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Role of electron scattering in the magnetization relaxation of thin Ng;Fe;q films

S. Ingvarsson:? L. Ritchie? X. Y. Liu,?2 Gang Xiac? J. C. Slonczewski,P. L. Trouilloud! and R. H. Koch
1IBM Research Division, T. J. Watson Research Center, Yorktown Heights, New York 10598
2physics Department, Brown University, Providence, Rhode Island 02912
(Received 13 August 2002; published 23 December 2002

We observe a strong correlation between magnetization relaxation and electrical resistivity in thin Permalloy
(NigsFeg, “Py") films. Electron scattering rates in the films were affected by varying film thickness and
deposition conditions. This shows that the magnetization relaxation mechanism is analogous to “bulk” relax-
ation, where phonon scattering in bulk is replaced by surface and defect scattering in thin films. Another
interesting finding is the increased magnetization damping with Pt layers adjacent to the Py films. This is
attributed to the strong spin-orbit coupling in Pt, resulting in spin-flip scattering of electrons that enter from the
Py.
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INTRODUCTION =0), excited by ferromagnetic resonan@eMR), can be
scattered intd&k#0 magnons by anisotropic surface defects,
The Gilbert form of the Landau-Lifshitz equation de- wherek is the wave vectol’ This two-magnon scattering
scribes the small-angle precession of magnetization in a fetheory was used by Azevedat al. to explain experimental

romagnet: results of FMR linewidth and resonance field in NiFe filfis.
Berger predicted that transfer of electron spin angular mo-
dM a dm mentum between two ferromagnetic layers, separated by a
W=—yMXHeﬁ—MMXW. (1) nonmagnetic layer, contributes to the magnetization relax-

ation (i.e., @).'® The experimental results of Urbaet al.
Here M is the magnetization angi=g|e|/2mc is the gyro- confirmed an increase in the FM_R linewidth with two Iaygrs
magnetic ratio, and is the Gilbert damping coefficient that ©f F& separlgted by a nonmagnetic layer, compared to a single
affects the magnitude of the viscous damping teHy, is  layer of Fe. _ _ o
the effective magnetic field “seen” by the magnetization, e have StUd“'Gd”FMR and electronic transport in NiFe
and is expressed in terms of the free energyHag= films (N|81Felg, Py” for short), in which _the electronic
—V,, . The Gilbert damping coefficient controls how rap- Scattering rates were affected over a wide range(&y
idly the magnetization equilibrates in the absence of externdil@nging the surface scattering contribution by varying the
stimulus. This obviously makea a key parameter in the film thlckness_,(b) c_hangmg the film deposition conditions,
description of high-speed dynamics in magnetic materials. 2nd (€) choosing different interfaces and surface treatment.
few areas wherev plays a vital role are in devices that rely W& 0bserve a strong correlation between the Gilbert damping
on fast magnetization reversal(e.g., in giant coefficient and resistivity, i.e.qp in our'smgle-layer Ey .
magnetoresistivé,magnetic tunnel junctioh,or other spin- samples. Our results show that the dominant magnetization

tronic device§ current-induced magnetization reverdghe ~ refaxation me(;:hamsm n Ithe_zse samples '”r‘]’OI‘éeS re]lectron
generation of microwaves by spin currefiistc. scattering, and is seemingly insensitive to whether the scat-

By the 1970s it was shown that intrinsic magnetizationtering occurs within the “bulk” of the films or at the surface.
relaxation in transition-metal ferromagnets could be ex-1NiS explains whya is observed to increase with decreasing

