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Spin-mechanical device for detection and control of spin current by nanomechanical torque

P. Mohanty! G. Zolfagharkhant, S. Kettemanr;2 and P. Fuldé
1Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, Massachusetts 02215, USA
21. Institut fur Theoretische Physik, Jungiusstr. 9, Universitat Hamburg, Hamburg 20355, Germany
SMax-Planck Institut fir Physik Komplexer Systeme, Néthnitzer Str. 38, D-01187 Dresden, Germany
(Received 29 April 2004; published 2 November 2p04

We propose a spin-mechanical device to control and detect spin currents by mechanical torque. Our hybrid
nanoelectromechanical device, which contains a nanowire with a ferromagnetic-nonmagnetic interface, is
designed to measure or induce spin-polarized currents. Since spin carries angular momentum, a spin-flip or
spin-transfer process involves a change in angular momentum and hence, a torque, which enables mechanical
measurement of spin flips. Conversely, an applied torque can result in spin polarization and spin current.
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I. INTRODUCTION romagnet, such as a Ni or Fe wire, in a parallel magnetic

Electronics and information processing with spins prc,m_field induces a torque on the wire due to magnetoelastic in-
ise to be anything but conventionialIn spin-based electron- téractions. o . .
ics, information is injected, stored, transferred, or manipu- Motivated by these historical experiments, it was recently
lated with the spin degree of freedom. The realization of itsPointed out that a current flowing through a ferromagnetic-
importance—and the ensuing excitement—stems from th@onmagnetic(FM-NM) interface produces a mechanical
fact that successful incorporation of spins into conventionatorque. In a ferromagnet, a current has an associated spin
semiconductor technology will allow to combine both infor- current, which is absent in a nonmagnetic metal. Therefore,
mation storage and information manipulation within a singlethere is a sink or source of angular momentum at an FM-NM
platform. The recent discovery of a number of spin-basednterface, depending on the current direction, which results
phenomena, such as giant magnetoresistintas also in a torquel® which can be transferred into a mechanical
marked the beginning of a new era with spintrorfiésand  torque of the devicé’ This is precisely the underlying prin-
spin-based quantum information processirithe transport  ciple of the classic optical experiment by Béthin which
properties ofd electrons in ferromagnetic transition metals the change in the angular momentum of circularly polarized
like Fe, Co, Ni, and their contribution to the ferromagnetismphotons through an optically active glass is measured; the
are also of important fundamental interest. torque on the glass plate results due to the change in polar-

At the heart of spintronics is detection and control of elec-ization at the interface. This allowed to prove experimentally
tron spins moving through a ferromagnetic-metallic orthe quantization of the spin of photons.
ferromagnetic-semiconductor heterostructure. Towards this A measurement of the torque at a FM-NM interface
end, there have been a large number of importantvould allow for a determination of the relative contributions
experiment® and theoretical workd. leading to a whole of different types of electrons to the current, e.g.s@ndd
new dictionary for spin-based electronics, including spin di-electrons in the case of FéThose electrons are polarized to
ode, spin transistor, spin pump, spin battery, and spin fifter. a different degree because of their different bandwidths.
Here, we propose a spin-mechanical device for detection androm an experimental measurement of the tunneling density
control of spins in hybrid magnetic-nonmagnetic structuref states, magnetic polarizations @0.11, 0.34, and 0.44
by mechanical torque. for Ni, Co, and Fe, respectively, have been estimated, while

Spin transport and nanomechanics form the underlying@ theoretical calculation fog electrons alone would give for
basis of the proposed spin-mechanical device, which is caNi, @s=0.01% Until now, there is no direct measurement
pable of detecting, controlling, and creating both spin transavailable of the relative contribution of tlseandd electrons
port and spin population. The central concept of its functiorto the current.
is rather simple: spin carries angular momentum, and a

change in the ang.ular momentum due to spin transport cre- Il SPIN-FLIP TORSION BALANCE
ates a torque, which can be detected by a nhanomechanical
torsion oscillator. It is the purpose of this paper to show that this spin-flip

