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Spin battery operated by ferromagnetic resonance
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Precessing ferromagnets are predicted to inject a spin current into adjacent condiac@insnic contacts,
irrespective of a conductance mismatch with, for example, doped semiconductors. This opens the way to create
a pure spin sourcéspin battery”) by the ferromagnetic resonance. We estimate the spin current and spin bias
for different material combinations.
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The research field of magnetoelectronics or spinelectronthan the ferromagnetic coherence lengahfew A in transi-
ics strives to utilize the spin degree of freedom for electronidion metals such as Co, Ni, or Fehe spin current emitted
applications: Devices made from metallic layered systemsinto the normal metal is determined by thmixing
displaying the giaft and tunnel magnetoresistaficeave  conductanc¥ g, == [ Som—r\n(rhm*] in terms of the
been proven useful for read-head sensors and magnetipin-dependent reflection amplitude#%) between trans-
random-access memories. Integration of such devices witlierse modesn andn in the normal metal at the interface to
semiconductor electronics is desirable but difficult because the ferromagnet, where the latter is characterized by the mag-
large resistivity mismatch between magnetic and normal manetization directiorm. The mixing conductance governs the
terials is detrimental to spin injectidhSpin injection into  transport of spins that are noncollinear to the magnetization
bulk semiconductors has been reported only in optical pumplirection in the ferromagntt*®and is also a material param-
and probe experimentsand with high-resistance ferromag- eter proportional to the torque acting on the ferromagnet in
netic injector§ or Schottky/tunnel barriersin these cases, the presence of a noncollinear spin accumulation in the nor-
the injected spin-polarized carriers are hot and currents ammal metal*®'>*15For most systeméwith the exception of,
small. Desirable are semiconductor devices with an efficiene.g., ferromagnetic insulatdfs the imaginary part of the
all-electrical cold-electron spin injection and detectia  mixing conductance can be disregarded due to the random-
Ohmic contacts at the Fermi energy, just as has been realizézhtion of phases of spin-up and spin-down electrons in re-
by Jedemaet al. for metallic device$. ciprocal spact and this is assumed in the following. The

We introduce a concept for dc spin-current injection intospin current emitted into the normal metal is then, sintfly,
arbitrary conductors through Ohmic contacts, which does not
netic resorvor at resonance with an f field. Pure spin-otent e g mx G &

. pin-current s 4911 dt

injection into low-density conductors should allow experi-
mental studies of spintronic phenomena in mesoscopic, balf our notation, the spin current is measured in units of me-
listic, and nanoscale systems, which up to now has beeghanical torque. Equatiofi) is a time-dependent correction
largely a playground of theoreticians like Datta and Bas,to the Landauer-Biker formula for noncollinear
whose spin transistor concept has stimulated much of théerromagnetic—normal-metal F¢N) hybrid systems? A
present interest in spintronics. simple physical picture can be inferred from the following

The combination of a ferromagnet at the ferromagnetidhought experiment’ Suppose we have B-N interface at
resonancéFMR) in Ohmic contact with a conductor can be

interpreted as a “spin battery,” with analogies and differ- dm(t)/dt

ences with charge batteries. For example, charge-current 1

conservation dictates that a charge battery has two poles, | = [ource _ pback
plus and minus. A spin battery requires only one pole, since s ® s
the spin current does not need to be conserved. Furthermore, —

the polarity is not a binary, but a three-dimensional vector. m(t)

The important parameters of a charge battery are the maxi-
mum voltage in the absence of a load, as well as the maxi-
mum charge current, which can be drawn from it. In the

following we present estimates for the analogous character-

istics of the spin battery. FIG. 1. Schematic view of the spin battery. Precession of the
Central to our concept is a precessing ferromagnet, whickagnetizatiom(t) of the ferromagnef emits a spin curreri£®“e®

acts as a source of spin angular momentum, when in contagito the adjacent normal-metal laydt The spin accumulation in

with normal metalg? see Fig. 1. This spin injection can be the normal metal either relaxes by spin-flip scattering or flows back

formulated in analogy with the adiabatic pumping of chargeinto the ferromagnet, resulting in a net spin currégt 3"

in mesoscopic systen$!?When the ferromagnet is thicker — 122,

Ferromagnet 1 Normal metal
Interface
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equilibrium and switch the magnetization instantaneouslytude of the time-averaged spin accumulationu

