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Abstract Brillouin light scattering (BU) is now established as a powerful tool for the 
investigation of spin waves in layered magnetic smdures. Due to the svong magneto-optical 
interaction in the majority of magnetic metals BLS allows the examination of spin waves in 
films with exmmely small thicknesses down to 1-2 monolayers. This gives us the oppormnity 
to obtain impomt information about magnetic properties of such two-dimensional system. 
Applied to magnetic bi!ayers and multilayers. BLS makes it possible to elucidats collective 
excitations in these complex smctures as well as to analyse mechanisms of the interlayer 
coupling. The restricted geometry of layered systems considerably influences the interaction 
of spin waves with light resulting in many peculiar feahms of the light-scattering phenomenon. 

1. Introduction 

An extraordinarily high quality of thin magnetic films and layered systems is a great 
achievement of the last decade. By growth techniques such as molecuhr beam epitaxy 
(MBE), one may create films representing nearly perfect crystals and layered structures 
with interfaces nearly perfect on atomic scale. Film thicknesses may reach a few or even 
one atomic layer. It is nahml, that such a high quality of the new magnetic systems 
results in unique static magnetic properties. The dynamic characteristics, namely spin-wave 
excitations, also possess a number of new features. They are of considerable interest for 
the understanding of the fundamental magnetic phenomena, like magnetic order in two 
dimensions. Besides, they depend on static magnetic properties and, therefore, contain 
valuable information about intrinsic magnetism of layered structures. 

There are basically two types of magnetic excitations, which are important in thin films 
and layered systems. The first one is the so-called surface mode which is determined 
mainly by dipolar interaction and does not depend on exchange. It forms near the surface 
and propagates along the surface. In layered structures the surface modes exist in each 
magnetic layer, they can be coupled via dipolar stray fields, forming collective magnetostatic 
spin-wave excitations. The second one is the so-called bulk or standig mode. In thin-film 
structures the bulk modes are determined dominantly by the magnetic exchange interaction 
and their wavevector strongly depends on the layer thickness. 

Essentially there are three experimental methods to detect spin waves, namely. inelastic 
neutron scattering, ferromagnetic resonance (FMR) and Brillouin light scattering (BLS). 
Neutron scattering has its main advantage in the large accessible wavevector range, but, 
generally, its sensitivity is too low for the application to thii films. PMR is a well developed 
method in this field. Many of the basic properties of spin waves and magnetic coupling 
mechanisms have been studied by FMR. However, apart from situations where wavevectors 
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of spin waves are determined by the sample geometry (for example standing modes of thin 
films) FMR is restricted to zero-wavevector spin excitations. This has an important effect on 
the types of mode seen by FMR: they do not display dipolar coupling in layered structures. 

The BLS technique offers a convenient experimental tool to study non-zero-wavevector 
spin excitations in magnetic materials. This method is based on the process of inelastic 
light scattering from spin waves. The essence of this process can be understood as follows. 
Spin waves in magnetic material cause a spatially periodic modulation of the permitfivity 
of the medium. Interaction of incident light with the permittivity fluctuations leads to 
light scattering. The inelastic light-scattering process involves a magnetic excitation (one 
magnon process): in a Stokes scattering process the spin wave is created; in an anti-Stokes 
process the spin wave is destroyed. The two-magnon processes in which two spin waves 
are created or destroyed are also possible. The intensity of the scattered light is proportional 
to the magneto-optic coupling (see section 3). Therefore, the BLS method turns out to be 
particularly useful in the case of metallic films and magnetic semiconductors because of 
their strong magneto-optic interaction. 

The wavevector of detected spin waves k is determined by the momentum transfer from 
incident light to spin waves in the inelastic light scatteering process. For the one-magnon 
BLS the available range of k is of the order of ld-106 cm-'. It is determined by the 
wavelength of incident Light (- cm) as well as the geometry of the experiment. The 
peculiar feature of this region of wavevectors is that the magnetic, dipolar and exchange 
contributions to the spin-wave energy are. comparable. Therefore, changing k and external 
magnetic field one can study the principally different mechanisms of the formation of spin 
waves. 

BLS has another advantage in that the probe wavelength (i.e. the wavelength of light) is 
generally much smaller than the sample, in contrast to FMR where the opposite is usually true. 
It is, therefore, possible to probe local regions and surfaces. For instance, in cases where 
the light penetration depth is small (as for metals), the surface region can be selectively 
examined. Another example is the study of interlayer coupling in magnetic bilayers (see 
subsection 6.1). The small probe region and the usage of wedgstype samples provide a 
simple way to measure the interlayer coupling as a function of the thickness of a spacer. 

The frequencies of spin waves are the main quantities determined in a Brillouin 
light scattering experiment. As we have already mentioned, they are connected with 
magnetic properties of thin films and layered systems such as the saturation magnetizations, 
volume and surface (interface) anisotropies, the values of the exchange intra- and interlayer 
coupling and others. The intensities of BLS lines as functions of the incident and scattered 
light polarizations, applied magnetic field, temperature and other physical parameters also 
characterize the magnetic state of the sample. Thus, BLS spectra contain a lot of information 
about the magnetism of thin films and layered systems as well as about coupling phenomena 
between magnetic layers. 

After the Grst observation of the surface spin waves by BLS in the ferromagnetic 
semiconductor EuO [I], many other measurements in thin films and double and multilayer 
structures have been reported. They demonstrated scattering from localized surface spin 
waves as well as a modification of the bulk spin-wave characteristics. Many new phenomena 
related to magnetic properties of thin-film structures have been studied by BLS from spin 
waves. Nowadays BLS has proved to be an important and informative tool for the exploration 
of magnetic excitations in these systems. Several comprehensive reviews [ 2 4 ]  and a book 
[5] have been devoted to this subject. 

The purpose of this review is to describe the present state of BLS investigations of 
magnetic thin films and layered systems. We reshict ourselves only by the consideration of 
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the one-magnon inelastic light scattering. The review is organized as follows. In section 2 
a theoretical approach to the evaluation of the frequencies of spin waves in thin films and 
layered systems is outlined. The features of surface and bulk modes are discussed. The 
influence of interlayer coupling on the spin-wave frequencies in bilayers is demonstrated. 
In section 3 a mechanism of light scattering from spin waves is described. Peculiarities 
of Stokes and anti-Stokes scattering processes and the intensity of lines corresponding to 
surface and hulk modes are discussed. In section 4 experimental methods of thin-film 
fabrication and light-scattering techniques are presented. In section 5 papers concerning the 
study of two-dimensional effects in thin films by BLS are reviewed. In section 6 properties 
of magnetic layered systems studied by BLS are discussed. Of particular importance are the 
magnetic interlayer coupling effects. In section I the features of non-thermal spin waves, 
i.e. spin waves excited by pumping microwave radiation, are described. 

2. Spin waves in thin films and layered systems 

For the description of magnetic excitations in thin films and layered systems a quantum- 
mechanical approach based on the spin Hamiltonian and solving the Heisenberg equation 
may be utilized (see e.g. [6]). However, in BLS experiments the relevant wavelengths of spin 
waves A are large compared with interatomic spacing (A - cm). This long-wavelength 
nature of the magnetic excitations allows one to apply a macroscopic continuum model 
(see e.g. [7,8,5,9]). Such a model starts from the Landau-Lifshitz equation of motion of 
magnetization M: 

where y is the gyromagnetic ratio (equal to gpg/fi) and He* is the total effective magnetic 
field. In the general case H& includes the extemal applied field Ho, a demagnetizing 
field HdP. an effective exchange field Ha and an effective anisotropy field Hm. The 
resulting magnetization M and magnetic field H d  can be each split into a static pail 
and a fluctuating component, m(r, t )  and h(r, I ) ,  the time dependence being of the form 
n(r , t )  = m(~)exp( io t ) ,  h(r, t )  = h(r)exp(ior). At low temperatures (T << T,) 
fluctuating components Iml and Ihl can be assumed to be small compared with static 
ones, which allows for a linearization of the equation of motion (1). 

