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Magnetic Relaxations in Metallic Multilayers

Bret Heinrich, Radovan Urban, and Georg Woltersdorf

Abstract—The intrinsic damping mechanism in metals caused whereU is the Gibbs energy of the system which includes the
by incoherent scattering of itinerant electron-hole pair excitations  Zeeman energy of the external dc fidHand external rf mag-
by phonons and magnons will be reviewed. The unique features of .yic field 4, all magnetic anisotropies and the inter-layer and

magnetic relaxations in multilayers were studied by ferromagnetic . . . . .
resonance (FMR) using magnetic single, Au—Fe—GaAs(001) angintralayer exchange interaction energies. The first term on the

double layer Au—Fe—Au—Fe—GaAs(001) structures prepared by fight-hand side of (1) represents the precessional torque and the
molecular beam epitaxy. The magnetic relaxation in single-layer second term represents the well-known LL damping torque. For
films is described by the Gilbert damping with no extrinsic contri- - small dampingy = A/vM; < 1, the LL damping term can be

butions to the FMR linewidth. These films provided an excellent o5 aced py the Gilbert damping term, resulting in the Gilbert
opportunity to investigate nonlocal damping. The main result of . .
equation of motion

these studies is that ultrathin Fe films in magnetic double layers

acquire an additional interface Gilbert damping. This is in agree- 1 oM Ie. oM
ment with recent predictions of nonlocal interface damping which ——— =—[M x Heg] + 73 [ X —} 3)
is based on the transport of spin angular momentum between v ot v M; ot

the ferromagnetic layers. Measurements of the nonlocal Gilbert . . . .
damping offer a possibility to carry out quantitative studies where & is the Gilbert damping parameter. The relaxation

of the relaxation torques caused by nonlocal spin momentum Parametex is dimensionless and often used to represent the

transfer. Numerical simulations of magnetization reversal and strength of magnetic damping. For an arbitrary strengtli of
stationary precession for an applied perpendicular current in the Gilbert damping can be converted into LL damping by the

Au—Fe—-Au—Fe—GaAs(001) multilayers will be shown. following [5]:
Index Terms—Ferromagnetic resonance, magnetic multilayers, 1 1
nonlocal spin relaxations. A Y, (4)

:G— fr— —_—
1+aZ TeTr g

whereag = G/(vM;). The Gilbert and LL damping equations

) ] ) . ) of motion are identical for small dampings < 1.
HE SMALL lateral dimensions of spintronic devices and

high density memory bits require the use of magnetis. Ferromagnetic Resonance (FMR) Linewidth
metallic ultrathin film structures where the magnetic moments |, 1he parallel FMR configuration, the static magnetization

across the film are locked together by exchange coupling,q the applied field are in the film plane. The FMR linewidth
Spintronics and high density magnetic recording employ f8lsing the half-width at half-maximum (HWHM) of absorbed

magnetization reversal processes. It is currently of considet:..ovave power) for the LL and Gilbert damping is given by
able interest to acquire a thorough understanding of the spin

dynamics and magnetic relaxation processes in the nanosecond AH — G Yyl oY )
time regime. The purpose of this paper is to review the basic vM; v v
concepts of magnetic relaxations in metallic ferromagnets. Note that the FMR linewidth is strictly linearly dependent on the

The spin dynamics in the classical limit can be described lﬁ;{ . .
e . . crowave frequency and inversely proportional to the satu-
the Landau-Lifshitz (LL) equation of motion ierowayv quency n y proporti .

ration magnetization/,. The FMR linewidth increases propor-
1M tionally with the damping coefficient. With an increasingy,

A
o M x Heg] — YE] M x M x Heg] (1) the Gilbert torque eventually becomes dominant@hi/ ot —

. INTRODUCTION

0. Forae — oo the system behaves like “molasses,” approaching

wherey is the absolute value of the electron spectroscopic spiis €quilibrium infinitely slowly. With an increasing the LL
ting factor, M, is the saturation magnetization ads the LL relaxation torque becomes dominant dvidx Hez — 0, i.e.,

damping parameter. The effective fidl.g is given by [1]-[4] the systemis always in it; quasieq_uilibrium state. This behavior
does not seem to be realistic. Obviously, the Gilbert equation of

ou motion is a more realistic description of damping in media with

T oM @ big lossesy > 1.
In the perpendicular FMR configuration, the static magneti-
zation and the applied field are perpendicular to the film plane.
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Heff =

