall Effect 
Anomalous Hall Effect 
Skyrmions 
Spin Relaxation 
Gilbert Damping 
Magnetic Anisotropy 
Magnons 
Topological Insulators 
Quantum Hall effects 
Orbital Magnetism 
Spin-Orbit Torque ... 
 
 

Phenomena              Spinorbitronics 
Spin-Orbit Interaction (<100 meV) Challenges 

   generation 

   manipulation 
   detection 

bits & currents 

   transport 
Materials & 

Functionality design 
 
 
 
	  
	  

	  realistic simulations of  
complex materials 

bits 
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Fundamental Motivation 

Topology 

Topological Hall effect 
          Skyrmions 

Gilbert damping 

Spin-Orbit Torque 

Magnon Hall effect 
Exchange interactions 

        Anomalous Hall effect 
         Spin Hall Effect   
         Orbital Magnetization 
         Quantized Hall effects 
         Topological Insulators 

Dzyaloshinskii-Moriya 
    interaction 

Thermal Hall effect 

Electric Polarization 

Pumping effects 

quantum field theory 
  molecular physics 
   nuclear physics 
 Magnetic anisotropy 

Laser Excitations 



Geometry and Solids 

Berry Curvature characterizes  
how the electrons are glued together 

Berry curvature = magnetic field  

Curvature pushes electrons around!   
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Berry curvature in solids  

Ferromagnet with spin-orbit interaction: 
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  push here 
 (e.g. E-field) 

    induce 
motion here! 

           Anomalous Hall effect! 
door for geometry to enter spintronics 

surface with non-trivial 
curvature: 
expect coupled dynamics 

Semiclassical picture (1950s – 2000s) 

velocity   =  rk"�E⇥⌦
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                                                    Hall conductance: 
 
 
 
 
    quantized in insulators!        Chern / Topological insulators, etc... 

6= 0



Turbulent field of physics 

 k-space 
topology 

⌦k

Anomalous Hall Effect 
Spin Hall Effect 
Orbital Hall Effect 
... 

Orbital Magnetism 
Spin Magnetism 
Magneto-Electrics 
Multiferroics 
... 

Topological-  
Quantum Hall 
Quantum Spin Hall 
Crysalline 
        Insulators... 
Topological Metals 

 k-space + X 

Magnons 
Phonons 
Domain Walls 
Spin lattices 
Skyrmions 
Spin Torques 
Spin dynamics 
... 
 



Crucial role of material aspect 

          Density Functional Theory 
 
                effective “single-particle” 
                     picture of solids 

monopole 



Kubo linear response theory: 

Berry curvature   Skew-scattering 

Scattering- 
     independent 
                    effects 

AHE in Pt(Cr) 

      no  
disorder 

      Gaussian           disorder 

  single  
   impurity 
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AHE in Fe [001] 

Et. al. + Y. M. 
PRLs, PRBs, ... 
2009 - 2016 



Chiral magnetic skyrmions 

T. H. R. Skyrme, Nucl. Phys. 31, 556 (1962)  
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Observed in magnetic systems: 
    2D, 3D, metals, insulators 

C. Pfleiderer, A. Rosch, Nature 465, 880 (2010) 
T. Schultz et al., Nature Physics 8, 301 (2012) 
Tokura & Nagaosa  Nat. Nano. 8, 899 (2013) 
Schulzet al.  Nat. Phys.  8, 301 (2012) 
Fert et al. Nature Nano. 8, 152 (2013) 
Iwasaki et al., Nat. Comms., 4, 1463 (2013) ... 

Skyrmions: soliton-like solutions for  
baryons in non-linear sigma model  



Chiral magnetic skyrmions 

    Many things are believed      
    to do with: 

       non-trivial topology  
           of skyrmions! 

Fascinating properties: 

•  low currents to move around 
•  high stability 
•  suppressed scattering at defects 
•  various “skyrmion” transport effects 

Albert Fert, Vincent Cross and João Sampaio, 
Nature Nanotechnology 8, 152 (2013)  

new particles 
for spintronics 



Skyrmions and Topology 

of a fractional change of the nuclear number at the Mn site
proportional to the Fe concentration. Thus, in VCA, adding
Fe results in an effective tuning of the electronic structure
and Fermi surface topology of pure MnSi, while the details
of microscopic electron scattering off Fe impurities are not
taken into account. Within VCA, the difference of Co and
Fe doping of MnSi arises then from the different nuclear
charge of the Mn atoms, and the electronic structure of
Mn1−xCoxSi effectively corresponds to the electronic
structure of Mn1−2xFe2xSi. The approximations made in
describing the doping of MnSi with Co and Fe are in turn
strongly supported by our experimental results as dis-
cussed above.
For each concentration x we finally constrained the spin

moment to the experimental values shown in Fig. 2(f)
(see also [27]), where the unconstrained LDA overesti-
mates the spin moments by more than a factor of 2. To
compute the Hall conductivities an interpolation based on
Wannier functions [34] was used. Further computational
details are provided in [27].
To confirm that the LDA with constrained spin moment

describes the electronic structure correctly, we computed at
first the anomalous Hall conductivity (AHC) in ferromag-
netic Mn1−xFexSi, providing a property that is extremely
sensitive to the Fermi surface, and compared it with experi-
ment as shown in Figs. 3(a) and 3(b). Namely, we computed
the intrinsic contribution to the AHC by evaluating the Berry
curvature of the occupied states, neglecting the skew-
scattering contribution to the AHE. The latter is suppressed
for ferromagnets away from the clean regime, as expected in
doped systems like Mn1−xFexSi. We have further estimated
the extrinsic side-jump contribution to the AHE and find not
more than 10% of the intrinsic values [35]. Hence, the
calculated AHC is in excellent agreement with experiment as
concerns (i) the magnitude, (ii) the change of sign, and
(iii) the reduction of the AHC under Fe doping.
We turn now to the topological Hall constant as

determined by Boltzmann transport theory within the

constant relaxation time approximation. The latter relies
on the assumption that for each spin the relaxation rates of
all states at the Fermi surface are the same. Within this
approximation the spin-resolved diagonal conductivity is
then given by a product of the common relaxation time τs
[s ¼ ð↑;↓Þ] and a term which is determined by the Fermi
surface topology only:

σsxx ¼
e2

VN

X

kn

τsδðEF − ϵknsÞðvxknsÞ2; (1)

where V is the unit cell volume,N is the number of k points
in the Brillouin zone, EF is the Fermi energy, εkns is the
band energy of band n at k, and vxkns is the group velocity
in x direction of this state. We assume that τs ¼ αη−1s ,
where ηs is the density of states at EF for spin s and α is a
constant. In turn, the ordinary Hall conductivity at a given
magnetic field Bz may be expressed as

σOHE;sxy ðBzÞ ¼ −
e3Bz

VN

X

kn

τ2sδðEF − εknsÞ

× ½ðvxknsÞ2m
yy
kns − vxknsv

y
knsm

xy
kns%; (2)

with the inverse effective mass tensor mij
kns ¼ ∂2ϵkns=

ðℏ2∂ki∂kjÞ. The experimentally measured THE has been
attributed phenomenologically to the Lorentz force caused
by the emergent magnetic field Beff ¼ Beff;z associated
with the spin texture. This force is opposite for electrons
of opposite spin due to the topological charge of the
Skyrmion, which governs the problem in the space of
the magnetization direction. The topological Hall resistivity
as approximated by the difference of the OHE for spin-up
and spin-down electrons therefore provides a stringent test
of this phenomenological ansatz, namely

ρtopyx ðBeffÞ ¼ σOHE;↑xy ðBeffÞ − σOHE;↓xy ðBeffÞ
ðσ↑xx þ σ↓xxÞ2

(3)

so that Rtop
yx ¼ ρtopyx =Beff is the topological Hall constant.

