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Mechanically driven spin-orbit-active weak links
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We show that new functionality of spin-orbit-active electronic weak links can be achieved by their time-
dependent mechanical deformation. As an illustration we use a simple model to calculate the electronic spin cur-
rent generated by rotating a bent spin-orbit-active nanowire coupled to bulk metallic leads.
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An electric weak link in the form of a nanoconductor,
bridging two bulk reservoirs of electrons, is a mesoscopic
device where electronic charge and spin may be accumu-
lated and controlled electrically and magnetically. In this
context, spin-active weak links made of materials with
strong spin-orbit (SO) interaction [1,2] have recently
been of special interest. Splitting electrons transferred
through such a weak link with respect to their spin polari-
zation (Rashba splitting) [3] can, e.g., be employed for
generating a number of interference- and spin-relaxation
phenomena, which bring new spintronic functionality to
such nanodevices [4].

Spin-orbit interactions can be induced by external or in-
ternal (crystal) electric fields. Here we focus on the latter
case and imagine the weak link to be formed by a single-
wall carbon nanotube, in which crystal fields caused by
elastic strains can be thought of as occurring when a flat
graphene ribbon is rolled up to form a tube. The strain-
induced SO coupling in a one-dimensional model of such a
nanotube can be described by the Hamiltonian [4]

Hso = hvgkgo ©- 8, 1)

which is a simplified form of the SO Hamiltonian derived
for a more realistic nanotube model [5]. In Eq. (1) vg is
the Fermi velocity, kg, is @ phenomenological parameter
that gives the strength of the SO interaction in units of in-
verse length, o= (oy, oy, oy) is a vector whose compo-
nents are the Pauli spin matrices, and § is a unit vector
pointing along the longitudinal axis of the nanotube.

In semiclassical terms the effect of the SO interaction
can be understood as a precession of the electron’s spin
around an effective magnetic field Bgy, where if the SO
interaction is given by Eq. (1), By, = —(hvpkey/ng)s.
Quantum mechanically, its effect can be accounted for by
adding an extra phase, ¢ac, to its wave function when an
electron propagates through an SO-active spatial domain.
This is known as the Aharonov—Casher effect, [6] and the
Aharonov—Casher phase @ac can significantly modify
electron transport.

The effect of the SO interaction we have in mind can be
illustrated by considering the device sketched in Fig. 1,
which one can think of as an SO-active electric weak link.
Here a (1D) wire (a simple model of a carbon nanotube)
serves as a tunneling weak link between two bulk nonmag-
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Fig. 1. lllustration of the geometry used to calculate the spin-orbit
coupling dependence of the tunneling amplitude. Two straight
segments, modeling the bent nanowire (bending is parameterized
by the angle 6), are tunnel-coupled to left (L) and right (R) elec-
tronic electrodes. The spatial orientation of the wire is controlled
by the angle y between the y -axis and the plane containing the
bent nanowire. The setup corresponds to a configuration in which
the wire is controlled only mechanically.

netic conductors. A strong spin-orbit interaction is as-
sumed to be present in the wire (but not in the bulk con-
ductors), so that tunneling transfer of electrons through the
wire is accompanied by spin-precession dynamics and con-
sequently by the accumulation of an extra phase factor,
containing the Aharonov—Casher phase ¢ac, in the defini-
tion of tunneling probability amplitudes,

Vip =Vo &xp(ioac): )

Here we have introduced the tunneling amplitude V,, for
the left-to-right lead transitions in the absence of the SO
interaction [7].

In the proposed device the wire is supposed to be sus-
pended and mechanically bent. The bent wire is modeled
as two non-collinear straight segments of equal length d/2,
where the angle 6 shown in Fig. 1 describes their degree of
direction mismatch. For this geometry the Aharonov-
Casher phase factors were calculated in Ref. 3 for the case
when the angle y between the plane containing the bent
wire and the y-axis (see Fig. 1) is zero. A straightforward
generalization yields the result

exp(ipac) = A+iB o, ?3)
where
A = cos?(ar) —sin?(a) cos(20);

B = (sin(2a) cos(6),
sin(y)sin? (o) sin(20),
—cos(y)sin? (a)sin(29)) @)

and the dimensionless parameter o = k,d/2 is proportion-
al to the SO interaction strength.
The Hamiltonian of the system is

H = Hiink + Hieads + Hiun - ®)

Here the Hamiltonian describing the weak link is

n? .
Hiink = _EV 2+ hopkgy o8, (6)