Canadian Institute for Advanced Research (CIAR). ___The FMR linewidth is independent of the magnetization angle
The authors are with the Physics Department, Simon Fraser Unlversg/hd . . | h . f di

Burnaby, BC V5A 156, Canada (e-mail: bheinric@sfu.ca). It Is proportional to the microwave frequenayand in-
Digital Object Identifier 10.1109/TMAG.2002.801906. versely proportional to the saturation magnetizatidn

0018-9464/02$17.00 © 2002 IEEE



HEINRICH et al. MAGNETIC RELAXATIONS IN METALLIC MULTILAYERS 2497

Il. INTRINSIC DAMPING IN METALS times smaller than the intrinsic Gilbert damping parameter of
Ni, Gn; = 2.4 X 108 s 1,
A Eddy Cl-Jrn-:‘nts ) ) It should be pointed out that Suhl’s theory does not treat
In metallic films, the magnetic damping can be affected bye magnon-phonon interaction selfconsistenly. Selfconsistent
eddy currents. The role of eddy currents in thin films can be egs|culations were carried out by Kobayasiial. [13]. They
timated by evaluating the effective Gilbert damping accompanowed that the magnetoelasticity can have only an appreciable
nying the magnetization precession in the presence of eddy G&act on the FMR linewidth if the excited elastic wave estab-
rents. For thin films where the rf magnetization response fullishes a resonant mode across the film thickness at or near the
penetrates the film the contribution of eddy current€tean EpR field. This effect was called ferromagnetic elastic reso-
be evaluated by integrating Maxwell’s equations across the filgynce (FMER). In Ni, the FMER effect can even result in a split
th.icknessd. Thg resglting effect_ive field h_as a Gilbert Iil§e formEMR peak, see details in [13]. After an extensive and system-
with the effective Gilbert dampingy.aay (in Gauss’s units)  atic effort to observe FMER in films of perfect Ni and Ni—Co
9 platelets no convincing results were achieved. That indicates
Geddy _ 1 <4_7r> od? (6) that the phonon resonance is hard to establish in real samples.
(M;v)2 6\ c The elastic wave wavelengths are300 nm at 10 GHz. This
wheres is the electrical conductivity ands the velocity of light Means that for the magnetic films thinner than 150 nm at and
in free space. For Fe, the measured intrinsic Gilbert damping [p&!0W 10 GHz the FMER effect is absent. o
rameter i3, ~ 0.5 x 108 s~1 [6], [7]. The effective eddy cur- Theconclgsmn oftheabovetwosectionsisthatthe contrlbl_mon
rentGilbert paramete¥. 4, becomes comparable totheintrinsid® the damping due to phonon drag and eddy currents are insuf-
damping n Fe for afilm thickness of 40 nm. Notice ttf, de- ficientto explain the measurgd dampingin m.agnet!c metals. The
creases rapidly with decreasing film thickneSsyq, ~ d2. The eddy current losses are only |rr_1portant for thicker films and they
ultrathin film limitin Fe is reasonably satisfied far< 10nm[g] C€&n be neglected for ultrathin film sampléss 10 nm, [14].
and th_erefor_e the role of eddy currents is negligible in Fhis cage. Spin Orbit Relaxation in Metallic Ferromagnets
For thicker films one has to solve the LL and Maxwell’'s equa-
tions selfconsistantly. Therole ofeddy currentsin EMR forthicker The literature on intrinsic damping in metals dates back to the

films was quantitatively studied in [8]-[10]. late sixties and seventies. The purpose of this section is not to
get involved in details of calculations but rather to outline the
B. Phonon Drag underlying physics.