For the subsequent analysis of the linearized equations and finding their solutions a 
relationship between h(r) and m(r) is necessary. For the wavevectors accessible by light- 
scattering experiments and for rather thin films both exchange and dipolar interactions may 
contribute to the h(r). They result in dipolar-exchange spin modes that are considered 
below. Nevertheless, the dipolar approximation introduced for the finite-slab geometry by 
Damon and Eschhach [lo] is widely used for the description of magnetic excitations. 

This approximation corresponds to the 'magnetostatic' case in which the interaction 
between the fluctuating spins is mainly dipolar and the effect of exchange is negligibly 
small. The usual approach which is applied for the treatment of this case is deriving the 
simultaneous solution of linearized equations of motion and the corresponding Maxwell's 
equations together with the appropriate electromagnetic boundary conditions. However, 
there exists another approach (see [ I I ,  121 and references therein), which is based on the 
direct expression for the dipolar field. The spin-wave modes are obtained in this treatment 
from the solution of integral equations rather than differential ones. One of the advantages 
of such a method lies in the fact that the boundary conditions are automatically included in 
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the integral equations. This approach gives, naturally, the same solutions as the traditional 
model. However, in some cases it allows one to derive transparent analytical expressions 
for the frequencies of the spin waves rather than to utilize numerical calculations. Below 
we will outline the main points of this approach. 
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-d/2 d/2  

Figure 1. Slab geometry with various rypes of spin wave indicated The dict ion of propagation 
of the surface modes and Lhe critical angle 8, are shown. In-plane propagation of the b u k  modes 
is arbitrary. 

Let us consider a ferromagnetic slab of thickness d in the x direction (from x = - d / 2  to 
x = d /2 )  and infinite in the y and z directions (see figure 1). Let us assume that anisotropy 
is neglected. Tben, if the applied external magnetic field, Ho, lies in the z direction, the 
static magnetization, MO, is also aligned in the z direction, 'Ihe magnetic dipolar field 
h&p(r) can be represented as follows: 

h'p(r) = -Vo(r) (2) 
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where a scalar potential O ( r )  is given by 

m(T')(r - T' )  
dr'. s [r - r'13 O ( r )  = (3) 

Here the integral should be taken over the whole volume of the film. Further, the 
magnetization m(r) and the dipolar field h'p(r) are expanded in terms of two-dimensional 
Fourier transformation (over y and z )  [13]. The resulting equations for the fluctuating part 
of the magnetization can be written as follows: 

where Q = o/(47rYMo), QH = H0/(4rrMo), kll is the in-plane component of the 
wavevector of the spin waves and m(k11, x) and h'P(kll, x )  are the Fourier components 
of the magnetization and the dipolar field, respectively. The crucial point is that the dipolar 
field can be expressed in terms of the magnetization: 

where components of the matrix G(kll,x,x') are given in [ l l ,  121. The relation (5) makes 
it possible to consider (4) as integral equations in respect to the magnetization m(kll, x ) .  
They relate values of the magnetization over the whole thickness of the film including the 
surface, i.e. the boundary conditions are involved in them. 

There are two kinds of solutions of (4) for a finite slab. One of them is 

m(k1l.x) = nz(')(kll) exp(ik,x) + m(*)(kll)exp(-ik,x) (6) 

where kr is a real wavevector component along the x direction. It corresponds to a bulk 
spin wave, which has the dispersion behaviour 

where k = (kz, k,, kz] is the wavevector in the direction of spin-wave propagation. As is 
seen from (7), frequency Q,(k)  depends only on the angle 8 between k and z axis (the 
magnetization direction). The manifold of bulk spin-wave states extends from frequency 
Qx, when kz = k, = 0 (8 = 0), up to frequency [Q,(Q, + I)]'/', when kz = 0 (8 = 90"). 
The reason for this anisotropy lies in the anisotropy of the dipolar interaction. 

The other type of solution has the form 

where is real and positive. This solution is the sum of two terms, each of them having the 
largest amplitude at the surface but decaying exponentially with distance from the surface. 
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Therefore, it represents a surface magnetostatic mode. The value of the decay constant 
defines the attenuation length k;' of the surface spin wave. For transverse propagation, i.e. 
kll = k, (k, = 0), the decay constant ko is equal to kll and the frequency of the surface 
mode is given by [lo] 
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It is seen from (9) that for large enough d (kid >> 1) 52s approximates to the value ( 5 2 ~  +i). 
If d is decreased the surface wave frequency predicted by (9) decreases and reaches the 
frequency of the bulk mode [QH(QH + l)l''z at 6' = 90". The profiles of two bulk modes 
are shown schematically in figure 1. 

As was shown in [lo] the surface mode has a peculiar dependence on the direction of 
propagation. For half-space medium it exists only for propagation along the surface into 
an angle 0 < 0, around the direction-normal to the magnetization. The critical angle 0, is 
defined by 

tan e, = &. 
Outside this range of 0 there are no surface modes. For transverse propagation (e = 90') 
the attenuation length 5' is equal to k;'. When e is approaching the critical angle, the 
attenuation length decreases and vanishes at e,. Hence at the critical angle the surface mode 
is completely localized at the surface. The surface magnetostatic modes of the finite slab 
have also non-reciprocal propagation properties. If for some direction of kl there is a surface 
mode localized near the surface at x = -d/2, then for IC1 reversed in direction the surface 
mode is concentrated on the x = d/2 surface. The localization increases on approaching 
the critical angle defined by (10). The two surface modes with opposite directions of ku are 
degenerate, i.e. they have the same frequency and the same attenuation length. The profiles 
of the surface modes as well as their directions of propagation are shown in figure 1. The 
aforementioned non-reciprocal propagation properties of the surface spin waves are revealed 
in intensities of the Stokes and anti-Stokes components of BLS spectra that will be discussed 
in the following section. 

The theory allows one to take into account the volume anisotropy. In particular, in the 
case of volume uniaxial anisotropy, if the external magnetic field and the static magnetization 
are aligned along the easy axis ( z  axis) ,  it can be made straightfonvard. More complicated 
situations are considered, e.g. in [14]. 

The problem of determining the character of magnetic excitations in thin films, when 
both dipolar and exchange interactions are essential, is more complicated. There has 
been a considerable number of papers addressed to this problem (see e.g. review [SI). 
The usual approach which is utilized for the analysis of the dipole-exchange modes is 
based on the straightforward solution of the linearized equation of motion together with 
appropriate boundary conditions. However, even in the simplest case of a single layer 
without anisotropies (see, for example, [ 151) one should apply numerical calculations, which 
do not always give a clear understanding of the obtained results. 

In the majority of cases (especially for rather thin films) the approach to the treatment 
of the dipole-exchange modes, proposed by Kalinikos and Savin [ 111 and developed by 
Vayhinger and Kronmiiller [12] appears to be extremely useful. It is based on the integral 
expression (5) for the dipolar interaction and allows one to apply the perturbation theory. 
The latter simplifies drastically numerical calculations and in a number of cases makes it 
possible to obtain clear analytical results. 
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To examine the influence of exchange one should include in Her in the equation of 
motion (1) the effective exchange field Ha. For wavelengths which are large compared 
with the atomic spacing it can be written as follows [7]: 

(11) 

where A is the exchange stiffness parameter. Assuming that the magnetization and the 
effective magnetic field consist of a static part in the z direction and a small fluctuating 
component in the x-y plane one can obtain in analogy with (4) 

2 A  
MQ 

H,(T, t )  = --V2M(r, t )  

where a = ( 2 A ) / ( 4 n M i )  and h t P ,  h y  are defined by equation (5). 
Further, the appropriate boundary conditions have to be imposed at each surface. They 

were derived by Rad0 and Weertman [16]. For the case of parallel aligned magnetization 
the Rado-Weertman boundary conditions can be represented as follows: 

where K,’ is the constant of out-of-plane surface anisotropy and Ki is the constant of in- 
plane surface anisotropy. For simplicity in (13) we have assumed that K,‘ and KA are the 
same for both surfaces. Note that surface anisotropy enters via the boundary condition and 
not via the equation of motion. 

