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Magnetic relaxation processes were investigated by ferromagnetic resaf@iBe using crystalline Cr/
Fe/GaA$001) ultrathin film structures grown by molecular beam epit@d4BE). For Fe films thicker than 1.5
nm the extrinsic relaxation term showed evidence of two magnon scattering. Above 10 GHz the in-plane FMR
linewidth was linearly dependent on the microwave frequency with an appreciable zero-frequency offset. The
zero frequency offset measures the strength of extrinsic damping. The in-plane Gilbert damping includes both
the intrinsic and extrinsic Gilbert contributions in qualitative agreement with recent predictions by Arias and

Mills.
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I. INTRODUCTION ® Ggg
AH(w)=AH(0)+1.16— . (2
( Y YMs

The small lateral dimensions of spintronics devices and

high-density memory bits require the employment of mag-AH(0) is caused by magnetic inhomogeneities and therefore
netic ultrathin film structures where the magnetic momentsts origin is extrinsic. The Gilbert parametér; was used to
across the film are locked together by exchange couplingsxpress the fact that the slope of the FMR linewidth in Eq.
The ultrathin films can be considered as giant magnetic molé2) can in general include both intrinsiG;,;, and extrinsic,
ecules which have unique magnetic properties of their bwn.Gext, contributions to the effective Gilbert damping param-
Spintronics and high-density magnetic recording employ fasgter. It is a reasonable assumption that for samples where the
magnetization reversal processes. It is currently of considerzero frequency offset is negligibfe\H(0)=0] the effective

able interest to acquire a thorough understanding of the spiGilbert dampingG¢ equals to the intrinsic Gilbert parameter

dynamics and magnetic relaxation processes in the nanoseg;,, .

ond time regime. In amorphous ribbons it was shoWrthat AH(0) can be
The spin dynamics in the classical limit is given by the explained by a two magnon scattering process where the
Gilbert equation of motion three-dimensional(3D) Fourier transform,F(q), of the
sample inhomogeneities can be represented by a step func-
1 oM G IM tion in the g-wave vector with the upper cutoff wave vector
;WZ_W X Hegg] + W(MXW)’ (1) less than the maximum wave vector allowed by the spin-
S

wave manifold(spin-wave dispersion relatipnin the above
model the two magnon scattering did not affect the intrinsic
whereM is the magnetization vectoMg is the saturation Gilbert dampingGiy;.

magnetization, andy is the absolute value of the electron In ultrathin film structures the spin-wavewave vectors
gyromagnetic ratio. The effect fielHqz=—dUmag/IM, are held within the film plan& constraining the two magnon
whereU ,,4is the Gibbs free energy of the system. The firstscattering to a 2D spin-wave manifold. McMichael all4
term on the right-hand side represents the precession&und that the FMR linewidth at 9.5 GHz for a 10 nm thick
torque and the second term represents the relaxation terMigyFe, film (PY) grown on NiO is affected by two magnon
which is expressed by the well known Gilbert dampingscattering. The 2D spin manifold in PY leads to an abrupt
torque! The Gilbert damping coefficier® in metals arises disappearance of the two magnon scattering contribution
from the spin orbit interaction of itinerant electrohslow-  when the magnetization angle is inclined more than 45°
ever, in realistic samples structural inhomogeneities and deaway from the film plane. The measured strength of the two
fects can play a major role in magnetic relaxatiéfhe two  magnon scattering was found to decrease gradually from its
magnon scattering process has been used extensively to daaximum value in the parallel configurati@rio nearly zero
scribe extrinsic damping in ferrités! The Patton group pio- for the magnetic moment oriented 60° away from the sample
neered the use of two magnon scattering in metallic fflims.  plane. The observed gradual decrease in the strength of the
a wide range of metallic amorphous ribbohglms® and two magnon scattering with an increasing magnetization
metallic ultrathin film multilayers'*!2 the ferromagnetic angle was explained by the intrinsic lifetime of magnons. It
resonancéFMR) linewidth, AH, above 10 GHz is not only replaces the energy delta function in the two magnon process
proportional to the microwave angular frequeney,as ex- by a Lorentzian.