Within the approximation assumed for the relaxation time,
Rtop
yx does not depend on α and is thus parameter free.
Shown in Figs. 3(c) and 3(d) are the experimental and

calculated dependence of Rtop
yx in Mn1−xFexSi on the

ordered magnetic moment. Full symbols correspond to
the topological Hall signal at finite temperature, whereas
the open symbol corresponds to the estimated zero-
temperature value (as explained above this correction is
only important in pure MnSi). For pure MnSi the value of
about 3.0 × 10−11 Ωm=T compares well to the experi-
mental value of ∼4.5 × 10−11 Ωm=T. Further, upon
doping, both the experimental and theoretical variation
of Rtop

xy exhibit a change of sign and a noticeable reduction
in magnitude in reasonable agreement.
According to our calculations all of this can be under-

stood on the basis of the band structure of paramagnetic
MnSi in terms of (i) the change of sign of σOHExy for both
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FIG. 3. Anomalous and topological Hall signal as a function of
ordered moment in the zero temperature limit. Open symbols
denote the extrapolated value for T → 0 as described in the
Supplemental Material [27]. See text for details.
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of a fractional change of the nuclear number at the Mn site
proportional to the Fe concentration. Thus, in VCA, adding
Fe results in an effective tuning of the electronic structure
and Fermi surface topology of pure MnSi, while the details
of microscopic electron scattering off Fe impurities are not
taken into account. Within VCA, the difference of Co and
Fe doping of MnSi arises then from the different nuclear
charge of the Mn atoms, and the electronic structure of
Mn1−xCoxSi effectively corresponds to the electronic
structure of Mn1−2xFe2xSi. The approximations made in
describing the doping of MnSi with Co and Fe are in turn
strongly supported by our experimental results as dis-
cussed above.
For each concentration x we finally constrained the spin

moment to the experimental values shown in Fig. 2(f)
(see also [27]), where the unconstrained LDA overesti-
mates the spin moments by more than a factor of 2. To
compute the Hall conductivities an interpolation based on
Wannier functions [34] was used. Further computational
details are provided in [27].
To confirm that the LDA with constrained spin moment

describes the electronic structure correctly, we computed at
first the anomalous Hall conductivity (AHC) in ferromag-
netic Mn1−xFexSi, providing a property that is extremely
sensitive to the Fermi surface, and compared it with experi-
ment as shown in Figs. 3(a) and 3(b). Namely, we computed
the intrinsic contribution to the AHC by evaluating the Berry
curvature of the occupied states, neglecting the skew-
scattering contribution to the AHE. The latter is suppressed
for ferromagnets away from the clean regime, as expected in
doped systems like Mn1−xFexSi. We have further estimated
the extrinsic side-jump contribution to the AHE and find not
more than 10% of the intrinsic values [35]. Hence, the
calculated AHC is in excellent agreement with experiment as
concerns (i) the magnitude, (ii) the change of sign, and
(iii) the reduction of the AHC under Fe doping.
We turn now to the topological Hall constant as

determined by Boltzmann transport theory within the

constant relaxation time approximation. The latter relies
on the assumption that for each spin the relaxation rates of
all states at the Fermi surface are the same. Within this
approximation the spin-resolved diagonal conductivity is
then given by a product of the common relaxation time τs
[s ¼ ð↑;↓Þ] and a term which is determined by the Fermi
surface topology only:

σsxx ¼
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X
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τsδðEF − ϵknsÞðvxknsÞ2; (1)

where V is the unit cell volume,N is the number of k points
in the Brillouin zone, EF is the Fermi energy, εkns is the
band energy of band n at k, and vxkns is the group velocity
in x direction of this state. We assume that τs ¼ αη−1s ,
where ηs is the density of states at EF for spin s and α is a
constant. In turn, the ordinary Hall conductivity at a given
magnetic field Bz may be expressed as
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with the inverse effective mass tensor mij
kns ¼ ∂2ϵkns=

ðℏ2∂ki∂kjÞ. The experimentally measured THE has been
attributed phenomenologically to the Lorentz force caused
by the emergent magnetic field Beff ¼ Beff;z associated
with the spin texture. This force is opposite for electrons
of opposite spin due to the topological charge of the
Skyrmion, which governs the problem in the space of
the magnetization direction. The topological Hall resistivity
as approximated by the difference of the OHE for spin-up
and spin-down electrons therefore provides a stringent test
of this phenomenological ansatz, namely

ρtopyx ðBeffÞ ¼ σOHE;↑xy ðBeffÞ − σOHE;↓xy ðBeffÞ
ðσ↑xx þ σ↓xxÞ2

(3)

so that Rtop
yx ¼ ρtopyx =Beff is the topological Hall constant.

Within the approximation assumed for the relaxation time,
Rtop
yx does not depend on α and is thus parameter free.
Shown in Figs. 3(c) and 3(d) are the experimental and

calculated dependence of Rtop
yx in Mn1−xFexSi on the

ordered magnetic moment. Full symbols correspond to
the topological Hall signal at finite temperature, whereas
the open symbol corresponds to the estimated zero-
temperature value (as explained above this correction is
only important in pure MnSi). For pure MnSi the value of
about 3.0 × 10−11 Ωm=T compares well to the experi-
mental value of ∼4.5 × 10−11 Ωm=T. Further, upon
doping, both the experimental and theoretical variation
of Rtop

xy exhibit a change of sign and a noticeable reduction
in magnitude in reasonable agreement.
According to our calculations all of this can be under-

stood on the basis of the band structure of paramagnetic
MnSi in terms of (i) the change of sign of σOHExy for both
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MnFexSi1-x 

THE Electrons pick up the   
 “spin” Berry phase  

Quantized flux of Be 

 
           primary manifestation of  
             skyrmionic topology 
           main tool to detect the skyrmions  

Franz, et al., Mokrousov, Pfleiderer, PRL 112, 186601 (2014)  

Be 

For a summary of the experimental methods, which
follow the procedures reported in Refs. [2,3,24–26], we
refer to the Supplemental Material [27]. Shown in Fig. 1 is
an overview of typical magnetization, and Hall resistivity
data as well as magnetic phase diagrams (a detailed list of
the temperature values and parameters studied is part of the
Supplemental Material [27]). The evolution of the mag-
netization m at selected temperatures and selected Fe and
Co concentrations is shown in panels (a1) through (a5). At
the lowest temperatures m changes from an almost linear
increase to being almost field independent when going
from below to above Bc2. With increasing x the magneti-
zation at the lowest temperatures decreases, characteristic
of a decrease of the ordered moment [see also Fig. 2(f)
below]. The susceptibility calculated fromm compares well
with the ac susceptibility (both not shown), thus permitting
us to deduce the magnetic phase diagrams as depicted in
Fig. 1, panels (b1) through (b5) (cf. Ref. [24]). Here the
usual magnetic phases are distinguished following accu-
rately previous work [24–26], notably paramagnetism
(PM), helimagnetic order (h), Skyrmion lattice phase
(SLP), conical order, field-induced ferromagnetism (FM),
and the fluctuation-disorder crossover regime (FD) [28].
The Hall resistivity ρxy, shown in Fig. 1, panels (c1)