The boundary conditions restrict possible values of k,, resulting in their quantization. 
Indeed, substituting (6) in (13) one has [17,18,19] 

(e2 - k:) tan(k,d) = 2kze (14) 

where the pinning parameter = (K,’ + K i ) / A  for the x component of the magnetization and 
e = KA/A for the y component. The solutions of (14) can be numbered by n = 0 , l .  2 , .  . . 
in the increasing order of k,. Each value of n (and consequently k x )  corresponds to a definite 
mode of the spectrum of exchange magnetic excitations. The frequency of the excitation, 
determined by the left-hand side of equation (12). is equal to S2, = QH + ak: + akt .  
Naturally, the dipole interaction written in the right-hand side of equation (12) disturbs this 
specbum. However, for not-too-thick films the dipolar term is small in comparison with 
the difference between the frequencies of various exchange modes. Thus, one can apply 
perturbation theory. The zero-order approximation, which includes the diagonal matrix 
elements of the dipolar interaction, gives renormalization of the frequencies Sl, and results 
in the dipoleexchange modes. 
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To demonstrate this approach consider the case when the surface anisotropy is neglected, 
i.e. Ki = KA = 0. Then, from equation (14) one has kx = Rn/d  (n = 0, l .  2 , .  . .). The 
solutions of (12) are given by 

11 1 - (-1)” exp(-klld) 
kHd 

where p = R ; / ( k i  + k:) and q = k:/(k; + k:). The dipoleexchange excitations represent 
the infinite number of modes (n = 0. 1,2, . . .). The frequencies of these modes (15) for 
n = 0-1.2 as a function of d and kll are plotted in figure 2. If n # 0 they are standing bulk 
spin waves that have cosinusoidal amplitude profiles across the film. In the thin-film limit 
(d -+ 0) the frequencies of the bulk modes with n # 0 become large due to increasing kz 
(see figure 2). By contrast, as is seen €rom (15) the frequency of the lowest mode Qo with 
n = 0 depends only on kll and is independent of k,. Therefore, it remains b i t e  at d -+ 0 
(figure 2). As it is explained in [201 then = 0 mode represents a unique bulk spin wave for 
longitudinal propagation, i.e. for ky = 0 (in this case there is no surface mode). However, 
it is converted to the surface mode one swings the propagation vector over the transverse 
direction for which kz = 0. The frequency of the surface and bulk spin waves depends 
on the propagation direction through dipolar interactions and is the largest for propagation 
perpendicular to the applied field. When kg = ky and klld is small, the frequency of the 
surface mode $20 coincides with that (9) obtained in the dipolar approximation. 

Figure 2. Frequency spectrum of a ferromagnetic slab over the d-kll plane for the perpendiculax 
pmpagation of spin waves (kl, I Ma). The lowest sheet corresponds to the surface mode, while 
&e WO upper sheets relate tn lhe low-frequency bulk modes. 

Now we will discuss the conditions of applicability of the perturbation theory. It is 
valid when the frequency difference between various exchange branches is more than matrix 
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elements of the dipolar interaction. The latter can be evaluated using results of [ 111 and they 
are of the order of klld. Then, for the nondegenerate case, i.e. far from mode crossings, 
one obtains 

For typical values of A and MO and for the wavevectors kll - 105cm-1, relation (16) is 
satisfied if the film thickness d is of the order or less than 20 nm. 

If d is small, i.e. ed << 1, one can easily find the influence of the surface anisotropy on 
the spectrum of magnetic excitations. In this case, as follows from (14), k: = -2c/d for 
the mode with n = 0. Then, using (15) and neglecting the terms, proportional to (d, one 
has for the surface mode 

This result is in agreement with that obtained by Stamps and Hillebrands [21] in the limit 

Note that the surface anisotropy appears in (17) as an effective bulk anisotropy. This 
feature is often used for the practical evaluation of surface anisotropies from experimental 
data. However, it should be mentioned that such an approach is correct only if the film 
thickness d is less than the magnetic length fi. 

Now we consider ferromagnetic bilayer system as represented in 6gure 3, where there 
are two magnetic layers of thicknesses dl and dz separated by a non-magnetic spacer of 
thickness do. If & is much more than a typical wavelength of spin waves then two magnetic 
layers can be considered independently. In experiments on light scattering this distance is 
determined by the value k;' and is of the order of 100 nm. Then the spectrum of magnetic 
excitations can be described by means of the theory given above. At smaller distances 
do the dipole coupling between the magnetic layers is essential and should be taken into 
account. Detailed study of this case in an approximation where exchange and anisotropies 
are neglected has been carried out in papers [22,23,24]. 

The main results of these studies can be summarized as follows. If kli is perpendicular 
to the magnetizations lying in plane of the two layers the frequencies of the magnetostatic 
modes are [22] 

of klld << 1 and KA = 0. 

= J(RH + 4)~ - i p  (18) 

The quantity p is equal to unity for a bulk mode, giving the same result as that for a single 
film (equation (7) with k, = 0). For the surface modes p takes on two values depending 
on kg. do, dl and dz. In the limit of large separation of the magnetic layers (& -+ m) p 
becomes equal to exp(-2klld,) and exp(-2klldz). The relating frequencies obtained from 
(18) are just the surface magnetostatic mode frequencies for single tilms of thickness dl 
and dz, as can be seen by comparison with (9). In the opposite limit of do + 0 one can 
obtain fl  = 1 and @ = exp[-2kll(dl + dz)]. The first solution represents a mode that has 
become degenerate with the bulk magnons, while the second solution corresponds to the 
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Figure 3. S i y e r  consisting of two fenornagnotic 
by a nonmagnetic spacer layer of thickness &. Profiles of VT 

case of zero inletlayer exchange coupling AI). = 0 are schematically shown. 

ers ! C S S ~ S  di a 
IS @pes of SI 

separated 
wave in h e  

surface mode for the layer of overall thickness dl + dz. ?he behaviour of the magnetistatic 
mode frequencies for dl = dz = d is demonstrated in figure 4. 

When the thickness of the non-magnetic spacer becomes 5 nm or less a short-range 
interlayer exchange coupling appears and transforms the spectrum of magnetic excitations. 
In this case frequencies of spin waves depend on the type of interlayer exchange and 
are different for ferromagnetic, antiferromagnetic and 90" exchange coupling. lnterlayer 
ferromagnetic exchange was treated theoretically in [ 12.25-281 and is considered below. In 
the range of distances between magnetic films do < 5 nm the dipolar interlayer interaction 
remains practically in saturation and does not depend on do. Therefore, we can let = 0. 

In contrast to intralayer exchange which enters both into the Landau-Lifsbitz equation 
and into the Rado-Weer!" boundary condition, interlayer exchange, due to its local 
character, appears only in boundary conditions at the interface. The latter were introduced 
for the first time by Hoffmann [291. For the long-wavelength limit considered here, the 
linearized version of the Hoffmann boundary conditions is 
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t 
o,6 1 ,SM of multilayer 1 

Figure 4. Magnecoscacic mode tiquencies OF bilayer and multilayer for f 2 ~  = 0.05, d = 10 nm 
and kll = 1.7 x IO5 cm-' versus &Id. SM and BM denote Lhe surface and the bulk modes 
respectively. h( indicates h e  exchange-sensitive mode of the bilayer. 

