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Pure spin current: Opposite spins go opposite

Information carriers in spintronics Topological insulator
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Kane & Mele, PRL
95, 226801 (2005)

Y. K. Kato et al, Science 306, 1910 (04)
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Motivation: How to measure PSC where & while i1t flows?

Smoking guns:

Spins accumulate at stopping edges:

Y. K. Kato et al, Science 306, 1910 (04);

J. Wunderlich et al, Phys. Rev. Lett. 94, 047204 (05);
H. Zhao et al, Phys. Rev. Lett. 96, 246601 (06);

Converted to electrical signals:

S. O. Valenzuela & M. Tinkham, Nature 442,176 (06);
X. D. Cui et al, Appl. Phys. Lett. 90, 242115 (07);

S. D. Ganichev et al, Phys. Rev. B 75, 155317 (07);
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No charge current, no magnetization, no direct EM induction.
How to see it where and while it flows?

May 1-3, 2010 Workshop on Optics & New Materials 11

Page 3



Q: Can we directly measure a pure spin current?

Rule of thumb: Currents breaking the same symmetries are coupled

A pure spin current can be formulated as a rank-2 tensor

J =JZ
J : spin polarization
Z . current flowing direction
Spin iIs a pseudo-vector

Broken & unbroken symmetries:

1. Time-reversal symmetry kept (T)
2. Space inversion broken (P)

3. Rotational symmetry broken (R)
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A clue: Ampere & Orsted effects

A “pure ’charge current made of two counter-propagating
currents of the same amplitude but opposite charges:
The charge density is neutral everywhere, any effect?

A point charge at rest can not “see” a pure charge current (for it does
not break the T-symmetry).

But a moving charge does (it is of the same symmetry-breaking
type as the current).

So we have the Ampere effect (current-current coupling) and the Orsted
effect (magnet is a small current loop)

@ S ff@‘
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What would be the probe of a pure spin current?

It should be a current of the same symmetry breaking
type (in jargon: of the same tensor type).

An obvious solution Is to use another spin current.

But we don’t want to use another spin current.
(Otherwise, how to measure the probe?)

For a solution, we just need shed a little light.
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Yes, we just need a little light

A photon has two polarization states.
Jones vector representation:

Gob-f) e

The photon polarization is a pseudo vector, the same as a spin.

A polarized light beam 1s a “photon spin current”
(a pure one is the energy current is not counted).

In tensor formalism: [ = qIZ_

| : photon "'spin" polarization
Z . light beam direction
g: light wavevector
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Symmetry Analysis
Suppose the systemhas P& T

Hel S| 7 |1, | I, | I, |49
P + | +| — | + | + | + |~

T+ | —| + ]+ | + | = |~

Coupling in the Oth order of q:
H e(ff) o |,z-S, I.e., Faraday rotation in magnetooptics
Coupling in the 1st order of Q:

HY o 1.gz: 9, i.e. circular birefringence w/o T-breaking
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Symmetry Analysis (I1)
Consider a specific form of spin current
JoeJ XL+I YL+],LL=0L

Under reflection about z-Z plane:

ref. about z-Z J

G >,

ref. about z-Z
| >—1,

ref. about z-Z
| >—J

J ref. about z-Z
1

>J |
So: HY = Aql,J, +Bql,J, =aql,J, +bz-7-z
Only two coupling constants left undetermined.

J. Wang, SN Ji, BF Zhu, & RBL (unpublished)
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Microscopic model: Bulk 111-V compound (like GaAs)

Spin current by a quasi-static non-
equilibrium distribution slightly
different from a Fermi surface.

1.

Spin-orbital coupling needed for
coupling light E-field and electron
spin;

SO coupling in valence bands
(relativity effect);

No Rashba effect in CB &
Dresselhaus effect is negligible (spin
splitting ~ 0.01 meV for doping ~1016
cm=3in GaAs);

The light is tuned below Fermi
surface (no real excitation);

Current-current coupling by virtual
absorption & emission;

Virtual processes = phaseshift.