through (c5), displays considerable variations. To permit

direct comparison of m with ρxy all data have been
corrected for the effects of demagnetizing fields. We
begin at high temperatures, where ρxy is essentially linear
and dominated by the OHE without much change as a
function of x. With decreasing temperature an additional
contribution emerges in striking similarity with m, the
AHE. As a key observation the sign of the AHE changes
from positive to negative between x ¼ 0.04 and 0.06
under Fe doping (in Fig. 1 it qualitatively resembles the
mirror image of m for x ≥ 0.08; this AHE changes sign
between x ¼ 0.02 and 0.04 under Co doping). Finally, a
third contribution in ρxy on top of the OHE and AHE
may be distinguished, which for pure MnSi and low
concentrations is strictly confined to the SLP. The
relevant phase boundaries of the SLP inferred from the
susceptibility are marked by vertical lines in Fig. 1. For
all Fe concentrations x ≥ 0.04 (under Co doping
x ≥ 0.02) this THE is negative (downwards) with increas-
ing magnitude [cf. Fig. 1, panels (c2) to (c5)] consistent
with previous work [27]. In contrast, for the pure
compound the THE is positive (upwards) as shown in
great detail in Refs. [1–3], where the THE for x ¼ 0
cannot be resolved on the scale of Fig. 1 (c1). Hence, the
THE changes sign as a function of x, however, at a
smaller composition than the AHE.
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FIG. 1 (color online). Doping dependence of m, the magnetic phase diagram, and ρxy of Mn1−xFexSi and Mn1−xCoxSi at selected x.
Panels (a1) through (a5): Magnetization at selected temperatures in the vicinity of the helimagnetic transition. Panels (b1) through (b5):
Magnetic phase diagrams as inferred from the susceptibility calculated numerically from the magnetization (see also Ref. [24]). Panels
(c1) through (c5): Typical Hall resistivity at selected temperatures (see [27] for detailed list of temperatures). At low temperatures the
Hall resistivity is dominated by the AHE, which tracks qualitatively the magnetization. Between x ¼ 0.04 and 0.08 the sign of this AHE
changes from positive to negative; i.e., it assumes qualitatively the shape of a mirror image of m. In the field range of the Skyrmion
lattice phase (SLP), marked by vertical lines, a THE exists in the form of an additional contribution directed downwards for all x ≥ 0.04.
For x ¼ 0 the THE points upwards (cf. Fig. 2 in Ref. [1]), which cannot be resolved on the scale used here; i.e., the THE also changes
sign as a function of x.
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For a summary of the experimental methods, which
follow the procedures reported in Refs. [2,3,24–26], we
refer to the Supplemental Material [27]. Shown in Fig. 1 is
an overview of typical magnetization, and Hall resistivity
data as well as magnetic phase diagrams (a detailed list of
the temperature values and parameters studied is part of the
Supplemental Material [27]). The evolution of the mag-
netization m at selected temperatures and selected Fe and
Co concentrations is shown in panels (a1) through (a5). At
the lowest temperatures m changes from an almost linear
increase to being almost field independent when going
from below to above Bc2. With increasing x the magneti-
zation at the lowest temperatures decreases, characteristic
of a decrease of the ordered moment [see also Fig. 2(f)
below]. The susceptibility calculated fromm compares well
with the ac susceptibility (both not shown), thus permitting
us to deduce the magnetic phase diagrams as depicted in
Fig. 1, panels (b1) through (b5) (cf. Ref. [24]). Here the
usual magnetic phases are distinguished following accu-
rately previous work [24–26], notably paramagnetism
(PM), helimagnetic order (h), Skyrmion lattice phase
(SLP), conical order, field-induced ferromagnetism (FM),
and the fluctuation-disorder crossover regime (FD) [28].
The Hall resistivity ρxy, shown in Fig. 1, panels (c1)

through (c5), displays considerable variations. To permit

direct comparison of m with ρxy all data have been
corrected for the effects of demagnetizing fields. We
begin at high temperatures, where ρxy is essentially linear
and dominated by the OHE without much change as a
function of x. With decreasing temperature an additional
contribution emerges in striking similarity with m, the
AHE. As a key observation the sign of the AHE changes
from positive to negative between x ¼ 0.04 and 0.06
under Fe doping (in Fig. 1 it qualitatively resembles the
mirror image of m for x ≥ 0.08; this AHE changes sign
between x ¼ 0.02 and 0.04 under Co doping). Finally, a
third contribution in ρxy on top of the OHE and AHE
may be distinguished, which for pure MnSi and low
concentrations is strictly confined to the SLP. The
relevant phase boundaries of the SLP inferred from the
susceptibility are marked by vertical lines in Fig. 1. For
all Fe concentrations x ≥ 0.04 (under Co doping
x ≥ 0.02) this THE is negative (downwards) with increas-
ing magnitude [cf. Fig. 1, panels (c2) to (c5)] consistent
with previous work [27]. In contrast, for the pure
compound the THE is positive (upwards) as shown in
great detail in Refs. [1–3], where the THE for x ¼ 0
cannot be resolved on the scale of Fig. 1 (c1). Hence, the
THE changes sign as a function of x, however, at a
smaller composition than the AHE.

0

0.4

2 K

7 K

0

13

FM

PM

SLP

conical
h

FD

0

10

h FM

PM

SLP

conical

FD

0

15

FD

FM

PM

SLP
h conical

0

20
PM

FM

h conical

SLP

FD

0

30

conical
h

FM

PM
FD

SLP

0

0.4 2K

32K

0

0.4
2 K

10 K

0

0.4
2 K

16 K

0

0.4

11 K

2 K

(a2) (a5)(a4)(a3)(a1)

0 0.5 1
-80

180

250 K

27.6 K

29.4 K

0 0.5 1
-60

0

250 K

2 K

7 K

0 0.5 1
-170

0

0.2 K

250 K

1.8 K

0 0.5 1
-70

0

7 K 2 K

14 K

250 K

0 0.5 1
-20

40

2.5 K

250 K

K

ρ xy
(n

Ω
cm

)

ρ xy
(n

Ω
cm

)

ρ xy
(n

Ω
c m

)

ρ x y
(n

Ω
cm

)

ρ xy
(n

Ω
cm

)

T
(K

)

T
(K

)

T
(K

)

T
(K

)

µ
0
H

int
(T)µ

0
H

int
(T)µ

0
H

int
(T)µ

0
H

int
(T)

Mn
1-x

Co
x
Si x = 0.04Mn

1-x
Fe

x
Si x = 0.12Mn

1-x
Fe

x
Si x = 0.08MnSi Mn

1-x
Fe

x
Si x = 0.04

m
( µ

B
/f

.u
.)

m
( µ

B
/f

. u
.)

m
(µ

B
/f

.u
.)

m
( µ

B
/ f

. u
. )

m
( µ

B
/f

.u
.)

µ
0
H

int
(T)

T
(K

)

(b1) (b2) (b3) (b4) (b5)

(c5)(c4)(c3)(c2)(c1) 14.2

FIG. 1 (color online). Doping dependence of m, the magnetic phase diagram, and ρxy of Mn1−xFexSi and Mn1−xCoxSi at selected x.
Panels (a1) through (a5): Magnetization at selected temperatures in the vicinity of the helimagnetic transition. Panels (b1) through (b5):
Magnetic phase diagrams as inferred from the susceptibility calculated numerically from the magnetization (see also Ref. [24]). Panels
(c1) through (c5): Typical Hall resistivity at selected temperatures (see [27] for detailed list of temperatures). At low temperatures the
Hall resistivity is dominated by the AHE, which tracks qualitatively the magnetization. Between x ¼ 0.04 and 0.08 the sign of this AHE
changes from positive to negative; i.e., it assumes qualitatively the shape of a mirror image of m. In the field range of the Skyrmion
lattice phase (SLP), marked by vertical lines, a THE exists in the form of an additional contribution directed downwards for all x ≥ 0.04.
For x ¼ 0 the THE points upwards (cf. Fig. 2 in Ref. [1]), which cannot be resolved on the scale used here; i.e., the THE also changes
sign as a function of x.
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the chains changes significantly when examined with a
magnetic tip in an external magnetic field: all the chains,
regardless of their length, exhibit a modulation along
their axes with a periodicity of three atomic distances [see
Fig. 2(b)]. This image is obtained using a tip sensitive to the
out-of-plane component of the magnetization. Maxima and
minima along the chain axis therefore represent areas with
magnetization components pointing up or downwith respect
to the surface [13]. The modulation persists over a wide
range of applied bias voltages without changing its period-
icity and could be explained by a spin-spiral state with an
angle of 120! between the magnetic moments of neighbor-
ing atoms along the chain axis, as it is sketched in Fig. 2(c).
The periodic contrast is reversed by inverting the external
field direction [Fig. 2(c)] when a Cr-coated tip is used for
imaging. Because of the antiferromagnetic ordering of the
Cr-coated tip, its magnetization direction does not change
when applying magnetic fields of this strength [14]. Thus,
the inversion of magnetic contrast along the chain axis can
only be explained when the spin-spiral structure of the Fe
chains exhibits a net magnetic moment that aligns with the