The Hamiltonian of the leads is Hgyqs = Z Higad » With

=L(R) _ t a=LR
Hicad ® = Z &k(p) %k (p)sCk(p)o @)
k(p).c

where C&G (cks) creates (annihilates) an electron with mo-

mentum k and spin o in the left lead (L), with similar def-
initions in the right lead (R) [c = %, corresponding to spin
projections T, on the spin quantization axis, which we

take to be the z-axis]. Tunneling between the leads and the
weak link is described by

- T * T
Hyun = Z ([Vkp ]GG' CksCps’ + [Vkp ]GG' cpg'ckc) , (8)
k,p,c,0'

where Vikploo' being the matrix element of the operator
(3), is the tunneling amplitude from the state with momen-
tum p and spin o’ in the right lead to the state with mo-
mentum k and spin o in the left one.

Following the standard approach we treat the tunneling
Hamiltonian perturbatively describing the electronic sys-
tems in both leads in the absence of tunneling, each being
in local equilibrium, having different chemical potentials,
w, and ug, for different leads. Then, the distribution func-
tion of electrons in each (L, R) lead is the Fermi function

fLr(e) =U[e” K MLR) 4, ©)

where B =1/kgT is inversely proportional to the tempera-
ture T. It is essential to note that we consider a nonmagnet-
ic weak link, so the electron energies in the left (right) lead
€k (p) do not depend on the electron spin.

Charge and spin currents injected through the weak link
into each lead are given by the standard expressions

L,R) _ d t
Icgharg)e - Zea ch(p)cck(p)c ' (10)
S k(p) (LR)
L,R) _ d t
IS(Pin )= ZGE zck(p)cck(p)c . (1)
c k(p) (LR)
L(R)

Note that the spin current Ispin is given by the time de-
rivative of the z-component of the magnetization in the
left (right) lead. This is why Eq. (11) represents the flow of
the z-component of the electronic spin injected into the
left (right) lead. For brevity we will simply refer to IS'E)EE)
as the “spin current” in what follows. Here, the quantum
averages (... r are taken over the electronic states in the
(L,R) lead, which is assumed to be in local equilibrium.
As we can see from Egs. (2), (3) and (8), the tunneling of

an electron through the weak link is coupled to the possi-
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bility of flipping its spin. Therefore such a tunneling event
may lead to additional spin production, which is why one
may expect that the spin-active electric weak link present-
ed in Fig. 1 can act as a source of spin that can be injected
into the conducting leads to create spin currents there.
However, a direct calculation of the spin current (11) using
Eq. (8) shows that no net spin current is generated by the
weak link. Moreover, one can show that no effect of SO
coupling on transport is possible for the given setup. The
fundamental reason lies in the time-reversal symmetry of
the Hamiltonian (5) [8]. Therefore, time-reversal symmetry
should be broken in order to activate the effect of Rashba
dynamics on electronic transport. Since there is no proof
that breaking time-reversal symmetry would accomplish
this task irrespective of how the symmetry is broken, one
needs to prove it in each special case. For example, it was
shown in Ref. 9 that breaking time-reversal symmetry by
switching on an external magnetic field, indeed activates
spin production in the spin-active weak link of Fig. 1. In
this case the possibility to control the induced spin currents
electrically and magnetically was also demonstrated.

In this paper we explore the possibility to activate spin
production in the weak link by breaking time-reversal
symmetry in a different way, viz. via a time-dependent
spin-orbit coupling. A number of ways to achieve a time-
dependent SO interaction can be suggested. Microwave
actuation, which exploits the time-dependent electric field
responsible for the spin-orbit coupling, is one possible
way. Mechanical actuation, which can be achieved either
by flexural vibrations of the nanowire or by rotating the
bent nanowire around the x-axis (see Fig. 1), is another.
Below we consider the effect of a rotational activation of
the device. We will prove that such mechanical dynamics
indeed leads to the generation of a spin current and demon-
strate the possibility to manipulate this current electrically
and mechanically.

