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For a proper interpretation of magnetic phenomena in low di-
mensional magnets, higher order spin wave excitations are more
important than in bulk magnetism. Three different types of ex-
periments will be discussed: (i) In a so-called #rilayer, two fer-
romagnetic films are coupled via a nonmagnetic spacer: FM1/
NM/FM2. The individual Curie temperatures can be shif-
ted by 50 K or 100 K, just by tuning the NM thickness. This is
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impossible in 3D. (ii) Spin-wave excitations are the major route
to understanding the T-dependence of the interlayer exchange
coupling (IEC). (iii) The standard Gilbert damping is insuffi-
cient to describe the spin dynamics in nanomagnets. Magnon—
magnon scattering, a reversible process in the magnetic subsys-
tem, must first be disentangled in the spin dynamics, before de-
termining the dissipative relaxation into the thermal bath.
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For a proper interpretation of magnetic phenomena in low di-
mensional magnets, higher order spin wave excitations are more
important than in bulk magnetism. Three different types of ex-
periments will be discussed: (i) In a so-called #ilayer, two fer-
romagnetic films are coupled via a nonmagnetic spacer: FM1/
NM/FM2. The individual Curie temperatures can be shif-
ted by 50 K or 100 K, just by tuning the NM thickness. This is

1 Introduction Spin wave excitations and spin fluc-
tuations (critical or Gaussian) are well established subjects
in bulk magnetism and are summarized in several text-
books, e.g. in Ref. [1, 2]. Frequently, the theory of bulk
ferromagnetism is used and applied to analyze and inter-
pret the spin dynamics in nanomagnets, e.g. the standard
Landau—Lifshitz equation of motion plus Gilbert damping
(LLG), the static exchange field in multilayers, a 7 =0 ap-
proach in theory, etc. On the other hand, it is well estab-
lished that fluctuations become more important in one or
two dimensional systems than in three dimensional bulk
materials. In low dimensional magnets the spin fluctua-
tions may become so dramatic that ferromagnetic ordering
will not take place at finite temperatures — the well known
Mermin—Wagner theorem. This will happen only in an
ideal isotropic Heisenberg ferromagnet; fortunately all real
ferromagnets possess some anisotropic field contributions
and thus do order at finite temperatures. Even so, the spin
fluctuations remain important; this reduces the critical
temperature 7, below the bulk wvalue if the three-
dimensional magnet is reduced to a two-dimensional plate
or a one-dimensional chain — the well known finite size ef-
fect. So the question arises: can one always interpret the
magnetism of nanostructures within the framework of the
theory for bulk magnetism i.e. in the molecular field pic-

impossible in 3D. (ii) Spin-wave excitations are the major route
to understanding the T-dependence of the interlayer exchange
coupling (IEC). (iii) The standard Gilbert damping is insuffi-
cient to describe the spin dynamics in nanomagnets. Magnon—
magnon scattering, a reversible process in the magnetic subsys-
tem, must first be disentangled in the spin dynamics, before de-
termining the dissipative relaxation into the thermal bath.
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ture or the Stoner model? The answer will be “no”. Spin-
wave excitations need to be given more weight than in 3D
bulk magnetism.

The prototype of a magnetic multilayer structure is the
so-called trilayer, depicted schematically in Fig. 1. Two ul-
trathin films are separated by a nonmagnetic spacer layer
(NM). The ferromagnetic layers FM1 and FM2 will consist
of only a few atomic layers (2—10 ML), having Curie tem-
peratures and anisotropy fields which differ from those of
the bulk material. The thickness of the spacer can be tuned
in theory and experiment to give ferromagnetic or anti-
ferromagnetic coupling between FM1 and FM2 and differ-
ent strengths of the interlayer exchange coupling [3, 4]. In
theory, such a system can be solved only in an approximate
way, as indicated schematically in Eq. (1).
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To decouple the higher order Green’s function in the
equation of motion, products of operators, such as S;S7,
are approximated by expectation values as indicated on the
right-hand side of Eq. (1). For bulk magnetism, the first
term, (S;7) S — i.e. the mean field approximation — is suf-
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Figure 1 (online colour at: www.pss-b.com) Schematic illustra-
tion of the prototype trilayer.
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ficient in most cases. Higher-order Green’s functions are
approximated by the Tyablikov (RPA) decoupling. This
creates the second term in Eq. (1) with the off diagonal on-
site term, {S; S, ). We will show in Section 2 that it is re-
quired to describe some of the magnetic features of two-
dimensional magnets. Even the RPA may be insufficient to
describe spin-wave excitations, and the third term, with
off-site expectation values such as (S;S}), is needed for
the proper description of magnon—magnon scattering.