magnetic field. When turning off the magnetic field the
modulation vanishes and the chains again appear featureless
[blue line in Fig. 2(c)].
In order to verify whether the proposed spin spiral is

the magnetic ground state of bi-atomic Fe chains on
Ir(001), we performed density functional theory (DFT)
calculations [11]. We scan the magnetic phase space by
calculating flat spin spirals which are the general solution
of the classical Heisenberg model EH ¼ #P

ijJijSi $ Sj

for a periodic lattice with the exchange constant Jij
between the spins Si and Sj at the atomic sites i and j.
Such a spin spiral, propagating along the chain, is given by
Si ¼ Sð cosðqaiÞ; 0; sinðqaiÞÞ, where a is the lattice con-
stant and q ¼ ðq; 0; 0Þ is the characteristic spin-spiral vec-
tor. Varying q from q ¼ 0 (ferromagnetic (FM) state) to
q ¼ '0:5 2!

a [antiferromagnetic (AFM) state], we cover all
possible spin spirals and calculate the spin-spiral disper-
sion energy EðqÞ (blue dots in Fig. 3). Positive and negative
values of q denote clockwise and counter-clockwise spin
spirals, respectively, and the dispersion is symmetric with
respect to 'q, as expected from the Coulomb interaction.

0 2 4 6 8 10 12
lateral displacement (nm)

2

2.2

2.4

2.6)
Å( tne

meca lpsid
z

+2T
0T

-2T

0 T

(c)

+2 T

(b)

d /dI ULO HI

external
magnetic field

Cr/W-tip

+2 T

-2 T

(a)

FIG. 2 (color). SPSTM measurements of Fe chains on Ir(001). (a) and (b) Typical sample area of 30( 30 nm2 measured with an Fe-
coated W tip without and with an applied external magnetic field of B ¼ þ2 T perpendicular to the sample surface, respectively,
(constant current images colorized with simultaneously acquired dI=dU maps, measurement parameters: U ¼ þ500 mV, I ¼ 5 nA,
T ¼ 8 K). (c) Topographic line profiles of the same Fe chain at B ¼ 0 T and B ¼ '2 T measured with a Cr-coated tip. The insets
show schematically the tip magnetization and how a 120! spin spiral, which is inverting in opposite fields, could explain the
experimental results.
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Spin-Transfer Torque: 

Technologically used to switch  
the magnetization of the  
“free” magnet (STT-MRAM) 
 
relies on non-collinear effects 

bidirectional current switching of many independent magnetic bits.
Second, the area separating the two opposite switching zones near
B 5 0 is very narrow, meaning that very small applied fields suffice
to induce reversal. This feature prompts an approach for applications.
Small permanent magnets can be fabricated on-chip, close to or on top
of each active dot. In this way, not only can the dots be switched, but
their response to the current direction can also be inverted by reversing
the polarization of the magnets.

The ability to change the operation mode of a device is extremely
valuable for programmable magnetic logic applications27,28. This
motivated us to fabricate a small prototype switch by depositing two
CoFe bars on top of the current injection lines near the cobalt dot
(Fig. 4a). The shape anisotropy of the CoFe magnets ensures the align-
ment between their stray field and current lines. Figure 4b shows the
low-field region of a typical switching curve, comparing results for a
device without magnets (the two upper panels) with those of a device
with CoFe bars (the two bottom panels). In the first case, as B
approaches zero, switching is replaced by random nucleation events.
In the second case, owing to the additional stray field of the magnets,
the switching curve shows hysteretic behaviour extending to the zero-
field region (shaded area). We further tested zero-field switching using
a complex sequence of current pulses (Fig. 4c). After the magnetization
of the CoFe magnets has been saturated in one of two opposite direc-
tions (MCoFe . 0 and MCoFe , 0), Mz reverses each time the pulses
change polarity. As expected, reversing MCoFe inverts the operation
mode of the device.

The ability to switch a single magnetic layer at room temperature using
an in-plane current opens the way to a new generation of spintronic
devices, combining planar geometry, highly stable perpendicular mag-
netization, all-electrical write/read out schemes and reconfigurability.
The layer structure of our prototype switch is extremely simple, is
scalable and is based on materials compatible with present technology.
The current density threshold for switching is of the order of

108 A cm22, and is expected to improve with further interface engineer-
ing. We note that, because the current is applied in-plane through a thin
lateral surface, the absolute current required for switching can be made
very small (,1 mA), providing significant gains in terms of integration
and power consumption. Apart from its use in novel device architec-
tures, this type of ferromagnetic switch also has interesting implications
for existing technology. For example, a FMM oxide heterostructure
could easily be integrated as the storage layer of a magnetic tunnel
junction in magnetoresistive random-access memory, to decouple the
read and write current paths. In this way, electrical stress of the tunnel
barrier during the write process, which is an outstanding problem of the
spin transfer approach1,28, could be avoided while maintaining a large
tunnel magnetoresistance and read-out sensitivity.

METHODS SUMMARY
The samples were fabricated from aluminium (1.6 nm), cobalt (0.6 nm) and
platinum (3 nm) layers deposited on a thermally oxidized silicon wafer by d.c.
magnetron sputtering10. The deposition rates were 0.05 nm s21 (cobalt and
aluminium) and 0.1 nm s21 (platinum) at an argon pressure of 2 3 1023 mbar.
After deposition, the samples were oxidized by a 35-s exposure to radio-frequency
oxygen plasma at a pressure of 3 3 1023 mbar and a radio-frequency power of
10 W. This treatment ensures chemical stability of the layers and preserves the
strong PMA typical of cobalt–platinum interfaces10,29. The presence of two dis-
similar interfaces, of which one is a heavy metal characterized by strong spin–orbit
coupling, gives rise to an electric potential gradient across the cobalt layer. This
type of structure inversion asymmetry induces a Rashba-type magnetic field
parallel to the y direction when the current flows along the x direction9,30. The
AlOx–cobalt–platinum films were patterned by electron beam lithography and ion
beam etching into 500 nm 3 500 nm AlOx–cobalt dots and platinum Hall crosses
(Methods). This geometry allows the magnetic state of the dots to be monitored by
electric measurements using the anomalous Hall effect. If an electric current is
applied along one arm of the cross, the Hall resistance, RHall, measured along the
transverse arm, is proportional to the perpendicular component of the mag-
netization. Representative magnetization curves of a 500 nm 3 500 nm device
are shown in Supplementary Fig. 1. Smaller devices, 200 nm 3 200 nm in size,
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Figure 4 | Prototype of a reconfigurable ferromagnetic switch. a, Scanning
electron micrograph of a device comprising two 50-nm-thick CoFe bar
magnets parallel to the current injection line (bottom left and upper right
corners) and an AlOx–cobalt–platinum dot (centre). b, Top two panels:
switching curve of a device without CoFe magnets around the zero field region.
Mz is measured after injection of positive (black squares) and negative (red
circles) pulses. No difference between positive and negative field sweeps is
observed apart from random nucleation events near B 5 0. Bottom two panels:

switching curve of a device including on-chip magnets. The shaded areas show
that bipolar switching extends to zero external field. Positive and negative field
sweeps reveal the hysteretic behaviour of the CoFe magnets as well as the
inversion of the switching polarity near B 5 0. c, Controlled switching sequence
of the device in zero field after setting positive (green squares) and negative
(orange circles) CoFe magnetization. The switching current is Ip 5 2.5 mA for
pulses 9 ns long. a.u., arbitrary units.
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Ip 5 2.6 mA. This plot shows two striking effects, illustrated in Fig. 1e.
First, black and red points that represent magnetizations of opposite
sign indicate switching of Mz from up to down and vice versa following
every pulse of current. Second, the sense of switching reverses as B goes
through zero. Positive and negative sweeps of B give identical results.
We note that pulse-induced magnetization reversal occurs in the
entire bistability range of the FMM delimited by Bc, down to
B < 5 mT. This behaviour is independent of the domain configura-
tion of the sample (Supplementary Information) and is remarkably
different from that expected for known magnetic interactions. For
example, the in-plane Rashba and Oersted fields, as well as Joule

heating, would tend to favour a demagnetized state that is not
compatible with the observed deterministic switching9, whereas
precessional switching does not depend on the current direction25.