Here ml,  and m b  are fluctuating x components of the magnetization of the first and 
the second film respectively. In equations (19) we have assumed for simplicity that the 
saturation magnetizations and exchange stiffnesses of the two magnetic films are the same 
and the anisotropy at the interface is neglected. Analogous relations can be written for 
y components of magnetization. At the external surfaces the Rad-Weertman boundary 
conditions have to be fulfilled. If the surface anisotropy is equal to zero they are 

where we let dl = dz = d ,  assuming the same thicknesses of the magnetic films. Analogous 
relations can be written for mly and mzy. Representing ml,(x) and m&) in analogy with 
(6) as a sum of two oscillating functions one can easily derive from (19) and (20) the 
condition of quantization for kx:  

(21) 
2.412 . k, - kx cos(2kxd) - - sm(2kxd) = 0. 

A 
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There exist two kinds of solutions of equation (21). The first one is k, = (nn)/(2d) (n = 
0,2,4, . . .). It corresponds to the so-called in-phase solution at which the mode profiles 
are continuous at x = 0. This solution does not depend on the strength of the interlayer 
coupling A12 and coincide with that obtained for the single magnetic film with the thickness 
equal to 2d and even n (see figure 5). I f n  # 0 it relates to standing bulk spin waves, that 
have continuous cosinusoidal amplitude profiles across both films. If n = 0 and k, = k,. 
the solution represents the surface mode. Neglecting the term ski, its frequency at small 
klld can be written as follows: 

(22) i2: = [QH i- 1 - klld]["~ i- klld]. 

C 

d, nm 

F i  5. Frequencies il of the exchange-sensitive mode (EM) and the surface mode (SM) of a 
ferromagnetic bilayer with the equal thicknesses dl = dz = d for i l ~  = 0.05. (a) SZ against A12 
ford = 10 mu. The dashed line mark the frequency of the lowest bulk mode of a single film 
of thickness 2d and corresponds to the exchange mode of the bilayer in the limit A12 -+ W. 

@) il against d for A12 = 0. EM Vaasforms with increasing An and in the Limit At2  + a, it 
is given by the dashed line. 

Another kind of solution represents the so-called out-of-phase mode and strongly 
depends on the value of the interlayer coupling AI?: 

a: = [QH t uk: + I ] [ ~ H  t ak:] (23) 

where kx is the root of equation (21) corresponding to this solution. It changes from 
k, = (nn)/(2d) (n = 0,2 ,4 , .  . .) at AIZ = 0 to kx = ( z n ) / ( 2 d )  (n = 1,3,5, .  . .) at 
Ai2 + i-m. 

If A l z  = 0 the phases of ml(x) and mz(x) are opposite. For the lowest mode k,  = 0. 
However, as it is seen from equations (22). (23) the frequencies of in-phase and out-of-phase 
modes are different. The reason of that is the difference in the energy of the dipolar coupling 
between two films. This energy is more for in-phase fluctuations of the magnetizations than 
for out-of-phase fluctuations. For very thin films or/and for long-wave fluctuations this 
difference is small. The profiles of the in-phase and out-of-phase modes are shown in 
figure 3. 
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The increase of the interlayer coupling causes the spins of the two ferromagnetic films at 
the interface to precess in unison. In this case the mode profile of the out-of-phase solution 
changes continuously and finally it becomes the mode profile of the exchange mode of the 
single layer with doubled thickness. It happens when Alz - A/a, where a is the lattice 
parameter 1271. In this case for the lowest mode one obtains kx = r / ( Z d ) .  

Frequencies of the two lowest modes versus A12 and d are shown in figure 5 .  They 
were calculated using (23) and the exact solution of equation (21) and reflect the features 
of spin waves in bilayers described above. Note that in the region of the mode crossing the 
resulting solution should be consider as a linear combination of the solutions corresponding 
to the modes with two different kx .  It would give mode repulsion which was discussed in 
P71. 

Additional peculiarities of the spin-wave spectrum appear in multilayers, i.e. a 
stack consisting of many ferromagnetic layers separated by non-magnetic spacer layers. 
Dispersion relations for spin waves in such systems (without inclusion of exchange 
interactions and anisotropies) was studied theoretically in papers [30-331. Inclusion of 
volume anisotropy contributions was made in [34]. Below we shall briefly outline the main 
results obtained in these papers for an infinite number of layers. 

For propagation normal to the magnetization in the plane of the layers the spin-wave 
frequency can be written as (18). The factor p has a complicated form. It depends on the 
parameters kil. d ,  4, where d and do are the thicknesses of the ferromagnetic and non- 
magnetic layers, respectively. As it can be shown [30] the spin-wave mode of the stack is 
a linear superposition of surface waves within each magnetic layer. The bulk modes form a 
continuous zone and always lie in the frequency range from [S~H(RH + to (QH + i) 
(see figure 4). For a finite number of layers N the spectrum of bulk modes represents N 
branches lying inside the bulk zone shown in figure 4. The surface mode of the superlattice 
is also a linear superposition of surface waves within each magnetic layer. However, it 
exists only if the magnetic layer thickness is greater than the spacer layer thickness d > 6. 
The frequency of the surface mode is equal to ( Q H  + i), i.e. it is the same as that in a semi- 
infinite ferromagnet. As d -+ &, the attenuation constant of the surface mode tends to zero, 
and the frequency of the surface wave merges with the top of the band of bulk collective 
modes (see figure 4). The surface mode is predicted to have ‘one-way’ propagation only as 
for the thin film. 

Exchange modes in multilayered systems, in the approximation that interlayer exchange 
and anisotropies are neglected, were considered in [12,25,35,36]. For a multilayer 
consisting of N ferromagnetic films magnetized in plane, each branch of the corresponding 
single-film spectrum splits into N branches due to formation of the collective modes of the 
stack. The frequencies of the spin waves depend on the direction of the wavevector relative 
to the magnetization MO. For a given llcll], when the direction of propagation changes from 
longitudinal to transverse, the frequency of the spin wave, corresponding to the particular 
branch of the spectrum, gradually increases [12]. At d -+ 0 all modes become degenerate. 
However, the surface-mode frequencies remains finite while the frequencies of the bulk 
exchange modes become infinite as occurs in bilayers. 

A detailed theoretical description of the behaviour of the dipole-exchange modes in 
the presence of anisomopies and interlayer coupling was given in the work of HiUebrands 
[37,28]. Using numerical calculations, based on the straightforward solution of the equation 
of motion for the magnetization and exact boundary conditions, he was able to calculate 
the spin-wave frequencies in multilayered systems practically for all possible real situations. 
Recently, the influence of imperfections of an ultra-thin ferromagnetic film on spin-wave 
propagation was reported [38]. 



7158 

3. Light scattering from spin waves 

The microscopical origin of light scattering from spin waves is the spin-orbital and exchange 
interactions. First detailed calculations for the spin-orbital mechanism on the basis of 
microscopic theory were performed by Shen and Blombergen [39] and Fleury and Loudon 
1401. They derived the relation between the light scattering intensity and the matrix 
elements of the spin-orbital interaction between different excited states of an individual 
ion. To overcome the difficulties associated with the calculation of the matrix elements, 
the phenomenological expansion of the crystal permittivity s in the spin operators (or the 
magnetization) was proposed [41,42]. The consistent presentation of this calculation can 
be found in [43]. Light-scattering theory involving surface effects has  been given in [44- 
461. Recent calculations take into account surface and bulk anisotropies and enable the 
quantitative comparison of the theory with experimental results obtained for real systems 
r47.481. 
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Figure 6. Typical geometry of h e  BLS experiment on thin films. The incident ( I )  and m e r e d  
(S) light beams for the 'backscattering' are indicued. Changing 8 allows the variation of kii. 