The mismatch of the spin-up and spin-down chemical poten=2(s(t)),/N in the normal metal close to tHe-N interface
tials leads to large nonequilibrium spin currents on the lengthhen reads

scale of the spin-diffusion length. A slower magnetization

reversal naturally induces smaller spin currents. Equdfipn SinZe
represents the adiabatic limit of the spin currents pumped by Ap=hwog > , (4)
a slow magnetization dynamics. When the spin curténts SIMo+ 7

channeled off sufficiently rapidly, the corresponding loss o
angular momentum increases tf@ilbert) damping of the
magnetization dynamic.Equation(1) is the maximum spin

current that can be drawn_from the_ spin batter_y. Large systems have a smaller injection rate since more states
Next, we need the maximum spin bias obtained when th%ave to be filled

load vanishes. When the spin-flip relaxation rate is smaller The ratio of the injection and spin-flip relaxation times

Lhneiltns tgfe ﬁiplbnu-illrgscljlor;nr?;ee, ﬁosrﬁ]'gl arzgg?rvr\?eor:ae:?gmlect can be evaluated for a planar geometry. We consider a free-
. pn th ' 9€ electron gas in contact with a metallic ferromagnet. The mix-
spatical dependence within the ferromagnet when the film is

H _ 2 —
sufficiently thin8 Under these conditions, one finds that the'"9 conductance isg; = kAkg/(4m)(gy = rAkg/m) for
component of the backflow spin currel@fmk from the nor- spin _|nject|on into threétwo-)dlm.ensmnal systems. Flrsp—
mal metal to the ferromagnet, parallel t(; the instantenou rinciples band-structure calculations show that for combina-

magnetization directiom is cancelled by an opposite flow lons like Co/Cu or Fe/Cri remains close to unitf. The

f the f t Th ﬂ?ﬁsk di ratio between the injection and spin-flip relaxation times in
I;?To meisizzrromagne. € componenen PETPENCICU-  three (two) dimensions can be calculated to be/rg

=813k e(L/lY) [1/7s=2k"e(LIl)]. e= /s is the
ratio of the elastic scattering rate and the spin-flip relaxation
|tssaclgﬂ[s_ m(m-s)], 2 rate, which is usually much smaller than unity.
27N When the spin relaxation time is longer than the spin in-
jection time and the precession cone angle is sufficiently
arge, sifg> 7, the spin bias saturates at its maximum value
Apo=hwg. In this regime the spin accumulation does not
The relation between spin excesand total spin current ?:;Igéd ot?]etheﬂT”atesr:)?:] pat;?argetev\r/i.elr: Lsioluld Sbiﬁcf:asible to
__ysource_ yback ; f : : <lg n
:ﬁe Lspin-di;fzsi(;r? Zngt?(}gl diffusive metal is governed by ~ J83k—1e(L/l), eg. whenL/l.=0.1, 83k 1e
=0.1 the precession cone angle should be larger than 6°. For
P s s small precession cone ang[%le_/(aHO), so, for ex-
Z_pl>2_ = (3 ample,Ho=1.0 T,@=10"° this requires aH;=0.1 mT rf
gt gx% Ts field with a resulting spin bias oAx=0.1 meV. For a
] o o ) ] smaller precession angle, e.g?=0.6° the spin bias is
where D |szthe d|ﬁu5|gn coefficient, in threéwo) dimen-  gmajier A =1 uV, but still clearly measurable. Epitaxially
sions D=vg7/6 (D=vE7/4), and 7,7 are the elastic and grown clean samples with even longer spin-diffusion lengths
spin-flip relaxation times, respectively. We solve the diffu- and smaller spin-flip to non-spin-flip relaxation ratiesill
sion equation with boundary conditions at=0, where fynction as spin batteries with smaller precession angles. The
(DA#)ds=—1s and at the end of the sampke=L, where  precession cone anglé in FMR is typically small, butd
the spin current vanishes,s=0. A is the cross section of > 15° can be achieved for a sufficiently intense rf field and a
the system. soft ferromagnet, e.g., permalléy.The maximum dc spin
The precession of the magnetization vector of a ferromageg,rrent source (15098 |~ o AKESIN20l(4m), e.g., for a
net under a resonant rf electromagnetic field applied Perpensrecession cone angle 6f6° the equivalent electrical spin
dicularly to a dc magnetic fiefd can be used to drive the current ©/7)|(1"S,| is 0.1 nA per conducting channel