Three different types of our experiments are discussed,
here. They have in common, that a mean field picture is in-
sufficient to explain the experimental findings. In Section 2
X-ray magnetic circular dichroism (XMCD) is used to
study the enormous shifts of the Curie temperatures in tri-
layers (Fig. 1). Section 3 focuses on the temperature de-
pendence of the interlayer exchange coupling (IEC, Fig. 1).
Mostly the electronic band structure in the 7 =0 limit has
been discussed; see e.g. Stiles in Ref. [5]. Here ferromag-
netic resonance (FMR) measurements over the full 7-range
from T=0 up to 7. will be analyzed. In Section 4 the
linewidth of FMR is disentangled in (i) dissipative damp-
ing (Gilbert damping, Heinrich in Ref. [5]) and (ii) (elastic)
scattering in the magnetic subsystem (e.g. magnon—
magnon scattering). None of the three sections is intended
to deliver a full overview in this field. For this we refer to
the new five volumes of the Handbook of Magnetism [6].
Here, we focus only on a conceptual bridging between dif-
ferent experiments and the prominent role of magnon—
magnon interactions.

2 Curie temperatures of ferromagnetic trilayers
One of the most instructive examples to demonstrate the
importance of higher-order spin-spin correlations in low
dimensional ferromagnets is the study of the temperature
dependence of the magnetization of the layers FM1 and
FM2 and their corresponding ordering temperatures in
magnetic trilayers. Here we summarize the results.

Let us assume that the trilayer is composed of a Co ul-
trathin film on the top and a Ni ultrathin film on the bottom,
separated by a Cu spacer (schematic inset in Fig. 2).
XMCD is the technique of choice to study the element-
specific magnetization. When tuning the synchrotron radia-
tion to the L, edge of Ni, only M(T) for Ni is detected,
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Figure 2 M,;(T) in a trilayer (solid symbols) with a Ni staircase
and constant d., and d.,. The dotted curves give the expected
values for Cu-capped single Ni films with the same thickness.
M, (T) not shown, for details see [8—10].

while tuning to the L, edge of Co gives M (T") for Co alone.
Details of the experimental study have been published
elsewhere [7]. If such an experiment is performed in situ in
UHV, one could evaporate and measure just the bottom Ni
film (dotted line in Fig.2), then add the spacer and Co
films on top and measure the Ni magnetization again (solid
line and experimental data points). We see that 2.1 ML of
Ni have a T;. of approx 40 K, and that it is shifted by about
70 K to higher values with the spacer and Co film on top.
At first glance one could argue that the exchange field
from the Co layer on top will increase the Ni magnetiza-
tion (field-induced magnetization). But it is easily seen that
this is not a sufficient explanation. An additional magnetic
field of several Tesla, be it externally applied or the ex-
change field of Co, will increase the magnetization of the
FMI1 film only by a few percent. But here, we observe a
shift of 70 K and more, which when normalized to the 7. of
the single film corresponds to 30 or even more than 100 per-
cent. Also, for a thicker Ni of 3.1 ML, a shift from ~150 K
to ~215 K is observed, corresponding to ~40 percent.

A much more realistic interpretation of this enormous
shift of the critical temperature in a trilayer was given by
Jensen [11]. He calculated M (T) and the corresponding 7
of such a system in two ways: (i) using a Heisenberg Ham-
iltonian, he calculated only in the mean field (MF) ap-
proximation, corresponding to the first term in Eq. (1); (ii)
he included in the same calculation also the second term in
the above equation, the RPA. In both cases he took the
same magnetic moment per Ni ion and chose the same
coupling strength as shown to be 310 peV, or a weaker
coupling of 86 peV. It becomes clear from Fig. 3 if only
the static exchange field of the top Co film were acting
(MF), that there would be a small increase of a few percent
in the Curie temperature. If, however, we add also the off-
diagonal terms (RPA) in the calculation, we find a large
shift and increase of 7;., and this effect increases dramati-
cally the thinner (more 2D-like) FM1 becomes. One might
argue that the Heisenberg Hamiltonian is less appropriate
to calculate the temperature dependence of the magnetiza-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Enhancement of 7. in a trilayer as function of the film
thickness. In MF only a small increase in 7 is calculated. Taking
the same coupling parameters but adding the RPA contribution
(see Eq. (1)) increases the enhancement dramatically; this be-
comes increasingly important, the thinner the film [11].