pected from the Gilbert damping but possesses a zero- Recently Arias and Mill® addressed theoretically the role
frequency offseAH(0), of two magnon scattering in ultrathin film structures in par-
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allel configuration. They showed that lateral variations inthe [ 500

. s . . b) A
perpendicular uniaxial interface anisotropy fig¢ttle to the 400
interface roughne$sire a leading source of the two magnon — 201 1= 24
scattering in ultrathin films. Azevedet al’® found in g 157 18 AAA
NisgFeso sputtered films that the measured variations of the ¢ 1o R A
FMR linewidth and field were consistent with the two mag- = 5| 100 I W
non scattering model proposed by Arias and Mills. o

0
It is important to realize that for both the 2D and 3D 0 20 40 60 &0 0 20 40 60 80

. . . 8 [deg] 6 [deg]
spin-wave manifold there are no degenerate magnons with
the FMR mode in the perpendicular configuration, therefore FIG. 1. (a) FMR field (O) and (b) FMR linewidth (A) at f
in the presence of two magnon scattering the FMR linewidth=24 GHz as a function of the angi for 20Cr/15Fe/GaA®01)
AH, , should be smaller than that in the parallel configura-where the integers represent the number of ML. In-plane magneti-
tion, AH,. Recently we obtained samples satisfying thiszation corresponds t6=0° and §=90° corresponds to the mag-
condition (AH, <AH,) by preparing crystalline Cr/Fe01) netization parallel to the sample normal. The solid linganrep-
ultrathin film structures deposited directly onto G&@@1)  resents the fit using the magnetic parameters\is=16.4 kG,
substrates. These samples allowed us to interpret the FMKu, =310 ergs/cm, K, =—3.5x10°ergsicm, K;,=-1.0

linewidths in terms of intrinsic damping and the two magnon> 10° ergs/cm, g=2.09. The solid line irb) shows the calculated
scattering mechanism. dependence of the FMR linewidth as a function of the amdglsing

The purpose of this paper is to study the intrinsic and_the_ ab_ovg magnetic parameters:lwith the Gilbert damping equal to
extrinsic relaxation mechanism in Cr/Fe/G&@&1) ultrathin 'S Intrinsic valueGiy=1.5x 10°s™, see Table I
film structures as a function of the microwave frequency and
the angled between the external magnetic figttl and the ~ ergsicm, 4mM¢ =19.6kG, K =—0.09 ergs/crfy K3 =
sample plane, and to compare the extrinsic damping with the 0.04 ergs/cry K =0.6 ergs/cri and the spectroscopic

Arias and Mills model calculation’s. splitting factorg=2.09. The superscrif stands for the in-
terface part of the magnetic anisotropies.
Il. RESULTS AND DISCUSSION The FMR field and linewidth for the 20Cr/15Fe/

GaAdq001) sample(where the integers represent the number

Magnetic Cr/F€001) structures were deposited by mo- of ML) as a function of the anglé are shown in Fig. 1AH
lecular beam epitaxyMBE) directly onto semi-insulating increases with an increasing angle, reaches a maximum
GaAg001) wafers. The GaA®01) substrates were prepared around 72° away from the sample plane, and then abruptly
by annealing and sputtering cycles monitored by means ofiecreases toAH, =450e. The FMR linewidthAH,
reflection high energy electron diffractidRHEED) until a  =450e is substantially lower thatH =150 Oe. Clearly,
well-ordered (4<6) reconstruction appearéd:® two magnon scattering can contribute to the FMR linewidth.