Let us consider an experimental situation as represented schematically in figure 6. 
Monochromatic light of angular frequency y = 21( V I  is incident on the scattering medium, 
which could be characterized by its dielectric permittivity tensor cup. The electric field 
vector 331 is polarized in the direction of the unit vector e,, and the direction of the incident 
light beam is parallel to the wavevector k~ in the medium. The incident electric field E1 
induces a polarization P in the medium. The effect of magnetic excitations is to modulate 
the dielectric permittivity and hence to produce a fluctuating term in the polarization, SP 

where 8cUp is the fluctuating part of cap. This in ifs turn gives rise to a scattered 
electromagnetic wave whose electric field Es and frequency OS = b u s  can be calculated 
from Maxwell's equations. The scattering process is inelastic in general (y # 0 s )  because 
an incident photon of energy Awl may take energy from, or give energy to, an excitation in 
the medium in order to produce the scattered photon of energy hws. 

The light may be scattered in many different directions and with different frequencies. 
The experiment, however, is normally designed such that only the scattered light of 
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wavevector ks frequency os, and electric field polarization es arrives at the detector. The 
spectrum of the scattered light is obtained by measuring the differential extinction coefiient 
dh/dQdo,. This quantity is defined as follows: dh is the ratio of the number of photons 
scattered into an elementary solid angle d!2 with a scattered frequency between os and 
os + dos, per unit time and volume, to the incident photon flux density [49]. Instead 
of differential extinction coefficient the differential scattering cross section 1.51, which is 
directly connected to the former, is often used. 

Derivations of dh/dndos for light scattering in an unlimited medium have been given 
in a number of textbooks (see, for example, [49] for a detailed account). In the case of 
scattering with small change of frequency it can be represented as follows: 

where the wavevector k and frequency o are given by 

kscsk1-k  o s = q - w  

and the correlation function is defined by the transformation 

((8@)*8t~”), = // dt d 3 h  - T~)exp[iwr - ik . (TZ - T I ) I ( [ ( J ~ @ ( T ~ ,  t ) l * S t ” B I ( ~ ~ ,  0)) 

(27) 

where (...) denotes statistical (and, if necessary, quantum-mechanical) averaging. 
If k and o are interpreted as the total wavevector and frequency of the crystal excitation 

that participate in the scattering process, then equations (26) are simply the conditions for 
conservation of the momentum and energy, respectively. For w > 0 (os i 4) this is a 
Stokes scattering process in which the energy is removed from the incident beam in order 
to create an excitation in the scattering medium. On the other hand o < 0 (os > 4)  
corresponds to an anti-Stokes process in which the scattered photons are more energetic 
than the incident photons because of the energy gained from the crystal excitation. Thus, 
changing the experimental geometry, one can investigate by means of light scattering 
spin waves with different k. For example, when the angle (o between kl and ks is 
small (the so-called ‘forward scattering’) spin waves with small k - 103-l@cm-1 are 
under investigation. On the other hand, the ‘backscattering’ geometry, shown in figure 6, 
corresponds to fp = 180”. In this process the maximum value of k can be reached. 

The existence of absorptive media or media with restricted geometry such as a thin 
film or layered system essentially changes the expression (U) [5]. The main difference 
arises from the fact that ranslation invariance holds only in the y-z plane. In this case, the 
correlation function determining the scattering is 

((J$;)*86il6’), = //dtdz(rllI - rzll)d.qdrzexp[iot - ikll . ( q i  - rza)] 

x exp[-i(kl,xl - ~ ~ X ~ ) I ( I J E @ ( T ~ .  ~ ) Y J P ’ ~ ’ ( T ~ ,  0)) (28) 

where the 2D wavevector kli is parallel to the surface, kl = { k l Z ,  kll), kz = {kk, kll] and 
similarly for TI and TZ. The wavevector kil and the frequency o are determined by the 
conditions for conservation similarly to (26): 

kq = k,ll - kl, os = U,  - w .  (29) 
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Since the system does not possess a translation invariance symmetry in the x direction, it 
might be that I C ,  # kz. 

can be represented as a series in the powers 
of the magnetization vector M :  
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The magnetic contribution to the tensor 

The tensors f and g are, in general, complex and describe magneto-optical effects. The 
tensor f characterizes circular birefringence (Faraday effect) and linear dichroism, the tensor 
g characterizes linear birefringence and circular dichroism. In the presence of magnetic 
fluctuations produced by spin waves the value A&'# contains a fluctuating part W ' D  which 
determines the correlation function (28). Therefore, the problem of the evaluation of the 
light scattering intensity is reduced to the calculation of the several correlation functions 
of the different components of the magnetization. These correlation functions may be 
calculated with the help of the fluctuation-dissipation theorem 140,481 or by means of a 
more transparent thermodynamical approach [47]. 

The calculation of the extinction coef6cient for any realistic structure is rather an intricate 
task and it must be worked out using a computer. For a detailed account we refer the reader 
to the original works mentioned. The measurement of the absolute value of the light 
scattering intensity is also very complicated problem. Therefore, the relative BLS intensity 
and its variation as a function of some parameters (e.g. applied field, light polarization, 
temperature etc) is commonly investigated. Below we consider a few particular features of 
light scattering from spin waves, which are points of interest. 

Usually, the tensors f and g have off-diagonal non-zem coefficients. This means that 
the correlation function with off-diagonal S@ contributes to light scattering from spin 
waves and the scattering takes place with rotation of the polarization plane. This feature is 
used to distinguish between BLS from phonons and spin waves and to increase the effective 
contrast of a spectrometer (see subsection 4.2). However, this is not always the case. There 
exists a specific exchange light-scattering mechanism, which results in the contribution of 
the spin-wave fluctuations only to the diagonal components of the tensor cup [51]. This 
causes the scattering without rotation of the polarization plane. This mechanism is of 
decisive importance for strongly canted magnetic systems, such as antiferromagnets in a 
high applied magnetic field. But it can also appear in multilayer structures with AF-type 
exchange. 

Now we consider the relation between the extinction coefficients for Stokes and anti- 
Stokes processes. Four causes for the asymmetry of Stokes-anti-Stokes line intensity are 
known. The first one is connected with the thermal population of the magnon states. It 
can be deduced from the principle of detailed balancing [49]~and involves the consideration 
of time-reversal properties. It can be shown that it is more probable to create a spin wave 
(Stokes process) than to destroy one (anti-Stokes process). The corresponding Stokes-anti- 
Stokes ratio can be expressed as follows: 

where o is the spin-wave frequency, ks is Boltzmann's constant and T is the temperature. 
This mechanism would be the only reason to cause the Stokes-anti-Stokes difference if the 
ground state did not change under time reversal. In magnetic systems this is not the case, 
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and this leads to a more complicated relation than formula (31). However, under some 
circumstances (see [SI) the relation (31) is valid. 

The second cause for the asymmetry can be explained as follows. Let us consider 
a magnetic solid which possesses both the h e a r  f and the quadratic g magneto-optical 
constants (see (30)). It is possible to show [43] that, if e+'t4 and es_LM, than on 
the Stokes side of the spectrum the linear and biquadratic terms interfere constructively, 
and dh - If + iMgl*. On the anti-Stokes side the two terms interfere destructively, and 
dh - If - iMgI2. If both e, and es are rotated through go", the constructive and destructive 
interference will take place for anti-Stokes and Stokes processes respectively. 

These two mechanisms, the thermal population and the interference of the linear and 
the quadratic contribution, have one common feature. A reversal of the magnetization does 
not change the Stokes-anti-Stokes ratio. 

The thud cause is revealed in the BLS from surface spin waves. The feature of the 
surface excitation is its localization near one of the surfaces. As was illustrated in figure 1 
the surface spin wave propagating along the y direction has its largest amplitude near the 
right-hand surface. The surface spin wave, propagating in the opposite direction, is localized 
on the lefthand surface. Due to this inreciprocity and the finite penetration depth of the 
incident light the scattering with creation of the surface excitation differs from that with 
destruction of the surface excitation. Since a reversal of the magnetization causes a reversal 
of the localization of the surface spin waves there will also be a reversal in the Stokes- 
anti-Stokes ratio. Such a mechanism was experimentally observed in [52]. Nowadays, this 
feature of the BLS is octen used for the identification of peaks corresponding to surface spin 
waves in complex BLS spectra. 

