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Two-magnon scattering in a self-assembled nanoscale network of misfit dislocations
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The static and dynamic properties of magnetic P@B® ultrathin film crystalline structures prepared on
GaAg001) templates were investigated by ferromagnetic reson@RbAR) from 10 to 73 GHz. It will be
shown that the formation of a self-assembled nanoscale network of misfit dislocations in crystalline structures
can be detected during the growth by fan-out diffraction features in reflection high electron energy diffraction.
This network of defects leads to a strong extrinsic magnetic damping. The out-of-plane measurements of the
FMR linewidth have revealed that the extrinsic damping is caused by two-magnon scattering. The contribution
to the FMR linewidth from two-magnon scattering is strongly anisotropic and follows the rectangular symme-
try of the glide planes of the misfit dislocation network. It will be shown that the observed strong anisotropy
in two-magnon scattering can be interpreted by Fourier components of magnetic defects. The angular depen-
dence of the Fourier components results in an effective channelling of scattered spin waves.
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[. INTRODUCTION have the rectangular symmetry given by the glide planes of
misfit dislocations. It will be shown that the angular depen-
The development of magnetic devices operating at highlilence of theq dependent two-magnon scattering intensity
frequencies requires a better understanding of processes mesults in channelling of scattered spin waves.
sponsible for magnetic relaxation. The spin dynamics in the
clgssmal I|m|_t can be_descnbed by the Landau-Lifshitz- Il. GROWTH, RHEED STUDIES
Gilbert equation of motion:
Preparation of the ultrathin film structures was carried out
(1) by means of molecular-beam epita@yBE). Semiinsulating
epi-ready GaA®01) wafers (manufactured by American
XTal Technology were used as templates for the growth of
metallic structures. The GaAs substrates were heated to

the electron spectroscopic splitting factor, amds the di- 400°C in ultra high vacuum for 10 h in order to desorb
. P piC spiiting L contaminants. Residual oxides and carbon were removed by
mensionless Gilbert damping parameter. The first term on th

. . . . Weactive desorption using an atomic hydrogen source at
right-hand side represents the precessional torque in the i 00 °C. Afte 1 h of hydrogen treatment the surface contami-
ternal fieldHq4 and the second term represents the Gilbertn '

damping torqué. The intrinsic damping in metallic ferro- ation was below the detection limit of Auger electron spec-

magnets is caused by spin-orbit interaction and it is de:[roscopy. Subsequent annealing up to 600°C was monitored

; 4 : : using reflection high energy Electron Diffracti¢RHEED)
scribed phenomenologically by the Gilbert damping torgue. .. .
The ferromagnetic resonan@eMR) linewidth [half-width at until a well ordered 46 reconstruction appeared. The Fe,

. . . Pd, and Au films were grown at room temperature from a
half maximum (HWHM)] as a function of the microwave 10
. LT ) . thermal source at a base pressure less thed® ~* Torr
frequencyf for Gilbert damping is strictly given by

with a deposition rate of-1 monolayer(ML )/min.* The film

2 f thickness was monitored by a quartz crystal microbalance

AH(f)=a—. (20  and RHEED intensity oscillations, see Figall
Y GaAs and Fe are well matched in their crystalline struc-

A linear frequency dependence A is often satisfied in  ture(half of the unit cell of GaAs is 1.4% larger than the unit
samples with extrinsic dampirlg’. However, in this case the cell of Fe. The Au001) surface in-plane lattice spacing is
extrapolatedAH(0) has a nonzero valu&ero-frequency closely matched to the F@01) template (0.5% mismatgh
offset. The purpose of this paper is to demonstrate that irvhen [110]5,[100]c.. Pd001) has a large mismatch
lattice strained structures the spin dynamics can be strongli#.4% with respect to the K601 template even when
affected by a self-assembled network of misfit dislocations[ 110]p4|[ 100]r.. Au(001) grows over Pd with the in-plane
It will be shown that these defects significantly increasecubic axes parallel to those of @@1). The Pd and Au lattice
magnetic damping by a two-magnon scattering process. Thepacings are mismatched by 4.9%. The presence of Pd in
angular dependence of two-magnon scattering exhibits arystalline Au/Pd/F@01) multilayers provides a large lattice
strong in-plane anisotropy. We will show that FMR is a tech-strain which above a critical thickness of Pd is relieved by
nique allowing one to determine components of the Fouriethe formation of misfit dislocations. In this paper we present
transform of magnetic defects which are relevant to magnetimainly the results on ultrathin magnetic single-layer films
relaxation processes. The observed strong anisotropy in twarPdB30FeGaAg001) and AuhPd/A6FEGaAq001), where
magnon scattering originates in the magnetic defects whicthe integers represent the number of atomic layeraas

M
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wherem=M/My is the unit vector in the direction of the
magnetic momenk, y=g|e|/2mc is the absolute value of
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100 streaks reached maximum intensity. Fan-out streaks are well
- known in MBE epitaxy. It was shown by Pukit¢hat their
E75- presence can be related to surface clustering with a rectan-
Z gular symmetry.