Iron films [5, 10, 15, 20 monolayer$ML )] were depos- The perpendicular FMR measurements at 9.5 and 24 GHz,
ited at room temperaturéRT) from a thermal source at a see Fig. 2, showed no measurahlel(0), and theneasured

AH [Oe¢]

FIG. 2. The FMR linewidth for the parallel configuration for
20Cr/15Fe/GaA®0) as a function of microwave frequencs,
measured along(V¥) cubic axes{100}, (A) hard uniaxial axis

base pressure below<10™°Torr with a deposition rate of slope led to the intrinsic Gilbert damping parame@,
were covered by a crystalline chromium cap layer with agjcular configuration, see Fig. 2, provide strong
24, and 36 GHz. The out of plane FMR measurements were 200}

figuration. The Fe film in Cr/Fe/GaA801) ultrathin struc-

1/d, whered is the thickness of the Fe laykeThe constant

GaAd00)) structures have the in-plane fourfold and uniaxial

:4WMS_2KilMsd’ close to those found in bulk, modified [1?0], and (W) direction corresponding to the easy uniaxial plane
terface creates a uniaxial in-plane anisotropy with the har H(0)=0 for the perpendicular FMR measurements. The slope of

~1 ML/ min. The thickness was monitored by a crystal mi- =1 5x 10°s™%. The appreciable line narrowing shown in
deposition rate of-1 ML/ min at RT.
performed only at 9.5 and 24 GHz because we were not able
150t 1
tures behaves like a giant magnetic molecule. The magnetic 100 / ]
term and the slope of the linear dependence correspond to % 10 20 30 40
magnetic anisotropie®i; andK,, and the effective demag-
only by well-defined interface anisotropié§; is the perpen- [110]. (O) represent the perpendicular FMR linewidiH, as a
axis along the[110] direction!® The bulk and interface the corresponding solid line determines the intrinsic Gilbert damp-

crobalance and RHEED intensity oscillations. The Fe filmsrig. 1(b), and the absence of defect scattering in the perpen-
The in-plane FMR measurements were performed at 9.5,

to reach the FMR field at 36 GHz in the perpendicular con-

anisotropies are well described by a linear dependence on 5ol

the bulk and interface anisotropies, respectively. The Cr/Fe/ f [GHz]

netizing field perpendicular to the film surfacemM ¢

dicular uniaxial interface anisotropy. The Fe/G#®) in- (fimction of f. Solid lines are linear fits using E@2). Note that

magnetic properties are as followK?|¥=4.7x10°  ing G,,, see Eq(2).
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TABLE |. The AH(0) and effective Gilbert dampinG¢ for 1150
the three principal in-plane and perpendicular orientations of the
20Cr/15Fe/GaAd 00 structure(the integers represent the number 1100 &
of ML). The error bars represent uncertainties in the linear fits. The f\
accuracy of the measured FMR linewidth is a few Oe. Gilbert 3
damping, 1.5k 10°s™%, for the perpendicular directidi®01] is the 1P =
intrinsic Gilbert damping.
. . . . 0
Direction AH(0) (O® Ger(10P s 020 e“;’degf" 80
Hard uniax. axi110] 95=1 2.46-0.01 FIG. 3. (@) represent the frequency linewidthw/y [see Eq.
Easy uniax. plan¢110] 84+9 1.81+0.26 (3)] of the two magnon scattering as a function of the argyi€he
Cubic axes{100 127+11 2.26£0.34 solid line represents the angiebetween the direction of the mag-
Perpendiculaf001] 0 1.51+0.02 netization and the sample plane as a function of the afigiéhere

0 is the angle between the applied field and the sample plane. The
external field was rotated between thELQ] in-plane and[001]
evidence for the presence of two magnon scattering in th@erpendicular crystallographic directions.
20Cr/15Fe/GaA®0]) structure. TheAH(0) and Gilbert
damping G for the principal in-plane and perpendicular ) o
orientations are summarized in Table I. Note that the in-plane The measuredw(6) is shown in Fig. 3. Remarkably, the
effective Gilbert damping parameters are always bigger thaftrength ofAw(6) stays nearly independent 6f It decreases
the intrinsic Gilbert damping;,. abruptly when the magnetic moment is pulled by the fidld _
Our comparison with Arias-Mills's theory of two magnon towards the sample normal. This is in good agreement with
scattering was carried out by inserting the measuredhe two magnon scattering predictions. The number of de-
47M o4=16.4 KG into Eq.(94) in Ref. 15. In order to pro- 9enerate modes in the 2D spin-wave me}nlfold stror)gly'de—
duce a reasonable fit to our measured data it was required R£nds on the angle between the saturation magnetization
use a large in-plane geometrical aspect ratio of the surfac@d the sample plane. For an angie75° the corresponding
defects(a/c)=0.05. By replacing the calculated points in the angleg=40°. Fore=40° the number of degenerate modes in
frequency range of our measurements by a linear functiorPur case decreases by half compared to that in the parallel
see Eq(2), we were able to evaluate corresponding extrinsicconfiguration. Fo#=80° the number of degenerate modes is
Gilbert parameterG,,, from Arias-Mills’s theory. It was nearly zero. _ _
found to be 2.5¢10% s L. The difference between the in- A similar behavior was observed for the 20 ML thick Fe