In the case of very thin films, when the thickness of the film is much smaller then 
the localization length of the surface spin waves, the localization mechanism does not 
cause the Stokes-anti-Stokes asymmetry. However, if the light absorption is high enough, 
the contribution of the off-diagonal spin-spin correlation functions to the light scattering 
intensity becomes important. It results in the different intensity of the Stokes and the anti- 
Stokes lines [46]. A reversal of the magnetization reverses the Stokes-anti-Stokes ratio, 
although the change of the spin-wave localization in such thin films is negligible. 

To conclude this section we note that there are several experimental observations relating 
to the Stokes-ti-Stokes asymmetry, which are waiting for a theoretical explanation. The 
change in the Stokes-anti-Stokes ratio in B 1 s  on the Fe/Cr/Fe layered system with variation 
of Cr interlayer thickness is among them. Another example will be given in section 7. 

4. Experimental methods 

For the successful exploration of the magnetic excitations in layered structures by means 
of BLS high-quality thin films as well as a spectrometer with high resolution and sensitivity 
are necessary. In this section experimental methods for thin-film preparation and Brillouin 
spectroscopy are considered. 

4.1. Preparation and characterizing of thin films and layered systems 

Preparation and characterization of thin magnetic films is now a vast field which cannot be 
exhaustively reviewed in the present paper. A detailed analysis of this subject is presented, 
for example, in [53,54]. We only describe general concepts and introduce terms which will 
be used below. 
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Molecular beam epitaxy (MBE) is a very popular technique for the preparation of 
thin magnetic films. Its advantage is the possibility of producing well defined high- 
quality monocrystallie films and layered system with a small number of defects and 
impurities. Ultra-high-vacuum (w) chambers with basic pressure better than lo-'' mbar 
are commonly used for film preparation. A standard part of such UHV systems is a special 
transfer chamber. This allows one to introduce substrates into the main chamber and to take 
grown films out without breaking the W. After the introduction into w the substrate 
should be cleaned to remove surface layers, which are oxidated or damaged by fabrication. 
This is usually done by annealing in UHv or by argon ion sputtering. 

For the realization of MBE the choice of substrate material and deposition temperature 
is of special importance. To produce well defined thin film or layered systems one needs 
to establish an epitaxial layer-by-layer-mode growth, i.e. a growth when the successive 
layer begins to grow after the completion of the previous one. For that free surface 
energies of the substrate and the deposited material as well as their interface energy and 
the growth rate should satisfy specific thermodynamic and kinetic relations [ S I .  Another 
essential parameter determining epitaxial growth is the lattice misfit f. It is defined as 
f = (b  - a) /a ,  where b and a are the lattice parameters of the film and the substrate, 
respectively. Good epitaxial growth is expected when the overlayer and substrate lattice 
meshes are well matched, i.e. the misfit is small (of the order of 196 or smaller, e.g. in the 
case of AI or Cr on Fe(001) ). However, epitaxial growth with higher misfit was reported 
in [53]. 

Interdiffusion also plays an important role in the process of the thin-film deposition. In 
an ideal situation interdiffusion of the substrate and the film should be forbidden by the 
phase diagram. This is the case, for example, for Fe on Ag and Cu. Nevertheless, one can 
avoid essential interdiffusion even for a system where it is not forbidden (e.g. Fe on Au) 
by decreasing the substrate temperature during the growth process. Therefore, choosing the 
best growth temperature is extremely critical. One wants a high enough temperature to allow 
movement of atoms to provide crystal quality yet low enough to prevent interdiffusion. 

It is virtually impossible to select appropriate MBE conditions without in situ monitoring 
of the growth. Therefore, the MBE chambers are usually equipped with some of the surface 
investigation tools, such as low energy electron diffraction (LEED), reflection high energy 
electron diffraction (REED), Auger electron spectroscopy (AES) and scanning tunneling 
microscopy (STM). 

In LEED studies the sample is irradiated, mostly at normal incidence, by a low-energy 
electron beam (of the order of 100 eV). The elastically scattered electrons are visualized 
and used for the structural analysis. The following information can be obtained from a 
LEED experiment: firstly, the spot pattern indicates crystalline order and its symmetry and 
its variation with changing electron energy reflects the symmehy of the sample; secondly, 
the small-angle analysis of a given spot makes it possible to determine the real structure 
of the surface under investigation, i.e. the shape of growing islands, the distance between 
terraces, etc. 

The =ED diffraction pattern can be visualized if electrons with energy of 10-20 keV 
are reflected from the crystalline surface after glancing incidence. In principle, this technique 
provides the same information about the symmetry of the surface as LEED. However. RHEED 
patterns are more sensitive to surface roughness. although the quantitative analysis is more 
complicated than in case the of LEED. The alternative changing of both RHEED and LEED 
patterns during the deposition can be used for layer-by-layer growth monitoring and precise 
measuring of thin-film thicknesses. 

STM (or its modification-atomic force microscopy, which makes it possible to study 
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isolators) provides detailed information on epitaxial growth and the morphology of film 
surfaces. This technique is unique in terms of its atomic resolution and its visualizability. 
The application of STM to the investigation of the magnetic properties of surfaces is in 
progress. 

The AES technique differs from the others by its sensitivity to the chemical composition 
of the surface, because the energy of Auger electrons depends only on the kind of atom 
they are emitted 60m. Moreover, their penetration depth is less than 1 nm. Therefore, the 
measurement of the intensity of the Auger electrons, emitted by atoms of substrate during 
the growth can be used for the determination of the type of growth. Observation of the 
so-called ‘Auger kinks’ is an evidence of layer-by-layer growth. 

The detailed description of the above-cited techniques is far beyond the scope of the 
paper. We refer the reader to [53] and references therein. 

Among achievements of the MBE technique in preparation of thin magnetic films and 
layered systems with almost perfect crystallinity we can mention BCC CO on GaAs(l10) 
[56], FCC CO on Cu(OO1) 1571, Fe on W(110) [SS], Fe on Ag I591 and FCC Fe on Cu 
[60], FefXPe (X=Cr,AI,Ag,Au) on silver buffer with GaAs as a substrate [61], FelxIFe 
(X=Cr,Ag,Au) directly on an Fe whisker 162-641 and many others (see 1531). 

Cathode sputtering is also applied to preparation of layered systems. It has the advantage 
of applicability to various materials. This method could be automated, which is a matter of 
importance in preparation of multilayered systems with as many as 100 individual magnetic 
and non-magnetic layers. The advantage of sputtering is clearly demonstrated in 1651 where 
the preparation and investigation of a series of layered structures F e m e ,  X being almost 
all d metals, are reported. The disadvantages of cathode sputtering are the unavoidable 
contamination of the growing films by a gas, in which discharge is sustained, and the 
impossibility (with a rare exception) of producing monocrystalline samples. 

It is necessary to emphasize that light-scattering experiments are mainly performed 
on monocrystalline MBE-grown samples. In this case one can avoid the huge broadening 
of a spectrum due to distribution of the anisotropy axis directions which takes place in 
polycrystalline samples. Moreover, performing experiments on monocrystalline samples 
one has the possibility of applying the magnetic field along different directions relative to 
the crystallographic axis. This increases the body of information obtained in the experiments 
and makes its theoretical interpretation more straightforward. There are, nevertheless, a few 
BLS experiments on polycrystalline films which will be described in the respective section. 

Besides good crystallinity optical propehes are an important characteristic of the layered 
systems used in light-scattering experiments. The reduction of reflection on the film surface 
brings about increasing light scattering intensity and therefore is very desirable. For this 
purpose anti-reflection layers can be deposited on the film after its preparation. For example, 
a ZnS overlayer with a thickness of about 50 nm increases the BLS intensity in Fe films and 
Fe-based layered systems five to seven times. 

