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Generation of dc voltages by a magnetic multilayer undergoing ferromagnetic resonance
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We predict that a dc voltageé appears across a magnetic multilayer undergoing ferromagnetic resonance.
The voltage exists along a direction perpendicular to the layer plane. This is the magnetic analog of a photo-
voltaic cell. We calculate the rate of spin flip of conduction-electron spins, induced by the precession of the
magnetization. Also, we solve the Valet-Fert spin-diffusion equation in the various layers. The dc Witage
obtained by combining these two equations. For sufficiently large precession amplitadeyerges toward a
fixed value of order=fw/e=10uV, where w is the angular frequency of precession anthe electron
charge[S0163-182@09)04517-9

I. INTRODUCTION layer, if the device is to function at all. We expect the same
to be true of the present voltage generator, and for the same

Recently, we predictéd® that a dc current crossing an reasons.
interface between the normal and ferromagnetic layer, in me- In order to expose the multilayer to magnetic fields of
tallic multilayers, would induce a precession of the magneti-microwave frequency, the multilayer may be enclosed in a
zation in the ferromagnetic layer. The presence of the sharp/aveguide. Alternatively, we may add a copper layer to the
interface causésa local increase of the magnon-electron in- multilayer, insulated from other layers and connected to a
teraction. Also, the interface acts as a source of momentungoaxial cable; this has the advantage that resistors can be
helping the conduction electrons to jump across the momertised for impedance matching. Similar coaxial-cable input
tum gap between spin-up and spin-down Fermi surfaces d%as been used for other thin-film high-frequency magnetic
they emit spin waves, i.e., as they generate the precessioﬁeViceS7. Needed ac voltage in a 30 cable is estimated by
We call this device a SWASER. Slonczewski has propbsedus at=0.15 V, to achieve a 30° precession cone angle in
a similar current-induced spin precession, as well as &igFe.
switching of the magnetization between two different static The skin effect inN, is not a problem, as long as tig
directions. Recently, Tsait al> have obtained experimen-
tal evidence of such spin precession, in a Cu/Co multilayer {)VO-f
traversed by a current normal to layers, at 4 K.

In the present work, we consider the inverse effect. We
assume that an external microwave is used to excite ferro-
magnetic resonance at a frequenei27r=1-50 GHz in one ! z
ferromagnetic layer of a multilayer; we predict that this pre-
cession of the magnetization will generate a dc voltage
across the multilayer. For sufficiently large precession am-
plitude, we find thatV is of orderftw/e=10uV. Sloncze-
wski has recently made a similar prediction. iy

We considef{Fig. 1(a)] a magnetic multilayer similar to / jT
the one constituting the original SWASERhe thick layer \_
F, and the thin layeF, are ferromagnetic. The thin layéf /’_ x
and the thick layeN, are nonmagnetic. The precessing layer \ X
is assumed to bE&,. The magnetic spins ik, andF, are

parallel in the absence of precession. They may be in the
layer plane, or they may be pulled to the perpendicular di-

rection by a static field. Since a constant val@ieof the ‘ B,
precession-cone angle is assumed in the present calculations, Ny

they apply only to the perpendicular case, strictly speaking. «
We attach electrodes #©; andN, to measure the voltagé. Cﬂ;ﬁ/
The system of coordinatesy,z[Fig. 1(a)] is such thatx T "y
is normal to theN—F, interface, andz is parallel to the
magnetic spins ifF;. The origin ofx is at theN—F; inter- FIG. 1. (8 Multilayer with ferromagnetic layer§,, F, and
face. nonmagnetic layersl,N,. (b) Spin-up and spin-down current den-