The magnetization relaxation by a direct magnonphonon sc t_Kambersky [15] showed that the i_ntrinsic da_mping_ ir_1 metalli_c

o . . . faerromagnets can be treated by using the spin-orbit interaction
teringis another possible damping mechanism. Suhlrecently P miltonian. The spin-orbit Hamiltonian corresponding to the
sented calculationsforthe magnonrelaxationby phonondrag. 'f'r'asnsversal §pin and angular momentum components can be ex-
explicit results are limited to small geometries where the magne-

tization and lattice strain are homogeneous. Using the LL and Ig{_essed in a three-particle interaction Hamiltonian

tice strain equations of motion in an asymptotic expansion, thel /25 i i
Gilbert phonon damping,.;, is given by [11] 2 WS Z Z (B|L*] o) €5 ktqoCakoba +h.c. (8)
k a,a’,0
Gpn _ 5 By(14+v)\* % where¢ is the coefficient of spin-orbit interactiol,t = L, +
~2 " E 1L, is the right handed component of the transversal atomic

. . P : site angular momentum, ;. co k- andc} . . . annihilate and

X ; 9 s, q,0 . .
wherer is the phono,n viscosity3, is t_he magn_etoelastu_: Shearcreate electrons in the appropriate Bloch states with the spin
constantE' is Young’s modulus and is the Poisson ratio. All

g, and by annihilates the spin wave with the wave-vectpr

paramete_rs can be readily ob_tamed except the parameter fp H"ﬂ% indexesy, 3 represent the projected local orbitals of Bloch
phonon viscosity;. However, it turns out that the phonon vis-,

: . ; : states and are used to identify the individual electron bands.
cosity parameter; in the microwave range of frequencies wa

For simplicity, no dependence of the matrix elememid. ™ |«)

experimentally determined in our microwave transmission €n the wave-vectors will be considered. The RF susceptibility

periments, see [12]. Inthese studies at 9.5 GHz,afasttransveE% be calculated by using Kubo-Green’s function formalism

elastic shear wave was generated by magnetoelastic couplinqm—an dom L . .
. i . . phase approximation (RPA) [16]. The imaginary part
side the skin depth of a 22m-thick Ni(001) crystal slab. The ¢ 4o genominator of the circularly polarized RF susceptibility

transversal elastic shear wave propagated across the slab spin wave with the wave-vectgrand energyiw can be
was then reradiated as transmitted microwave power at the ot Chressed in an effective damping field

side of the Ni slab. We called this effect “phonon assisted mi- 5
crowave transmission.” The experimental data were fitted using? « (S)” ,, < 1 )

the LL and elastic wave equations of motion including the magyAZ, v~ 2M,~ \ 27

netoelastic coupling. The elastic wave relaxation time was found 5 + B

to ber,, = 6.6 x 1071 s~ at 9.5 GHz. The phonon viscosity '/dk > (BILH ) (a|L7] )

as introduced in [11] is given by = c44/7phw2, wherecyy is a,0,0

the elastic modulus. For Nj = 3.4 (in CGS). Using (7) re- X (Nak,c —Naktaar) 0 (Aw+eak,e —Esk+ao) -

sults in a phonon Gilbert dampir@,;, ~ 107 s7!, thatis~ 30 9)
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(S) is the reduced spits (M, (T)/M.(0)). The difference in  So far the treatment of intrinsic damping was mostly formal.

occupation numberan = n,x . — N3 k+q,c 1S replaced by Atthis point, itis useful to outline a simple physical description

An = (On/de)hw = 6(ea ks — €r)hw Which confines the of intrinsic damping. Kambersky’s model was originally based
scattering processes in magnetic damping to the Fermi surfame the observation that the Fermi surface changes with the di-
The incoherent scattering of electron—hole pair excitationgction of the magnetization [18]. This model corresponds to
c;”kﬂyoca,k,o, can be treated by including an imaginary pathe intraband transitions. This is relatively easy mechanism to
in the electron-hole pair energy, k.- — €sk+q,0 — th/7. describe by classical picture. As the precession of the magne-
This broadens the delta functidiffiw + ea ko — €gk+q0) tization evolves in time and space the Fermi surface also dis-
into a Lorenzian [6] torts periodically in time and space. This is often referred to as
(ﬁ) “breathing Fermi surface.” The effort of electrons to repopulate
T (10) the changing Fermi surface is delayed by a finite relaxation time
T of electrons and this results in a phase lag between the Fermi
surface distortions and precessing magnetization. This is a typ-

