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Magnetic relaxation in metallic films: Single and multilayer structures
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The intrinsic magnetic relaxations in metallic films will be discussed. It will be shown that the
intrinsic damping mechanism in metals is caused by incoherent scattering of itinerant electron-hole
pair excitations by phonons and magnons. BefyeBerger, Phys. Rev. B4, 9353(1996] showed

that the interaction between spin waves and itinerant electrons in multilayers can lead to interface
Gilbert damping. Ferromagnetic resonadE®IR) studies were carried out using magnetic single
and double layer films. The FMR linewidth of the Fe films in the double layer structures was found
to always be larger than the FMR linewidth measured for the single Fe films having the same
thickness. The increase in the FMR linewidth scaled inversely with the film thickness, and was
found to be linearly dependent on the microwave frequency. These results are in agreement with
Berger’s predictions. €002 American Institute of Physic§DOI: 10.1063/1.1447215

INTRODUCTION where 7 is the phonon viscosityB, is the magnetoelastic
shear constang is the Young’s modulus, andis the Pois-

It is currently of considerable interest to acquire a thor- tio. Al i b dilv obtained t th
ough understanding of the spin dynamics and magnetic rex0h ratio. parameters can be readily obtained except the

laxation processes in the nanosecond time regime. parameter for the phonpn viscosity In the measurements
The spin dynamics in the classical limit is given by the of phonon assisted microwave transmisSiam X-tal Ni

Gilbert equation of motion where the relaxation term is ex-S/aPs: 22um in thickness, we were able to determine the

pressed by the well known Gilbert damping torque Ntinsic lifetime, 7,,=6.6x 107*ss, of phonons which cor-
(GIy2M2M X (9M/dt).1 M, is the saturation magnetization "€SPond to shear waves at a angular frequency ef2

and y is the gyromagnetic ratio. X10 GHz. The phon_on viscosi_ty is given by7_7

= C44/7'phw2, where c,, is the elastic modulus. For Ni
=3.4(in CGS. Using the elastic and magnetic properties of
Ni results in a phonon Gilbert damping coefficient which is
30 times smaller than the measured intrinsic damping of Ni,

In metallic films the magnetic damping can be affectedG=2.4x10° s"%. In Fe the intrinsic dampingG=0.8

by eddy currents. The role of eddy currents in thin films canx 10 s~ is smaller andV 4 is higher compared to in Ni, and
be estimated by evaluating the effective Gilbert damping thatonsequently the direct magnon-phonon damping in Fe is
accompanies precession of the magnetic moment around itsly 6 times smaller than the intrinsic damping. Clearly, di-
internal magnetic field. The contribution of eddy currents inrect magnon-phonon scattering is unimportant in high quality
this case can be calculated by integrating Maxwell's equametallic films. The above estimates were carried out for
tions across the film thickness This approach is justified small precessional angles. It is often said that the large pre-
when the rate of magnetization precession allows full peneession angles involved in the magnetization reversal process
etration of the associated rf magnetic field. In this case thean significantly enhance direct magnon-phonon relaxation.
effective eddy current Gilbert dampin@eqqy (in Gaussian  The results of Leaver and Vojd&ntontradict this assump-

MAGNETIC RELAXATION PROCESSES IN SINGLE
LAYERS

units) tion. In domain wall mobility measurements using crystalline
G 1/ 457)\2 Ni platelets(200 nm thick the motion of domain walls in-
eddy (5T 2 . o .
(Moy)? 6 < o9 (1)  volves a precessional angle of 180°, and yet the domain wall
S

mobility was explained well by the Gilbert damping obtained
where o is the electrical conductivity. For FeG=0.8 from ferromagnetic resonan¢EMR).