In order to study rotational activation of the nanowire
weak link we let the angle y between the plane that con-
tains the bent nanowire and the y-axis (see Fig. 1) be a
linear function of time,

y=Qt, (12)

so that Q is the rotation frequency of the wire. A generali-
zation of the approach outlined above for the static nano-
wire weak-link geometry to the case of a rotating wire re-
quires an analysis of electron tunneling through a
mechanically driven device. The result should depend on
the ratio between the rotation period ~ 1/Q of the wire and
the time tq ~ d/vg it takes for an electron to pass through
the device. We will consider the limiting case when
Qty <1 for which we approximate the Hamiltonian for
the rotating-wire problem at hand with the Hamiltonian for
the static-wire problem as described by Egs. (2)-(8) but
modified by replacing y by y(t) in Eqg. (4) with y(t) as
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given by Eq. (12) and t treated as a parameter. We shall
emphasize this change by using the notation

B(t) = B(y(1)). (13)

Following the standard procedure, one gets to second
order in the electronic tunneling rates

P —2ij > f(ep)[L- f (el

t kop
xsin (e — & p)(t'~1) ) [X (& 1)]oo (14)
where
X (t,t) =|Vo ? ((A=iB(t)-o)(A+iB(t)-6)) -
~(A-iB(t)-0)(A+iB(t)-5)). (15)

Further simplifications follow from the properties of the
Pauli matrices, which allow us to write the diagonal ele-
ments of the operator X (t,t") as

[X (t,t)]os = ic{P(a,6)[cos(Q') —cos(Q2t)] +
+Q(a.,0) [sin(Qt") —sin(Qt) |} (16)
where
P (o, 0) = 2[sin? (o) cos(20) — cos? ()] sin? () sin(20), an
Q(a, 0) = 25sin(20) cos Osin® (ov) sin(20).

The integration over time in Eq. (14), using expressions
(16) and (17), can be performed analytically, yielding the
following expression for the flux of electrons with spin o,

15 = nov? |V [P Q{-P (e, 0)sin(Qt) +Q(at, 0) cos(Qt)} =
= 2nov? | Vg |7 sin? (o) sin(26)Q2 {cos(6) cos(Qt) -
—[sin® (o) cos(260) — cos? (oc)]sin(Qt)}. (18)

Here v is the electron density of states, which is assumed
to be the same in both leads. From the result (18) we can
get the charge current in an electrically unbiased device

(ML =pR)as

L — —
Icharge - ez ILG =0 (19)

o=t

and the spin current (11) as

L _
Ispin = Z ols=

c=*

= 4nv? |V, [? sinz(a)sin(ze)Q{cos(e) cos(Qt) -

—[sin® (o) cos(20) — cos? (oc)]sin(Qt)}. (20)
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As expected, the charge current is zero for an electrical-
ly unbiased device. Also, the spin current is zero under the
following conditions: (i) if there is no spin-orbit interaction
(o= 0); (ii) if the wire is not bent (6 = 0), or (iii) if it is
“bent back on itself” (6 = /2); (iv) if the wire is not rotat-
ing (Q =0). Apart from that, the spin current (more pre-
cisely the flow of the z-component of the electronic spin)
is purely oscillatory (no dc component) with an amplitude
that is proportional to the rotation frequency Q, being nei-
ther an even nor an odd function of Q.

A convenient way to express the spin current is in terms
of an amplitude and phase shift of an oscillatory function,

lspin (1) = lq (o, 0)sin(Qt +7¢), (21)

where amplitude and phase shift are given by

lo(a,0) = QEsinz(oc)sin(ze)x
Go

2

X\/COSZ(e) + (cosz(a) —sin?(a) cos(ze)) (22)

cos(0)
cos® (o) —sin 2 (a) cos(26) '

Yo = arctan

(23)

Here, we expressed the amplitude I (a,0) in terms of the
conductance G, using the identity NG [Vo |2= G/Gy,
where Gy = e?/h is the conductance quantum. The de-
pendence of 1 and yq on a and O is illustrated in Fig. 2.
With respect to the physics behind the phenomenon of
spin generation, there is an illuminating analogy between
our problem and the process of spin-flip-assisted electronic
microwave absorption [10]. The interaction between the
spin of an electron and the time-dependent magnetic com-
ponent of a microwave electro-magnetic field has the same
form as the spin-orbit coupling, which couples the spin to
the effective time-dependent “effective” magnetic field By,
introduced in the introduction to this paper. A circular po-

(a) (b)
15 1.5
i o
1.0 06 1.0 %(5)
0 040 1.0
0.5 %20.5 03

01 23456
o

Fig. 2. (Color online) Graphical representation of the dependence
of the temporally oscillating spin current (21) on the dimension-
less strength o of the SO interaction and the bending angle 6 of
the wire: (a) Amplitude of the spin current 1 (o, 0) measured in
units of QG/Gq as given by Eq. (22). (b) Phase shift of the spin
current yq(o.,0) as given by Eq. (23).

