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Nanosecond magnetic relaxation processes in ultrathin metallic films prepared by MBE
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Magnetic relaxation processes were investigated by ferromagnetic resonance~FMR! using crystalline Cr/
Fe/GaAs~001! ultrathin film structures grown by molecular beam epitaxy~MBE!. 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

The small lateral dimensions of spintronics devices a
high-density memory bits require the employment of ma
netic ultrathin film structures where the magnetic mome
across the film are locked together by exchange coupl
The ultrathin films can be considered as giant magnetic m
ecules which have unique magnetic properties of their ow1

Spintronics and high-density magnetic recording employ
magnetization reversal processes. It is currently of consi
able interest to acquire a thorough understanding of the
dynamics and magnetic relaxation processes in the nano
ond time regime.

The spin dynamics in the classical limit is given by t
Gilbert equation of motion
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where M is the magnetization vector,Ms is the saturation
magnetization, andg is the absolute value of the electro
gyromagnetic ratio. The effect fieldHeff52]Umag/]M ,
whereUmag is the Gibbs free energy of the system. The fi
term on the right-hand side represents the precessi
torque and the second term represents the relaxation
which is expressed by the well known Gilbert dampi
torque.1 The Gilbert damping coefficientG in metals arises
from the spin orbit interaction of itinerant electrons.2 How-
ever, in realistic samples structural inhomogeneities and
fects can play a major role in magnetic relaxation.3 The two
magnon scattering process has been used extensively t
scribe extrinsic damping in ferrites.3–7 The Patton group pio-
neered the use of two magnon scattering in metallic films.8 In
a wide range of metallic amorphous ribbons,9 films,10 and
metallic ultrathin film multilayers1,11,12 the ferromagnetic
resonance~FMR! linewidth, DH, above 10 GHz is not only
proportional to the microwave angular frequency,v, as ex-
pected from the Gilbert damping but possesses a z
frequency offsetDH(0),
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DH(0) is caused by magnetic inhomogeneities and there
its origin is extrinsic. The Gilbert parameterGeff was used to
express the fact that the slope of the FMR linewidth in E
~2! can in general include both intrinsic,Gint , and extrinsic,
Gext, contributions to the effective Gilbert damping param
eter. It is a reasonable assumption that for samples where
zero frequency offset is negligible@DH(0)50# the effective
Gilbert dampingGeff equals to the intrinsic Gilbert paramete
Gint .

In amorphous ribbons it was shown13 that DH(0) can be
explained by a two magnon scattering process where
three-dimensional~3D! Fourier transform,F(q), of the
sample inhomogeneities can be represented by a step f
tion in theq-wave vector with the upper cutoff wave vecto
less than the maximum wave vector allowed by the sp
wave manifold~spin-wave dispersion relation!. In the above
model the two magnon scattering did not affect the intrin
Gilbert dampingGint .

In ultrathin film structures the spin-wavek-wave vectors
are held within the film plane,1 constraining the two magnon
scattering to a 2D spin-wave manifold. McMichaelet al.14

found that the FMR linewidth at 9.5 GHz for a 10 nm thic
Ni80Fe20 film ~PY! grown on NiO is affected by two magno
scattering. The 2D spin manifold in PY leads to an abru
disappearance of the two magnon scattering contribu
when the magnetization angle is inclined more than 4
away from the film plane. The measured strength of the t
magnon scattering was found to decrease gradually from
maximum value in the parallel configuration20 to nearly zero
for the magnetic moment oriented 60° away from the sam
plane. The observed gradual decrease in the strength o
two magnon scattering with an increasing magnetizat
angle was explained by the intrinsic lifetime of magnons
replaces the energy delta function in the two magnon proc
by a Lorentzian.