tion of itinerant ferromagnets. Fortunately Nolting and co-
workers have calculated M (7) and the corresponding 7. of
the same trilayer system using a Hubbard Hamiltonian. In
Ref. [12], they report also very large shifts of 30 K or 60 K,
depending on the individual parameters of the magnetic
layers.

The importance of spin-spin correlations for 2D mag-
netism is again illustrated in Fig. 4. The relative Ni mag-
netization normalized to its 7= 0 value for a Co/Cu/Ni tri-
layer is plotted as function of the reduced temperature.
M(T) vanishes at its Curie temperature 7.. The theory
starts with a thick 6 ML Ni film and a Co film on top. In
the further calculation, the Ni thickness is reduced layer-
by-layer while everything else is kept constant. 7. and the
tail of M (T) increase dramatically. Note: The tail depends
on the Ni thickness, not only on the exchange field of the
top Co film, which is constant [7]. In the experiments, we
could not prepare a monatomic layer, but varied the thick-
ness of the Ni film between 2 ML and 4 ML. The same
trend was verified. The thinner the film, the larger the tail
above 7. If only a static Co exchange field were acting on
the Ni film, be it in theory or experiment, the tail of the
magnetization should be independent of the layer thick-
ness.

In conclusion: only higher order spin-spin correlations
can explain the M (T) and 7, behavior of ultrathin trilayers.
Figure 4 shows clearly that the tail of the Ni magnetization
increases dramatically as dy; becomes thinner, keeping d_.,
and its exchange field constant.

These experiments initiated another type of discussion:
Does a trilayer with two different ferromagnets have one or
two values of 7.7 One very canonical answer would be:
just one Curie temperature, namely the higher 7, — in our
case it is the 7. of Co. If so, one should call the lower 7.
(in our case that of Ni) 7*. On the other hand, two maxima
in the susceptibility have been observed, also. Recently

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4 (online colour at: www.pss-b.com) Ni magnetization of
a Co/Cu/Ni trilayer as a function of relative temperature. The Co
and Cu thicknesses were kept constant. The experimental data for
dy; =2.1,3.1 and 4.2 are the same as in Fig. 2. For the experi-
ment with 4.0 ML J,,., =0. For the calculation a constant

inter
Jiwer = 310 peV was taken [7].

Eriksson and coworkers have analyzed the spin-spin corre-
lation function for a trilayer system similar to our experi-
mental situation. They show that, indeed, two distinct tem-
peratures can be identified [13].

3 Temperature dependence of interlayer ex-
change coupling The interlayer exchange coupling as
indicated in Fig. 1 turns out to be one of the most im-
portant parameters for magnetic multilayers and nano-
structured superlattices. The spacer layer in our work
was copper; in general it could be of semiconducting or
insulating spacer material as well, and even antiferro-
magnetic chromium has been used. The leading parameter
which controls the sign and the strength of the IEC is
determined by the electronic band structure of the NM
spacer material. This is discussed in many review articles,
e.g. see the chapters by Stiles in Ref. [5] and by Hathaway
in Ref. [14]. For copper as spacer material the pioneering
IEC calculations were presented by Bruno [3]. Many of the
experimental and theoretical investigations dealt with
spacer thicknesses d > 1 nm. Here, we concentrate on ul-
trathin spacers in the range of d=2-6 ML. This gives us
the flexibility to tune the strength and sign of the IEC over
a wide range between weak and strong coupling (Fig. 5).
For details see [15].