spin bgttery. The magnitude of'the spin Cu"d?zﬁ”c,e and Akﬁ/(4w). The total number of channels is a large number
spin biasA p1=2(s),/N as a function of the applied f|gld0 since the cross sections may be chosen very much larger than
follows from the Landau-Lifshitz-Gilbert equatiom=  the Fermi wavelength thus ensuring that a large spin current
—y*mXHy+amXm, wherey* is the gyromagnetic ratio, may be drawn from the battery.

a~0.01-0.001 the Gilbert damping factor, and magnetic Ferromagnetic resonance dissipates energy proportional to
anisotropies have been disregarded for simplicity. The spithe damping parameter of the magnetization dynamics.
bias also has ac components. However, its frequentyar-  The power losslE/dt= athNSsinze is proportional to the
monics are strongly suppressed whie(wrg)¥?<L<lI, volume of the ferromagnet through the number of spins in
which can be easily realized whenr,>1, e.g.,7s>w !  the ferromagnet in units of,N. The power loss can be
~10"Ys/H, (T). 1s=+D7; is the spin-diffusion length in significant even for a thin film ferromagnet, e.g., for a 10
the normal metal. The dominant contribution to the spin biagnonolayer thick Fe film witha~ 103 sirP6~10"2, and

is then constant in time and directed alddg. The magni- o~ 10" s™%, the power loss per unit area is MHE/dt

fwhere the precession cone angle betwegrandm is 6,7
= (7 /7g)tanh/1)/(L/lg is a reduction factor, and we have
introduced the spin-injection ratei’lzg”/(ZTrhNAL).