tron—hole pair excitations. The Lorenzian function (10) shoui&aI scenario for frictional dgmping. The i.nter'banq transitions
re connected with dynamic orbital polarization, i.e., changes

be looked upon as the probability of achieving a certain sc F the elect funct beside ch  thei .
tering event which is shown in the left bracket of this denonf’ 1€ €iectron wave functions beside changes ot their Energies.
The above equations for the intrinsic damping are notintended

inator. Since no spin flip is present during the scattering, the | calculati Thev iust show th derlving id d
relaxation timer corresponds to a simple lattice relaxation tim prreal calcuations. They Just show the underlying 1deas an

which enters the conductivity. Note, that the effective dampirf)garameters entering the intrinsic damping in metals. This picture

field (9) is proportional to the frequenayand inversely propor- simple and easier to fqllow th‘_am the existing more detailed
tional to the saturation magnetizatiof, as expected for Gilbert theory. Complete calculations using a more sophisticated treat-
damping ' ment of spin orbit interaction can be found in [19] and [15].
Intrabaind Transitions,« = A For low-frequency Recently, Kung and Kambersky [20] carried out first principles
spin waves § < k, ) thg eleétron energy balanceelectronic band calculations of the intraband (breathing Fermi
w4+ & C . F_ B — h2/2m(2k Y @) in surface) Gilbert damping in Ni, Co, and Fe. They found a good
the den(gll:r;(irnatoraél;Jr(?g) c:am be significantly ?e ss %Hah guantitative agreement between the experimental data and their
This limit is satisfied, even in good crystalline structure c,alculat'ion.s.. Experimentally, in Ni the Gilbe.rt damping was
above cryogenic temperatures. After integration over the Fer?ﬂfmd significantly increased when approaching the cryogenic
surface the Gilbert damping can be approximated by range of temperatures and saturated below 50 K [21]. The
saturation o7 was explained in [22]. With an increasirfig~

2 , the energy balandes — /2 /2m(2kq + ¢2) in the denominator
G = (5)* <%> <Z Xy (| ¥ ) {or [ L] O‘>> T (11) of (10) becomes eventually comparabléo-. Momentum and
" energy conservation now play an important role in the sum over
where x;; are the Pauli susceptibilities of those states whidhe Fermisurface forthe intraband Gilbertdamping and one finds
participate in intraband electron transitions and satisfy —

.
3

(hw + €a ko — 5,@,k+q,o)2 +

The relaxation timer can be viewed as a life time of elec-

2 ) C e i . tan™! (qupTors)

= /2m(2kq + ¢7)| < h/7. In this limit, the Gilbert damping G~ MTE o) (13)

is proportional to the relaxation timeand consequently scales quF

with conductivity. where ¢ is the wave number of a resonant magnon. For

Interband Transitionse # 3: The interband transitions arey, ., > 1/q, the expression in (13) saturates and inversely
accompanied with energy gapses . The electron hole pair depends ony. This behavior was already well known for the
energy can be dominated by these gaps. For the gaps whichzg{emalous skin depth where only electrons moving in the
larger than the relaxation frequensyr the Gilbert damping skin depth contribute to the conductivity. This effect is usually

can be approximated by referred to as the concept of ineffectivness of electrons [23].
) N 51 The presence of ineffective electrons at low temperatures in the
G = (5) Z Xp (Aga) T (12)  measured Gilbert damping shows very explicitly that the mag-