Measurements performed over a range of currents offer further
insight into the switching phenomenon (Fig. 2). Although weak current
pulses have no effect, starting at around Ip 5 1.3 mA (Fig. 2a) we
observe a gradual reduction in the coercive field (Fig. 2c, red triangles).
This behaviour can be understood by noting that the combination of a
weak current-induced effect and the residual component Bz assists
magnetization reversal towards the equilibrium direction, parallel to
Bz. At Ip < 1.9 mA, however, we observe the onset of current-induced
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Figure 1 | Device schematic and current-induced switching. a, Hall cross
geometry. Black and white arrows indicate the ‘up’ and ‘down’ equilibrium
magnetization states of the cobalt layer, respectively. b, Scanning electron
micrograph of the sample and electric circuitry used in the measurements. Vz

Hall
and V{

Hall represent the two terminals for the Hall voltage measurements. c, Mz

measured by the anomalous Hall resistance as a function of applied field, B. d, Mz

measured after the injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 2.58 mA. The data are reported during a single
sweep of B, corresponding to the solid line in c. e, Schematic of the pulse sequence
and magnetization measurements. In both c and d, B is applied at h 5 92u, parallel
to the current direction (w 5 0u). The 2u offset with respect to the ideal in-plane
direction is used to define the residual component Bz unambiguously.
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Figure 2 | Switching efficiency as a function of current amplitude. a, b, Mz

measured after injection of positive (black squares) and negative (red circles)
current pulses of amplitude Ip 5 1.57 mA (a) and Ip 5 1.94 mA (b). Filled
symbols indicate data recorded during a 1B R 2B sweep and open symbols
indicate data recorded during a 2B R 1B sweep, as shown by the arrows. The
solid and dashed lines in a represent Mz as a function of field. c, Switching
efficiency as a function of pulse amplitude and applied magnetic field. Region I:

conventional field-induced magnetization reversal occurs at B 5 Bc. Region II:
assisted reversal. Red triangles indicate the minimum external field required to
reverse Mz parallel to Bz. Region III: pulse-induced switching. Black triangles
indicate the minimum field at which positive current pulses reverse the
magnetization antiparallel to Bz. The maximum field at which switching is
observed (blue open squares) coincides with the coercivity of the dot.
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SOT and Geometry 

Ferromagnet + SOI + broken inversion symmetry: 
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Microscopics of SOT 

 è “even”: Berry curvature 

 è “odd”: “divergent” 
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Rashba SOT: One type of SOT occurs when the non-equilibrium spin density, induced by the inverse spin-
galvanic effect, interacts via exchange coupling with the local moments forming the magnetization. This is 
illustrated in Fig. 4 (a). In this instance the non-equilibrium spin density will exert a direct torque on the 
magnetization. This type of SOT was first observed in the dilute magnetic semiconductor (Ga,Mn)As [6], 
which are ferromagnetic materials of relative simple composition, simple band structure, and now fairly well 
understood due to the mature technique of fabrication and characterization reached over the last decade. A 
popular technique to observe these SOTs is the use of this internal field (the non-equilibrium spin density) to 
excite the ferromagnet and invert the Landau-Lifshitz-Gilbert equation to obtain the measured torque. This 
type of measurement distinguishes the symmetry (field-like or damping-like) of the torque but not its origin. 
If the induced non-equilibrium spin density induced by the current does not depend on the relative angle 
between the current and the magnetization, the torque will be field-like because it acts in the same way as an 
external magnetic field [6]. On the other hand, as predicted and observed very recently [S4], this induced 
SOT also has an anti-damping-like component, which is more efficient for magnetization switching.  

In addition to (Ga,Mn)As, SOTs of this type were extensively studied in metallic multilayers consisting of an 
ultrathin ferromagnetic film sandwiched between asymmetric heavy non-magnetic metals or insulators, such 
as Pt/Co/AlOx trilayers. At the interface between the heavy non-magnetic metal and the ferromagnet, the 
strong Rashba-type spin-orbit interaction is believed to play an important role in the current-induced torque 
[7,8]. The experimentally observed domain wall motion driven by an electric current in Pt/Co/AlOx shows a 
high velocity and domain wall stability, which is consistent with the presence of Rashba-type SOTs [9]. Be-
cause of this connection, these types of SOTs are also often termed Rashba-SOTs.   

For materials with more complex electronic structure than (Ga,Mn)As, e.g. many degenerate energy bands 
around the Fermi level, little is known quantitatively about these type of SOTs and the relation to the materi-
als. An important factor to distinguish the field-like and anti-damping is the mutual angle between the torque 
and the effective magnetic field that includes the exchange, demagnetization and anisotropy field. While the 
exchange and demagnetization fields can be determined relatively easily, the anisotropy field in magnetic 
materials is usually unknown, especially the contribution from magnetocrystalline anisotropy energy (MAE). 
Due to the magnetoelastic effect, strain has been proposed as an efficient way to manipulate the magnetic 
anisotropy (see A05 Jordan, Elmers, Demsar).  

 
Figure 4: (a) Spin-orbit torque due to the combination of inverse spin-galvanic effect (ISGE) and spin-spin interaction 
between the carriers and the magnetization. This torque occurs in single ferromagnet (b) Spin-orbit torque due to the 
combination of a spin-current generated by the spin Hall effect in the normal metal layer (HL) that is then injected in 
the ferromagnetic layer (FM) and generates a torque via the spin-transfer torque. This torques occur in bilayer systems 
with broken inversion structural symmetry and, because the origin of the spin-current is the spin-orbit interaction, this 
torque is considered also a class of spin-orbit torque. 

We emphasize once again that the origin of this SOT is the presence of spin-orbit interaction in the conduc-
tion electrons in the ferromagnet itself and a spin-spin exchange interaction between these conduction elec-
trons and the local moments forming the magnetization. In this sense it is a direct SOT, i.e. it does not re-
quire the STT for its implementation.  

Spin Hall SOT: The second type of SOT is the one that combines the spin Hall effect and the STT as illus-

(a) (b) 

~⌧STT+SHE ⇠ ~M ⇥ (ŷ ⇥ ~M)

~M

~⌧SOT ⇠ �~sISGE(I, ✓I�M )⇥ ~M

H = Jp�d�~sISGE · ~M

Figure 1: (A) Schematic of the inverse spin galvanic effect in a model inversion asymmetric
Rashba spin texture (red arrows). k

x,y

are the in-plane momentum components. The non-
equilibrium redistribution of carriers from the left side to the right side of the Fermi surface
results in a net in-plane spin polarization (thick red arrow) along +z⇥J direction, where J is the
applied current (black arrow). (B) Same as (A) for opposite sense of the inversion asymmetry
resulting in a net in-plane spin polarization (thick purple arrow) along �z ⇥ J direction. (C)
CuMnAs crystal structure and antiferromagnetic ordering. The two Mn spin-sublattices A and
B (red and purple) are inversion partners. This and panels (A) and (B) imply opposite sign of
the respective local current induced spin polarizations, p