S 50 The main diffraction features in RHEED can be described
£ by kinematic scattering. The intensity of diffracted beams is
ﬁ 25 determined by components of the Fourier transform,
T S(ky k), of surface atom$,where k, and k, are the in-
5 planek vectors. Pukite’s analysis was based on evaluating
0 200 400 600 800 1000 the surface reciprocal lattice space in the presence of ran-

time [s] domly distributed rectangular surface mesas. The mesa cells
- were generated by an independent geometric distribution of
lines along thex andy in-plane coordinates parallel to the

(b) b
v atomic steps of mesas. The scattering intensities in this case
. . ' are given by the product of two Lorentzian functidns,
| 3 A(ky ky)=S* S~ A b 3

K2+ B2 Ko+ %

where B is given by the average size of atomic terraggs;
- =2KL). The reciprocal surface scattering rods are replaced
B by reciprocal space sheets oriented along the surface atomic
© steps® Their intensities are described by E@®), and the
electron diffraction in RHEED is given by the intersection of
the Ewald sphere with the reciprocal sheets. This leads to
simple diffraction streaks when the electron beam is oriented
along the atomic edgedine defect$, and results in fan-out
streaks for the electron beam oriented 45° with respect to the
atomic steps; see details in Ref. 6. The atomic mesas are one
: possibility leading to reciprocal sheets. Other systems with
T rectangular defect distribution can lead to a similar reciprocal
space. Parallel dislocation bundles in Fe of0d4) also re-
sulted in well-defined reciprocal sheets oriented along
{100 ¢; see Ref. 8.

FIG. 1. () RHHED intensity oscillations of 30 monolayers
(ML) of Fe grown on GaA®01). The primary electron beam en-

ergy was 10 keV. The presence of strong RHEED intensity oscilla Pukite’ its all t ke the followi ful
tions after 4 ML indicates a good pseudo-layer-by-layer growth ukite's resulls allow one to make the following Usefu

where the surface roughness was confined mostly to two atomigonclusion:The presence of RHEED fan-out streaks v

layers. (b) RHEED pattern on 20 Au/16 Fe/Ga®91) measured Symmetry is due to the formation of a rectangular network of
with the electron beam along th&00] , direction of A(001). The surface line defectd-or the RHEED electron beam oriented

real in-plane periodicity is given by the outer streaks. The streak@t 45° with respect to the direction of line defects the fan-out
between the middle streakzero reciprocal rod and the outer —Streak pattern is symmetric and reaches its maximum inten-
streaks are caused by thex2 surface reconstruction of surfactant Sity; while along the line defect$or angles 0 and 90°) only
As. (c) shows strong fan out RHEED features on(@@1) due to a  Simple straight streaks are present.
network of misfit dislocations in 20 Au/9 Pd/16 Fe/G&d&1). The From the RHEED patterns in Fig(d one can conclude
electron beam was oriented lofig00],,. Note that the RHEED that the surfaces of the AuiPd/Fe/GaA&01) structures with
streak intensities caused by th& 2 surface reconstruction are sig- n=9 consist of a network of line defects, which are oriented
nificantly diminished in the presence of misfit dislocations indicat-a|ong the(110) 5, crystallographic directions of A002). J.
ing that the long-range order of the surfactant As deteriorated.  \\poltersdorf investigated the growth of Pd on a thin foil
Au(001) template using plan view transmission electron mi-
between 0 and 300 ML. RHEED intensity oscillations werecroscopy(TEM),® and showed that the strain in @82) lay-
present during the growth of all layers. ers thicker than 4 ML is gradually relieved by the formation
The RHEED pattern of the AQ01) layer in Au/  of dislocation half loops. The glide due to the dislocations
nPd/Fe/GaA&01) depends on the number of Pd atomic lay- creates a rectangular network of surface defect lines oriented
ers,n. Forn<4 the RHEED patterns of Au were the same asalong the(110),, directions>° The lattice mismatches be-
those observed in Au/Fe/Ga@91). They were straight tween Pd and Au and Pd and Fe are similar, and therefore the
RHEED streaks, see Fig(H), corresponding to a 22 re-  results of Woltersdorf’s TEM studies are relevant to the Pd/
construction of the A(01) surface with surfactant ASFor ~ Fe(001) layers which were employed in our structures. Re-
n=4 the RHEED patterns of A001) developed fan-out cent plan view TEM studies by Woltersdorf and Schblz
streaks when the primary electron beam was oriented alonglearly revealed a network of misfit dislocations, see Fig.
the (100 5, directions, see Fig.(&). For n=9 the fan-out 2(a), and reciprocal sheets in the Pd and Au lal/ens the

184417-2



TWO-MAGNON SCATTERING IN A SELF-ASSEMBLED.. .. PHYSICAL REVIEW B9, 184417 (2004

30047, AT T
2501 *. * " o
200{ °, a0 e e o

é 150_'7' .' . v Vv' '. o."-7SGHz

T v ®eses® v v .o.. * v ]

< 100{ -~ \ v v

YevTyy? YYYTVyyY 136 GHz
501 2acHz
0 T T v T T T T T T T T
0 30 60 90 120 150 180

FIG. 2. (8 Plan view TEM image of 90Au/9Pti6Fe Pm [deg]
GaAg001). The arrow indicates thgl10],, crystallographic direc-

tion and the contrast with fourfold symmetry is due to the misfit
dislocation network. The inset shows the diffraction pattern wher
the fourfold symmetry of defects is evident in the reciprocal sheet
along the(110) 5, directions.(b) Ex situSTM image of 90Au/9Pd/
16F€GaAq001). The arrows along110) 4, highlight surface steps
which are caused by dislocation glide. The rms roughness was 1

FIG. 4. The ferromagnetic resonance linewidth for the 200Pd/
30FdGaAq00)) film at 73 (), 36 (@), and 24 ¥) GHz as a
unction of the in-plane angle,, between the magnetization and
the[100]¢. axis. The angleg), were calculated fronp,, using the
magnetic anisotropies and applied field. Dotted lines indicate the
Alinewidth due to intrinsic damping at 73, 36, and 24 GHz.

. . lated with an amplitude of a few oersteds at 80 Hz and a
90AU/9Pd16F€Gang00]) structure. The lattice strain re- phase sensitive detection was used to increase the signal-to-

laxation in Pd was further confirmed by scanning tunnel mi-_ . 12 : .