netic damping in metallic ferromagnets is caused by itinerant
whereAg,, is the deviation of thg-factor from its purely elec- electrons. This is further supported by ferromagnetic antires-
tronic valueg = 2. Ag, = 4£Y " 5{a|La|B) (S| La|)/Aeg,o, 0Onance (FMAR) studies. By using microwave transmission at
see [17], determines the contribution of spin orbit interactidAMAR (¢ — 0), we were able to avoid problems associated
to the spectroscopic splitting facter In this approximation, with ineffective electrons [24] and get precise values of the
the Gilbert damping is proportional tb/r and consequently intrinsic damping. We found that in high-purity single-crystal
scales with resistivity. In reality, a large distribution of energglabs of Ni the Gilbert damping below RT was well described
gaps modifies the overall temperature dependence. The intgy-the two terms which were equal in strength and proportional
band damping can be expected to be dependent on resistititythe conductivity and resistivity [24]. This is in good agree-
only at low temperatures. At higher temperatures the relaxatiorent with the predictions of (11) and (12). Kambersky [25]
ratefi /T becomes comparable to the energy gaps s, which recently calculated the temperature dependence of the Gilbert
results in a gradual saturation of the interband Gilbert dampidgmping in Ni. He obtained a reasonable agreement with the
with increasing temperature. FMAR results of [24], [26].
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I1l. M AGNETIC RELAXATIONS IN MULTILAYERS

The role of interface damping was investigated in high quality
crystalline Au—Fe—Au—Fe(001) structures grown on GaAs(001)
substrates, see details in [27]. The in-plane FMR experiments
were carried out using 10, 24 and 36 GHz systems [28]. The
in-plane resonance fields and resonance linewidths were mea-
sured as a function of the azimuthal angidoetween the ex-
ternal dc magnetic field and the Fe in-plane cubic axis.

Single Fe ultrathin films with thicknesses of 8, 11, 16, 21, and
31 monolayers (MLs) were grown directly on GaAs(001). They
were covered by a 20-ML-thick Au(001) cap layer for protection
in ambient conditions. FMR measurements were used to deter-
mine the in-plane four-fold and uniaxial magnetic anisotropies,
K, and K,, and the effective demagnetizing field perpendic-
ular to the film surface, #M.g, as a function of the film thick-
nessd[28]. The magnetic anisotropies are well described by a
linear dependance alyd. The constant and linear terms rep-
resent the bulk and interface magnetic properties, respectively.
The ultrathin Fe films grown on GaAs(001) have their magnetic
properties nearly equal to those in the bulk Fe, modified only
by sharply defined interface anisotropies, indicating that the Fe
layers are of a high crystalline quality with well defined inter-
faces. The lineshape of the FMR peaks is Lorentzian and the

AH,, [Oe]
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FMR “.neWIdthS are small (under 100 Oe for qu mlc_rowave fr Cig. 1. (a) The dependence of the additional FMR linewidth (in parallel
quencies) and only weakly dependent on the film thickness. T&figuration) A H,q4 on 1/d at f = 36 GHz. d is the thickness of F2.
reproducible magnetic anisotropies and small FMR linewidtli® The frequency dependence Aff .44 for the parallel (open circles) and

; ; ; ; ; verpendicular (black triangles) FMR measurements. The measurements were
provided an _exce”ent oppqrtunlty for,mveSt!gatlon_ of the nori:)arried out on a GaAs-16Fe—40Au—40Fe—20Au(001) structure grown by
local relaxation processes in magnetic multilayer films. MBE. The integers represent the number of ML. The magnetic properties of
The thin Fe films which were studied in the single-layer strude Fe layers are shown in [27].

tures were regrown as a part of magnetic double layer structures.

The thin Fe film (F2) was separated from the second thick fgnt, This means that the additional contribution to the FMR
layer (F1) of 40-ML thickness by a 40-ML-thick Au normaljinewidth can be described by an interface Gilbert damping.
metal (NM) spacer. The magnetic double layers were covergfle additional Gilbert damping for the 16-ML-thick film was
by a 20-ML Au(001) layer for protection under ambient condifound to be weakly dependent on the crystallographic direction,
tions. The thickness of the Au spacer layer was much smallgf,, = 1.2x 103 s~ 1 along the cubic axis. The strength is com-

than its electron mean free path (38 nm) [29] and hence allowggrable to the intrinsic Gilbert damping in the single Fe film,
ballistic electron transfer between the magnetic layers. G=15x108g!

