week ending

PRL 110, 217602 (2013) PHYSICAL REVIEW LETTERS 24 MAY 2013

Spin Backflow and ac Voltage Generation by Spin Pumping and the Inverse Spin Hall Effect
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The spin current pumped by a precessing ferromagnet into an adjacent normal metal has a constant
polarization component parallel to the precession axis and a rotating one normal to the magnetization. The
former is now routinely detected as a dc voltage induced by the inverse spin Hall effect (ISHE). Here we
compute ac ISHE voltages much larger than the dc signals for various material combinations and discuss
optimal conditions to observe the effect. The backflow of spin is shown to be essential to distill parameters
from measured ISHE voltages for both dc and ac configurations.
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MOTIVATION:
GENERATION & READ-OUT SPIN CURRENTS

|.] Induces a spin current Js in the Pt layer, gets
transferred into insulator by STT

2. 5pin current propagates over ~mm distance

3. Transferred into conductor by spin pumping,
measured by ISHE
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SETUP: MEASURING SPIN CURRENTS
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Important ingredients:

|. Spin pumping (transfer spin precession into spin accumulation/
current in metal)

2. Backflow of spins into magnet due to spin accumulation

3. Conversion spin current into voltage by inverse spin Hall effect
4. Focus on AC component of voltage
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SPIN PUMPING

Spin pumping: transfer magnetization from FM to (paramagnetic) NM

Magnetization dynamics:

dm % Hoe + o dm
— = —ym m —
dt Y R dt

Generated spin current:
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SPIN BACKFLOW

Spin pumping leads to spin accumulation PN in NM
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This accumulation can lead to backflow of spins
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s is the spin accumulation in the FM
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Can solve these equations self-consistently, using boundary conditions:
|. Spin current is continuous at interface
2. Spin current Is° + IP vanishes at boundary of material
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Hall effect
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SPIN HALL EFFECT

Hall effect of spinless particle in constant magnetic field B = (0, O, B):
Hgyv = —ppB - L

Gives rise to charge accumulation (voltage/current) in a finite-sized sample

spin Hall effect of spinfull particle with spin-orbit interaction:
HSO = VSQ(’I“)O' - L

Gives rise to spin accumulation (spin voltage/spin current)
In a finite-sized sample

Resulting electric field inverse spin hall effect:

E|nxjg

spin Hall effect: Creation of spin current by applying voltage difference

Tuesday, June 11,13



THE EXPRESSIONS (1)

Have seen the equations that determine spin
accumulation and currents. Resulting expressions:

In the metal

cosh[k;(x — dy)] 2j;(x = 0, w)
Sinll[KidN] hVDNKi ’

3
M‘.Isv(-x’ w) = z 51’
i=1

4

ki w) = (1 +ioth)/(AY)? K%’3(a)) = k}(w) £ iC, C

_’)’NHGX/DN9 and Ag(lj = ‘\’DNTIS\;‘ jls = I§/A and j(2,3)s =
(I* = il})/(~/2A) are spin current densities, where v is the
one-spin density of state and A is the interface area. The
eigenvectors associated with k() (i = 1, 2, 3) are, respec-
1ve U 0 O U () U 1 0

sinh[ k;(@)(dy — x)]
sinh[ x> (w)dy]

4.0 = 2Ref it e}

AC contribution

In the ferromagnet

cosh[(dp +x)/AL 18
[grtanh[dp/ AL ]+ glcosh(dr/ AL
where g =4hAoio)/[e* AL (o1 + o))] and = (1 — p?)g.
Here, o7y 1s the conductivity of spin-up (spin-down) elec-
trons in F. The spin current density in F' reads
sinh[(dr + x)/AL] .

0), 10

ps (x) = m-pd, 9

j 2s(x) =
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THE EXPRESSIONS (2)

Electric fields due to ISHE

The ISHE generates a charge current j,. transverse to an
applied spin current due to the spin-orbit interaction. With
the spin current direction along e, [8,16,18-21],

Jc(x) = ay/r(2e/h)e, X ji(x), (12)

where «a, is the spin Hall angle in N and ay =
(ap + ap)/2 is that in F, where ap; = 0apg/0y
(£ =1, 1) and oay)¢ is the spin-polarized (anomalous
Hall) conductivity. As shown in Fig. 1(a), a dc electric
field Eye, is generated along the y direction; similarly, an
ac field E_(¢)e, along the z direction is shown in Fig. 1(b).
Disregarding parasitic impedances and in the steady state,
we obtain for the ac contribution along z

4e/h Re(aNj)l}s(O) tanthKZ(w)
ondy + opdy K () 2

Ez(t) =

d
+ apj (0)AL tanh—]\]]v),
2Ay

AC contribution

Simplified expressions when ignoring backflow

eayfsin’d Reg!

d
ENB = AY, tanh—.
y O-NdN ar O-FdF A & i 2/\9(’1
ENB(t)  eayfsinfcosd Regh | tanh[k;(w)dy /2]
COS(a)t aty 8) O-NdN iy O-FdF A Kz(a))

Main differences
|.AC signal linear in 8, DC quadratic
2. AC signal depends on spin dephasing length Ac* = Dn/w),
DC signal on spin-flip relaxation length (AsgN)?= DNTs
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CONCLUSIONS

Backflow

—— with backflow

—— with backflow

—— without backflow|

—— without backflow|
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