4.2. Techniques for investigation of light scattering 

A general view of the installation required to carry out Brillouin light scattering (BLS) 
experiments is shown in figure 7. It consists of four main parts: the laser source, the 
spectrometer, the detector and the electronic system for data acquisition and control. 

The main requirement to the laser source is that its generation should be well polarized 
and the corresponding spectral linewidth is to be much smaller than 1 GHz. This restriction 
results from the typical frequency shift in BLS (5-50 GHz), which is determined by the 
frequency of the quasi-particle, taking part in the BLS process. Such a condition is satisfied 
only by the gas lasers. Usually, standard He-Ne lasers have a linewidth of about 200 MHz. 
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Fabry-Perot 
Interferometer 

t I 
DASS 

Figure 7. Schematic represenwrion of the equipment used for Blillouin light scattering. L is 
the h e r  Sowce. S the sample, A the polarization analyser, PM the photomultiplier, DASS the data 
acquisition and sthihation system. HO denotes the applied magnctic field. 

They can be used without any modification, if the extremely high-frequency resolution is 
not necessary. Art and Krt lasers have a linewidth of more than 5 GHz. They cannot 
be applied directly, their generation frequency must be stabilized to a single mode of the 
laser cavity. This is usually done by introducing a quartz Fabry-Pirot etalon into the laser 
cavity. In this case the linewidth of Art and Krt lasers becomes of about 20 MHz. Such 
lasers can be used for high-resolution experiments. 

Because of the small frequency shift in the Brillouin light-scattering process a 
spectrometer with extremely high resolution, namely scanning Fabry-Wrot interferometer 
(FPI), is applied to analysing the scattered light. For a better understanding of the processes 
involved let us consider the operation of the FPI in more detail. It is based on two parallel 
flat mirrors, d being the separation between the reflecting surfaces of the mirrors. With 
parallel light incident on the mirrors at angle @ the maximum transmitted frequency v, is 
given by interference conditions 

C 
m -  =2nd cos 6 (32) 

Vm 

where m = 0 , 1 , 2 ,  ... is the order of the interference, n is the refractive index of the medium 
between the mirrors (usually n = 1 for air) and c is the speed of light. The frequency 
dependence of the FPI transition at a given distance between mirrors is presented in figure 8. 
We draw attention to the three points of importance that are seen in figure 8. Firstly, the 
transmission condition is satisfied for a whole series of frequencies v, which correspond to 
the different orders of the interference. The frequency difference Au = v, -U,+, is called 
the free spechal range (FSR) and it is 

2c 
nd 

AV = -. (33) 
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For the typical distance of d = 3 nun the FSR is equal to 50 GHz. Secondly, the 
transmission peaks have a linewidth (Su),  which depends on many parameters, but for a 
typical experimental situation Su N 1 GHz. Thirdly, even if condition (32) is not satisfied, 
the transmission of FPI T ( u )  is not zero ( T ~ D  in figure 8). The ratio of the maximum 
transition to the minimum one T-IT- is called the contrast of interferometer. Usually, 
this value is limited to 102-103. This means that lines with intensity smaller than 10-3-10-2 
of the unavoided background, caused by elastic scattering, cannot be detected by the WI, 
since the background is suppressed only by a factor of the contrast. 

Figure S. Transmission of the Fabry-Pemt interferometer as a function of the incident light 
frequency. Frequencies v, and ",+I correspond to different orders of the interfetence. The 
resolution of the interfmmeter is determined by the linewidth Sv, the free specwl range (FSR) 

is equal to AV, and the ratio T-fT* gives the conhast. 

It is clear from above that Pp1 permits the resolution of spectral lines with frequency 
shifts corresponding to BLS from spin waves. However, the small intensity of Brillouin lines 
(10-10-10-8 of the incident beam) and considerable Rayleigh (elastic) scattering (104-10-2 
of the incident beam) in magnetic solids are specific features of this process. This means 
that the contrast of the interferometer is too low to allow BLS to be seen. The intensity of the 
Rayleigh line could be considerably reduced by introducing a polarization analyser between 
the sample and the interferometer (see figure 7). This does not reduce light scattered from 
spin waves, since such scattering rotates a polarization plane (see section 3). However, 
even after that, it is too high to be sufficiently suppressed by a standard FPI. Actually, a d  
possibility of observing BLS from spin waves appeared after the invention of the multipass 
interferometer by Sandercock [66]. In this device light passes thmugh the interferometer 
several times. Every time light passes the FPI the background is suppressed, therefore the 
contrast increases by many orders of magnitude. The essential improvement of the system 
has been done later with the introduction of a tandem interferometer, which contains two 
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multipass interferometers mountained on the same mechanical driver [67]. This increases 
the FSR of the spectrometer without reducing the resolution. 

Since in BLS experiments the intensity of the optical signal to be detected is very small, 
photon-counting systems are widely used as detectors. These consist of a photomultiplier 
with extremely low dark noise rate (IlT FW130 and EMI 9863 photomultipliers are very 
popular), a fast-rise-time preamplifier, a wide-band amplifier, a pulse-height analyser with 
discriminator and a counter. The dark noise of the photomultiplier (that is the signal 
produced in the absence of input light) represents the lowest intensity of the detectable 
signal. Therefore, it is very important to reduce the dark current, and considerable efforts 
have been made to do so. Electrons thermally emitted by the photocathode account for 
an essential part of the dark current. This makes it possible to reduce drastically the dark 
current by cooling the photomultiplier. In the IlT FW130 photomultiplier, for example, the 
dark-noise rate is about 1 count s-’ at 240 K. 

The Brillouin spectra of most magnetic systems require several hours of data 
accumulation time for a significant signal-to-noise ratio. On the other hand, the mirror 
alignment in multipass operation is very critical. For these reasons the multiscan procedure 
is used, when data from each rapid scan are accumulated in a computer or in a multichannel 
analyser. At the same time an active stabilization of the interferometer is performed. This 
makes use of a prominent line (e.g. the Rayleigh line) to control the mirror spacing and 
to optimize the mirror alignment. For details, see [67] and references therein. All these 
tasks may be completed by special electronic equipment [68] or by computer software and 
hardware 1691. 

In some particular cases the BLS line is powerful enough to be used for FPI stabilization. 
In this instance the BLS intensity cah be measured continuously as a function of an external 
parameter, i.e. the applied field [70]. For continuous measurement the displacement of 
the movable mirror of the FPI is reduced in amplitude to cause the interferometer to pass 
only the satellite. In this regime, the FPI in fact serves as an extremely-narrow-band tunable 
highcontrast filter of the shifted frequency. The number of photons fed to a photomultiplier 
during one FPI scan is counted. It is proportional to the BLS intensity. 

For many applications (e.g. for measuring weak interlayer coupling in magnetic 
multilayers, see section 4) the precise determination of the BLS line position is necessary. For 
this purpose a method of self-correlating transformation, proposed in [71], can be applied. 
In this approach the correlator h(u) should be calculated: 

S Demokritow and E Tsymbal 

h ( ~ )  = f ( ~ ’ ) f o ( ~ ’  - U) d d  (34) I 
where f ( u )  is the measured peak and f ~ ( v )  is the apparatus function. Calculation of the 
real apparatus function for a multipass Fabry-Pirot interferometer is a complicated task, 
because the active stabilization system continuously changes the alignment of the mirrors. 
But the powerful peak corresponding to elastic scattering or even BLS from the surface mode 
provides a perfectly measured apparatus function in every spectrum. It can be applied for 
calculation in equation (34). Unlike f ( w )  the correlator h(w) is a smooth, symmetrical 
function. Its maximum shows the position of the cenw of the measured peak. It is possible 
to find the position of the peak centre with an accuracy much better than the width of the 
peak, namely (0.14.2) GHz. The reliability of this method has been tested by comparison 
of the data obtained for the Stokes and anti-Stokes peaks of BLS from phonons and magnons 
in single films [71]. 
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5. Two-dimensional effects in thin films 

Over the last decade impressive investigations of spin waves in magnetic films have been 
performed by BLS. The existence of the surface mode and standiug modes was confirmed 
experimentally and their properties and mutual interaction were studied, The frequencies 
of the spin waves depend on the saturation magnetization MO, the exchange constant A, 
the magnetic volume and the surface anisotropy constants KV and Ks, as well as other 
magnetic parameters of the film. Measured by light scattering, they can be used for gathering 
information about magnetic systems under investigation. The relative intensities of the 
different peaks i n  BLS spectra, corresponding to different scattering processes, also provide 
important information. Magnetic properties of thii films as well as characteristics of spin 
waves in them, investigated by BLS, are reviewed in [5,4]. 