A

= �p
B

, at spin-sublattices A and
B. The full CuMnAs crystal is centrosymmetric around the interstitial position highlighted by
the green ball. (D) Microscopic calculations of the components of the current induced field
transverse to the magnetic moments at spin-sublattices A and B as a function of the magnetic
moment angle ' measured from the x-axis ([100] crystal direction). The electrical current is
applied along the x and y-axes.
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New Vistas for Antiferromagnets! 
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WEI ZHANG et al. PHYSICAL REVIEW B 92, 144405 (2015)

FIG. 1. (Color online) (a) Schematic illustration of the spin-
Hall-effect-induced spin transfer torques (τ|| and τ⊥) of AF/Cu/Py
multilayers. (b) Depiction of the circuit used for the spin-torque fer-
romagnetic resonance measurement and the sample contact geometry.
(c) Comparison of resistance change due to heating caused by dc and
rf currents.

fixed frequencies (4–9 GHz) to the microstrips and swept the
magnetic field, H , applied along φ = 45◦ with respect to the
long axis of the device, as shown in Fig. 1(b). The torques
induced by the oscillating current drove the magnetization
precession of the Py, which was detected as a rectified dc volt-
age (Vdc) due to anisotropic magnetoresistance. The applied
rf power was between +10 and +15 dBm. To calibrate the rf
current we made use of the change of resistance from Joule
heating [37]. We first measured the resistance change due to dc
heating and then calibrated the rf current (Irf ) which was

√
2

times the dc current under the same amount of Joule heating
[Fig. 1(c)]. The rf current differed from device to device in the
range of 1–2.5 mA. The resistivities of the antiferromagnets
grown on MgO were calibrated using independent four-point
measurements, yielding 164.5, 272.3, 220.0, and 161.5 µ#
cm, for PtMn, IrMn, PdMn, and FeMn, respectively. The
resistivity of Py grown on the antiferromagnets was determined
to be approximately 54.4 µ# cm. This value can be slightly
higher for Py grown on AF/Cu, confirming that the Py
can have different resistivities depending on the seed layer.
With the knowledge of both the total rf current and the
individual resistivity we can estimate how much rf current
flows through each layer in the multilayer stacks, which is
important information for analyzing spin-torque ferromagnetic
resonance measurements quantitatively.

Figure 2 shows the measured spin-torque ferromagnetic
resonance signals from AF(10)/Cu(1)Py(5) at room tempera-
ture. The magnitude of the voltages is significantly higher than
that for the pure Py reference sample (below approximately
4 µV). In the Py reference samples the measured voltage can be

FIG. 2. (Color online) Measured spin-torque ferromagnetic res-
onance signals from AF(10)/Cu(1)/Py(5) at room temperature.

attributed to the spin rectification [38–40] or magnonic charge
pumping of Py [41]. Vdc can be fitted by a sum of symmetric,
Fsym(H ), and antisymmetric, Fasym(H ), Lorentzian functions,
Vdc = VsFsym(H ) + VaFasym(H ), in which the symmetric
component, Vs, and antisymmetric component, Va, correspond
to the in-plane (τ||) antidamping-like and out-of-plane (τ⊥)
field-like torques, respectively.

III. RESULTS AND DISCUSSIONS

A. Spin-orbit torques from antiferromagnets

The spin Hall angle can be quantified from two different
methods by the line-shape analysis and also from analysis of
the dc current dependence:

1. Ratio analysis

The first method is from the ratio of the two voltages,
Vs/Va [36]:

θSH = Vs

Va

eµ0MstAFtPy

!

!
1 + 4πMeff

H

" 1
2

, (1)

where µ0 is the permeability in vacuum, Ms is the saturation
magnetization, and Meff is the effective magnetization of Py.
Ms and Meff are indistinguishable for Py with strong in-plane
anisotropy. A fit of the resonance field, Hres, versus frequency
to the Kittel equation gives the values of Meff for different
samples [Fig. 3(a)]. However, this method assumes that Va is
only attributed to out-of-plane torques due to the Oersted field.

2. Individual line-shape analysis

Another method analyzes the individual voltage amplitude
and gives the torque values via [42]

Vs = −Irfγ cosφ
4

dR

dφ
τ||

1
'

Fsym(H ) (2)
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THz radiation is a useful tool 
to study and control spin dynam

ics 

Charge 

Spin 

Ultrafast Spintronics 
Information technology: toward THz rates 

WLAN: <5 GHz waves, ~1 THz under test 
Federici et al., JAP (2010) 

Fastest FET: ~1 THz cut-off 
Del Alamo, Nature (2011) 

At THz frequencies: 
¾ Need to study behavior of matter 
¾ Modulate information carriers, e.g. charges, spins, light 

Fundamental scientific benefits? 

     The future of spintronics is 
associated with THz frequencies 

                1 THz = 4.1 meV 
wide spectrum of excitations in solids 

Fundamental spin-orbitronics effects  
have to be brought into THz domain 

do Hall Effects work? 

is Spin-Orbit Torque 
         “operational”? 

is there hope for 
ultrafast Skyrmions? 



THz Spin Hall Effect / spin currents  
         is a reality!  

Ultrafast spin currents 
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electrons propagate much more slowly than the gold sp electrons,
leading to enhanced spin trapping and slower dynamics in ruthe-
nium. The system will return to DM¼ 0 on much longer timescales
of several 10 ps by spin flips and subsequent magnon generation22;
these processes are not modelled here.

To put our theoretical results to test, we performed an exper-
iment according to the scheme shown in Fig. 1. The sample had
the geometrical parameters as depicted in Fig. 1a and consisted of
polycrystalline iron, ruthenium or gold, evaporated onto a glass sub-
strate. The magnetization of the sample was in-plane and single-
domain, and its direction was set by a static external magnetic
field (magnitude 80 mT). A pump pulse (parameters as in the cal-
culations) was directed onto the sample, where it launched a spin
current pulse with current density js(z,t) (refs 11,12,20). To probe
js , we borrowed concepts from measurement schemes of static
spin currents that take advantage of the ISHE14,15. As indicated in
Fig. 1a, the moving electrons are subject to spin–orbit coupling,
which deflects spin-up and spin-down electrons in different direc-
tions23 (Fig. 1a). The spin current js was thus transformed into a
perpendicular charge current

jc = g js × M/|M| (1)

where the spin Hall angle g is a measure of the electron deflec-
tion15,24 (Fig. 1c). Whereas in static experiments the resulting
charge current is measured as a voltage14,15,24, we electrooptically
sampled the field of the electromagnetic pulse emitted by the
charge current burst jc (Fig. 1a; see Methods). From equation (1)
and Fig. 2, we expect linearly polarized radiation with frequencies
covering the terahertz window.

In our experiment, the emitted terahertz pulses were always
found to be polarized parallel to the x-direction (Fig. 1a), that is,
perpendicular to the sample magnetization M pointing along y.
Figure 3a presents typical measured terahertz signals S(t), where S
is the x component of the transient terahertz field E(t) directly
after the sample (Fig. 1a), convoluted with the response function
of our setup13. Each transient is fully inverted when M is reversed,
which demonstrates a strong connection between terahertz emission
and magnetic order. We find virtually identical terahertz signals for
samples in remanent and saturated magnetization states. In the
remanent case, the overall terahertz amplitude is somewhat
reduced because of an irreversible demagnetization by the pump
beam (Supplementary Section S2).