In 1995, two independent theoretical works appeared,
focusing on the temperature dependence of the IEC, which
turned out to be important when comparing theory with
experimental data and technological applications at finite
temperatures. Bruno and coauthors [3, 16] concentrated on
the smearing of the Fermi edges at elevated temperatures
as given by Eq. (2) with the controlling parameters 7;, the
Fermi velocity v, and the thickness d. For more compli-
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Figure 5 J, .. oscillations as function of the Cu spacer thickness
of 2—9 ML. The absolute numbers of energy/atom were meas-
ured with UHV-FMR [4].

cated Fermi surfaces, one might also use the sum of several
Fermi velocities.

T,
Jo
sinh (7/7;)

inter —

T, = hv/2mkpd . 2)

Mills and coauthors focused on the spin excitation at
finite temperatures in the films FM1 and FM2 [17]. There,
the temperature dependence of the IEC follows a 77"
power law, as shown in the following equation:

S = o[l = (T1T)]. 3

In this equation the thickness of the spacer and other
material parameters are hidden in the prefactor. This result
shows explicitly the Curie temperature 7. at which ferro-
magnetism and the coupling vanishes. In the former equa-
tion, the FM ordering temperature 7. does not appear ex-
plicitly and is hidden in the prefactor.

The first experimental investigations to measure the
IEC by means of temperature dependent FMR experiments
were measured over a small temperature range [19, 20]. In
a recent letter [21], three different systems, viz. NigCuCop,
NigCuNiy trilayers, and a Fe,/Vs multilayer, have been in-

vestigated over a very large temperature range starting at
nearly 7 = 0 and ranging up to 7;.. The authors plotted the
measured J,,, as function of reduced temperature (7/7,.)""
(Eq. (3)) and it was evident that this dependence fits the
experimental data better than the sinh function. The excita-
tion of spin waves seems to be the dominant contribution
of the 7T-dependence of the IEC. It could reduce the IEC
down to 20—30 percent at ambient temperature. The tem-
perature dependence in the band structure plays only a mi-
nor role [21]. Very recently, this problem has been taken
up by Nolting and co-workers. They used a microscopic
Heisenberg model to calculate the temperature dependence
of low energy spin-wave excitations [18]. The difference in
the free energy for parallel and antiparallel orientations of
magnetization in the FM1 and FM2 layers contributes to
the temperature dependence of the IEC parameter J,,,.
This basically depends on two quantities: (i) the direct ex-
change coupling J, . within the ferromagnetic layer, yield-
ing also its Curie temperature, and (ii) the interlayer ex-
change coupling J,,., between the two layers FMI1 and
FM2. The direct exchange in each FM layer J, ., is much
stronger, being in the meV regime, while the IEC coupling
Jer for weak coupling in trilayers with spacer thickness
d ~3-9 ML is in the peV range. To extract the effect of
the magnetic contributions alone for different spacer thick-
nesses, J,,., has been normalized to the parameter J,=
Joer(T=0). Schwieger et al. [18] have discussed J,,,//, in
terms of an effective 7' power law. It is important to note
that J, .. (T) also depends on the type of magnetic material
used, which points up the competition between the thermal
energy and the strength of the coupling. The 7 dependence
of the normalized J,,,, for different J, values was studied
and it could be seen that effectively, a power law is obeyed.
However, it was also clear that the results did not follow a
straight line in 7' (see Fig. 1-5 in Ref. [18]). The curva-
ture and slope both depend on the parameters J,, and J,,.
It could be seen that the larger the J value, the weaker the
decrease of J,, with T. All contributions due either to the
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Figure 6 (online colour at: www.pss-b.com) (a) Normalized J,

Spacer thickness d (ML)

iner fOT @ Ni,Cu,Co, trilayer and variable d., measured with in situ UHV-

FMR [24]. (b) Top: Fit parameter 4 vs. spacer thickness. Bottom: J, vs. spacer thickness (see Eq. (4)). The dashed curves are merely

guides to the eye [24].
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spacer, the interfaces, or the magnetic layers nevertheless
do give an effective power law dependence on the tem-
perature:

JT)=1-AT", n=1.5. @)
The differences between the above-mentioned mechanisms
lie in their dependence on the spacer thickness. The spacer
contribution, i.e. the electronic band structure effect, exhib-
its a linear dependence of 4 on d. The interface contribu-
tion is independent of d, while the contribution due to spin-
wave excitation gives a very weak dependence and oscil-
lates with d. It could be summarized that J, and the scaling
parameter A4 should follow opposite trends as functions of
spacer thickness [18]. This theoretical prediction was in-
vestigated recently using the in situ UHV-FMR technique.
FMR offers the possibility to determine the values of J, .,
in absolute energy units. The details of the experimental
setup have been described elsewhere [15, 22]. Figure 6a
shows the T-dependent IEC for different d., with FM and
AFM coupling (for details see [23, 24]). From these data,
one could extract the parameter 4 in Eq. (4), and compare
it with the J,, value. This is shown in Fig. 6b, where it is
clear that the scaling parameter 4 is neither independent
nor a linear function of d, as would have been expected
from a dominant interface effect or spacer electronic band-
structure contribution. Instead, the oscillations in 4 give an
experimental verification of the theory forwarded by
Schwieger and Nolting [18]. It is a clear conclusion that
the excitation of spin waves — or in other words, the crea-
tion of thermal magnons — is the dominant origin of the
temperature dependence of J, .. in FM and AFM coupled
trilayers.

4 Gilbert damping vs. spin wave excitations
In the following we focus on the analysis of the linewidth
in FMR experiments in ultrathin films. This is of particular
importance for the investigation of magnetization dynam-
ics and magnetization reversal in nanostructures.
Commonly, the ansatz is made of adding the so-called
Gilbert damping to the equation of motion Eq. (5), i.e.
the second term in Eq. (5). This Landau—Lifshitz—Gilbert
equation (LLG) has been discussed in great detail in
many review articles. For FMR on bulk material, see
for example Ref. [2, 25]; for ultrathin films see Ref. [14,
26].

The Gilbert ansatz is based on a double vector product
—M X (M x H ) as shown in Figure 7b with a resultant
vector pointing towards the symmetry axis of the Larmor
precession. For small angles f between H ., and M this
can be approximated by the time derivative dM/d¢ (see
[27] and standard textbooks):

oM G oM

(M | Mx=

o 7( XHeff)+7M§|: X al] 5)
and a=G/yM.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The viscosity damps the Larmor precession and the
magnetization spirals into the z-axis, pointing to the sur-
face of a sphere, i.e. the length of M stays constant but the
expectation value (M) increases as the angle between the
effective field and the magnetization § — 0.

This is indicated in Fig. 7a as relaxation path 1. A uni-
form motion of the magnetization plus a viscous (Stokes)
damping leads to a dissipation of energy into the thermal
bath — an irreversible process. Two notations are com-
monly used in Eq. (5): (i) G, the Gilbert damping parame-
ter, given as a relaxation rate in s, or (ii) the dimen-
sionless parameter ¢, in analogy to the viscous damping.
The relaxation rate per second G seems to be more instruc-
tive for easier comparison with other relaxation rates in the
literature. Standard EPR/FMR experiments use a fixed mi-
crowave frequency and scan the external Zeeman field H,.
Under these conditions, the LLG (5) leads to a linewidth
AH . depending linearly' on @ :

G w

2
AHg(w)~ ﬁ yziM cos S ©

A second relaxation process is discussed in the stan-
dard literature and indicated in Fig. 7c: The uniform mo-
tion of the magnetization may scatter into excited states of
the magnetic subsystem (spin waves, Stoner excitations,
magnon—magnon scattering etc.) The projection of M onto
the z-axis stays constant since the precessional energy is
scattered into the transverse components M, and M, as
indicated in Fig. 7c. For details see [1, 2]. These processes
may be reversible and are indicated in Fig. 7a as path 2. In
the long run these excitations will also decay into the
thermal bath as indicated by path 3. One may raise the
question: Is there any experimental evidence for the ap-
pearance of this second relaxation process, i.e. scattering
within the magnetic subsystem, in magnetic nanostruc-
tures? In other words: Should one always take the experi-
mental linewidth and label it with a phenomenological
Gilbert parameter (following Eq. (6)), or is it possible to
separate first the scattering within the magnetic subsystem
from the dissipative relaxation to the thermal bath. The
theoretical background to study this question has been
known for a long time. One possible model is described by
the Bloch—Bloembergen equation [28, 29]

oM M M,
M s Mx H -y T
ot 7/( eff) Tz €x T2 y
M. — M,
_ s g 7
& (7)