Recently Arias and Mills15 addressed theoretically the ro
of two magnon scattering in ultrathin film structures in pa
©2001 The American Physical Society02-1
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allel configuration. They showed that lateral variations in
perpendicular uniaxial interface anisotropy field~due to the
interface roughness! are a leading source of the two magn
scattering in ultrathin films. Azevedoet al.16 found in
Ni50Fe50 sputtered films that the measured variations of
FMR linewidth and field were consistent with the two ma
non scattering model proposed by Arias and Mills.

It is important to realize that for both the 2D and 3
spin-wave manifold there are no degenerate magnons
the FMR mode in the perpendicular configuration, theref
in the presence of two magnon scattering the FMR linewid
DH' , should be smaller than that in the parallel configu
tion, DH i . Recently we obtained samples satisfying th
condition (DH',DH i) by preparing crystalline Cr/Fe~001!
ultrathin film structures deposited directly onto GaAs~001!
substrates. These samples allowed us to interpret the F
linewidths in terms of intrinsic damping and the two magn
scattering mechanism.

The purpose of this paper is to study the intrinsic a
extrinsic relaxation mechanism in Cr/Fe/GaAs~001! ultrathin
film structures as a function of the microwave frequency a
the angleu between the external magnetic fieldH and the
sample plane, and to compare the extrinsic damping with
Arias and Mills model calculations.15

II. RESULTS AND DISCUSSION

Magnetic Cr/Fe~001! structures were deposited by m
lecular beam epitaxy~MBE! directly onto semi-insulating
GaAs~001! wafers. The GaAs~001! substrates were prepare
by annealing and sputtering cycles monitored by means
reflection high energy electron diffraction~RHEED! until a
well-ordered (436) reconstruction appeared.17,18

Iron films @5, 10, 15, 20 monolayers~ML !# were depos-
ited at room temperature~RT! from a thermal source at
base pressure below 2310210Torr with a deposition rate o
;1 ML/ min. The thickness was monitored by a crystal m
crobalance and RHEED intensity oscillations. The Fe fil
were covered by a crystalline chromium cap layer with
deposition rate of;1 ML/ min at RT.

The in-plane FMR measurements were performed at
24, and 36 GHz. The out of plane FMR measurements w
performed only at 9.5 and 24 GHz because we were not
to reach the FMR field at 36 GHz in the perpendicular co
figuration. The Fe film in Cr/Fe/GaAs~001! ultrathin struc-
tures behaves like a giant magnetic molecule. The magn
anisotropies are well described by a linear dependence
1/d, whered is the thickness of the Fe layer.1 The constant
term and the slope of the linear dependence correspon
the bulk and interface anisotropies, respectively. The Cr
GaAs~001! structures have the in-plane fourfold and uniax
magnetic anisotropies,K1 andKu , and the effective demag
netizing field perpendicular to the film surface, 4pMeff

54pMs22K'
s /Msd, close to those found in bulk, modifie

only by well-defined interface anisotropies.K'
s is the perpen-

dicular uniaxial interface anisotropy. The Fe/GaAs~001! in-
terface creates a uniaxial in-plane anisotropy with the h
axis along the@11̄0# direction.18 The bulk and interface
magnetic properties are as follow:K1,i

bulk54.73105
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ergs/cm3, 4pMs519.6 kG, Ku,i
s 520.09 ergs/cm2, K1,i

s 5

20.04 ergs/cm2, K'
s 50.6 ergs/cm2, and the spectroscopi

splitting factorg52.09. The superscripts stands for the in-
terface part of the magnetic anisotropies.