In the case of the SWASER, the configuration and chemisitiesj] ,j in F; andN, as a function of coordinate (c) Average
cal composition of the layers must Agossess mirror sym- spin-up and spin-down electrochemical potentjajs ., in F; and
metry with respect to the median plane of the precessing|, as a function of coordinate
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thickness is below the skin depth. The latter is estimated at We assumkthe values off, andf to be given by Fermi
=2 um, assuming 10 GHz and a nonmagnetic alloy of resisfunctions with different electrochemical potentials, ,u
tivity =20x10 8 Qm for N,. having the dimension of an energy:
In principle, we can select which layer precesses, by ex-
ploiting possible differences in ferromagnetic resonance fre- fi(e))=[exp(e;—m)/keT)+1]7;
quency. Instead of the layer configuration shown in Fig.
1(a) one could use_the “symmetric” or the “an‘t‘isymmetric” ) f,(e)=Lexp(( frﬁl)/kBT)ﬁLl]*l-
ones discussed in Ref. 3, or even the “zero-current

configuratiorr. Note that these electrochemical potentials are averaged

over the whole Fermi surfaceThey differ because the radii
Il. ELECTRON SPIN-FLIP PROCESSES IN LAYER F, of the spin-up and spin-down Fermi surfaces are slightly
. contracted and expanded, respectively.
The presence of mte_rfaces_between layers _céwsim:_al In Refs. 1 and 2, the electrochemical potentials, u
enhancement of the isotropis-d exchange interaction. were averaged over only hakt>0 of the Fermi surface.

Hence, we assume that this interaction is dominanE jn And the spin-up and spin-down Fermi surfaces were trans-

over ot_her kinds of electron-magnon inte_raction§ such aS aMated in momentum space, by different amounts, giving rise
isotropic s-d exchange. Also, our numerical estimates |nd|—,[0 a differenceA u= u;— ;. But that mechanism is inac-
cate that it is dominant over spin-orbit interaction, as aje in the present case because the net current defsity
source of electron spin flip ifF,, at the large precession o ichag everywhere
amplitudes considered in the .present paper. After neglecting the energy dependencelyf andB;

We assume that each spin-wave mode of angular freWe can evaluate the integrals in Hd):
guency o' in F, contains an equilibrium number '
[expfiw'/ksT)—1]" 1 of quanta(magnong except for one dn D AZ(O0)+Fiw -1
mode at the fixed angular frequeney of an external ac —n_=N N[”m_ ex;{— _1} ]
magnetic field to which the multilayer is exposed. The latter dt 4 keT
mode contains an average numiogr of magnons, witm,, X[AZ(0) + A w]. )
=[expfoksT)—1] 1. We assume a precessing layey of
small dlmensmljs:,. typically 3nl_>nl,um><1,um; this ex- Here, A72(0)=72;(0)— 7,(0), where the argument 0 re-
cludes the pOSS|b_|I|ty of many spm—wave_modes of the same, < 1 the fact thaiz; and, are evaluated ifF,, i.e., at
frequency. We will S?; ;nthSec. V how, is related to the 4 The termn,, corresponds foabsorption and stimulated
precession-cone angteot the spin wave. . emission of spin waves, and is consistent with ELy) of
: We ignore any interaction between spin-wave modes_ansRef_ 1. It is the basis of the SWASER, where a sufficiently
ing from nonlinear effects at the large precession amplltudqaarge current crossing laye¥, leads to A+#hw<0 (or
considered in the present paper. We introdube net rate alternatively? to A+ w<0), and thus to intense stimu-
dnTl/.dt of electron spin flip inF,, from up to down, caused lated emission of spin waves. On the other hand, the term
by spin waves of angglar frequen@y Because of angular- —{exf(Az(0)+%iw)/kgT]— 1} "1 corresponds to sponta-
momentum co'nservanon for |sotroplc exchange, one Magnofaoys emission, and is relatively small in the SWASER or in
of_ene_zrgth 1|1$ Creatgd or annihilated for every electron the present WOI‘i(. As expected, B@) predictsdn, | /dt=0
spin-fiip event. We write the usual lowest-order form for if n,, has the value corresponding to thermal equilibrium at

dn; /dt: temperaturel, and if Au=0.
. So far, we have ignored the modes with angular frequency
dn;, _ ﬂ _ o’ different fromw. Our numerical estimates show that their
dt — 4 contribution todn, | /dt is one tenth of that of the mode,
. b for fcc cobalt at 300 K, and much less at 77 K.
_f dEl_NBTlfl(El)[l_fT(El_hw)](nm—’_l)' The theory of spin-wave emission by a tunneling junction
—o 4 between magnetic metals, exposed to a dc voltage, is some-
what similar®?®
(N
Here,D\ is the density of states of conduction electrons. lll. SPIN DIFFUSION IN LAYERS F; AND N,