Note that we observe strikingly different terahertz signals from
the ruthenium- and gold-covered iron films (Fig. 3a). First, by
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Figure 1 | Scheme for engineering and detecting ultrashort spin current bursts. a, A ferromagnetic iron film (magnetization parallel to the y-axis,
perpendicular to the plane of the paper) is excited by an optical femtosecond pump pulse. b, The excitation transforms slow majority-spin d electrons (red)
into fast sp electrons, thereby launching a spin current towards the gold or ruthenium cap layer. c, ISHE: the spin–orbit interaction deflects majority and
minority electrons in different directions (a) and thus transforms the longitudinal spin current js into a transverse charge current jc, giving rise to the
emission of a terahertz electromagnetic transient. Note that the thick white arrows are only symbolic: spins point either out of or into the plane of the paper.
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Calculated spin density dynamics 

Shorter time in Au 

�  Fe|Ru should exhibit slower dynamics than Fe|Au 

How to measure? Need ultrafast “spin Amperemeter“ 

Spins spend long time in Ru 

Ru 

T. Kamfrath, T. Seifert, Berlin  + Mainz + Jülich, Nature Nano 8, 256 (‘13), Nature Photonics 10, 483 (2016)  

THz spectroscopy9, a 1 mm thick ZnTe(110) crystal (see Fig. 4a). To boost the emitted THz field, we
need to understand the key factors that determine it. To this end, we derive the following relationship
between the pump-induced spin current density js and the emitted x-polarized THz field E (Fig.  1a)
directly behind the multilayer (see Supplementary Section S4):

𝐸(Z) = 𝑍(Z)𝑒 d𝑧 γ(𝑧)𝑗 (𝑧,Z). (1)

This equation can be interpreted as a generalized Ohm’s law because the emitted field 𝐸(Z) equals the
total charge current −𝑒 ∫ d𝑧 𝛾𝑗  times an impedance 𝑍(Z) which quantifies how efficiently a current
is converted into electromagnetic radiation. Here, �e is the electron charge, and Z is determined by

1
𝑍(Z) = 𝑛 (Z) + 𝑛 (Z)

𝑍 + d𝑧 V(𝑧,Z), (2)

where Z0=377 : is the vacuum impedance, n1 and n2 denote, respectively, the refractive indices of the
film substrate and the air, d is the film thickness, and V is the conductivity of the metals. Equation (2)
accounts for the propagation of the THz radiation inside the sample (including all reflection echoes)
and the irradiation into free space. From a quasistatic viewpoint, 1/Z can be interpreted as the effective
conductance of a parallel connection of all metal layers (∫ d𝑧 V) shunted by the two adjacent half-
spaces [(n1+n2)/Z0].

Equations (1) and (2) readily show that maximizing Z, J and js will lead to maximum THz output of
the emitter  for  a  given pump power.  The numerous sample parameters  that  can be tuned in such an
optimization are the FM/NM materials and the geometry of the heterostructure.

Maximizing the THz output

NM layer. We start with varying the NM material which primarily affects the emitted THz field
through the magnitude and sign of the spin-Hall angle J [see Eq. (1)]. Consequently, we in particular
consider such metals for which large J values have been reported39. Importantly, for all samples
studied here, we find emitted THz waveforms and spectra whose shape is very similar to those shown
in Figs. 1b and 1c. Therefore, it is sufficient to quantify the strength of the emitted THz field by the
root mean square (RMS) of the THz signal S(t). This quantity is displayed in Fig. 2a as a function of
the NM metal in Co20Fe60B20(3 nm)/NM(3 nm) heterostructures.

Figure 2a clearly shows that the THz field amplitude and polarity depend drastically on the NM
material  chosen:  for  instance,  Pt  delivers  a  1 order  of  magnitude  larger  amplitude  than  Ta  and  Ir.
Interestingly, choosing W for the NM layer leads to a comparable magnitude as with Pd or Pt, but with
opposite sign. This observation is consistent with previous works39. The sign change arises because J

Figure 2 | Impact of material choice on emitter performance. a, THz signal amplitude (RMS) as a

function of the NM material used for the Co20Fe60B20(3 nm)/NM(3 nm) stack (red bars). For

comparison, ab initio-calculated values of the spin-Hall conductivity are also shown (blue bars), except

Pt38Mn62. A Cr cap layer leads to nearly vanishing THz signal. b, THz signal amplitude (RMS) of a

FM(3 nm)/Pt(3 nm) heterostructure as a function of the FM material chosen. Different colors indicate

different labs for sample fabrication (see Methods).
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“Super-diffusive” current is injected into substrate  

     Inverse  
Spin Hall Effect 

10 mT is reversed or when the two metallic films are grown in reverse order on the substrate. Finally,
the THz signal amplitude grows linearly with the pump power (inset of Fig. 1b), in contrast to plasma
sources,  which  require  a  threshold  pump intensity  for  THz  emission25,26,27. The linear power scaling
also shows that signal saturation due to pump-induced sample demagnetization is negligible here,
consistent with the estimate that ultrafast magnetization quenching is less than 1% at the maximum
pump fluence used43.

Fourier-transforming the time-domain signals S(t) yields the spectral amplitude |S(Z)| versus
frequency Z��S��A typical example is shown in Fig. 1c. Note this spectrum covers the large bandwidth
from about 1 to 18 THz. We emphasize that spectral features such as the dip at 8 THz arise from the
50 Pm thick GaP electrooptic sensor and not from the emitter46. By deconvoluting the detector
response function from the signal S(t), we obtain the THz electric field directly in front of the sensor
(see Methods and Supplementary Section S1). Strikingly, the field amplitude spectrum (Fig. 1c) is
remarkably smooth and extends from 1 to nearly 30 THz full width at 10% amplitude maximum,
without any gaps. In addition, the spectral phase of the transient field is flat (Fig. 1c), thereby
demonstrating that the THz pulse is Fourier-limited. As discussed above, these features derive from
the unique properties of metals: short-lived photocurrents and a featureless frequency dependence of
the optical constants, in stark contrast to semiconductor THz emitters9.

While its bandwidth is already remarkably large, the Co20Fe60B20/Ta bilayer (Fig. 1b) generates a THz
peak signal about 2 orders of magnitude smaller than what is obtained from a standard emitter in linear

Figure 1 | Metallic spintronic THz emitter. a, Principle of operation. A femtosecond laser pulse
excites electrons in the metal stack, thereby changing their band velocity and launching a current
along the z-direction. Since the mobility of spin-up (majority) electrons is significantly higher than that
of spin-down (minority) electrons, the z-current is spin-polarized. In the NM layer, spin-orbit interaction
deflects spin-up and spin-down electrons in opposite directions and transforms the spin current js into
an ultrafast transverse charge current jc, leading to the emission of a THz electromagnetic transient.
b, Electrooptic signal S(t) of THz pulses obtained from photoexcited Ta- and Ir-capped Co20Fe60B20
thin films and detected by a 50 μm thick GaP crystal. Inset: THz signal amplitude as a function of the
incident pump power. c, Fourier spectra of the THz signal S(t) and the transient THz electric field
directly before the electrooptic sensor as obtained by deconvolution of the detector response function
from typical raw data such as those of b. Both spectra are normalized to peak amplitude 1. The
double-arrow illustrates the about 30 THz large bandwidth of the emitter. The flat spectral phase
attests the THz pulse is Fourier-limited.
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Ultrafast charge currents 

performed at room temperature. According to the Maxwell
equations, any subpicosecond current pulse in the plane of the hetero-
structure should act as an emitter of electromagnetic radiation in the
terahertz spectral range, polarized parallel to the direction of the
current27, as we derive in Supplementary Section 1. We detected
the electric field of this terahertz radiation as a probe for the gener-
ated currents. A similar experimental approach has been employed
to generate and observe electrical photocurrents in semiconductors
lacking bulk inversion symmetry33. Further details of the exper-
imental procedure can be found in the Methods. The set of unit
vectors x, y and z represents the chosen coordinate system. The inci-
dent laser pulses propagate along z, the magnetization is parallel to
y, and the x and y components of the electric field of the emitted
terahertz radiation are detected. We made use of wiregrid polarizers
to separately measure the terahertz emission polarized along the x
and y axes.