. . 7 . . . .
plained by electron scattering by phonons and magnons. THEM thickness.” It also implies that the effectiver in mag-

former process, mediated by the spin-orbit interaction, ocl€tic devices, small in at least one dimension, made with
curs both witfi® and withouf~° the accompaniment of a transition metals or alloys, is expected to be considerably
1 -1 js the larger than that intrinsic to the bulk material, due to an in-

spin-flip. In the former casex~7 -, where 7 . g )
electron-scattering rate. In the latter case the angular momeff€ased surface/volume ratio and to enhanced spin relaxation

tum relaxes as scattered electrons repopulate that interfaces® Our data also appear inconsistent with the
magnetization-direction-dependent Fermi volume, anelr two-magnon scattering theory. Further, we observe that Wlth
is expected. Magnon modes can relax through exchange ifionmagnetiaNM) Pt enclosing our Py films, the magneti-

teraction with a conduction electron, causing its spin to ﬂipzanon relaxation is significantly enhanced, in addition to the

(this can be viewed simplistically asd exchange accompa- electron scattering related mechanism above. The enhance-
nied by a spin-flip of thes electron.-*2 The conduction ment is attributed to spin relaxation of conduction electrons

electron spin then relaxes to the lattice through the spin-orbit1at leave the Py layer, both at the interfaces and within the

interaction. This also results in~ 7~ * to leading order. NM layers.
More recently, interesting effects were predicted for ultra-

thin films and for multilayers that would contribute to the

effective a in Eq. (1). Arias and Mills showed that under Our NiFe films were deposited by dc-magnetron sputter-

certain conditions in ultrathin films the uniform mod& ( ing in a vacuum system with a base pressure of 2
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%108 torr. During deposition they wer@ll but one series
exposed to a uniform magnetic field 6f150 Oe to induce
uniaxial in-plane anisotropy. X-ray results show that the Py
films are(111) textured. We made two series of samples of
Si/SiO, /Py/PR, where PR is photoresist, used to protect the
film from oxidation. One of thesgalledo-Py) was grown in

a uniform applied magnetic field, the othéralled d-Py)
without a deliberately applied field. Both series have a
clearly defined easy axis, the direction of which in they . , . .
was presumably defined by the Earth’s field. Resistivity mea- 1.5 2 25 3 3.5
surements on these samples were made using the van der of2n (GHz)

Pauw method. They indicate that tePy series has more
disorder than the-Py (“ordered”) series. We also studied

the effect of adjoining Py layers with 80-A-thick NM- bers denote layer thickness in Atructure withH 4,=60 Oe along

metallic layers, i.e., Si/SiQX/Py/X, whereXis Cu, Nb, or . N o .
Pt. The Py thickness within each sample series was varied (e easy axis of the filmp=0 and¢=y=m/2. Also shown is the

. . . Coordinate system used to describe the free energy of the film lying

depositing a terraced structure on a smgle_wafer using the x-y plane with the easy axis in thedirection.
movable shadow mask. The films were then lithographically
patterned into arrays of discs, 1 or 2 mm in diameter. Fronthe average anisotropy of the upper and lower surfacesj and
each deposition we thus obtained a series of samples of difs the film thickness. The in-plane uniaxial anisotropy is de-
ferent thickness, with minimal variations in growth condi- termined by fitting the angular variation of the resonance
tions. We also made one sample of Si/Si@y, 1000 A frequencyw, in the plane of the samples. Typical results are
thick, and ion milled it several times, measuring its thicknessshown in Fig. 2, which displays a fit te,/27 as a function
and magnetic properties between millings. of the equilibrium magnetization angt.

To obtain the Gilbert damping in our samples we mea- For the free energy given in Eq2) the resonance fre-
sured their in-plane magnetic susceptibility in an FMR ex-duency is given by

¥, (arb. units)