The interface magnetic anisotropies separated the FMR fieldsThe nonlocal damping observed in the aforementioned mul-
of F1 and F2 by a big margin, see [27]. That allowed us to cartjayer films is in agreement with recent predictions of inter-
out FMR measurements in F2 with F1 possessing a negligittée&e damping by Berger [30], [31]. Berger evaluated the role
angle of precession compared to thatin F2. The FMR linewidtb$ the s-d exchange interaction in magnetic double layers as-
in single and double layer structures were only weakly depesuming that the layer F1 is nearly static and the direction of its
dent on the azimuthal angle of the saturation magnetizationmagnetic moment determined the axis of the static equilibrium.
with respect to the in-plane crystallographic axes. Magnons were introduced by allowing the magnetic moment in

The thin Fe film in the single and double layer structures hée® to precess around the equilibrium direction. Itinerant elec-
the same FMR field showing that the interlayer exchange cdiions entering the thin ferromagnetic layer through a sharp inter-
pling [3] through the 40 ML thick Au spacer was negligible andace cannot immediately accommodate the direction of the pre-
the magnetic properties of the Fe films grown by MBE on Weﬂessing magnetization. Berger showed that this leads to an addi-
prepared GaAs(001) substrates were fully reproducible. tional exchange torque which is directed toward the equilibrium

The FMR linewidth in F2 always increased in the presen(?éds and represents an additional relaxation term. This relax-
of F2. The additional FMR linewidthA H,4q, followed an in- ation torque is confined to the vicinity of the F2/NM interface.
verse dependence on the thin film thicknéssee Fig. 1(a). This The resulting relaxation torque in a magnetic double layer struc-
means the nonlocal Gilbert damping originates at the F2/Nfire contributes to an additional FMR linewidth [3&,Hqa,
interface. The linear dependencesH,qq on the microwave Which s in the perpendicular configuration proportional to
frequency for both the parallel and perpendicular configura-
tion with no zero-frequency offset; Fig. 1(b) is equally impor-

AHadd ~ (ALL + hCU) (14)
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whereAp = Apr — Apy is the difference in the majority and TTTT—

minority Fermi level shifts and is the microwave angular fre-
guency. 120

An alternative theory of interface damping was proposed in
[32]. In their theoretical treatment, the precessing magnetiza-
tion at the ferromagnet (FM) /normal metal (NM) interface acts M, 0
as a “spin pump.” The precessing magnetization creates a spin
current which propagates away from the FM/NM interface. The 120
spin current in their calculations is valid when the injected spin
momentum into a normal metal decays or leaves the interface 4710
sufficiently fast to avoid the flow of spin current back into the
ferromagnet. In our case, layer F2 acts as a “spin pump.” The A (a) T1710
spin current is given by * 0

1710 M,
h Jom e
L. = 47FA,,m X o (15)

whereA,. is the scattering matrix anch = M /M, is the unit 120

vector of precessing magnetic moment; see [32]. Note that the
spin current has the form of Gilbert damping torque. Now an-
other important question has to be answered: how is the gener- M_°
ated spin current disposed? This answer can be found in [33],
where it is shown that the transversal component of the spin cur-
rentin a normal layer is entirely absorbed when it encounters the
interface with a ferromagnet. For small precessional angles the
spin currentl,. is almost entirely transversal to the magnetic
moment of F1, see (15). It means that the NM/F1 interface acts
as an ideal spin sink and provides an effective spin brake for F2. %z (b) 5 -1710
The resulting relaxation torque is Gilbert like and that is in per- 1710 M
fect agreement with our results. y

The study of nonlocal damping provides useful informatioRig. 2. Time evq!ution of the magnetic moment in zero external field
about the effectiveness of the spin transport in multilayer filyﬁg'rrr‘i%dsclﬁ?ffs?r‘:"gs't‘r'; Sarent C'J‘r?ggfg egﬁ;; ggseNE’;Lzva?gﬁlgtElle e
which affects the spin dynamics. The experimental verificatiqfiration of 0.5 ns. The magnetic parameters for the dynamic layer F2 are
of the interface Gilbert damping has important implicationgs follow: 47, = 21.4 kG, 47 M. = 18 kOe, the in-plane four-fold
for spin dynamics in magnetic multilayers. It offers a direci’,‘u'sogo‘)ﬁ’fé x:10%'5er3s/{:?1;,eargsfrﬁo'.()Tearl]rgptﬁ:eg-lfj;é?ggl im;c.)ég{py
access for experimental measurements of relaxation torqus in-plane uniaxial anisotropy axis is oriented° 4&ith respect to the
caused by the transfer of electron angular momentum acrggic crystallographic axis [100]. The stationary layer F1 has its magnetic