It is estimated in layeN, because this is where most of the
norm of the wavefunction is assumed to'oehen calculat-
ing dn;, /dt. Also, €; and ¢, aré' the energies of spin-up
and spin-down electron states ahdandf their occupation
numbers. AndB,; | is some positive coefficient representing
the intensity of magnon-electron coupling in the layey,
which ig a function of the thicknest} of the layer. The
factors 1-f,, 1—f, take into account the exclusion prin-
ciple. The term+1 in Eq. (1) corresponds to spontaneous

emission of spin waves, which had been neglected in Refs. %: — %: A_'“
1-3. dx dx 7

As we stated in the preceding sectionFpthe dominant
spin-flip process is electron-magnon scattering, because of
the presence of intense spin waves. On the other harig, in
andN,, spin-flip scattering at solute atoms caused by spin-
orbit interaction probably dominates.

Conservation of the total number of electronsHp and
N, givesZ for one-dimensional conduction

()



PRB 59 GENERATION OF dc VOLTAGES BY A MAGNETC. .. 11 467

\ M
1
unphysical | dc_generator equilibrium
1
o : _
1 Ap(0)
1 >
1 e
1 (]
N
unphysical : ©
B £
=
1 [=]
threshold \ . q:,)
| b4
n=0
___________________________ asymptote
1 -kBT _1 y p
1
|
o ' hysical hysical 1.2 ' ; :
= t. .
n,, = cons : unphysical unphysica 0 1 2 . 3 4
: My (10°)
SWASER 1
1

FIG. 3. Normalized values of dc voltajeacross the multilayer,
as a function of the numben,, of spin-wave guant@magnongin
FIG. 2. The electrochemical potential differens@(0) is plot-  layerF,, according to Eq(12). The voltageV is expressed in units
ted in abscissa and the parametrwhich is proportional to inci-  Of (iw/2€)(a;—1)/(a;+1). Assumed parameter values are given
dent microwave power, in ordinate. The two solid curves represeni) Sec. V.
the trajectories of the SWASER and of the dc generator in this

plane, asM is changed from zero. whereC,A; ,A, are constants having different valuesFn

) ) o andN,. The + and ¥ signs beforeA u(0) are correlated, to
We assume the multilayer to be in open circuit, so that thensurej,= 0. For the same reason, thesigns in the expo-

= infinity

'[Ota| current denSity'x iS Zero eVeryWhere: nentials are a|So Corre'a‘ted_
o LayersN andF, are assumedo be much thinner than a
Jxt1x=ix=0. (4 local spin-diffusion length. Therefore, Ohm’s and Fick's

_ . _laws show that the variations @f; ,., acrossN andF, are

Here, c is the local electron density of states per unitsmall, and can be neglected. The existenchl ahdF, may

volume and per spin, andy, the conduction-electron spin- pe ignored for the present purpose, and we cart t@afkan

relaxation time. Andjj(,ji are the spin-up, spin-down cur- F,—N, interface atx=0 [Fig. 1(a)]. While Wi, m, are
rent densities. We also write Ohm’s and Fick’s laws in com-nearly continuous therfFig. 1(c)] the existence of the in-
bined form j|=(o;/e)du;/dx, j,=(c /e)du /dx.  tense spin-flip ratein, /dtin F, (Sec. I) implies neverthe-