FIG. 1. Real and imaginary parts of the susceptibility as a func-
tion of frequency of a 80Nb/477Py/80Nb sandwich structumenm-

periment with swept frequency and fixed dc magnetic field. 2 2K 4K
The experimental setup is essentially the same as that of (—) =| Hsin(¢+ z,/;)+477M——uco§¢>+ S)
Korenivski et al!® The magnetic softness of PyH( M dM
<4 Oe) allows the experiments to be done with applied dc 2K,
fields H<150 Oe. Our films are thinner than the skin depth X| Hsin(¢+¢)—— 005(2¢)>- ©)
at the corresponding resonance frequencies, agl(2m)
<3.5 GHz for the uniform mode of spin precession. The 3
exchange stiffness in Py causes higher-order spin wave § ogl
modes to appear at much higher frequencies. The ac field is (ID )
considered uniform throughout the films and a quasistatic T 28
approximation relates the internal and external fields. These &
assumptions are supported by the Lorentzian line shape of s 27
our resonance peaks, and holds even for the thickest samples 26 (@
of ~1000 A. The FMR experiments were done at a small T-180 -90 0 90 180
precession-cone angle, the ratio of the amplitudes of the ac- ¢ (degrees)
and dc-fields being-10~“. There was no detectable change oo d=100 A 50 33.3
in the FMR (susceptibility when the rf power was increased N% 39
by 15 dB. 3 A
The conditions above allow us to fit the susceptibility = 3 N
very well with a linearized form of Eq1). The free energy R
F, includes the Zeeman energy, a demagnetization term, > 25
uniaxial in-plane anisotropy and a uniaxial out-of-pldire N';L (b)
terface anisotropy term. In the coordinate system shown in 2
Fig. 1, under the assumption that the applied dc magnetic 0 001 - 002 0.03
field H is in plane, can be expressed as 1d(A™)
) ) FIG. 2. (a) The dependence of the resonance frequency on the
F=—MHsin@sin(¢+ ) +27M? cos o in-plane magnetization angle in a 682-A-thick sample from the
K 0-Py series, wittH 4= 90 Oe in the plane of the film. From a fit to
+K,sirfdcoS ¢+ 2—cog, (2)  the oscillatory angular dependence we obtain the in-plane anisot-
d ropy field, hereH,=10 Oe.(b) Resonance frequeney, vs sample

. . o . thicknesdd for the o-Py series. The shift in? scales as . This is
where K, is an in-plane uniaxial anisotropy constait, accounted for by surface anisotropy, in accord with @}.The line
=(Kg +Ks)/2 is a surface anisotropy constant representingds a least-squares fit and correspondte-0.28 erg/crf.
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0,062 d=100A 50 333 20 functions of the inverse film thicknessdl/Values for the
@ d_Pv (disordered a thickest films approach the bulk damping, but as the thick-
0.04 io:P¥ Eo'%%rre%r)e ) ness decreases increases dramatically. In the-Py the
3 ' o damping doubles from the thickest film to the thinnest. The
0.02 o effect is much more pronounced in thePy, where the thin-
awach B 4 A nest film has roughly six times the bulk damping value. The
0 room-temperature resistivity(d) of these two series is
(b) shown in Fig. 8b). The changes ip reflect quite accurately
~ 150 o . e
E the corresponding changesdn i.e.,Ap/py=Aalaqy, Where
G 100 = the subscript 0 refers to thick film values. This suggests the
S 50 g f a existence of a simple relationship betweelandp, which is
A TA addressed below. The reason for plotting these data as func-
00 001 002 003 004 tion of 1/d_is, t_hat if one naively assumes that can b_e
1/d (A7) separated into independent bulk and surface contributions a
0.06 1/d dependence is expected as the surface/volume ratio
(c) changes. This is analogous to the assumption made for elec-
0.04 tron scattering in the Fuchs-Sondheimer theory of surface
5 scattering®®
0.02 However, neither th®-Py nord-Py series exhibit a per-
fectly linear relationship betweem, or p, and 14, although
0 the deviation of th@-Py samples from a straight line appears
0 4 80 120 160 : o X
p (uf2em) small. Neglecting the small deviation, a Fuchs-Sondheimer-

type analysis of the-Py resistivity results in a bulk resistiv-
FIG. 3. (a) Gilbert damping coefficient and(b) resistivityp of ity at room temperature op,=24 nl cm and mean free
the d-Py (disorderedl and o-Py (ordered series as function of in- path A=96 A (the corresponding low temperature, or re-
verse film thickness i} at room temperature. The two series ex- sidual, values arey, o= 14 1) cm and\ =215 A. ltis
hibit quite different thickness dependencés. displays the corre-  clear from the significant departure pf in the d-Py series,
lation betweerx andp. from the linear 1d dependence, that the simple assumptions