plane effective Gilbert dampingS.« and the measured in- film. The samples with 5 and 10 ML thick Fe layers were
trinsic Gilbert dampingG;, does not exceedx108 s ¢, effected by variations in the film thickness across the sample

see Table 1. Arias-Mills's theory somewhat overestimates th&U€ 10 an enhanced role of the perpendicular uniaxial field
extrinsic Gilbert dampingGe,.. The measure@ o = G which scales like . Note that these lateral variations are

—Gy) is not small when compared to the intrinsic Gilbert comparable to the sgmple dlmen_5|ons, the_y are not a part of
damping G,,,. In this respect Arias and Mills correctly WO magnon scattering mechanism. In this case the FMR

pointed out that the slope which is obtained by using ). linewidth i,s given by a simple _sgperposition O.f local FMR
does not necessarily represent the true intrinsic propertie€aks: This resulted in an additional broadening of the ob-
The slope inAH(w) for the parallel configuration includes served FMR peak \.Nh'Ch.'s particularly pronounced for the
both the intrinsic and extrinsic contributions. perpe;ndmular conflguratlon. Therefore, the perpendicular
Figure 1b) shows(the solid ling the calculated depen- linewidth, AH, , did not decrgase as much for the 10 ML
dence of the FMR linewidth as a function of the angle Sample and even led to an increase for the 5 ML sample

taking for the Gilbert damping its intrinsic valu@,,. The When compared to the in-plane FMR linewidthi, .
calculated increase for the intermediate angles is caused by

dragging the magnetic moment behind the external applied I1l. SUMMARY

field H. The difference in FMR linewidth between the ex-
perimental points and the solid line in Fig(bl represents
the contribution of the two magnon scattering to the FM
linewidth, AH,,;. The strength of two magnon scattering as
a function of the angleg, is better represented by the fre-
quency linewidth Aw(6),*°

FMR measurements were carried out on Cr/Fe/Gads
Rcrystalline structures at 9.5, 24, and 36 GHz. The in-plane
FMR linewidth was linearly dependent on the microwave
frequency. The linear slope describes an effective Gilbert
damping, and the zero frequency offset comes from the ex-
trinsic contribution to the FMR linewidth. The intrinsic Gil-

dw bert parameter was obtained with the magnetic moment ori-
Ao(O)=|-5 AHex, (3)  ented perpendicular to the film surface. The in-plane Gilbert
at FMR damping overestimates the intrinsic damping; it includes

where dw/JH is evaluated for a given anglé using the both the intrinsic and extrinsic contribution. The extrinsic
FMR condition which includes all in-plane and out-of-plane Gilbert damping can be comparable to the intrinsic Gilbert
magnetic anisotropies. damping. This is in qualitative agreement with the recent
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calculations by Arias and Mill§> The strength of the two
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magnetic modelling of dynamic magnetization reversal pro-

magnon scattering follows the expected dependence on theesses should be compared to FMR measurements only

angle between the external field and the sample plane.

vhen the FMR measurements are taken over a wide range of

decreases to zero when the external field pulls the magnetigicrowave frequencies allowing one to estimate effective
moment close to the sample normal. Therefore we identif{yamping below 10 GHz.

the extrinsic contribution to the FMR linewidth as two mag-

non scattering process.
There are a few important points to be made. Equa@n
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