. noise ratiot?> The measured FMR lines were symmetric
croscope(STM) images from the top of AWOY) layer of the Lorentzians, see Fig. 3, and their HWHM Iinewidtr)\/ was de-
same sample, 90Au/9PIlBFedGaAg001). Figure Zb) shows termined us,ing Lorentz}an fits
surface steps arising from the network of misfit dislocations The in-plane resonance fiélds and resonance linewidths
half loops indicating that the atomic displacements along th%vere measured as a function of the angle between the
{111 5, glide planes propagate through the top Au layer. external dc magnetic fieltH and the Fe in-plan¢100]g,

cubic axis.
The magnetic anisotropies of tBOFg001) layer innPd/

FMR experiments were carried out with the magnetic mo—30FdGaAs{OOl) and AuhPdll6FgGaAg00]) are close to

ment in the film plangin-plane configurationand out-of- thpse in Ach_a/GaAs(OOl) systems ‘.Jf the corrgsponding F_e
plane (out-of-plane configurationusing 10, 14, 24, 36, and thickness which are not accompanied by a misfit dislocation

5
73 GHz system&’ The external magnetic field was modu- network._The_ easy axes of th_éOl_:e Iay_er are 3'099 th?
(110 directions due to the uniaxial anisotropy originating

at the GaAs interface.The striking difference between
samples with a thick Pd layer imPd/Fe/GaA&01), n
=130, and those witm=110 was in magnetic damping.

Ill. FMR STUDIES

1 N 1 N 1 N 1 oLl
7/

~ &x"I5H

The Fe layers imPdFe/GaAg001) structures withn<110
. have shown only Gilbert damping which was enhanced by
S spin pumping of the precessing magnetization of the Fe layer
and the spin sink inside the Pd layéP. The FMR linewidth
\/_ in nPdFe/GaAg001) samples witm=130 was different. In
o these samples the FMR linewidth was strongly dependent on
T i the angleg,, between the magnetization and the crystallo-
i graphic{100), axes, showing a distinct fourfold symmetry,
i B see Fig. 4. The minima and maxima &H are along the

FIG. 3. Typical FMR spectra measured at 24 GHz on the 200Pd
30FgGaAg001) sample. The left spectra were taken with the mag-
netizationM in the plane:M|[[100]¢, (solid line) and M||[110]g

Iy

7/

(110 and( 100, crystallographic directions, respectively.

25 ' 3.0 ' 3'5 ' 4'0 27.0 ' 275 It is interesting to note thaAH(¢),) has no twofold sym-
) ) H ) [kOe.] ) ) metry. This implies that the chemical bonding between Fe
RES and the uniaxial dangling bonds of GaAs at the Fe/

paAs(OOl) interface plays no role in the formation of mag-
netic defects by the network of misfit dislocations.
The FMR linewidth as a function of microwave frequency

(dotted lin. The right spectrum corresponds to the perpendiculai@/SO changed in a very pronounced way. The frequency de-
configuration M|[001]r). Note that the FMR linewidths in the Pendence of the FMR linewidtiAH(f), along the(100)r,
in-plane configuration are anisotropic, and the narrowest line i€Nd(110)g directions is shown in Fig. 5. Along the10) ¢,
measured in the perpendicular configuration.

(easy magnetic axesind(110)., (hard magnetic axgsthe
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300- ' ' ' ' ' ' P observed experimentalljopen circles Then the FMR line-
] ] widths without the dragging contribution are obtained by us-
250 i ing the effective Gilbert dampind AH=(27f/y)aqxl.
] 1 These are shown in the filled points in Fig. 5. Now one can
— 200 A discuss the data. First, the dependence on the microwave
8 S * ] frequency is not described by a simple linear dependence as
— 150 © - expected for Gilbert damping. Second, the slope of the FMR
z ] w7 linewidth is close to that expected for the intrinsic damping
100+ * Pt - only between 36 and 73 GHz, btH(0)= 160 Oe is sig-
1 Ja* -7 1 nificantly increased compared to tH&10)r. orientations.
5017 T . Third, below 36 GHz the frequency dependence Adfl
0 e I shows a clear downturn. In fact the frequency dependence
P L S S for the (100, orientations resembles the recent calculations
0 10 20 3? [élqlz]SO 60 70 80 by Arias and Milld® of extrinsic damping by two-magnon

scattering. A similar frequency dependence\éf was found
recently by Twisselmann and McMichaglfor Permalloy

FIG. 5. The frequency dependence of the FMR linewidth for the 17
L>"in Fe/V super-

200PdBOFEGaA00]) structure along the(110, (%) and  (-Y) films grown on NiO and Lindneet a
(100 (@) directions, respectively.@) showAH along(100), lattices. _ o .
before the dragging contribution to the linewidth was remotee The above increase of the FMR linewidth was found in a
further details in the text The purpose of the solid line spline fitis 1arge number of samples involving a lattice mismatched
to guide the reader’s eye. The dashed line shows the frequendiyer of Pd. A comparable FMR line broadening was ob-
dependence of the intrinsic FMR linewidftilbert damping ob- ~ served in the following Fe layershighlighted in bold:
tained by using the 100 PRIFEGaAg001) sample with no mag- 90AuhPd/A6FdGaAg001) and 20AuFe/40Au/

netic defects in Fe. The spin pumping contribution in 1003BE& nPdFe/GaAg001) with n=9. The samples have one in
GaAg001) to AH was already saturated Ref. 34.symbols onthe common. The extrinsic damping is triggered by lattice de-
dashed line show the FMR linewidth in the perpendicular configufects which are caused by a misfit dislocation network. The
ration at 10 and 24 GHz for the 200BOF€GaAg001) sample.  onset of two-magnon scattering requires a critical thickness
Note that+r are right on the dashed line indicating that in the of Pd which depends on where the Fe layer is located. For
perpendicular configuration the FMR linewidtfH is only given  the Fe |ayer deposited on the Pd spacer the critical thickness
by the Gilbert damping 4=0.006) with no zero-frequency offset for the onset of two-magnon scattering is equivalent to the
[AH(0), =0]. The dotted lines indicate the range of microwave cyjtica| thickness for the formation of misfit dislocations in
frequz_anues wher_e the slopedH (f) is closg to that expected from Pd,n=4 found in Pd/Au system%ln the Fe layer directly