With the applied field and the magnetization coincident Withqf the FuchsTSondhelmer model do hot hold_there. Add'.'
the easy axis of the sample, i.¢:=0 andy= 6= /2, for tional scattering _mechanlsms such as impurity and grain
each series of samples we use the leading terms in the fieRPundary scattering should be taken !nt_o.accéamn any
dependence o, in Eq. (3) to obtain an initial estimate of Case, it is evident frpm the small resistivity ratios in both
y. Similarly we use the thickness dependencepfo obtain  S€ri€s,pzesk/pres ranging from 1.85 for the thickest films to
an initial value forK, as shown in Fig. @). Subsequently 1.1 for the thinnest films, that scattering associated with film
we obtain the Gilbert damping parameterand refined val- ~surfaces and defectsncluding grain boundarigsaccounts
ues forK and y by fitting the complex susceptibility. With ~for the major share of the total resistivity in all of these films.
this approach we arrive at a self-consistent result where &he strongesf-dependent contribution tp(T) at low T is
constani s accounts for the shift in the resonance frequencyproportional toT?, which is attributed to electron-electron
as a function of film thicknessind where theg value is and electron-magnon scatterifig.
constant for any given series of samples. When the data in Figs.(8 and 3b) are plotted together,
Even without our careful determination of the above-as in Fig. 3c), they fall on a single curve. Note that the
mentioned values we could obtain a good estimatexpf thickness of the films in the overlap region is quite different
since its effect on the resonance curve cannot be mimickegbr the two series. For instance, the thinnesy film in Fig.
by adjusting other parameters. However, as the damping ir3(c) is 35 A thick, and it corresponds roughly tadePy film
creases, the resonance peak gradually disappears, and it Bgthickness 65 A. At least to leading order, a simple propor-
comes d|ff|cult_to'est|mata acpurately_, even with our fitting _tionality, describable bpneconstant, of experimental to p
procedure. This is re_flected in the size of the error bars ins functions ofd is apparent in Fig. ®). However, an ex-
Fig. 3(c). We emphasize that in our treatmenis the dimen-  oination of the data in Figs(@ and 3b) reveals that even
lslonlggshGlllbr]ert dsmplngb coefflcr]antl'and.g?]t fthlf fr_equehncyfwo parameter fits ofx, or p=a+bd™ " to the data would
Inewidth. Although we o Serve t.e Inewl th fo owmg_t € hot be fully satisfying. These remarks suggest immediately
same trends as as a function of film thickness, we believe that a significant contribution to viscous damping in very
Yhin ferromagnetic metals is connected with the electron
scattering, giving rise to resistivity in a general way not de-
pending on whether the electron scattering is by phonons,
defects, or surface irregularities.
RESULTS AND DISCUSSION Theo_retic.all est!ma_ltes by Kamberskyre partic_ularly
helpful in distinguishing a low-temperature damping term
The Gilbert damping coefficients, for the two PR-  proportional to the electron-scattering timefrom a high-
coated seriesg-Py andd-Py) are displayed in Fig.®), as temperature term proportional to 1, when electron scatter-

measuring the linewidth. Alsay represents the total effec-
tive damping, including both intrinsic and extrinsic damping,
such as surface damping.
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ing by phonons is prevalent. Electron scattering in our d=100 A 50 333

8

samples is dominated by surface and defect scattering. It is 0.04
mainly caused by fixed electrostatic potentials associated
with compositional interdiffusion and structural irregulari- 0.03
ties. It is therefore more appropriate to use the results of
Heinrichet al1° to account for our data. They considered the 5 0.02

effect of s-electron spin relaxation os-d exchange and
magnetization relaxation:

By definition, the equatiome=\/yM relates the dimen-
sionless Gilbert damping coefficient to the Landau-Lifshitz
parametei. A combination of Eq.(21) in Ref. 10 and the 0 0.01 0.02 0.03
assumption that the spin-relaxation rafe'~ 7~ %, where/ 17d (A
is a constant, and ™! is the ordinary electron scattering rate
(characteristic of electrical resistivity, i.e., it includes both  FIG. 4. Gilbert damping coefficient, of Py adjoined with Cu,
scattering events that are accompanied by a spin-flip antib, and Pt. As a reference we plot théPy series. Also shown is a

0.01

those that are nhty|e|ds the estimate Py film that was ion milled from one side.
Lym* ke film thickness is caused by variations in the surface anisot-
a= 2 2M 1 4) ropy, and(b) the similarity with the changes ir andp is

simply a coincidence. Also the theory predicts a field depen-
Herey is the free-electron gyromagnetic ratio; the effec-  dence ofa, i.e., a decrease as the applied field is reduced
tive mass of thes electron, andkg the Fermi wave vector. We  since the two-magnon contribution vanishes in the limit of
have neglected a terid/(47M)~10 2 compared to unity. zero field'> We observe a constaat in the field range 150
We now eliminate the scattering rate with the Drude conducdown to 30 Oe, at which point starts toincreasedue to
tivity formula o=p~*=ne?s/m*. Further, we crudely esti- incomplete saturation of the films.
mateM = ugn with ug=7% /2 the Bohr magneton anithe The effect of adjoining Py layers with different NM me-
atomic density, to obtain tallic layers on the magnetization damping is shown in Fig.
4, with theo-Py series as a reference. For thick samples the
_ damping parameter remains constant, equal to the bulk
5: ﬁ:&?X 10°(Qm) ®  vale. However, as the film thickness decreasdacreases
rapidly, the rate of increase depending on the type of inter-
estimated for a 3d metal or alloy. face. In the Cu, Nb, an@-Py series the damping atp,
The solid line in Fig. &), obtained by a linear least- ~35 A is approximately twice the bulk value in those
squares fit constrained to go through the origin, has a slopsamples. It is apparent that the effect @rof adjoining the
of 3x10* (m). To satisfy Eq.(5) we must then havé Py films with Cu or Nb is the same as protecting the Py with
~107%, ie., 75 '~10" 171 For comparison we observe photoresist, i.e., the fact that these tmietallic films meet
that the diffuse scattering of an electron is represented by with Py is insignificant in these cases. In contrast a very
random walk process, where the spin diffusion lenbth pronounced effect was observed with Pt-coated surfaces. As-
=\(7s/7)¥2, N\ is the mean free path of the electron, andsuming a linear dependence afon 14, the slope of the
75/ 7 is the number of spin-preserving scattering events bePt-coated material is more than 4.5 times the slope for the
fore the spin is flipped. With published values for Pylgf  other overlayers, and the value atdp =57 A'is almost four
=55 A% and mean free paths <6 A and\,;=46 A**we  times the bulk value. This effect was observed independently
estimate the ratiofy/7) ~* to be 0.01 and 0.7 for the down- by Mizukamiet al?* We also found that successive thinning
and up-spin bands, respectively. Our result lies well withinof a Py-film by ion milling led to greatly enhanced damping.
that range. As can be seen in Fig. 4, the effect of ion milling one side of
Alternative to the electron scattering mechanism, one maghe sample is at least equivalent to that of having two Py/Pt
also consider that of two-magnon scatterfigSince both interfaces.
mechanisms involve interfacial effects, they both predict a The great increase i in the ion-milled sample most
increased damping with decreasing film thickness. But, tdikely arises from the increased electron scattering at the sur-
account for the plot in Fig. @), one must show how two- face due to surface damage caused by the ion-milling pro-
magnon scattering predicts @&gual dampingn two films  cess. Again we observe a constanas a function of applied
having unequal thicknesseget exhibitingequal resistivities  field, arguing against two-magnon scattering effects similar
because of a compensating difference in their preparatiorio those observed by LeCraet al?® in single-crystal gar-
The surface roughness of our samples, determined by atomitets. The Cu-coated samples had a surface roughness of 25
force microscopy, was the same-@ A, both withinand ~ +3 A, .. The Pt-coated samples were a factor of 3—4
between the two series. Furthermore, the measured surfaseoother (2 A.,J). Despite having much rougher inter-
anisotropies of the@-Py andd-Py samples are constant and faces than both the-Py and the Pt-coated samples, the Cu-
identical, i.e.,Ks=0.28 erg/cr in both cases. It therefore coated samples did not show an enhanced damping over the
appears improbable théd) the increase i with decreasing uncoatedo-Py sample and much less damping than the Pt-

