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Spin Hall
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Inverse Spin Hall

Spin Current



Transverse
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Spin Dependent Scattering

M.I. Dyakonov & V. I. Perel, Sov. Phys. JETP Lett. 13, 467 (1971); J.E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999) 

Recent Review:  Axel Hoffmann, IEEE Trans. Magn. 49, 5172 (2013)



Combine Spin Pumping and Inverse Spin Hall Effect
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• Use Spin Pumping to Generate Pure Spin Current
E. Saitoh, et al., Appl. Phys. Lett. 88, 182509 (2006)

• Quantify Spin Current from FMR and AMR

• Measured Voltage Directly Determines Spin Hall Conductivity
O. Mosendz, et al., Phys. Rev. Lett. 104, 046601 (2010); Phys. Rev. B 82, 214403 (2010)



Typical dc Voltage Spectrum
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Symmetric part: 

Spin Hall Effect

Antisymmetric part: 

Anisotropic Magnetoresistance
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O. Mosendz, et al., Phys. Rev. Lett. 104, 046601 (2010); Phys. Rev. B 82, 214403 (2010)



Non-Magnetic Layer Thickness
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V. Vlaminck et al., Phys. Rev. B 88, 064414 (2013) 

As Pd thickness increases:  Signal becomes more symmetric, i.e., ISHE-like
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Determine Spin Diffusion Length in Pd and Pt

Axel Hoffmann, MSD, Argonne National Laboratory                                           hoffmann@anl.gov 

7

w =
1

1+VISHE VAMR

VISHE

VAMR
µ tanh

tN

2ls

æ

è
ç

ö

ø
÷V =wVA + (1-w)VS

V. Vlaminck et al., Phys. Rev. B 88, 064414 (2013) 

Pd Pt

lS (Pt) =1.2±0.5 nmlS (Pd) = 5.5±0.5 nm



Determine Spin Hall Angle for Many Materials
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Pt Au

Mo

 = 9.4%±0.5  = 0.3%±0.1

 = -0.05%±0.01

Pd
 = 1.2%±0.3

4d

5d

…

Technique readily adapted 
to any material!

Phys. Rev. Lett. 104, 046601 (2010); Phys. Rev. B 82, 214403 (2010); Phys. Rev. B 88, 064414 (2013) 

Ir
 ≈ 1%…Ta



very small 
and negative



Giant Spin Hall Effect in Ta?
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Compare raw data
Pt Ta

Spin mixing conductance, spin diffusion length, something 
else?



Spin Hall Effects are Key Enabling Phenomena
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Spin Currents in Insulators
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Y. Kajiwara et al., Nature 464, 262 (2010)

Use Direct Spin Hall Effect to excite 
magnetization dynamics

Use Inverse Spin Hall Effect and 
Spin Pumping for detection



Why Spin Wave Transport?
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• Decay length orders of magnitude 
larger than for diffusive spin currents

• No Joule heating in special magnets
• Coherent spin transport
• Frequencies: GHz to THz
• Can interact with non-volatile objects 

such as domain walls
• Phase and Amplitude information



Using Spin Hall Effects to Amplify Spin Waves
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• Spin Hall effects generates spin accumulation 
at interface with ferromagnet

• Spin torque from spin accumulation 
can compensate intrinsic damping
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or
How to send a spin wave 

around a corner

K. Vogt et al., Appl. Phys. Lett. 101, 042410 (2012)



Magnetic Field Dependence of Spin Waves
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k ⊥ M:

• positive dispersion

• high group velocity 

k ‖ M:

• negative dispersion

• small group velocity 

exchange interaction

dipolar interaction

⌫(k, ' ) =
γ

2⇡

p
(He↵ + λexk2) (He↵ + λexk2 + 4⇡ MsF00(k, ' ))



Can a Spin Wave turn a corner?
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Hext

K. Vogt et al., Appl. Phys. Lett. 101, 042410 (2012)



Brillouin Light Scattering Microscopy
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• optical resolution:
250 nm

• 2D scanning stage 
for sample

• controlling sample 
position while 
measuring

• active stabilization via 
pattern recognition

• accuracy: 
better than 20 nm



Mapping excitation with Brillouin Light Scattering
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Spatial Dependence
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Spin Wave Propagation
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 Better spin-wave guidance with the applied direct current

Field Current

K. Vogt et al., Appl. Phys. Lett. 101, 042410 (2012)



Wave Vector Dependence
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Sample Design
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• use electric current (one input) to switch 

spin-wave propagation between two arms 

of a Y-structure (two outputs)

GENERAL IDEA:

• 2 µm wide and 30 nm thick spin-wave 

conduit made from Py

• 3 µm wide and 50 nm thick Au line 

insulated with 50 nm MgO from Py

• angles of 30°, 60° and 90°

SAMPLE GEOMETRY:



Spin-Wave Multiplexer
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Spin-Wave Multiplexer
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Anomalous Nernst Effect
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Damping of Spin Waves Generates Heat
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Damping of Spin Waves Generates Heat
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4 to 20 GHz   5 dBm
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sput tered Cr (15nm) and Au (150nm) and is electrically

isolated from the Py stripe by a 100 nm thick separat ing

layer of sput tered SiO2. At the ends of the Py stripe in

1-mm separat ion from the CPW, are electrical contacts

(pat terned in the same step as the CPW) for detect ing

voltages generated along the spin-wave waveguide. The

Py stripe is 2-mm long in order to separate the elec-

t ric contacts and the area of spin-wave excitat ion. This

avoids heat ing of these contacts and minimizes Seebeck

voltages that arise from thermal electromot ive forces at

the contacts of the Cr/ Au leads with the stripe. A stat ic

magnetic field H is applied in the sample xy-plane. For

H parallel to the y-axis the torque M × hr f on the mag-

net izat ion M is maximized and allows for efficient exci-

tat ion of spin waves with frequencies up to 20 GHz that

propagate along the x-direct ion of the Py stripe. The

decay length of spin waves in Py for this geometry and

these frequencies is of the order of tens of micrometers

[11–14]. As a result , the microwave energy transferred

from the CPW to the spin waves is dissipated close to

the CPW as shown schemat ically in Fig.1(c). This dissi-

pat ion results in local heat ing of the Py stripe, and due

to the thermal contact with the GaAs-substrate, which

acts as a heat sink, a local temperature gradient ∇ T is

created in the Py stripe. This gradient perpendicular to

the sample plane gives rise to a local electric field due to

the anomalous Nernst effect [9]:

EA NE (x, y) = −Nµ0M (x, y) × ∇ T(x, y), (1)

where N is the Nernst coefficient and µ0 is the perme-

ability of free space. This then yields the voltage that

builds up between the ends of the spin-wave waveguide

(along the x-direct ion), which is given by:

VA NE = EA NE (x, y = 0) · dx. (2)

Note that due to the cross product in Eq. (1) the electric

field EA NE (x, y) is always perpendicular to M , therefore,

the detected voltage scales with cos(θ) where θ is the

angle between the applied magnet ic field and the y-axis.

Hence, the voltages emerging from the ANE are at maxi-

mum for H applied perpendicular to thePy stripe, which

is the start ing geometry for the following discussion.

Typical spin-wave spectra that we observe in our sam-

ple are shown in Fig. 2 for excitat ion frequencies ranging

from 4 (red) to 20 GHz (purple) in 1 GHz steps while us-

ing nominally 5 dBm power. The microwave amplitudes

are modulated with a 1-kHz reference of a lock-in ampli-

fier that is also used for detect ing the dc voltage at the

end of the Py stripe. For a given excitat ion frequency we

sweep H in the y-direct ion. The measured voltages show

dist inct resonance peaks as a funct ion of the magnet ic

field and change sign upon reversal of the field direct ion.

In the inset of Fig. 2 the excitat ion frequencies ν are

plot ted as a funct ion of the resonance field at which the
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FIG. 2: (color online) Voltage measured between the ends of
thepermalloy st ripeasa funct ion of themagnet ic field applied

perpendicular to the st ripe for frequencies from 4GHz (red)
to 20GHz (purple) in 1GHz steps. The dotted line shows a

theoret ical est imate of the relat ive power dissipated by the
spin waves. The inset shows the peak posit ion vs. applied

frequency with a fit to the Kit tel equat ion.

measured voltages have the maximum value. The data

points (blue dots) are in excellent agreement with a fit

to the Kit tel equat ion [15]:

ν2 = (
γ

2π
)2[H − (Nx − Ny )M s] [H − (Nx − Nz)M s],

(3)

where γ = 28 GHz/ T is the gyromagnet ic rat io, the sat-

urat ion magnetizat ion M s = 905 kA/ m and Nx = 0.001,

Ny = 0.005 and Nz = 0.995 are the dimensionless de-

magnet izing factors for the Py stripe. A fit to the Kit tel

equat ion is an approximat ion since the CPW actually

excites not the ferromagnetic resonance (FMR) but spin

waves with a finite wavevector. However, the wavevector

is rather small as we show later [see Fig. 4(c)] and the

errors for the material parameters mentioned above by

fitt ing using Eq. (3) are negligible. In addit ion to the po-

sit ion of the resonance peaks, we need to understand the

signal strength that first increases as a funct ion of fre-

quency and then decreases for ν ≥ 10 GHz. The increase

of the signal st rength for lower frequencies is an indica-

t ion that the observed effect does not scale with the cone

angleof themagnet izat ion precession. For fixed values of

the applied microwave powers, i .e. fixed excitat ion field

strength hr f , thecone angle of the precession gets smaller

for larger frequencies because of the increased value of

the stat ic magnet ic field at the resonance condit ion [see

Eq. (3)].

Recent ly, Bakker et al. [10] showed that the power

dissipat ion to the lat t ice originat ing from the magnet iza-

t ion dynamics increases monotonically with the preces-

Peak position follows Kittel equation

Ms = 905 kA/m

H. Schultheiss et al., Phys. Rev. Lett. 109, 237204 (2012)
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 Spin Hall Effects

– Converts charge into spin currents and
enables spin injection into insulators

– Spin Diffusion Lengths

– Pd: 5.5 nm; Pt: 1.2 nm; Ir: ≈0.5 nm

– See only small effects with Ta

 Spin Waves

– Can be guided around corners 
by Oersted fields

 Thermoelectric Detection of Spin Waves

– Damping of spin waves 
results in dc voltages

– Enables detection of 
very short wavelengths
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