the Gilbert damping. Note that the dotted lines have zero-frequenc&rov\/n on GaA&0Y) the formation of magnetic defects re-
offsets. quires either a thick Pd layen{130) or a combination of a
FMR linewidth between 10 and 73 GHz was nearly linearlythin Pd (1=9) and a thick Au layer% 70), e.g., 90Au/9Pd/
dependent on the microwave frequency, but accompanied by6F€GaAg001) or 200PdBOFeGaAg001]). In all samples

a zero-frequency offseiH(0)=50 Oe. However, the slope the strength of the two-magnon scattering was found nearly
is close to that corresponding to the intrinsic Gilbert dampingndependent of the thickness of Fe implying that the two-
obtained in samples without extrinsic damping. The Gilbertmagnon scattering is a bulk effect in the studied range of Fe
damping includes the contribution from spin pumping into athicknesse10-40 ML). This behavior is expected in good
100Pd001) cover Iayerl.“ The results are quite different for crystalline films; once the dislocation half loops are gener-
the FMR measurements with the saturation magnetizatioated they propagate along thi211py glide planes and are
along the(100) g, directions. One has to realize that for the only stopped either by the film surfa¢Ee grown on PHor

30 ML thick Fe film the(100)g, directions are neither easy by the GaAs/Fe interfacé=e grown on GaAs The extrinsic

nor hard magnetic axes, and therefore one is not able tdamping in these magnetic double layers exhibited similar
avoid dragging of the magnetization behind the applied exgualitative and quantitative behavior. Since in magnetic bi-
ternal field at FMR. The FMR linewidth was determined by layers the spin pumping affects the angular dependence of
first finding the in-plane direction of the external field H the FMR linewidth due to accidental crossovers of the reso-
which leads tavi[{100)g, at FMR. The open circles in Fig. 5 nance field§’ we limit our presentation to a single magnetic
show the measured linewidth. However, dragging the maglayer in 200Pd30F6GaAg002).

netization behind the external field results in additional FMR

line broa_dening. This effect is particularly present at low V. TWO-MAGNON SCATTERING

frequencies, because the FMR fields are comparable to the

in-plane uniaxial anisotropy field. The dragging is nearly ab- Two-magnon scattering provides a simple model for de-
sent at and above 24 GHz. In order to remove the draggingcription of extrinsic damping in FMR. In this case inhomo-
contribution the FMR linewidth was evaluated in the follow- geneous magnetic properties generate scattering of the reso-
ing manner: FMR peaks are calculated using the magnetizarant mode (uniform mode with g~0) into nonuniform

tion dragging, and the effective Gilbert damping.§) is modes #0 magnons Two-magnon scattering has been
adjusted in such a way that the totaH is equal to that extensively used to describe extrinsic damping in
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[010] M.B

X||= w2 P
BeffH—(;) +i(H+B)a;+[Re(R)+iIm(R)]
6)

whereB.;;=H+4m7My; is the effective induction, and in-
plane anisotropies are neglected for simplicity. The real part
Re(R) leads to a shift in the FMR field and the imaginary
part Im(R) provides additional damping. ReJ and ImR)
have to satisfy the symmetry of magnetic inhomogeneities.
In a rectangular network of misfit dislocations one expects to
get additional two and fourfold anisotropies affecting both
the FMR field and magnetic damping. In addition both
Re(R) and ImR) are dynamic effects and in general depen-
dent on the microwave frequency. This leads to an important
conclusion:Magnetic anisotropies measured by FMR can in-

FIG. 6. The black lines show the lobes of degenerate magnon§lude frequency-dependent terms which are absent in dc
calculated for 73 GHzbig lobes and 24 GHz(small lobey. The ~ Measurements.
background is a contour plot of the in-plane Fourier components The strength of two-magnon scattering in damping as a
from Eq. (3). The lobes are shown fovl[[100], andM|[110]¢,.  function of the anglepy, of the magnetization with respect to
Note that Pukite’s type of(q), which is even scaled to produce the in-plane crystallographic axis can be tested by evaluating
anisotropic behavior for smatj vectors(large (L)), would result  the expression InK). Using the above concept of Fourier
using Eq.(6) only in a weak anisotropy of the FMR linewidth. components of magnetic inhomogeneities one can write