x 108 s™1. For a film thickness of 50 NMBegay= G- In the 1970’s it was shown that the intrinsic magnetic
Suhl presented calculations for the magnon-phonon Gilrelaxation in metals is different from that in magnetic insu-
bert damping Gpns lators. The Gilbert damping in metals is caused by incoherent
262 scattering of electron-hole pair excitations by phonons and
Gph (1+ V) BZ . . . .
=2 "9y, (2)  magnons. The electron-hole excitations involve three particle
Y E scattering(see Fig. 1L The electron-hole pair excitations are
either accompanied by spin flip or the spin remains un-
dElectronic mail: bheinric@sfu.ca changed. Spin—flip electron-hole excitations={+ 3, o’
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ments eventual saturation of the Gilbert damping with a
decrease in temperature. This result was explained by Koren-
man and Prand® using Eq.(3). They showed that the Gil-

ho

q fos , . -
/\/\/\/\/\f’ qtk,c bert damping saturates fag,;,— due to electron surfriding
effects. By employing ferromagnetic antiresonafiE®AR)
in microwave transmission measurements we were able to
ol avoid electron surfriding. We found that in high purity single
k,c crystals of Ni the terms proportional to the conductivity and

resistivity contribute equally to intrinsic dampiny.

FIG. 1. Spin wave with energg w, collides with an itinerant electron with
energysy , (o represents the spin stat@nd creates an itinerant electron MAGNETIC RELAXATION PROCESSES IN
with momentumk+q and spin orientationr’. MULTILAYERS

Magnetic multilayers provide a special case in which the
L . ) dynamic interaction between the itinerant electrons and the
=—73) can be caused by the exchange interaction betweemagnetic moments in ultrathin films offers new exciting pos-
magnons and itinerant electrofss-d exchange interaction  sibilities. It has been shown that magnetization reversal can
The total angular momentum in the-d exchange interac- pe driven by a spin polarized current flowing perpendicular
tion is conserved. The electron spin conserving scattering, the magnetic layer$:® This leads, for sufficiently high
(o=0") is caused by spin—orbit interaction which leads to acyrrent densities, to spontaneous magnetization precession
dynamic redistribution of electrons in the electron gng switching phenomena. Theoretical treatment of the non-
k-momentum spac&The intrinsic damping in pure metals |ocals—d exchange interaction in systems consisting of two
can be expected to have a strong temperature dependenggagnetic layers separated by a nonmagnetic spacer was done
The temperature dependence of intrinsic damping can be di%y SlonczewsK* and by Berget® Berger in his treatment
cussed by inspecting the expression for energy conservatiqAcjuded magnons in the thinner layer. The thicker magnetic
of the scattering shown in Fig. 1. The Gilbert damping canayer was in a static state. He showed that this leads to ad-
be calculated using Fermi's golden rule, which sums up alyitional exchange torque which is directed towards the inter-
available states that satisfy the conservation of energy. Thgy) field, and represents an additional Gilbert-like relaxation
incoherent scattering by phonons can be accounted for bjgrm. The exchange relaxation torque is confined to the vi-
broadening the conservation of energy into a Lorenzian:  cinity of the nonmagnetic/magnetic layer interface. The re-
fil Tegt sulting relaxation torque in magnetic double layers contrib-
(3 utes to an additional FMR linewidthAH,.4, and is

proportional to
where the relaxation rate, 44, describes the incoherent
scattering with phonons and magndnbor the spin—flip AHagq~ (Aptho), )
electron-hole excitationgsubscripty; becomes subscrip,) ~ whereAu=Au,;—Apu, is the difference in the spin up and
the difference in electron energ ,— €1 q,,» iS given by  spin down Fermi level shifts, andis the microwave angular
the exchange interaction energy which is much bigger thafrequency. The sign oA« depends on the direction of dc
fil 4 . In this case Eq(3) is proportional tOTﬂ_ipl. The life-  current passing perpendicular through the film interface, and
time of the spin—flip electron-hole paity,, is enhanced can lead to magnetization reversal. The second term in Eq.
compared to the orbital relaxation time,,,, that enters the (4) is always positive and proportional to the microwave
conductivity. The reason is that one needs to invoke thdérequency. This term does not require a dc current crossing
spin—orbit interaction to flip the electron spin by phonons.the interfaces. It represents interface Gilbert damping. In ul-
Elliot” showed thatrﬂipzrorb/Agz, where Ag is the en- trathin magnetic films the interface torque is shared by all
hancement of thg factor from spin—orbit interaction. In this atomic layers. It follows that the additional FMR linewidth
case the Gilbert damping is proportional igg and conse- should have a typical d/dependence on the magnetic film
quently should be proportional to the sample’s resistivity. thicknessd.