! Note that this linear frequency dependence is a consequence of the field
scanning technique in conventional FMR. For other experimental tech-
niques at fixed magnetic field with scanning of the microwave fre-
quency, or for Brillouin light scattering, the analysis of the measured
linewidth is different; see [26]. Caution has to be taken when comparing
different experiments.

www.pss-b.com
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Figure 7 (online colour at: www.pss-b.com) Schematic illustration of different relaxation processes taken from [2, 31]: (a) The uni-
form motion of the magnetization with £ =0 in an FMR experiment may scatter with energy dissipation into the thermal bath (path 1).
In path 2, it can also scatter into spin waves with £ # 0 — a reversible process. At the long run this energy travels also along path 3 into
the heat sink. (b) depicts the LLG scenario from Eq. (5). (c) shows the Bloch—Bloembergen process for spin—spin relaxation.

In this case, two different relaxation times are intro-
duced into the equation of motion [30]: the longitudinal re-
laxation time 7, i.e. the direct path into the thermal bath,
and the so-called transverse time, 7,, by which energy is
scattered into the transverse magnetization components
M, and M. It is depicted in Fig. 7c. This describes a
dephasing of the formerly coherent rotation of the mag-
netization. This scenario of a transverse relaxation rate is
known, e.g. [2, 26, 31]. Recently, Arias and Mills have cal-
culated this type of magnon-magnon scattering in a quanti-
tative manner applied to standard FMR experiments in ul-
trathin films [32, 33]. The result for the FMR linewidth is
given below:

[ 2 2
AH (@)= sin” |2 H(@/2) —o)2 (8)

Jo* + (0,02 + @2

It is obvious that the frequency dependence of the line-
width for magnon—magnon scattering is by no means lin-
ear. It saturates at very high frequencies and starts with a
steep slope at low frequencies (Fig. 8). Surprisingly enough,
FMR experimentalists have never tried to disentangle these

different types of frequency dependence in a quantitative
manner; most of them analyzed the experimental data in
the frame of the LLG equation and linear @ dependence.
In a plot of AH versus frequency, this leads in most cases
to an apparent “residual” linewidth AH " (see Fig. 8). In
some cases, a non-linear dependence was observed, but the
curved line was given only as a guide to the eye [34].

The first quantitative analysis of a nonlinear AH (®),
following Eq. (8), was reported for Fe/V superlattices in
[35]. Recently this has been extended to a very large fre-
quency range from 1 GHz to 225 GHz as shown in Fig. 8
[36]. In this work, the authors also reanalyzed the data
from [34] using Eq. (8) together with Eq. (6).

Several key pieces of information can be concluded
from Fig. 8: (i) FMR measurements at very low frequen-
cies (1-4 GHz) unambiguously show that the linewidth-
narrows dramatically, that is to say AH is given by relaxa-
tion processes only, and no leftover inhomogeneous width
at @ =0 is seen. It was a common practice in the literature
for earlier experiments between 9 GHz and 36 GHz to as-
sume a linear frequency dependence [14, 41] and extrapo-
late from this an apparent residual linewidth (the tangent-
crossing the y-axis) AH;". This procedure may be mislead-