ferrites®-22Patton and co-workers pioneered this concept in 3
metallic films?3 In this section we will summarize only those IM[R(em)]~ f 1(9) 8(w— wq)dq
features of two-magnon scattering which are essential for the
discussion of our results. :ZJ"”maX I(q ) ®)
The two-magnon scattering matrix is proportional to com- ax 0@ PMIG ’
ponents of the Fourier transform of magnetic inhomogene- %(qu‘/’)
ities A(q)=/drAU(r)e '9", whereU(r) stands symboli-
cally for a local anisotropy energy. The magnon momentunwherel (q) represents the effective intensity of two-magnon
is not conserved in two-magnon scattering due to the loss gicattering, andr= ¢y + ¢ is the angle of they vector with
translational invariance, but the energy is conserved. In ulrespect td 100]g, (defec} axis. The magnon group velocity
trathin films the magnom vectors are confined to the film dw/dq(dq,) in Eq.(6) is proportional to the strength of the
plane and the magnon energies are given by the dispersiatipolar and exchange fields and represents the dipole-
relation which can be found in Ref. 24. For the in-planeexchange narrowing of local inhomogeneitléghe expres-
orientation the magnon energy withparallel to the satura- sion qo/(dw/3q)(de,y) describes a weighting parameter
tion magnetization decreases its energy with increagiaigd  along the path of two-magnon scattering lolg#). It turns
eventually due to the effective exchange field crosses theut that for a given microwave frequency this factor is nearly
energy of the homogeneous modegatq,. This means that independent oiy. This means the whole two-magnon scat-
the magnon with the wave vectgy is degenerate with the tering lobe contributes to InK) with an equal weight inde-
homogeneous mode and can be involved in two-magnopendent of the anglé. An exception is the space close to
scattering. The value ofj=q, decreases with increasing the origin of the reciprocal space. One has to realize that
angle s between theg vector and the saturation magnetiza- long-wavelengti(small ) variations in magnetic properties
tion. No degenerate modes are available for the angle can lead to a simple superposition of local FMR peaks. The
larger thaR®* extrinsic FMR linewidth in this case merely reflects large
length scale sample inhomogeneities and should not be
. H 12 treated by two-magnon scattering. Twisselmann and
Ymax= arcsw(m) (4 McMichael® concluded that the FMR linewidth is given by
a superposition of local resonances whba characteristic
whereH is the field at FMR and #M.; is the effective inhomogeneity field is larger than interaction fiéfiin the
demagnetizing field perpendicular to the film surface. range of long-wavelength defects the important part of the
Two-magnon scattering is confined to degenerate magnteraction field is the magnetostatic contribution ,qd
nons following the path of lobesy(¢#), around the direction  to the magnon energy dispersion, whelrés the film thick-
of the magnetic moment, see Fig. 6. ness. Therefore the FMR spectrum is given by a simple su-
The two-magnon scattering formally enters the in-plane rfperposition of local FMR peaks when
susceptibility* as an additional terrR (mass operatoin the
denominator, H,D=37Md, (7)

qod

184417-5



G. WOLTERSDORF AND B. HEINRICH PHYSICAL REVIEW B59, 184417 (2004

30 T T 250
25+ 2004 ¥ e S A 10
20 : -
T g™ 1%
o 3 = @
X 151 A = he]
= 4 & 100 d =
n F 4 ] =
= 10 1\ 160
T 50 »
5 ‘_‘___‘r.’o/ ] *
e——d 0 T . r'Y
0 , , 0 30 60 90™°
0 90 0, [deg]

30 60
6,, [deg]
FIG. 9. (@) represent the adjusted frequency FMR linewidth
FIG. 7. The ferromagnetic resonance field as a function of theAl w/y from the extrinsic contribution as a functiaiy at 24 GHz.
angle 6, between the sample plane and the applied fi¢lchea-  The solid line shows the angle of magnetizatigpas a function of
sured at 24 GHz. The the magnetic field was rotated in the (001Y,,. The dashed line shows the critical anglg ., as a function
plane. The parameters required to fit the data are as followsd, . Notice thaty,,,, describes the angular dependencedaf/ y
47M¢¢4=20.6 KkG; ZKHIMSZBSO Oe; ZKUJ/MS: —360 Oe;  quite well. ¢4, Was scaled in order to compare it witw/y.
2K1/M¢=—350 Oe, where the individual terms describe effective
demagnetizing field, fourfold in-plane, uniaxial in-plane, and four-when the external field is applied in the vicinity of the film
fold perpendicular anisotropy fields, respectively-2.02 is theg  normal. It is interesting to note that the weighing parameter
factor accompanying the gyromagnetic ratyo The dashed line Go/(dw!99) (0o, ) is nearly independent offy, . It some-
shows the fit obtained by fixing#M s, 2K{/Mg, 2K|J/M,, and  \hat increases very close to the critical anglg= /4

g factor to the values from the in-plane FMR measurements, se@here the two-magnon scattering is switched off.
Fig. 10. The only adjustable parameter waé;2M = — 700 Oe.

. L V. DISCUSSION OF FMR LINEWIDTH
whereH,, is the root-mean-square value of random variations
of a local anisotropy field satisfying a Gaussian distribution The dependence of the FMR field and linewidth on the
andD is the corresponding average grain size; see Fig. 4 ilmngleé, between the dc magnetic field and the sample plane
Refs. 26. The summation of local FMR signals can result ins shown in Figs. 7 and 8.

a genuine zero-frequency offsaH(0); seeRef. 26. The results of measurements®H as a function offy,

The critical anglay,,, decreases with an increasing angle see Fig. 8, shows that the damping decreases significantly in
6y of the magnetization with respect to the sample planevicinity of the perpendicular configuration. In fact, the mea-
For 6,=m/4 no degenerate magnons are availdblghe suredAH in the perpendicular configuration at 10 and 24
angle 6 satisfying 6, =7/4 has to be calculated by mini- GHz was given exactly by the intrinsic damping; see Figs. 3,
mizing the total magnetic energy. For the 20®#&dGaAs 5, and 8.
sample this angle was 78° at 24 GHz; see Fig. 9. This is an The strength of two-magnon scattering as a functiof,of
important criterium allowing one to test the applicability of is usually expressed in terms of the adjusted frequency
two-magnon scattering in the interpretation of extrinsiclinewidth’?
damping.AH from the extrinsic damping has to disappear A d

w w
- 7: d_H>AHext(0H)u )

600- . 1 where do/dH=[w(H+AH,6+A0)—w(H,H)]/AH using
the FMR condition for the resonance frequency which in-
g‘400_ . | cludes the in-plane and out-of-plane magnetic anisotropies. It
= Lt . is more convenient to calculatbw/dH by picking Aw and
5 Lot evaluating the corresponding changeAikl andA ¢ satisfy-
2004 o ¢ *° 1 ing the resonance condition. The difference between the
_______ TN d measured linewidtlAH ,(6) and the predicted linewidth

ol T T . - AHg(6y) using the intrinsic Gilbert damping determines the

0 309 [deg] 60 90 contribution arising from the extrinsic dampingHq,( 6)