Combining these with E(3), we obtain less an electron transfer between the spin-up and spin-down
o o currents, hence near discontinuities jgf,j at x=0 [Fig.
ﬁd /"T:_ﬂd Ml:A—Mce 5 1b)]:
e dx e dx* 1y
. . e dn
From this, we also obtain Aronov’s equatidn il —il(—=0)=jl(=0)—j! = -
q Jx(£0)=jx(=0)=](=0)=jx(+0) L, dt
dZAE_ AE I _( Tor 1/2 (6)
dx® 15 % lc(or oY) Here,+0 and—0 are slightly positive and negative values

of x, corresponding to points just outside and on opposite
Here, o, ,0, are the spin-up, spin-down conductivities, sides of the very thin layeF,. Also, Ly, L, are the lateral
andl, is the spin-diffusion length. sample dimensions. The multilayer being in an open circuit,
We solve Eqgs(3)—(6), together with Ohm’s and Fick's we have also the conditioji(ioo)=j}((ioo)=0. We com-
laws, inF; andN,, assuming these to be infinitely thick for bine all these boundary conditions for, ,u, ,jj(,j)l( with
the purpose of the present calculation. Solutions in eaclgqs.(7), and solve forA z(0) and the voltag®/ across the

layer [Figs. 1b), 1(c)] are of the general form multilayer. This voltage is defined by—eV=C(N,)
o —C(F;) where C(N,),C(F,) are theC values inF; and
pi(x)=C+Aje s, N,.
- X :C+A etX”Sr, .
MEO=CTA, )
cel al+l 2e
X0 == An(0)e s —=,
Tsr
ATZ(0) (dn;, /dt)(e/L,L,)
cel =- = —T - ———71.
il =FAu(0)e™ s =) (7) H® [els(o; 1y o 1)]F11+[elsr(ch 14 T, YN

Tsr 8
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Here, the subscripts1,N2 refer to the layer§,,N,. We As expectedn,, in Eqg. (10) is given by the usual Bose-
have ignored the effect of electron reflections at the varioug€instein formula in the special case of thermal equilibrium
interfaces. We haven; /dt>0Au(0)<0V<O0. Also, @;  with Au(0)=0, M=0.
=6,18, inFy. In the high-temperature limithw+Au(0)|<kgT, Eq.

(10) reduces to

IV. STEADY STATE OF SPIN WAVES IN F, kgT+M
Np=7—""1—-- 11
We consider a steady state for spin waves-iny with ™ Ao+ Auwr(0) (1)
zero totaldn,,/dt. There is an electron spin flip for each
magnon created or annihilated iy throughs-d exchange If the dominant quantity “pumping” the SWASER hap-

(see Sec. )l Hence, the net raten,/dt of the magnon pens to beAz rather thanAu (see Sec. )| then Eq.(11)
creation caused by this process is equal to the net spin-fligpplies even to a SWASER where the net current defjgity
ratedn; /dt, given by Eq.(2), with a change of sign. This s not zero. This equation may be used to compare the
contribution represents the first part of the todal, /dt in  SWASER to the present spin-wave driven dc generator. We

the following equation for the steady state: show theA(0),M plane in Fig. 2. Since,=0 by defini-
— 1 tion in Eq. (11), kgT+M andAw+Aw(0) must have the
= %z _DOw H[ nm—(exp( M) _1) } same sign for a physical state to exist. The region With
dt 4 kgT <0, A(0)<O0 corresponds to the SWASER, and the region

with M>0, Au(0)<0 to the dc generatdFig. 2). The ori-
X[Aﬁ(0)+hw]—M]. ©) gin corresponds to thermal equilibrium. The poikt=
—kgT, Au(0)=—%Aw corresponds to the threshold for
SWASER action. As shown by Eq11), the contours of
constantn,, are straight lines passing through this threshold
oint. The solid curves are possible trajectories of a
WASER and of a dc generator in this planévais changed
rom zero.

In addition, the microwave field of frequenay/27 is
acting onF, (Fig. 1), and creating magnons of the same
frequency, as in ferromagnetic-resonance experiments. Th
rate of creation is represented in compact form by the secon
partM in Eq. (9). The variableM =0 has the dimension of
an energy.