2009-11-19

HKUST

Page 10



What are the physical effects?
Linear susceptibility:

+ " . 1 827-{571:[:
N T = G OF 5 0F
~

Optical field of certain polarization

H =qlz-T-z+GqlJs| |1, =F'F, -F'F

Birefringence for circular polarizations

X+ = —X— = 4&(422'3 2+ {3J7)
€0

Similar to the Faraday rotation in magneto-optics.
But no net magnetization here.

2009-11-19 HKUST Page 11



Why not seen before?

A B
s (a.u.) Reflectivity (a.u.) . . .
G *"5"3%Ws  Normal incidence: Symmetry = no coupling

check reflection by surface plane
Solution: Observation by oblique light
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Y. K. Kato et al, Science
306, 1910 (04).
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How big would be the effects?

The Faraday rotation angle
cos f3'sin B'cos y
cos f|

=10 ,SIn Bsiny

O oc

Sign flip at reflection.

For a spin current 20 (nA um=2).

Maximum values: 6 , ~0.4 urad

reached when 8 — 7/2 and v — 0O
J. Wang, B. F. Zhu, & RBL, Phys. Rev. Lett. 100, 086603 (2008).
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Linear optical effect depends on the small
light wave vector ¢, and therefore is small

o ~ o

0 , ~ 0.4 prad for a spin current 20 A/um™

qg-v=>E-V?

That means 2" order nonlinear optics
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Chiral sum-frequency spectroscopy of chiral molecules

Shen YR et al, JACS 128, 8845 (06)
Toward chiral sum-frequency spectroscopy
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In linear optics, only magnetic dipole contributes:
Signal depending on the small light wavevector g.
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Chiral sum-frequency in chiral systems

FY:D—E
. —rZ
EX: E—>F

right-hand: (Y, X,-Z)

EX: A—B
+rZ
FY: B—>C

right-hand: (X,Y,Z)

Left-hand Right-hand
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Longitudinal spin current is chiral
L

1% {} The mirror image is cannot be

A S made the same as the original

_ “ object by translation and
<$>* 7 | rotation = Chiral quantity

(7777777777777 777
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General case: symmetry analysis

In general, a spin current breaks inversion symmetry,
J=sv—(s)(-v)
=» nonzero 2"4-order nonlinear optical effect
P(a)l +co2) = ;((2) K (a)l) F, (a)z)
Longitudinal part: J=J,Z2Z
17 =3, [ o (ZXY = ZYX)+ 0, (YZX = XZY )+, (XYZ - YXZ) |

Only 3 free parameters to be determined (all chiral terms).

Transverse part: J=JyxXZ

29 =3, [OXXY + X, XY X+ X, YXX+2,ZZY +2,ZYZ +2,YZZ + yYYY],

Seven free parameters to be determined.
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Standard (though lengthy) perturbation method
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Microscopic mechanism in short

Consider one electron with spin S and velocity V.

Spin current due to this electron is SV.
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Faraday rotation

] Intraband acceleration

Spin current
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Microscopically calculated sum-frequency spectra
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How big could be the effect?

1. Proportional to current amplitude
2. Depending on detuning

iInputs @ 800 nm and 30.m wavelenths
(1.e., double resonance condition)

10 nA/um™? spin current
GaAs

7? <107 esu ~3x107° cm/V

J. Wang, B. F. Zhu, & RBL, arXiv 1001.1053 (2010).
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Summary

1. Spin current has peculiar symmetry breaking:
It can be detected by a probe breaking the
same symmetry

2. Linear optics: Circular birefringence without
breaking T (but depending on small q)

3. Nonlinear optics: Strong chiral & normal sum-
frequency susceptibility

4. Optical spectroscopy as a toolbox for studying
spintronics & topological insulators
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