: =AHy(61) —AHG(0h). '

FIG. 8. Measured ferromagnetic resonance linewitith,, as a The dots in Fig. 9 show that the anglg, at which the
function of 6 at 24 GHz. The dots represent the measured data anffV0-magnon contribution rapidly disappears is in excellent
the dashed line represents the FMR linewidthig(6) that was agreement with the theoretical prediction #f4. This be-
calculated using the Gilbert damping from the perpendicular conhavior was found in all samples which were affected by the
figuration. The peak in the FMR linewidth fér=78° is caused by network of misfit dislocations.
dragging the magnetization behind the applied field. Figure 8 shows convincingly that the FMR linewidth in

the vicinity of the perpendicular configuration is given en-
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17‘M““ affected the FMR field in the parallel configuration. Al-
== though in this case the contribution of two-magnon scatter-
162 2 ing to the FMR field is not as strong, and therefore the de-
_ G-MM %6 oz viations from a simple fittingignoring frequency dependent
8 Re(R)] are not as vivid. However even in the parallel con-
= figuration we were not able to fit the data at all microwave
@ 44 . . . .
IE T frequencies with the same set of parameters, see F|'g. 19. In
|7 T g o o )24 GHz fact the FMR data in the parallel configuration were fit quite
24 . 1 well by assuming a partly frequency dependent in-plane
Lao® S0, tacHz fourfold anisotropyK! . 2K|1|/M s changed from 305 Oe at 14
0 . . . . . GHz to 390 Oe at 73 GHz. This is exactly what one should
0 30 60 90 120 150 180 expect, the two-magnon scattering in a rectangular network
¢, [deg] of misfit dislocations has to satisfy the in-plane fourfold

symmetry which leads to a frequency dependent fourfold
anisotropy given by the anisotropic contribution of Rg(

The two-magnon scattering in samples with a self-
assembled network of misfit dislocations showed a very pro-
nounced fourfold in-plane dependence on the angjebe-
tween the saturation magnetization and the crystallographic
plane uniaxial field KU/MS= —360 Oe, fourfold in-plane anisot- axis, see Fl_g. 4. At the same time the funcnon_al form of the
ropy field 2K1/M,=330 Oe, and the spectroscopicfactor, g fourfold anlsotrop.ylls dependent on t_he microwave fre—
=2.11. The uniaxial in-plane anisotropy has its hard axis along th&uency. Thgse_ striking featL_Jres require in depth discussion.
[110]k, direction. With these parameters the agreement between ]n ultrathin f|_|ms the Fou_rler components of magnon scat-
the measured and calculated FMR fields aléd0)q, was within ~ (€fINg are restricted to the in-plaevectors and this is com-

10 Oe for all frequencies. This agreement noticeably deterioratef’0N t0 Pukite’s analysis of RHEED diffraction of surface
for the field applied along100) ¢, where the discrepancy was of the defects. Consequently, one could consider Pukite’s in-plane
order of 100 Oe. One is not able to get a perfect fit for all micro-Fourier components for the interpretation of our results. Al-
wave frequencies by using one set of parameters indicating that ti&ough one should realize that there are crucial differences.
magnetic anisotropies are partly frequency dependent. 0o in two-magnon scattering is small, just of-6

X 10° cm ! at 73 GHz and~1x10° cm™ ! at 14 GHz for a
tirely by Gilbert damping. The extrinsic damping as a func-30 ML thick Fe film. This means that two-magnon scattering
tion of 6, remains nearly constant until the direction of theis sensitive mostly to the reciprocal space of Iqwectors.
magnetic moment is in vicinity ofr/4 where it abruptly In RHEED largek vectors, which are comparable to the
collapses to zero; see Fig. 9. reciprocal space of the lattice, are important. However there

It follows that the extrinsic damping generated by a self-is even a more profound difference: In magnetism defects
assembled network of misfit dislocations can be described bygan be accompanied by some angular dependent anisotropy.
the two-magnon scattering mechanism. Since the angular d&his means that the two-magnon scattering intensity can
pendence oA w(6y)/y is traced well by, 04) one can  have an explicit dependence on the direction of the magne-
conclude that the two-magnon scattering intenkfty,6y) is  tization with respect to the symmetry axis of magnetic de-
only weakly dependent of, [see Fig. 9 and Eq6)]. fects. This case was recently addressed by Lindned!’.

The presence of a marked difference in the magnetic pafhey observed an anisotropic extrinsic dampjngeasured
rameters which were required for fitting the angular depenalong the(100) and (110 axed for Fe/V superlattices. No
dence of the FMR field in the parallel and perpendiculardetailed dependence of the FMR linewidth as a function of
configurations, see Figs. 7 and 10, requires a brief explanagy, was shown. It was assumed that defects were caused by
tion. The reason for this discrepancy can be found in Fig. 8surface steps. By using a simple argument based on the an-
Two-magnon scattering affects the FMR linewidth mostgular dependence of the uniaxial anisotropy they concluded
strongly when the resonance field increases rapidly with inthat a rectangular distribution of interface steps results in
creasingfy . One can expect that in this range @f the  two-magnon scattering with an anisotropddH having a
corresponding Ré) term is also strongly present. This co$(2¢y) dependence. This way the differenceAi along
leads to a noticeable shift in the resonance field compared tdl00) and (1100 was explained. This argument can be ap-
that expected using the intrinsidc) magnetic anisotropies. plied to our system of defectsectangular network of misfit
The curvature of the FMR field as a function &f in Fig. 7  dislocation$. However, this is not the only part which is
is very sensitive to theg factor. The change in this curvature dependent on the angle with respect to the crystallographic
due to the contribution of R&) requires to fit the data with axes. The Fourier components of the scattering intensity
a different value of the factor compared to that correspond- have to include two parts. One is explicitly dependent on the
ing to the intrinsic magnetic properties. An artificially low angle ), and the other on the wave vectgr
valueg=2.02 that was required to fit the curvature in Fig. 7
consequently affected the value ofr¥l¢; needed to fit the
parallel configuration §4=0). Two-magnon scattering also 1(9,om) =Q(q)coS(2¢p). 9