The deceptive simplicity of the idea contrasts its rich his-torsion balance effect can be strongly enhanced in a nanome-
tory, both in theory and experiment. The original proposal tochanical device when a nanowire containing a FM-NM in-
detect changes in the magnetization by measuring the assterface is grown on top of a suspended nanoelectromechani-
ciated torque dates almost a century back to the work otal structure(NEMS). Thereby, the spin transport can be
Richardsort? and Einstein and de Ha&The reverse effect, measured by the induced mechanical torque in the NEMS
inducing magnetization by rotation, has been suggested artdrsion device. The inverse is also true: a torque at the
measured soon by BarnéttAnother mechanism is the asso- FM-NM interface produces a potential difference between
ciated Wiedemann effeét.a current flowing through a fer- the two metal$*1° Accordingly, a spin current can be gen-
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nonmagnetic /
ized in a direction parallel to the wire. Application of a mag-

netic field parallel to the wire further elongates the

magnetization. When a currehis passed through the wire, kG 1. (Color onling Schematic diagram showing a suspended
a fractiona/2 of the eIectrpns passing through the interfaceserromagnetic-nonmagneticM-NM) wire. The black arrow de-
between the FM and NM flip their spin. Here|s the degree notes the direction of the magnetization. A spin-transfer process at
of magnetic polarization of the electrons contributing to theor beyond the FM-NM interface torts the wire as indicated.
current in the ferromagnet.

Each spin flip results in a change in the angular momeny 4.4 it displays strong hystere&fsFrom magnetoelastic
tum AL=%. The number of electronAN passing the inter- theory one expects =~ A(SM/Mo)? (Ref. 20, although the

face in a time intervalit is AN=IAt/e, wherel is the elec- exact functional form may depend on the material and crystal
trical (charge current, ande the electron charge. The orientation

?stiocl'zatﬁd Cﬁaﬂge 'ﬂ _angt:lar momentum A4 /At From magnetostriction measurements on Fe or(R&f.
=(hal2)l/e, which results in a torque, 20) we estimateA ~107°, when the ferromagnet is magne-

erated by applying an external torque. In this paper, we per-
form a detailed analysis to show that such a device can be
used to detect, control, and induce spin current.

In a nanowire with a ferromagnet{&M) and a nonmag-
netic (NM) part, the ferromagnet is uniformally spin polar-

ferromagnetic

- ol tized along the wire with typical magnetizatioM,
Topin= 5 X- (1) =(1/4m)10° A/m. We find with G=10'" N/m?,
nge,? is 'Fhe _unit vector along 'Fhe wire axis. The higher the E@: 8.5 % 10—5/(‘04)(:;]2), (3)
spin polarization of the conducting electrons, the larger is the w

resulting torque. Thus, that torque is a direct measure of thﬁ/hereR:p(mm) andj=j(A/mm?) is the current density. In

spin polarization of the itinerant electrons in the ferromagnetthe classical macroscopic experimétwith p~0.1 andj

gatrrll; current increases, the resulting torque increases I'nil, the Wiedemann effect and the spin-flip torsion effect can

. . I f th me order of magni . However, in a nanome-
There is an additional contributiof, to the net torque be of the same order of magnitude. However, in a nanome

. \ NN hanical torsion oscillator, the wire can be as thin @as
because of the Wiedemann effect. This contribution is orderg 107 whil(ze?hoe cSrsrent doe,nsity can stifl bef thesspin ﬂliﬁ

of magnitude smaller thafg;;, in nanomechanical systems torsion balance can exceed the Wiedemann effect by orders
as we show belowTy, originates from the circular magnetic of magnitude. When applying the circular magnetic field, the
field H.=1/27R perpendicular to the magnetization axis of single magnetic domain, magnetized along the wire has some
the FM part of the nanowire in the presence of a curtettt  rigidity so that the corresponding magnetic susceptibjfity

leads to small changes in the direction and the absolute valyg small. Taking for a ferromagnetic cylinder polarized along
of the magnetization by the magnetoelastic interaction. Thes axis a typical valuey.=1 (Ref. 21) one finds Ty Tw
resulting torqueTy, has an associated torsion anglg,  ~10'2 Although the circular magnetic susceptibility can de-
=(LN/R)oMc/Mo. Here, the radius of the wire B, its length  pend on the growth direction of the ferromagnetic film, and
L, and M, is the magnetization along the wire axis. can change with its dimension, we can conclude that the
=A¢/¢€ is the magnetostrictive coefficient which character-wiedemann effect is negligible for any theoretically possible
izes the relative length changag'/¢ due to the changes of value of the circular magnetic susceptibility, ranging between
the magnetizationsM|. Here, &M =xH., whereH, is the  the Pauli susceptibilityyp~ 1074, and values for macro-
field generated by the currehtand y,, is the magnetic sus- scopic ferromagnetg~ 10°.