o e2k|:
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coated sample, as can be seen in Fig. 4. These observationsThe effectiveness of ion milling in increasimgcompared
confirm that the increasea in the Pt-coated series is not with the lack thereof in the Cu-coated samples suggests that,
caused by surface roughness effects, and point toward eithafthough the Cu-coated samples are rougher than the very
an interface scattering effect or to some intrinsic property okmooth PR- and Pt-coated samples, the roughness is insig-
the capping layers, or both. Berg&predicted, for nonmag- nificant as far as magnetization damping is concerned. One
netic |ayerS in contact with a magnetic Iayer, a Contributionmay expect a much more Compiex surface after ion miiiing'
to a from exchange coupling between localized magneticcaused by a mixture of redeposition of Py, surface oxidation
spins and conduction electrons accompanied by spin-flind structural defects, none of which are present in the as-
scattering both at interfaceand from interaction with deposited films.

phonons in the nonmagnetic layers through the spin-orbit |n conclusion we have confirmed that magnetization re-
interaction. The latter would imply that layers with strong |axation in ultrathin Py films is governed by processes that
spin-orbit interaction, such as Pt, would provide a more efinyolve ordinary electron scattering. This is analogous to
fective damping than, e.g., Cu, in qualitative agreement withhy|k relaxation except that the electron scattering in ultrathin
our results. Recently, a paper by Tserkovngalal”” caught  films is increasingly caused by surfaces and defects as the
our attention. They presented a model of this same systefims become thinner, whereas it is caused to a greater extent
based on the idea that the magnetization preceSSion in thﬁ/ phonons in bulk materials. We have also observed an
FM layer drives a spin current into the NM layer, where anyincreased damping in trilayers of Pt/Py/Pt which we attribute
spin imbalance is assumed to relax. Thus the same applies {§ strong spin-orbit coupling in the Pt layers. From a practi-
their case, that Pt should provide a large enhancement due g viewpoint our results highlight the important connection
its strong spin-orbit coupling and effective spin relaxation. petween electron scattering and magnetization damping.

We did not Study the reSiStiVity of the trilayer films coated That should prove important when designing magnetic de-
with Cu, Nb and Pt, as the situation is ObViOUS|y much mMOoreyices with a desired “Optimai” dynamic response.

complicated than in the single-layer case. The resistivity of
the metallic capping layers is in all our cases lower than that
of Py. Separating the resistive contributions of capping lay-
ers, Py, and interfaces is very difficult, making a comparison
betweena andp in this case less meaningful. Nonetheless, We thank T. R. McGuire, L. Berger, and B. Heinrich for
these results with adjoining nonmagnetic layers reinforce théelpful discussions, and D. W. Abraham for help with AFM
above conclusion about the primacy of electron scatteringgnd magnetization measurements. This work was supported
mechanism in the viscous damping of very thin ferromag-n part by National Science Foundation Grants Nos. DMR-
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