FIG. 10. The ferromagnetic resonan@eMR) fields for the
30Felayer in 200Pd30FgGaAdq001) as a function of the in-plane
angleey , whereg, =0 corresponds to thel 00|, direction. Mea-
surements were carried out at 7%}, 36 (O), 24 (V), and 14
(d) GHz. The solid lines were calculated using the following pa-
rameters: The effective demagnetizing fieldM .¢;=18.7 kG, in-
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In addition one has to consider lower order symmetry terms. 300 . . T . .
In our case this is an isotropic contribution which depends 1
only on the magnitude af. In this case one can write 250 1
(9, ¢m) = Q(a)coF(2¢y) + Y (). (10) T 200",
O, 4 .. ** *t* ..O... t** ** .0
The Y(q) term corresponds to random distribution of de- - 15017,% - Mrasnet . a LA T T3 CHz
fects.Q(q) has to satisfy the symmetry of defects. The lat- < ve v T oV

tice defects in crystalline samples are correlated with crys- 1004 ~°, oy ve A

tallographic axes and consequer@yq) = Q(q, ¢), wheree Ty reeest g "’;--’-‘“'*’--;7- ........ .Zi_z:z

is the angle betweeq and the[ 100], defect axis. It turns 50+ W A Sl

out thatQ(q) is essential for getting the correct angular de- 0'

pendence ofAH(¢y) at various microwave frequencies. 0 30 60 90 120 150 180
Q(g,¢) can be expected to be related to the average sepa- o [deg]

ration of misfit dislocations. The average separation of misfit

dislocations is~10-20 nm corresponding to a Fourier com-  FIG. 11. Calcultated ferromagnetic resonance linewidth at
ponentq~1x10° cm . In magnetic scattering one has to 73 (%), 24 (®), and 14 f) GHz as a function of the in-plane
consider the exchange coupling within the ferromagneti@ngle ¢y . Where ¢y =0 corresponds to thg100], direction of
film. Lateral inhomogeneities on the scale of 10-20 nm crefFe. The calculations were carried out using(d,ewv)

ate large exchange fields that significantly average out the Q(a)coS(2¢y), whereQ(q) is given by Eq.(11). Dotted lines
lateral variations of the magnetic anisotropy. This means thdfdicate the linewidth due to intrinsic damping at 73, 36, and
the defect length scale of 10-20 nm does not have to bé* GHz.

directly applicable to the discussion of two-magnon scatter- ) .
ing damping and therefore the two-magnon contribution was

In order to explain the angular dependence of the twoconstant between 10 and 73 GHz. This implies that the two-
magnon scattering in our samples one has to address direcfly@gnon scattering approaches zero only below 10 GHz. A
the FMR results. radual approach to zero in two-magnon scattering below 10

The filled stars in Flg 5 ShO\ﬂH(f) for <110> AH(f) GHz was observed by Twisselmann and McMichael in Py/
has a linear dependence on microwave frequdnith the ~ NiO samples".6 The constant two-magnon scattering above
slope corresponding to Gilbert damping and a modestO GHz in these samples can be accounted for bycthe
AH(0);. AH(0), can be caused by long range inhomogene dependence of(q). ,
ities (superposition of local FMR lingsand an isotropic term Our further analysis will be carried out for the angular
Y(q) in the scattering matrix(q) [see Eq.(10)]. If one dependent part of two-magnon scattering. In this paper we
assumes a genuinkH(0), one has to ask why those long- tried to determine the main features responsible for the ob-

wavelength inhomogeneities were not observed in the pels_erved two-magnon scattering taking into account the above

pendicular FMR configuration. Long wave length inhomoge—?onsnaims' Our main emphasis was placed on e?(plaining _the
neities of the in-plane uniaxial anisotropy would result in N-Plane angular dependence of the FMR linewidth and its.
AH(0), . It would be~%AH(0)” and detectable. The ab- freduency depe_n_dence. A pronounced angular depen(_ience is
sence ofAH(0), can be explained by having an inhomoge-due .to the explicit dependengeos(2¢y)] .Of the scattering
neous in-plane fourfold anisotropy. It would contribute to Matrix on the anglepy, . One needs to fin@(q) that ac-
AH(0); but not toAH(0), . In the perpendicular FMFR(”1 cou_nts fo_r the measured a_ngular depende@ee(goM) at
contributes to the free energy with the fourth power in the rfvarious microwave frequencieQ(q) has to satisfy the sym-

magnetization components and therefore drops out from thiretry of the lattice defects. We used the following ansatz:

resonance conditipn. One lshould pgint out that the perpen- Q(q,¢)=cod(2¢). (12)
dicular fourfold anisotropyy cos(6y) is much stronger, see ) _
caption of Fig. 7, and if inhomogeneous would result inNO dependence ogwas assumed at this point. The angular
AH(0), . The absence akH(0), would suggest tha? is d_ependence ai.HZmagwas evaluated by using the following
very homogeneous. This is hard to believe considering thatiMPle expression:
K7 is mainly caused by defects. In fact it is bigger and has IM[R(oy)]
the opposite sign comparedmﬂ. Inhomogeneity irk! can AH =$. (12