o

400} o
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™ 0%y @0y (10%)  (0e)
g = Fey/V,; H||[100] 51.9 0.20 0.97 0
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Figure 8 (online colour at: www.pss-b.com) FMR linewidths of two Fe/V-multilayer samples for different in-plane and out-of-plane
orientations of the external field as a function of the microwave frequency. The inset shows a magnified view of the low frequency re-
gime. The table on the right lists the fit parameters corresponding to Eqs. (6) and (8). For details see [36].
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ing [26] for a fundamental understanding of future experi-
ments. (ii) For all in-plane orientations of the external field
([100] and [110]), one observes a nonlinear frequency
dependence. In contrast, for H normal to the film plane
([001], full triangles) a 100% linear frequency dependence
is observed. This is in perfect agreement with the theore-
tical prediction in [32, 33]. The authors of [36] deduce
for the Fe,/V, sample an almost constant (independent
of orientation) Gilbert damping of ~0.6 x10°s™, but an
angular dependence in the magnon—magnon scattering by
more than a factor of 3 (first column in Fig. 8). For the
Fe,/V, sample, a two times smaller Gilbert damping of
~0.2x10° s™" is measured, but again the magnon—magnon
scattering is about 10 — 25 times faster. (iii) The angular
dependence of the magnon—magnon scattering was inde-
pendently confirmed by angular-dependent measurements
(see [36]). Note: The anisotropic linewidth is caused by the
magnon—magnon scattering; the Gilbert damping is more
or less isotropic. (iv) Fitting Eq. (8) to the nonlinear fre-
quency dependence yields a magnon—magnon scattering
rate of y/~ =10 — 50 times larger than the Gilbert damping.
Thus, experimental evidence is found that both relaxation
mechanisms (longitudinal and transverse scattering) are ac-
tive in magnetic nanostructures. A combination of ma-
gnon-magnon scattering, modelled by Egs. (7) and (8), and
a viscous Gilbert damping described by Egs. (5) and (6)
seems to give a better insight into the spin dynamics of ul-
trathin films. We suggest that as long as there is no better
analytical expression given by theory, Eq. (8) be used to
test the frequency dependence of measured FMR
linewidths. For the particular systems investigated, Fe/V
multilayers and Fe films on GaAs, the magnon—magnon
scattering of 1/7, = 10” s™' is about two orders of magnitude
faster than the viscous Gilbert damping of 1/7; =10” s™".

This approach has recently been used to study the spin
dynamics in Fe;Si binary Heusler-alloy thin structures epi-
taxially grown on MgO [37]. The authors performed angu-
lar-dependent measurements at 9.9 GHz and 24 GHz and
frequency-dependent FMR experiments from 1 GHz to
70 GHz. They analyzed all data in one unique fitting pro-
cedure, including magnon—magnon scattering as well as
Gilbert damping. The outcome yields an isotropic viscous
Gilbert damping, all anisotropic features in the linewidth
could be explained in terms of anisotropic spin wave exci-
tations. The latter being 5 to 10 times faster. This is in
accordance with standard textbook reasoning, that the
scattering within the magnetic subsystem usually is faster
than the energy dissipation. Finally we should mention that
also other cases are known with linear frequency depend-
ence over a large range, e.g. from 2 GHz to 16 GHz, see
[42].

5 Summary All three types of experiments described
above demonstrate the importance of higher-order spin-
spin correlations in low dimensional magnetism. Such
large shifts of 7. and increase of M (7T) in a trilayer (Sec-
tion 2) “do not exist in 3D systems but only in systems

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with reduced dimensionality” (p. 503 in [38]). For the
same reason thermal magnons play the dominant role in
the 7-dependence of the IEC (Section 3) — band structure
effects play only a minor role. Recently the question was
raised, “Is the LLG phenomenology applicable” in ultra-
thin films [39]? The answer in Section 4 will be, “No”!
Advanced experiments and analysis allow — at least in part
— the separation of magnon-magnon scattering from Gil-
bert viscous damping. Both scattering rates, when sepa-
rated, will provide us with direct detailed insights into the
spin dynamics. A “shake-up” in the magnetic subsystem
occurs first and is 10 to 100 times faster than the energy
dissipation path. From Section 4 and [36, 37] it becomes
evident that the major fraction of anisotropy in the total re-
laxation rate is caused by the fast magnon-magnon scatter-
ing (Egs. (7, 8)) in ultrathin films and only a minor contri-
bution may come from the Gilbert damping (Egs. (5, 6)).

Other routes have been followed to study the spin dy-
namics: e.g. the Gilbert constant & (Eq. (5)) has been as-
sumed not to be constant, but rather an unspecified func-
tion a(w) [40]. Or a was kept constant and the FMR
linewidth was postulated to be a linear function of @
(Eq. (5)), consequently an apparent residual width AHF
appeared [14, 41]. Moreover, anisotropic Gilbert damping
has been postulated to be due to anisotropic conductivity
and resistivity contributions. All these different types of
phenomenological approaches in the analysis of spin dy-
namics on a microscopic scale do not disentangle excita-
tions within the magnetic subsystem from energy dissipa-
tion into the thermal bath. This latter ansatz appears very
transparent and seems to explain some experimental find-
ings very naturally.
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