ceptibility to the magnetic fieldH., pointing circularly Spin-mechanical balanc&he spin-transfer torque can be
around the wire axis, when the single domain ferromagnet isneasured with a suspended NEMS torsion balance to which
polarized along the wire. The torque is then given By  the half-ferromagnetic, half-nonmagnetic nanowire is rigidly
=K@y, where for a wireK=(7/2)GR}/L andG is the shear attached, as shown in Fig. 1. The magnitude of the torque,
modulus of the oscillator. The ratio betwe@g and Ty, is Eq. (1) along the wire axis is given by

Tw _ RGeny

Tspin - 2haMo wherel is the current in units of mA. Thus, the torque is
The magnetostriction coefficient is in general quite small within the sensitivity range of existing NEMS oscillatgfs3
(relative to the unpolarized state, it is on the order of®10 The torque caused by the finite spin-flip rate, Ef), is in
and both its sign and magnitude depend on the material anlthlance with the torque due to the elastic torsion of the wire,
the material growth direction. Here, we are interested in theas well as a torque due to the finite inertia of the wire, and a
magnetostriction as caused by the reorientation of the magdriction torque when the torsion angle changes in time. A
netization due to the circular field, relative to the state wherferromagnetic wire, on top of the NEMS oscillator, undergo-
the wire is fully polarized along the wire. In that caaeis a  ing torsion by an angl® results in a torqud .= K. L is
function of the magnetizatioM, and applied magnetic field the length of the ferromagnetic part of the wire. If the angle

(2 Topin=3.3X 10*%al Nm, (4)
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0 changes with time, it will result in an inertial torqU&etia Up to this point, the torsion angle is found not to depend
due to the moment of inertid about the nanowire axis: on the spin-flip rate 17 explicitly. Let us consider the situ-
Tinertia=J &?0/dt?. The equation of motion for the torsion ation when the current is reduced, such that the transfer rate
angled is I/q becomes smaller than 1/ and the spin flips occur one

20 by one.

Jd—+ OI—0+K¢9:T int T (5
a2 ')’dt spin™ lw
11l. RANDOM SPIN FLIP

where yd6/dt describes frictional damping, andK

=(wG/2L)R?* for a wire of radiusR. Let us first consider the For low, but constant driving currents, the electron trans-
case whenl is large andT,, assumes the form Eql). fer rate at the interface can be smaller than the spin-flip scat-
(Since the torque due to thg Wiedemann effBgthas been tering rate 1. In this case, the spin-transfer torque can be
shown to be small above, we will disregard that term in theconsidered to occur randomly at timég,with the average

following.) amplitude,
Case I: Constant spin current (equilibrium torsiorf) the al a 1
spin-polarizing current through the nanowire is time inde- Tr=h-—==-1.1X 10N m—, (11)
pendent, therTg,,=const, which will result in an equilib- 275 2 Ts
rium torsion angle,, where 7,=74n9). Thus, the time-dependent driving torque
E can be modeled by
0= ——a (6)
T 2Ke

Toirl) = Te2 [O(t-t) - Ot - - t)], (12
|

This simple expression shows thatis linearly proportional
to the current,, and the spin polarization. We note that the where O(x) is the step function®(x)=1 for x>1, and
torsion angle can be strongly enhanced by reducing the rad(x)=0, otherwise. The equation of motion E§) with the

dius of the wireR, sinceK ~R*. right-hand side[T4(t), can be solved by Fourier transform,
Case Il Spin current at a finite frequenay. A finite- do T .
frequency driving current,coswt results in a torqueTgpi, _ | Gw_1r Co
=(hal2e)lcoswt. With this expression on the right-ﬁand o) _f 27 +iw K- 0 +iyw x E{exp[lw(t W]
side of Eq.(5), the analysis is that of a driven damped oscil- )
lator. The solution for the torsion angle is —exiolt- - t)]}, (13
il gl 2e where §— 0*. Perfc_)rming the residuum integra!, we obtain,
w,t) = Y, 5 15C0dwt + ), for wg<1/7g the time dependence of the torsion angle re-
J(wp = @)+ 40™/Q7] duces to a sum of sinusoidal oscillators with phase shifts at
random timeg,, when a single spin flip occurs,

b= arccog(wg - 0wl - 092+ 4R Q?].  (7)
The quality factor of the structur® is defined through the o = ZJwO\l 1/Q2I%t exp( (t=1) )
characteristic exponential decay of the torsion angle in the
absence of driving torquef=f,coqwt+@)e 't so thatQ Xsin((t - t) woV1 — 1/1Q7]. (14)
=wo/T'=2Jwl y.