The FMR field and linewidth for the 20Cr/15Fe
GaAs~001! sample~where the integers represent the numb
of ML ! as a function of the angleu are shown in Fig. 1.DH
increases with an increasing angle, reaches a maxim
around 72° away from the sample plane, and then abru
decreases toDH'545 Oe. The FMR linewidth DH'

545 Oe is substantially lower thanDH i5150 Oe. Clearly,
two magnon scattering can contribute to the FMR linewid
The perpendicular FMR measurements at 9.5 and 24 G
see Fig. 2, showed no measurableDH(0), and themeasured
slope led to the intrinsic Gilbert damping parameterGint
51.53108 s21. The appreciable line narrowing shown
Fig. 1~b!, and the absence of defect scattering in the perp
dicular configuration, see Fig. 2, provide stron

FIG. 1. ~a! FMR field ~h! and ~b! FMR linewidth ~n! at f
524 GHz as a function of the angleu for 20Cr/15Fe/GaAs~001!
where the integers represent the number of ML. In-plane magn
zation corresponds tou50° andu590° corresponds to the mag
netization parallel to the sample normal. The solid line in~a! rep-
resents the fit using the magnetic parameters 4pMeff516.4 kG,
K1,i533105 ergs/cm3, Ku,i523.53105 ergs/cm3, K1,'521.0
3105 ergs/cm3, g52.09. The solid line in~b! shows the calculated
dependence of the FMR linewidth as a function of the angleu using
the above magnetic parameters with the Gilbert damping equa
its intrinsic valueGint51.53108 s21, see Table I.

FIG. 2. The FMR linewidth for the parallel configuration fo
20Cr/15Fe/GaAs~001! as a function of microwave frequency,f,
measured along:~.! cubic axes$100%, ~m! hard uniaxial axis

@11̄0#, and~j! direction corresponding to the easy uniaxial pla
@110#. ~s! represent the perpendicular FMR linewidthDH' as a
function of f. Solid lines are linear fits using Eq.~2!. Note that
DH(0)50 for the perpendicular FMR measurements. The slope
the corresponding solid line determines the intrinsic Gilbert dam
ing Gint , see Eq.~2!.
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evidence for the presence of two magnon scattering in
20Cr/15Fe/GaAs~001! structure. TheDH(0) and Gilbert
damping Geff for the principal in-plane and perpendicul
orientations are summarized in Table I. Note that the in-pl
effective Gilbert damping parameters are always bigger t
the intrinsic Gilbert dampingGint .

Our comparison with Arias-Mills’s theory of two magno
scattering was carried out by inserting the measu
4pMeff516.4 kG into Eq.~94! in Ref. 15. In order to pro-
duce a reasonable fit to our measured data it was require
use a large in-plane geometrical aspect ratio of the sur
defectŝ a/c&50.05. By replacing the calculated points in th
frequency range of our measurements by a linear funct
see Eq.~2!, we were able to evaluate corresponding extrin
Gilbert parameterGext from Arias-Mills’s theory. It was
found to be 2.53108 s21. The difference between the in
plane effective Gilbert damping,Geff and the measured in
trinsic Gilbert damping,Gint , does not exceed 13108 s21,
see Table I. Arias-Mills’s theory somewhat overestimates
extrinsic Gilbert damping,Gext. The measuredGext(5Geff
2Gint) is not small when compared to the intrinsic Gilbe
damping Gint . In this respect Arias and Mills correctl
pointed out that the slope which is obtained by using Eq.~2!
does not necessarily represent the true intrinsic proper
The slope inDH(v) for the parallel configuration include
both the intrinsic and extrinsic contributions.

Figure 1~b! shows~the solid line! the calculated depen
dence of the FMR linewidth as a function of the angleu
taking for the Gilbert damping its intrinsic valueGint . The
calculated increase for the intermediate angles is cause
dragging the magnetic moment behind the external app
field H. The difference in FMR linewidth between the e
perimental points and the solid line in Fig. 1~b! represents
the contribution of the two magnon scattering to the FM
linewidth, DHext. The strength of two magnon scattering
a function of the angle,u, is better represented by the fre
quency linewidth,Dv~u!,19

Dv~u!5S ]v

]H D
at FMR

DHext, ~3!

where ]v/]H is evaluated for a given angleu using the
FMR condition which includes all in-plane and out-of-pla
magnetic anisotropies.