We can solve Eq(9) for n,:

V. CALCULATION OF VOLTAGE V

n=|ex ho+Au(0) 1 _1+ (10 Considering the high-temperature limjfiw+ Au(0)|
m kgT ho+Au(0)’ <kgT, we substitute Eq(2) into Egs.(8) and obtain
a1~ 1 1 kBT_ nmﬁ(l)

V= — T o . (12)
ait12e (4LyL,/eDyB; ){[els (o '+ o] Dt +els(o] o Dz 1} +nm

We estimaten,, from the precession-cone anglefor a  the denominator is found to be 1.2a0°, somewhat smaller
layer F, of dimensionsL,=L,=1 um, L5=3 nm, made of than the maximum possible valung,=3.1x 10’ of the sec-
fcc cobalt, by Eq(18) of Ref. 1: ond term, quoted above. The exact valueBof depends on
the thickness of,; actually, both thd=,—N, andN—F,
_ interfaces contribufe’ to B, .
Nm= Sy(1—cosO)Ny=(S;n; Sirt 6)/2, We conclude thatV approaches for largen,, the
asymptotic valueV=— (A w/2€)(a;—1)/(a;+1) given by
wheres; is the magnitude of a localized atomic spin and  these second terms in E@L2). For a;=2, w/27=10 GHz,
the number of atoms iff,. For §=30°, we findn,=3.1  this value isV=—-6.9uV. It is shown as a horizontal
X10". Assuming o/2m=10GHz, then n,io=1.3 straight line in Fig. 3. The solid curve shows the dependence
X 10°eV. At T=77K, thenkgT=0.66x10 2eV. Thus, the of V onn,, predicted by Eq(12) for 77 K and the parameter
second term usually dominates, in the numerator of(E.  values quoted in this section. This curve crosses the horizon-
Now, we evaluate the denominator of EQL2). The tal axis forn,=kgT/Aw==161, which is then,, value for
magnon-electron paramet&;, may be estimated roughly thermal equilibrium at 77 K.
by comparing our Eq(9) to Eq. (19) of Ref. 1. We use As n, increases,Au(0) also approaches a fixed
Dn/VN=11.4X10%J1m 3 as for coppet,I;=44nm and  asymptotic value, equal te/iw [see the first Eq8)]. Then,
07 1=23x1080m, o[ '=48x10"8Qm in both F; and Eq. (2) shows that Gilbert damping disappears gradually
N,, as for cobalt nanowiré8at 77 K. Then, the first term of in F.



PRB 59 GENERATION OF dc VOLTAGES BY A MAGNETC. .. 11 469

spin down VII. STABILITY OF SPIN PRECESSION
Tl Spin precession during ferromagnetic resonance is subject
ARO)| 2 to several kinds of instabilities, especially at high value® of
’ where the equations of motion become nonlinear. One of
i F, ) them, called foldover, arises because there are three possible
spin up steady-state values of for given field and microwave
power. Nevertheless, analytiCiland numericadf* calcula-
v tions indicate that the precession can be stable evef at

, _ o , _values as high as 50°; one example is a flat disk of garnet
FIG. 4. Equivalent dc electrical circuit for the spin-wave driven with field normal to the disk plane, and with microwave

dc generator considered in the present paper. Conduction in trﬁequency slightly below the small-signal resonance fre-
spin-up and spin-down bands is represented by the lower and upper

halves of the circuit, respectively. The current through the batter)guency' E)_(pe“men{g are_ln fair agreement with the pr?d'c'
corresponds to the spin-flip ratin, | /dt caused by spin waves in 10ns of this theory.  This suggests that a steady spin pre-
F,. The currents through the vertical resistors on the left and righ€€ssion with#=30°, as often assumed in the present paper,
of the picture represent spin-orbit-induced spin-flip processés in IS not unreasonable.

andN,, respectively.