: : : At ment along the [100] crystallographic direction. (a) Includes all magnetic
a nonmagnetic spacer. It also has a practlcal Impllcatlon'a isotropies. (b) Excludes the in plane uniaxial anisotropy. Note, that the

would allow one to test the suitability of magnetic unpatternagagnetic momentin (a) continued to precess after the current was switched off.
multilayers for their use in systems employing magnetizatiothis is caused by the in-plane uniaxial anisotropy which rotates the easy axis

: e : - ral degrees away from the [100] crystallographic direction. The current
precession and SWItChIng processes in mesoscopic SWASlEKced torque tilts the magnetic easy axis in F2 closer tolh@][direction

devices. Berger used the term “spin wave amplification d consequently after the current is switched off the magnetic moment in F2
stimulated emission of radiation (SWASER)” to describe $arts to precess toward its own easy axis which is unaffected by the applied

: : : : - current. Note, that the magnetization reversal with the current induced torque is
device which uses a current induced negative term of dampl@ghificantly faster than the relaxation purely driven by Gilbert damping. In (b),

Ap = Apy — Apy in (14) can be controlled by an dc appliedhe uniaxial anisotropy is absent and the final static state is oriented along the
current passing through the film interfaces [34], [35]. This tergasy [TO_O] crystallographic direction. In this case the current driven equilibrium
involves the spin transfer by conduction processes resultingﬁéﬁ;’g;ﬁﬂ etl(;;ggf)r?lt\ég; B?/a(t:zeafl?%ﬂguccuﬁglr?to\}\:g?:vsvitacﬂi dcg?flseq“e”t'y no
a net exchange relaxation torque which is proportional to the

current density and can be adjusted to be positive or negative by ) o
controlling the direction of applied current. Negative magnetREWeen the current density amij, from Berger's ballistic
damping can be obtained by a using large enough current dgﬁl_culatgons [325] that results in a critical current density of
sity to overcome the total Gilbert damping of the layer F2. o 7 10° Alem™.

results of interface Gilbert damping can be used to determine ] ) ) ) ) o

the critical current which would be required to create a spi?\' Numerical Simulations of Current Driven Spin Instabilities
dynamics instability (negative damping) in a 16-ML-thick Fe By applying an external current, one can set two types of
film. At 36 GHz, hw = 0.15 meV and the nonlocal FMR instabilities: 1) Magnetization reversal and 2) stationary pre-
linewidth was 50 Oe. The total FMR linewidth was 120 Oe. Ieessional motion. Using the magnetic properties of the studied
order to overcome the total Gilbert damping, one needs to gai—-Fe—Au—Fe—GaAs(001) magnetic double layers and the in-
Ap = —0.15-120/50 = —0.36 meV. Using the dependenceterface relaxation torque from [34], computer simulations of

-120

-1710
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(4]

(5]

500 1

(7]
(8]
(9]
-500

[10]

[11]

(12]

500 [13]

(14]

[15]

[16]
(17]

(18]
(19]
[20]

Fig. 3. Time evolution of the magnetic moment in an external field

H = 0.6 kOe which is applied along the uniaxial easy magnetic axes [110]{21]
The starting orientation of the magnetic moment was a few degrees away
from the easy uniaxial axis [110], see the arrow. Computer simulations were
carried out with the following current densities: (a) %3.0° A/cm~2 and (b) [22]
2.5x 1°Alcm~2. The magnetic properties of layer F2 are described in Fig. 2.
Note, that one is able to establish complex stationary precessions with lard@3]
amplitudes. For a low current density in (a) the tip of the magnetization follows
the edge of a “bracelet.” With an increasing current, the bracelet closes an@4]
eventually evolves into a “lasso shape” orbit; see (b).

[25]
these two processes are shown in Figs. 2 and 3. Note that a Iar@gl
stationary amplitude of the precessing magnetization can be es-
tablished by using a reasonable current density. [27]
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