While the amplitude of the torque does depend on the spin-
flip rate 1/x, the torsion angle does not, and is strictly a
function of the current. For l/e> w, it can be shown that

Q |0 Eq. (14) reduces to Eq(6).
Omax=T1 "7 a (8) When the resonance frequency of the oscillator exceeds
the spin-flip rate,wy>1/7,, one obtains for large quality
It is clear from this expression that the signal is maximizedfactor Q> 1, the simplified expression,
for optimal mechanical parameters: high quality facgoand
low resonance frequenay,. In order to be measurable, this (1) = 6o+ 02 cod(t—t)wol = 6 2 cog(t—1t = m)awpl.
torsion angle has to be larger than the thermal fluctuations, b=t frerst
56. By setting the elastic enerdg(56) equal toksT/2 (eq- (15
uipartition), one obtains

On resonance = wy, the resulting torsion angle from the
spin-transfer torque reaches its maximum value,

Here 63=Tr/K. Thus, whenwy>1/7 both the torque and
50 = the amplitude of the time-dependent torsion anggedo de-
E(da) = f d6 Dgjasid 0) = 50)2G— (9)  pend directly on the spin-flip rate &/

L The nature of the random spin-flip torque is not knoavn
priori. It depends on the microscopic physical mechanism of
spin relaxation via a number of channels, such as coupling to
5 \/3 kBT local magnetic moments, nuclear magnetic moments, and

0=

so the torsion angle may maximally fluctuate by

(100  dominantly, via spin-orbit interaction to phonons by the
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Elliot-Yafet mechanisni*~2® The spin-orbit interaction 5 1 2 6
modified by phonons can break momentum conservation in ¢
periodic crystaf’-?8 and hence, result in relaxation. Further-
more, as shown by D’yanokov and Pefin crystals lack-

ing momentum-inversion symmetry, the lifting of spin de-
generacy by spin-orbit scatteritffgpperates as a momentum-
dependent internal magnetic field, and contributes to spi
relaxation. Temperature dependence of the spin-relaxatior
rate 1/T; in the Elliot-Yafet mechanism is the same as the

ferromagnetic nonmagnet'c
iatiy it . Polari zed Flip
temperature dependesnce of resistivitgi) 1/1?1 T for Spin“pHﬁ’_ Spin Down (%)
T>Tpepye (i) 1/T,~T> (at low temperature D’yanokov-

Perel mechanism results in a spin-relaxation rate propor-
tional to the momentum relaxation time. L _
Direction of Torgue

In the nonlinear regime, the resonance of the oscillator in
the presence of random torques can be enhanced by nonlin- . o
ear self-excited oscillations. This effect is due to the nonlin-vicglcl;t' c,?c;rfg(i)rllzr;?grrirﬁghﬁgi?go?;ga? mgﬂt_rﬁMp)rm?;e:nde'
ear dependence of the torque on the amgieln fact, Eq.(5) ' 9 g

b i ith th tization d - top of a suspended two-element torsion oscillator. A spin-transfer
ecomes nonfinear wi € magnetization dynamics. process at or beyond the FM-NM interface causes a mechanical

torque, which twists the suspended structure since the FM-NM wire
IV. SPIN CURRENT GENERATION is rigidly attached to the torsion oscillator. Because of small size,
) ) ) ~this device has extremely high torque sensitivity at low tempera-
Applying a torque, a potential difference along the wire yyres. Conversely, a spin polarization can be induced by applying a
axis is created? as given byeV(t)=—(2m/eg)Vol. M dé/dt.  torque to the outer paddle, which will result in an imbalance in the
With proper design of the device this potential can be used t@pin states. The polarity of the spin population along the nanowire
drive a time-dependent current with density is governed by the conservation of angular momentum, which en-
ables the device to operate as a spin battery.