whereN is the one-spin density of states. We note that th
mixing conductance in Eqgl) and (2) ought to be renor-
malized in highly transparent junctiofs.
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~0.1 W/cnt. The temperature can be kept low by, e.g., im-  The spin bias can be detected noninvasivly tunnel
mersing the sample in superfluid helium. The heat transfer iginctions with an analyzing ferromagnet having a switchable
then approximately 8 W/cfnK for small temperature gradi- magnetization direction. A voltage difference A u is de-
ents and increases for larger temperature gradfémich  tected for parallel and antiparallel configurations of the ana-
appears sufficient for the present purpose. lyzing magnetization with respect to the spin accumulation
Schmidtet al? realized that efficient spin injection into in the normal metal, where=(G;—-G)/(G;+G)) is the
semiconductors by Ohmic contacts is close to impossib|é€|aﬂve polarization of the tunnel conductances of the con-
with transition-metal ferromagnets since virtually all of the tact. The test magnetic layer need not be flipped. It is suffi-
app“ed potentia| drops over the nonmagnetic part and i§ient to reverse the direction of the dc static magnetic field.
wasted for spin injection. The present mechanism does nothe spin current, however, can be measuriedthe drop of
rely on an applied bias and does not suffer from the conducspin bias over a known resistive element.
tance mismatch, because the smallness of the mixing con- Spin pumping into the normal metal can also have conse-
ductance for a ferromagnet-semiconductor interface is comduences for the nucleiia the hyperfine interaction between
pensated by the small Spin current that is necessary t@lectrons and nuclear spiﬁ%An |n|t|aIIy unpolarized collec-
saturate the spin accumulation. tion of nuclear spins can be oriented by a spin-polarized
Possible undesirable spin precession and energy gene,glectron current, which transfers angular momentum by spin-
tion in the normal-metal parts of the system is of no concerrflop scattering. A ferromagnetically ordered nuclear-spin sys-
for material combinations with differemtfactors, as, e.g., Fe tem can lead to an Overhau8kfield on the electron spin.
(g=2.1) and GaAs ¢=—0.4), or when the magnetic an- This effect does not affect the spin biag, but induces an
isotropy modifies the resonance frequency with respect tgquilibrium spin density in the normal metaf via the
electrons in the normal metal. nuclear magnetic field, and can be exploited in experiments
The optimal material combinations for a battery dependvhere the the total spin-densi$y- s, is an important param-
on the planned usage. From E#) it follows that the largest eter. The electron-nuclear interaction can be included by
spin current can be achieved when the conductor is a normadding™?°
metal, whereas any material combination appears suitable
when the load is small, as long as the contact is Ohmic and |nuczfﬁ
the system is smaller than the spin-diffusion length. s T,
Standard metals, such as Al and Cu, are good candidate ) ) source «back . \nuc
materials, since the spin-diffusion length is very log, O the electron spin dynamics so thab I 177+ 157,
~1 pm at low temperatures, and remains quite long at rOcmyvheres!1 is the nonequilibrium nuclegr spin accumulation
temperatur&?* Indirect indications of spin accumulation in @nd Ty is the electron-nuclear relaxation time. The nuclear
Cu can be deduced from the absence of any enhancement &N dynamics is described by
the Gilbert damping in FMR when in contact with thin fer-
romagnetic filmg?2° d%__ s L2 (6)
Semiconductors have the advantage of a larger ratio of dt T, Te
spin bias to Fermi energy. Let us first consider the case of , ) ) ) ] )
GaAs. The spin-flip relaxation time in GaAs can be veryWhereT,<T, is the nuclear-spin relaxation time afd is
long, 7s=10"7 s atn="5x 10'® cm® carrier density® These the nuclear-electron relaxation. In steady states (T, /T,)
favorable numbers are offset by the difficulty to form X(T,/Te)s. In the experimentally relevant regim&,*
Ohmic contacts to GaAs, however. Large Schottky barrier<r; ' the electron-nuclear interactiof) has a negligible
exponentially suppress the interfaces mixing conductanceffect on the nonequilibrium spin accumulatisrand thus
parametet. Eq. (4 remains unchanged.T,/T,=8I(1+1)ecny/
InAs has the advantage of a natural accumulation layer at9kgTn,) for small polarizations, where is the Fermi en-
the surface that avoids Schottky barriers when covered bgrgy of the electron gaggT is the thermal energyy is the
high-density metals. However, the spin-orbit interaction in anuclear density, andh, is the one-spin electron densff.
narrow gap semiconductor like InAs is substantial, whichUsing N=(3/2)n./er (N=n./eg in two dimensions and
reducesrs. In asymmetric confinement structures, the spin-Eq. (4) the relative enhancement of the dc nuclear spin po-
flip relaxation rate is governed by the Rashba type spin-orbitarization is
interaction, which vanishes in symmetrical quantum wélls.
The remaining D’yakonov-Perel scattering rate is reduced in n2 Ap
narrow quasi-one-dimensional channels of widthdue to S=Mng g0+, ()
waveguide diffusion modes by a factor df (/d)?, where " .
Ls=ve/|h(kg)] is the spin-precession length in terms of thefor Au<kgT. The nuclear-spin polarization increases with
spin-orbit couplingHs,=h(k) - 5,2 which makes InAs based the spin bias and by lowering the temperature. The hyperpo-
systems an interesting material for a spin battery as well. larized nuclei, in turn, produce an effective nuclear field that
In Si, the spin-flip relaxation time is long, since spin-orbit polarizes theequilibrium properties of the electron ga% In
interaction is weak. Furthermore, the possibility of heavybulk GaAs, the nuclear magnetic fieldBs=5.3 T when the
doping allows control of Schottky barriers. So, Si appears tomuclei are fully spin polarized, which should occur at suffi-
be a good candidate for spin injection into semiconductors.ciently low temperature¥

®)

!
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Berger! proposed to generate a dc voltage by the FMR source of charge, and estimate its performance for different
which bears similarities with our proposal. But Berger’s material combinations.
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pears to be different from ours. We propose to achieve spifpis work was supported in part by the DARPA award No.
injectionvia the modulation of the interface scattering matrix Mpa 972-01-1-0024, the NEDO International Joint Re-
by the coherent precession of the magnetization, which a|search Grant Program “ Nanomagnetoe]ectronics," FOM,
lows, for example, quantitative calculations for various ma-the Schlumberger Foundation, and NSF Grant No.
terials. DMR 99-81283. G. E. W. B. acknowledges the hospitality of

In conclusion, we present the concept of a spin batteryDr. Y. Hirayama and his group at the NTT Basic Research
which is a source of spin, just as a conventional battery is &aboratories.
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