. L 2mag- oH + 477 M
also result in an angular dependenceAdd (0); and would eff
follow an eightfold symmetry. It should disappear when theThis equation accounts only partly for the elliptical polariza-
magnetization is oriented half way betwe€hO0r, and tion at FMR for the parallel configuration. No explicit depen-
(110 where the fourfold anisotropy field is zero. There is dence of ImR) on the elliptical polarization was considered.
some evidence for this behavior in Fig. 4 at 24 GHz. How- A simple evaluation oA H,,,gusing Eq.(6) explains our
ever the two additional shallow minima around ##0)r,  experimental results quite well, compare Figs. 4 and 11. The
directions indicate that this effect is very weak. This leads tacalculations result in a big anisotropy. It is interesting to note
the second possibility which is based on the presence dhat one does not have to rescale lthe, ¢\;) ansatz for each
Y(q). The linear slope oAH(f) was given by the Gilbert microwave frequency in order to get a reasonable quantita-
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B [010] i significantly above that corresponding to cubic bulk(Be&
CEe o kOe). Coercive fields of several hundred oersteds were
H reached due to the presence of the enhanced anisotropy and
A @ o lattice defects and the enhancement was dependent on the Ni
[ i film thickness®® The angular dependence of the FMR line-
width indicated that the defect lines were oriented along the
(1000 axes of F€01). Bcc Cuy001) layers grown on
Ag(00]) substrates are another example of such behavior. In
this case the bcc Q001 layer went through a lattice trans-
formation after the thickness of the Cu layer was larger than
10 ML. Again a strong anisotropy iAH was observed for
the F&001) films grown on the lattice transformed @021
substrates. The angular dependence indicated that the defect
lines in the C001) layers and the symmetry axes of mag-
netic defects in H®01) were along the(100) crystallo-
graphic directions of H@01). However, in these samples no

FIG. 12. The two-magnon scattering lobes at 24 and 73 GHz inS|gnn‘|cant enhancement of the in-plane fourfold anisotropy

the g space of the magnetic scattering intensiyq, ¢) given by was found. ReFem.ly we also obser-ved this typg of two-
Eq. (11). The dashed lines are a contour map of €d). Note that  M2gnon scattering in Heusler alloy NiMn®01) Semlr?getal
the orientation of lobegmagnetization affects the angular depen- [IMS grown on InRO0Y) by the Molenkamp group:*2 In
dence of FMR linewidth caused by the misfit dislocation network.thiS caseAH due to two-magnon scattering surpassed the
When the lobes are oriented close(thl0)r, they have a weaker INtrinsic linewidth by a factor of 10.

contribution than those oriented close(tt00) .

o041 -

_ VI. CONCLUSIONS
tive agreement between the calculated and measured

AH(¢p). The measured angular dependenc@bif( ¢y) is FMR studies were carried out on lattice strained Au/Pd/
sinusoidal at 73 GHz. At lower frequencies the curvatureFe/GaAq001) and PdFe/GaAg00]) structures. It has been
around the maxima is bigger than around the minima. Thishown that the lattice strain in Pd is relieved by a self-
feature is quite pronounced at 24 GHz. All these features arerganized rectangular network of misfit dislocations which
well reproduced in the calculations; compare Figs. 4 and 1lhave an average separation-010—20 nm. The network of
The good agreement between the experimental results amdisfit dislocations is revealed by fan-out RHEED streak pat-
calculations forAH(¢y) allows one to make the following terns in the A¢001) layers. The lattice defects driven by the
observation. The integration along the lobes, see Fig. 13jislocation network resulted in strong two-magnon scatter-
shows that the scattered magnons are propagating prefereing. The observed strong anisotropy of the two-magnon scat-
tially along the (100, crystallographic directions. This tering with respect to the in-plane orientation of the magne-
means that the two-magnon scattering by defects from th&ization originates in uniaxial magnetic anisotropies
network of misfit dislocations leads to channelling of mag-associated with glide planes of the misfit dislocations. Con-
nons. sequently the fourfold rectangular network of misfit disloca-
In this paper we do not attempt to carry out more detailedions results in two magnon scattering proportional to
comparisons between the two-magnon scattering model armb<2¢),. The two-magnon scattering was found indepen-
experiment. The relaxation terR would have to be evalu- dent of the Fe film thickness. This implies that the glide due
ated using Kubo formalism in order to account for the ellip-to the misfit dislocation network propagates right through the
ticity of the rf polarization in the in-plane configuration. whole multilayer structure and associated magnetic defects
Such a detailed analysis will allow further refinement of represent bulk properties. RHEED fan-out streaks and two-
Q(g,¢). These calculations will be carried out in a separatemagnon scattering have shown a strong in-plane angular de-
paper where the full theory of two-magnon scattering is empendence. Their angular dependence satisfies the symmetry
ployed. of the lattice defects. The angular dependence of two-
The angular dependent extrinsic damping created by @agnon scattering was discussed by using the intensities of
rectangular network of defects appears to be a common phéhe Fourier transform of magnetic defects. We were able to
nomenon. It was observed in our previous studies using thdemonstrate that the measurements of the FMR linewidth as
metastable bcc Ni/F601) bilayers grown on A(01)  a function of the angle of the saturation magnetization with
substrate$® and F¢001) films grown on bce C(001).2° In respect to the crystallographic axes and microwave fre-
the Ni/Fe bilayers after depositing 3 ML of Ni the structure quency allow one to determine the main features of the mag-
went through a major structural change going towards theetic scattering intensities in the range of snwlectors.
stable fcc phase of K001). That resulted in a network of The required angular dependence of theependent scatter-
rectangular lattice defects perhaps similar to those observddg intensity, Q(q), results in channelling of scattered spin
by Wulfhekelet al® In this case not only the magnetic damp- waves. Two-magnon scattering also leads to additional
ing developed a large anisotropy, but even the in-plane fouranisotropies which are dependent on the microwave fre-
fold anisotropy field was enhanced to several kOe which igjuency. The magnetic anisotropies created by the two-
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