Note that femtosecond laser-induced emission of terahertz radi-
ation polarized perpendicularly with respect to the magnetization,
that is, along x, has been reported for similar samples before27.
The origin of this emission was assigned to electric currents emer-
ging due to the inverse spin-Hall effect acting on the spin current
launched as a result of the ultrafast laser-induced heating of the

ferromagnetic metal. As the direction of this spin current is
defined by the sample structure and magnetization, no dependence
of the corresponding terahertz emission on the pump polarization
was reported in ref. 27 or observed by us. From equation (1), as
well as by considering the Landau–Lifshitz equation (Supplementary
Section 2), it is seen that the helicity-dependent laser-induced
current is launched parallel to the magnetization M, that is, along
the y axis. Although a laser-induced increase in the electronic
temperature is practically unavoidable, the generation of helicity-
dependent current theoretically does not require any heating.
Aiming to demonstrate the helicity-dependent femtosecond photo-
currents, we address our attention to the laser-induced terahertz
emission polarized along y.

Figure 1b shows time traces of the y component of the pump-
induced terahertz emission for opposite helicities of the pump
light. The time traces were obtained by performing the measure-
ments at a magnetic field of B = 0.1 T, which saturates the magneti-
zation. The figure clearly shows that the electric field of the emitted
terahertz radiation changes sign upon reversal of the helicity.
Figure 1c shows that the emitted electric field also changes sign
upon magnetic field reversal. We found that the emission is still
present after a reduction of the applied magnetic field to zero,
demonstrating a hysteretic behaviour.

To reveal the role of symmetry breaking in the helicity-dependent
terahertz generation process, we performed measurements for two
orientations of the sample by rotating the heterostructure around
the magnetization over 180° so that the sign of the polar vector n
was reversed. Figure 2 shows that this rotation leads to a change
in the sign of the emitted helicity-dependent terahertz radiation.
The apparent change in delay and timescale of the dynamics on
turning the sample stems from the different propagation of terahertz
radiation and pump light at the wavelength of 800 nm through the
glass substrate. Note that the observation of the role of symmetry
breaking in terahertz generation indicates that the emitter must be
of an electric-dipole origin, rather than a magnetic-dipole origin, as
the former lacks space-inversion symmetry, and the latter does not.

Different capping layers and fluence dependence
We also studied laser-induced terahertz emission from the other
samples. The detected values of the helicity-dependent emission
are summarized in Table 1 (also Supplementary Section 3). This
table shows that to obtain intense helicity-dependent terahertz
emission, Co must be brought into contact with a material with a
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Figure 1 | Experimental schematics and symmetry of the emitted terahertz
radiation. a, Layered structure under study and scheme of the experiment.
A magnetic field of B = 0.1 T is applied in-plane along the y axis to saturate
the magnetization M. b, Electric field of the emitted radiation polarized
along the y axis as a function of time measured for opposite helicities of
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of zero time is chosen arbitrarily.
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pump is incident from the side of the Pt layer. The apparent change in delay
and timescale of dynamics upon reversing the sample stems from different
propagation of terahertz radiation and light at the wavelength of 800 nm
through the substrate. The position of zero time is chosen arbitrarily, but
kept consistent between the measurements.
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performed at room temperature. According to the Maxwell
equations, any subpicosecond current pulse in the plane of the hetero-
structure should act as an emitter of electromagnetic radiation in the
terahertz spectral range, polarized parallel to the direction of the
current27, as we derive in Supplementary Section 1. We detected
the electric field of this terahertz radiation as a probe for the gener-
ated currents. A similar experimental approach has been employed
to generate and observe electrical photocurrents in semiconductors
lacking bulk inversion symmetry33. Further details of the exper-
imental procedure can be found in the Methods. The set of unit
vectors x, y and z represents the chosen coordinate system. The inci-
dent laser pulses propagate along z, the magnetization is parallel to
y, and the x and y components of the electric field of the emitted
terahertz radiation are detected. We made use of wiregrid polarizers
to separately measure the terahertz emission polarized along the x
and y axes.

Note that femtosecond laser-induced emission of terahertz radi-
ation polarized perpendicularly with respect to the magnetization,
that is, along x, has been reported for similar samples before27.
The origin of this emission was assigned to electric currents emer-
ging due to the inverse spin-Hall effect acting on the spin current
launched as a result of the ultrafast laser-induced heating of the

ferromagnetic metal. As the direction of this spin current is
defined by the sample structure and magnetization, no dependence
of the corresponding terahertz emission on the pump polarization
was reported in ref. 27 or observed by us. From equation (1), as
well as by considering the Landau–Lifshitz equation (Supplementary
Section 2), it is seen that the helicity-dependent laser-induced
current is launched parallel to the magnetization M, that is, along
the y axis. Although a laser-induced increase in the electronic
temperature is practically unavoidable, the generation of helicity-
dependent current theoretically does not require any heating.
Aiming to demonstrate the helicity-dependent femtosecond photo-
currents, we address our attention to the laser-induced terahertz
emission polarized along y.

Figure 1b shows time traces of the y component of the pump-
induced terahertz emission for opposite helicities of the pump
light. The time traces were obtained by performing the measure-
ments at a magnetic field of B = 0.1 T, which saturates the magneti-
zation. The figure clearly shows that the electric field of the emitted
terahertz radiation changes sign upon reversal of the helicity.
Figure 1c shows that the emitted electric field also changes sign
upon magnetic field reversal. We found that the emission is still
present after a reduction of the applied magnetic field to zero,
demonstrating a hysteretic behaviour.

To reveal the role of symmetry breaking in the helicity-dependent
terahertz generation process, we performed measurements for two
orientations of the sample by rotating the heterostructure around
the magnetization over 180° so that the sign of the polar vector n
was reversed. Figure 2 shows that this rotation leads to a change
in the sign of the emitted helicity-dependent terahertz radiation.
The apparent change in delay and timescale of the dynamics on
turning the sample stems from the different propagation of terahertz
radiation and pump light at the wavelength of 800 nm through the
glass substrate. Note that the observation of the role of symmetry
breaking in terahertz generation indicates that the emitter must be
of an electric-dipole origin, rather than a magnetic-dipole origin, as
the former lacks space-inversion symmetry, and the latter does not.

Different capping layers and fluence dependence
We also studied laser-induced terahertz emission from the other
samples. The detected values of the helicity-dependent emission
are summarized in Table 1 (also Supplementary Section 3). This
table shows that to obtain intense helicity-dependent terahertz
emission, Co must be brought into contact with a material with a

Pump
λ = 800 nm 

ETHz emission

PtCo

M

y
x

z

n

j

Gl
as

s 

a

−4

−2

0

2

4

M+σ+

σ− σ+

σ−

b

E y
 (V

 cm
−1

)

0 1 2

−4

−2

0

2

c
σ+

M−

Time (ps)

M+

E y
 (V

 cm
−1

)

Figure 1 | Experimental schematics and symmetry of the emitted terahertz
radiation. a, Layered structure under study and scheme of the experiment.
A magnetic field of B = 0.1 T is applied in-plane along the y axis to saturate
the magnetization M. b, Electric field of the emitted radiation polarized
along the y axis as a function of time measured for opposite helicities of
light. c, The emitted radiation changes sign with magnetization. The position
of zero time is chosen arbitrarily.
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Figure 2 | Role of symmetry breaking directionality for terahertz emission
in Co (10 nm)/Pt (2 nm). The shown terahertz emission is odd with respect
to the helicity and magnetization Ey,odd = (Ey(σ

+,M+) − Ey(σ
+,M–) – Ey(σ

–,M+) +
Ey(σ

–,M–))/4. a, Electric field of the emitted radiation when the pump is
incident from the side of the substrate. b, As in a, but for the case when the
pump is incident from the side of the Pt layer. The apparent change in delay
and timescale of dynamics upon reversing the sample stems from different
propagation of terahertz radiation and light at the wavelength of 800 nm
through the substrate. The position of zero time is chosen arbitrarily, but
kept consistent between the measurements.
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Hall conductance is :   
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è    quantum Hall effect (1980) 
è    quantum spin Hall effect  
è    quantum anomalous Hall effect  
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Anomalous Hall Effect was discovered by Edwin Hall in 1881 
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Ordinary Hall Effect (1879) 

Spin Hall Effect was observed in 2004 
              key effect in modern spintronics! 
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