_ 2m_dé
jg(t)=— aszez—Mzd—, (16) ) , -
g t accordingly the mechanical parameters, the inedtighe
whereo is the conductivity andy is the gyromagnetic coef- Pulk modulusG, and the resonance frequencies of the device

ficient. Writing M,=M,(10°%/4m) A/m, where the dimen- €ntering Eq(5). , _
sionlessM, is typically on the order of one, anféd=p um, The hybrid structure contains three sets of electrical com-

we obtain inserting as the typical metallic conductiviy —PONeNts. The first ones-6-7-§ is the central FM-NM nano-
=107/Q m,jg~-10"2M (dé/dt) s Alcn?. wire with a typical thickness of 40-100 nm and a litho-
graphically defined width of 60-100 nm. The other two

Another source of potential difference is from magneto- lectrical 2 and 3-4 th | d
striction: when the magnetized wire is torted, it results in a® ectrical componentsl-2 and 3-4, the two electrodes sym-

circular component. This so-called Matteucci effect induceémzt_rically placed on both sidefs of the large outer paddies, are
designed to allow both detection and control of the tor¢fue,

a potential difference, and, hence, in a closed circuit a cur _ .

rent density2 a}nd hencg, of _the spin transfer. In the presence of a magnetic
field, applied in such a way that the torsion of the outer

) R2. _x dé paddles will enclose a finite area, the torsion of the structure

Im=- zofkeﬁa- (17 will induce an electromotive voltage on the electrdde?)

by the Faraday effect. Likewise, an applied current through

Inserting the typical values d&,\, ando, as given above, the other electrodé3-4) can generate a control fordeyie

we obtain jy~-107p?/L(d#/dt) s A/cn?, where L =| . 1B ortorque on the structure. This control torque can
=L wm, which is thus negligible compared to the current duebe used, for example, to induce spin polarization in the struc-
to the Barnett effect, Eq16). ture.

Measurement of the spin-induced torque and application
of the control torque in the proposed device can be per-
formed by the magnetomotive technigtfeElsewhere, we

Sensitive measurement of nanomechanical torque genetave discussed in detail low-temperature measurements with
ated due to spin transfer in the FM-NM nanowire can betorsion oscillators similar to the one schematically shown in
done in a number of configurations. We discuss a specifi€ig. 22° Because of low temperature and small size, the
device which allows ultrahigh detection sensitivity. Figure 2proposed device can operate with unprecedented force sen-
shows the schematic diagram of such a hybrid device, whickitivity of 10‘16M VHz or a corresponding torque sensitivity
contains the ferromagnetic-nonmagnetic nanowire on top obf 102X N m/\Hz, as recent experiments on similar devices
a suspended two-element torsion oscillator. Since the nanttave demonstrateld.Correspondingly, the minimum detect-
wire is fabricated on top of the torsion oscillator, the torqueable force or torque can be obtained by using the intrinsic
generated in the nanowire will translate to a torque in thebandwidth of the devicev/27Q. For a similar control de-
entire structure, including the torsion oscillator, modifying vice, we have already obtained a minimum detectable force

V. EXPERIMENTAL REALIZATION
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of 48x 108N or a minimum detectable torque of 48 tation of torsional modes with wavelengths on the order of
X 10722 N m for a moment arm of-10 um at a temperature the domain size, in addition to the zero mode, considered
of 4 K.3% Elsewhere? we have extensively characterized a above. In order to maximize the torsion signal, one can ob-
set of control torsion devices and their dependence on temain a single domain by applying a weak magnetic field of
perature, field, size, and frequency. not more than 100 G along the wité.

Experimental realization of the proposed device relies on
the nanofabrication of a multilayer nanomechanical struc-
ture. Recently, we have fabricated a set of suspended devices
of single-crystal silicon with a half-gold, half-cobalt nano-  In summary, we propose a nanomechanical device: a sen-
wire designed to resonate in the range of 1-10 MHz. Fosor of spin dynamics at the ferromagnetic-nonmagnetic inter-
device parameters of L=10um,R=100 nmwy/27  face of a wire fabricated on top of a suspended torsion os-
=1 MHz, andQ=10* (at 300 mK), the maximum torsion cillator. We explicitly derive closed-form expressions for the
angle due to the spin torque i84.0X 1072 rad for a drive  torque created by spin currents and other physical mecha-
current of 10 nA. For comparison, the rms value of the fluc-nisms. This elementary device can be used to detect, control,
tuations in the torsion angle due to thermal noise,(E@), in  and induce spin currents by selectively applying and measur-
the same device is-2x 10 °rad at 300 mK. To observe the ing the torque in the nanomechanical resonator. The basic
maximal torsion, the magnetization of the cobalt nanowire isstructure can be further modified to create devices for even-
required to be oriented parallel to the wire axis. Indeed, it hasual use in spintronics and spin information processing.
been shown experimentally, with the magneto-optical Kerr

VI. CONCLUSIONS
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