For electron spin conserving collisions the change in the  Berger’s predictions shown in E¢}) are challenging for
electron energy can involve a small wave numbeof the  experimental studies. Recently we carried out such stdflies.
FMR magnon and can be neglected compared:tagy,. The studies were done using crystalline magnetic single Au/
Equation(3) is proportional tor,,,. In this case the Gilbert Fe/GaA$001) and double layer Au/Fe/Au/Fe/Ga®@9l)
damping is proportional to the sample’s conductivity. How- structures. In the double layer structures the thin Fe Id@rs
ever, spin—orbit coupling also involves scattering with all, 16, 21, and 31 monolayef®IL) in thicknes$ from
large change in the electron ener@gattering fromd states  single layer structures were separated from a thick Fe layer
into s or p state$ and then the corresponding Gilbert damp- of 40 ML thickness by a 40 ML thick Au spacer. The thin Fe
ing is again proportional to the resistivity as in the case oflayers were deposited directly onto semi-insulating epi-ready
the s—d exchange mechanisf.In pure metals the Gilbert GaAg001) wafers by means of molecular beam epitaxy
damping due to spin conserving collisions can be signifi{MBE). In-plane FMR measurements at 9.5, 24, and 36 GHz
cantly increased at low temperatures by an increase in cowere employed to determine the in-plane fourfold and
ductivity o. Bhaghatet al. observed in their FMR measure- uniaxial magnetic anisotropiek,; andK,, and the effective

(ﬁwq+ Ex,o 8k+q,u")2+ (h/Teff)z '
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75 T T T 75 is a robust effect in Fe/Au/Fe structures. For a 16 ML thick
Fe film the strength of the interface Gilbert dampir@,

60 =1.05x 10° s ! is comparable to the Gilbert damping in the
single layer structureG=1.3x10% s !, (see Fig. 2 The
< 49 additional FMR linewidth,AH 444, followed an inverse de-
e pendence on the thin film thickneds'® This means that the
5 30 additional contribution to the FMR linewidth can be de-
scribed by interface Gilbert damping. This is in excellent
15 agreement with Berger’s prediction of interface nonlocal Gil-
bert damping in magnetic multilayers.
0 0 20 30 I Experimental verification of interface Gilbert damping
rf frequency [GHz] proposed by Berger has important implications for spin dy-

namics in magnetic multilayers. It offers direct access to ex-
FIG. 2. FMR linewidth AH, as a function of the microwave frequenéy,  nerimental studies of relaxation torque caused by the transfer
AH(w)=AH(0)+1.16(w/y)(G/yMy). (¥) Fe fiim 16 ML thick in the .
single layer structure /@) Additional contribution,AH .44, due to nonlocal _Of electron angular momentum between the ma_gnetlc Igyers
damping in the corresponding double layer structure. in the presence of electron—electron exchange interaction. It
also has a practical implication; one should be able to test the
suitability of magnetic unpatterned multilayers for their use
in systems employing mesoscopic magnetization precession
and switching processes, e.g., in the spin-wave amplification
by stimulated emission of radiaticiSWASER device pro-

d by Bergel®

demagnetizing field perpendicular to the film's surface,
47Mgg, as a function of thickness. The Fe ultrathin films
grown on GaAf01) have magnetic properties that are
nearly equal to those in bulk Fe, modified only by sharplyP9S€
defined interface anisotropies, indicating that the Fe layers
are of high crystalline quality with well defined interfaces. ACKNOWLEDGMENTS
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