TABLE I. The DH(0) and effective Gilbert dampingGeff for
the three principal in-plane and perpendicular orientations of
20Cr/15Fe/GaAs~100! structure~the integers represent the numb
of ML !. The error bars represent uncertainties in the linear fits.
accuracy of the measured FMR linewidth is a few Oe. Gilb
damping, 1.513108 s21, for the perpendicular direction@001# is the
intrinsic Gilbert damping.

Direction DH(0) ~Oe! Geff(108 s21)

Hard uniax. axis@11̄0# 9561 2.4660.01

Easy uniax. plane@110# 8469 1.8160.26
Cubic axes$100% 127611 2.2660.34
Perpendicular@001# 0 1.5160.02
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The measuredDv~u! is shown in Fig. 3. Remarkably, th
strength ofDv~u! stays nearly independent ofu. It decreases
abruptly when the magnetic moment is pulled by the fieldH
towards the sample normal. This is in good agreement w
the two magnon scattering predictions. The number of
generate modes in the 2D spin-wave manifold strongly
pends on the anglew between the saturation magnetizatio
and the sample plane. For an angleu575° the corresponding
anglew540°. Forw540° the number of degenerate modes
our case decreases by half compared to that in the par
configuration. Foru580° the number of degenerate modes
nearly zero.

A similar behavior was observed for the 20 ML thick F
film. The samples with 5 and 10 ML thick Fe layers we
effected by variations in the film thickness across the sam
due to an enhanced role of the perpendicular uniaxial fi
which scales like 1/d. Note that these lateral variations a
comparable to the sample dimensions, they are not a pa
two magnon scattering mechanism. In this case the F
linewidth is given by a simple superposition of local FM
peaks. This resulted in an additional broadening of the
served FMR peak which is particularly pronounced for t
perpendicular configuration. Therefore, the perpendicu
linewidth, DH' , did not decrease as much for the 10 M
sample and even led to an increase for the 5 ML sam
when compared to the in-plane FMR linewidth,DH i .

III. SUMMARY

FMR measurements were carried out on Cr/Fe/GaAs~001!
crystalline structures at 9.5, 24, and 36 GHz. The in-pla
FMR linewidth was linearly dependent on the microwa
frequency. The linear slope describes an effective Gilb
damping, and the zero frequency offset comes from the
trinsic contribution to the FMR linewidth. The intrinsic Gil
bert parameter was obtained with the magnetic moment
ented perpendicular to the film surface. The in-plane Gilb
damping overestimates the intrinsic damping; it includ
both the intrinsic and extrinsic contribution. The extrins
Gilbert damping can be comparable to the intrinsic Gilb
damping. This is in qualitative agreement with the rece

FIG. 3. ~d! represent the frequency linewidthDv/g @see Eq.
~3!# of the two magnon scattering as a function of the angleu. The
solid line represents the anglew between the direction of the mag
netization and the sample plane as a function of the angleu, where
u is the angle between the applied field and the sample plane.
external field was rotated between the@110# in-plane and@001#
perpendicular crystallographic directions.
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calculations by Arias and Mills.15 The strength of the two
magnon scattering follows the expected dependence on
angle between the external field and the sample plane
decreases to zero when the external field pulls the magn
moment close to the sample normal. Therefore we iden
the extrinsic contribution to the FMR linewidth as two ma
non scattering process.

There are a few important points to be made. Equation~2!
seems to have a wide applicability in metallic ferromagne
films. The presence of a zero frequency offset,DH(0), in the
FMR linewidth can be significant and will generally result
a considerably higher effective damping than expected fr
the intrinsic contribution. This is particularly important i
magnetization reversal studies where the effective freque
range is below 10 GHz. The relaxation times used in mic
-
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magnetic modelling of dynamic magnetization reversal p
cesses should be compared to FMR measurements
when the FMR measurements are taken over a wide rang
microwave frequencies allowing one to estimate effect
damping below 10 GHz.
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