larization of the microwave field, providing a time-varying
orientation of its magnetic component, induces spin-flip-
assisted electronic transitions involving absorption or
emission of microwave photons. In our case, the rotation of
the bent nanowire weak link changes the spatial orientation
of B, in time, thus bringing a certain “circularity” to the
effective “spin-orbit microwave field” and consequently
inducing an asymmetry between the flipping up or down of
a spin during an emission or absorption event. In our de-
vice, at zero temperature, only absorption transitions are
possible due to the Pauli constraint. In a further analogy
with the microwave case, one can think of momentum be-
ing conserved in such an absorption event by the transfer
of a finite amount of the rotational momentum of the weak
link to the precessing spin, a transfer facilitated in our case
by the time-dependent spin-orbit interaction.

From expression (21) one can easily see that the maxi-
mal spin, accumulated during one half-period of time-
oscillation

l T
s=o £ lspin (1) T, (24)

where t=Qt+vg, equals S =21q(a,06). The value of S
can be estimated using Eq. (22). For a wire of length d ~1
um and an SO interaction strength corresponding to
Kso ~0.2(pm)’1, a value, which can be extracted from
measured energy splittings caused by strain-induced SO
interactions in single-walled carbon nanotubes [11], one
finds that o ~ 1. This allows us to estimate S to be of the
order of the spin of a single electron.
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MexaHiuyHO kepoBaHi criabki 3B’A3ku 3i CniH-0p6i-
TanbHOK B3aEMOJIEI0

M. Jonson, R.I. Shekhter, O. Entin-WohIman,
A. Aharony, H.C. Park, D. Radi¢
OOGTroBOPIOIOTECSI  HOBI  (DYHKLIOHAJIBGHI  MOXJIMBOCTI, IO
peati3oByIOTECS y TYHENBHUX CTPYKTYpax 3aBISKH 3aJIXKHIN Bif

Yacy CHJIbHII CIiH-OpOiTasbHiil B3aeMO/ii eneKkTpoHiB. Sk npukiazn

Low Temperature Physics/Fizika Nizkikh Temperatur, 2018, v. 44, No. 12

3aIIpOIIOHOBAHO TIPOCTY MOJENb, B SIKiM Iepen0adeHo TeHepariio
CIIIHOBOTO CTPyMy, IO BHHUKAE IIPU OOCPTaHHI 3ITHYTOTO IPOTY,
SIKMI 3’€JIHYE 1Ba MAaCHUBHI METaJH, i3 JIOKAJIi30BaHOIO HA Hiif CHJIb-
HOIO CHiH-OpOITaIbHOI0 B3aEMOJIIEIO0 €TIeKTPOHIB.

KutrouoBi cioBa: criH-akTHBHI ci1aOKi 3B’SI3KH, €IEKTPOHHUIH CITi-
HOBHI CTPyM.

MexaHnyecku ynpasnsemble cnabble CBA3U CO CNUH-
opbutanbHbIM B3anMogencTBmem

M. Jonson, R.l. Shekhter, O. Entin-Wohlman,
A. Aharony, H.C. Park, D. Radi¢

OO6cyxmatoTcsi HOBbIE (DYHKI[OHAIBHBIE BO3MOXKHOCTH, pea-
JM3yIOMIKECs B TYHHEIBHBIX CTPYKTypax O1aroaaps 3aBUCSILIEMY
OT BpPEMEHH CHJIBHOMY CIHMH-OPOUTANIBFHOMY B3aHMOMACHCTBHIO
3NEKTPOHOB. B KadecTBe MpHMepa NpesiokeHa IpocTas MOAENb,
B KOTOpPOH IpelcKa3aHa I'eHepanusl CIIMHOBOIO TOKA, BO3HUKAIO-
miasi Ipv BPALEHUM U30THYTOH IPOBOJIOKH, COEIMHSIOLIEH /1Ba
MACCHUBHBIX METaJlIa, C JIOKAJIU30BAHHBIM HA HEH CHIIbHBIM CIIUH-
OpOHUTaNBHBIM B3aUMOEHCTBUEM BIIEKTPOHOB.

KimroueBbie cltoBa: CIIMH-aKTHBHBIC CIa0bIC CBSI3H, DIICKTPOHHBIN
CITMHOBBIN TOK.
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