VI. EQUIVALENT ELECTRICAL CIRCUIT
VIIl. CONCLUSIONS AND FINAL REMARKS

Electrical conduction and spin-flip processe$inandN,
[Egs.(3)—(8)], together with spin-wave induced spin flip i The main result of the present paper is found in 8®)
F2 [Egs.(2)], may be represented by a dc equivalent circuit.and Fig. 3, which describe the dependence of the dc voltage
This circuit(Fig. 4) is somewhat similar to an unbalanced v/ across the multilayer on the numbay, of spin-wave
Wheatstone bridge. The fixed terba at the end of Eq(2) guanta(magnons in layer F,. The latter spin waves are
corresponds to the electromotive forte/e of the battery  excited by microwave power represented by the paraniéter
which powers the bridge. It pumps electrons from thejy Eq. (11). We find thatV approaches a fixed value
spin-up to the spin-down bands, represented by the lower (7 ,,/2e)(a;—1)/(a;+1)=—10xV for large values of
and upper parts of the circuit, respectively. Alagu(0) at . Here, a, is the ratio of spin-up and spin-down conduc-
the end of Eq.(2) is represented by the actual voltage ijyities in the magnetic layeF;, and » the angular fre-
Au(0)/e between the ends of the battery link in Fig. 4. Thequency of spin waves iff,.
spin-flip ratedn, | /dt in Eq.(2) is represented by the current | "o ~ase of the SWASER, where spin precession is

T;fugﬁ( Tth_el ,?"’?“eéy zliqk, and ”p;{sxﬁ[h@#((?) drivent by a dc current, an extra dc voltage across the
cal ‘(;’f) thBe i]nterr}1al rlgsis(tqér(l d)éésorfe{)hrgsbe:;tzr y the recipro- multilayer, associated with the precession, was also
The left-hand part of the circuitFig. 4) rgbresents con- predicted to exist_. Thi_s voltage was also of ordew/e, but
duction in layerF, and the right-hand part conduction in was of t?e oppos:ctle sign tofthe ptrhesent voliéat{glate}]cause the.
N,. The value of each horizontal resistor is proportional to>CNse Of energy tlow was from the current fo the precessing
spins, rather than the other sense.

the local value of the resistivities; * or o *. The bridge is A de voltagefo/e is al dictelf i
unbalanced ity # 1. On the other hand, the currents through 'C VOllAgen w/€ IS a'So predictet across a magnetic
omain wall precessing at an angular ratéThe dependence

the vertical resistors represent spin-orbit-induced spin-flipd g ‘

processes ifff; or N, described by Eq(3). The resistance ©f Voltage on current is characteriZécvy steps of value

of each vertical resistor is proportional to the local value of? /€ for a superconducting tunneling junction exposed to a

o microwave of angular frequency. Flnall_y, the same for-
The bridge-output wires at the extreme left and right ofMula gives correctly the order of magnitude of the voltage

Fig. 4 represent the two leads connected to the external sufCross a photovoltaic cell, even thoughs much larger.

faces ofF ; andN, [Fig. 1(a)], to measure in open circuitthe ~ As in the case of a superconducting-junction voltage

dc voltage across the multilayer. standard? the measured voltage may be amplified by con-
This equivalent circuit may be used to better understandhecting several multilayers in series. Another way to increase

our results of Eq(12) and Fig. 3 for the voltag®. Asn,, V is to increase.

increases from its equilibrium value, the internal resistance Juretschke and his collaboratbtsave observed dc volt-

Rg of the battery decreases from infinity in the equivalentages up to 60QwV in a ferromagnetic film exposed to an

circuit. Of course, this has the effect of increasing the actuaintense microwave. These voltages were related to the Hall

voltageA w(0)/e across the battery link, from zero toward a effect and to the anisotropic magnetoresistance in the film.

value close to the full electromotive foréaw/e of the bat- The voltage was measured between two points on a line par-

tery. In turn, due to the bridge imbalance, the bridge outpugllel to the film plane. On the other hand, in the present paper

voltageV (Fig. 4) is some fraction (1/2)¢;—1)/(a;+1) of  the two points are on a line normal to the film plane. More-

that actual battery voltage. This agrees with the predictionsver, the electric fieldvoltage per unit lengthis larger in

of Egs.(8) and(12), and with Fig. 3. our case by a factoe10%.
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