Recent development of the surface fabrication and analysis techniques enabled 
production of magnetic films with thichesses of few monolayers. Such films demonstrate 
unique magnetic behaviour: surface anisotropy, enormous two-dimensional thermal 
fluctuation and disappearance of magnetic order, ‘dead’ magnetic layers and many others. 
These peculiar properties of thin films, studied by light scattering are the subject of this 
section. 

Over the past decades magnetic properties of low-dimensional magnets have been 
thoroughly investigated by different experimental and theoretical methods. Many interesting 
phenomena existing in such systems were predicted theoretically, including a special kind 
of topological excitations and unusual phase transitions [72]. However. it was understood 
that the so-called ‘quasi-two-dimensional‘ systems, i.e. bulk crystals consisting of magnetic 
layers, separated from each other by a large number of non-magnetic layers, always have 
small three-dimensional interactions which disturb low-dimensional effects dramatically. 
Therefore, from that point of view thin magnetic films or magnetic monolayers should be 
much closer to two-dimensional objects considered by theories. 

According to the theorem of Mermin and Wagner a ferromagnetic ground state cannot 
exist at finite temperatures in an isotropic two-dimensional Heisenberg ferromagnet with 
short-range interaction [73]. This phenomenon is closely connected with the details of the 
spectrum of spin waves existing in such a system, since the long-range order is destroyed 
by the gapless spin waves with small wave vectors. There exists, however, experimental 
evidence of the long-range order in several two-dimensional systems (see e.g. [74]). 
Although the existence of magnetic uniaxial anisotropies can lead to stable two-dimensional 
ordering [751, it has been argued that magnetic-dipolar interactions play an important role in 
the processes [76]. On the other hand, both anisotropies and magnetic-dipolar interactions 
affect the spin-wave spectrum and can be extracted from the measured values of spin-wave 
frequencies. Therefore, it is very important and informative to investigate the spin-wave 
spectrum in two-dimensional systems. 

The observation of the BLS from spin waves in 1 h a  CO film on Cu(100) was reported 
in 1771. To prevent contamination the sample was coated with a 30 A thick Cu film. It 
was thoroughly checked that the coating does not change the magnetic properties of the 
sample. The BLS experiments were performed at room temperature. From the BLS spectra 
the frequencies of the spin waves with wave vector kll = 1.73 x 105 cm-’ were determined. 
As mentioned in the previous sections, the exchange contribution to spin-wave frequency 
for such a small wavevector is negligible. Therefore, in fact it was the gap in the spin-wave 
spectrum (i.e. the spin-wave frequency at kll + 0, which is considered by the theories) that 
was measured. 

Figure 9 shows the field dependence of the magnon energy (which is equal to hu, where 
v is the spin-wave frequency), determined from BLS. The magnetic field is applied in the 
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Figure 9. Magnetic field dependence of the mgnon energy, determined From BLS spectra. The 
dashed tine through the data points is a guide to lhe eye. The energy of 0.1 meV corresponds 
to the spin-wave ti'equency of 24.2 GHz (from [771). 

plane of the film along a [001] direction. The minimum of the curve in figure 9 occurs at 
H = 400 Oe. This is due to the fact that the [001] direction is not an easy direction for 
the in-plane magnetization. The hysteresis measurements confirm that the [001] direction 
is a hard axis for 1 ML CO on Cu(100). Using values of the gap in the spin-wave spectrum 
obtained from the BLS experiments and taking into account the magnetic-dipole interaction, 
the authors of [77] calculated the temperature dependence of the layer magnetization. It 
decreased very steeply with temperature. In contrast, the measured M ( T )  dependence 
obtained on the same sample by means of magneto-optical Kerr magnetomehy was almost 
constant up to 380 K. This is not surprising, because the sample under investigation had a 
large uniaxial in-plane anisohopy, which was experimentally found to play an important role 
for the stabilization of the magnetic order in quasi-two-dimensional magnetic crystals 1781. 
However, the existence of such an anisotropy was not taken into account in the calculations, 
used in [77]. 

The great influence of the magnetic anisotropies on magnetic order in thin films was 
confirmed by the detailed experimental study of better quality CO films on Cu(100). The 
investigation showed that at mom temperature ferromagnetic long-range order exists only 
for the thicknesses more than d2 = 1.6 ML [57]. By means of BLS the spin-wave frequency 
as a function of the applied magnetic field was measured. By applying the external field 
along the magnetic hard axis, one can probe the magnetic anisotropies by studying the 
rotation of the magnetization with increasing field into the direction of the applied field 
via the corresponding change in the spin-wave frequency. The BLS experiments reported 
in [57] revealed the absence of the uniaxial in-plane anisotropy and the presence of the 
surface out-of-plane anisoiropy. The energy contribution E ,  due to anisotropies in this 
case is written as follows: 

2 
d 

sin' 2+ sin4 B + -K: sin2 B (35) 

where Kb and Kl are the in-plane volume and surface anisotropy constants of fourfold 
symmetry, and K: is the out-of-plane surface anisotropy constant. In figure 10 the total 
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fourfold in-plane anisotropy = K i + 2 K : / d  and the out-of-plane anisotropy K,' are 
plotted as a function of the CO thickness for the films with and without a 2 m Cu overlayer. 
The value of K,' is constant for d > dc within experimental error, while the behaviour of 

and Ks. These values cancel each other 
at d,' which corresponds to the critical thickness dc of the existence of the ferromagnetic 
order. This attests to the fact that the symmetry-breaking interaction for the stabilization of 
ferromagnetic order in Co(100) films at room temperature is indeed given by the magnetic 
in-plane anisotropy contribution. 

Playing an important role for the ferromagnetic order stabilization, surface anisotropy, 
however, is itself of special interest. This field has a large application potential in connection 
with the so-called 'perpendicular memory' [79]. BLS experiments appear to be a very useful 
technique to examine surface anisotropy effects. Besides the systems already mentioned, 
CO on a vicinal Cu(1113) plane [57], Fe(ll0) on W(110) [80] and Fe(100) on Ag(l00) [81] 
have been investigated. 

U permits one to distinguish between 

-0.5 

-1.0 
0 1 2 3 A 5 6 7 8 9 101l12 

CO-Thickness (ML) 

Flgure 10. Obtained in-plane (upper part) and out-of-plane (lower pm) anisotropy constants 
as a function of the CO layer ~hicloless (in m) for ColCu(oO1) without (open circles) and with 
(solid circles) a 2 ML Cu overlayer. A fit of the theory according to equation (35) is shown for 
Colc~ (solid Line) and for CulcolCu (dashed line) (from [571). 

Very interesting studies were performed on FCC Fe(100) grown on Cu(l00) 182,831, 
which we describe in more detail. The samples used in the study were grown by MBE 
in ultra-high vacuum (lo-'' Torr) on singlecrystal Cu(00l). They contained 3 ML of Fe 
covered by a Cu overlayer. The BLS experiments were performed at room temperam with 
the help of a six-pass (4t2) tandem Fabry-Pkrot interferometer. 200 mW of light polarized 
in the scattering plane (At+ laser, = 514.5 nm) was focused onto the sample surface 
and 180" back-scattered light, polarized perpendicular to the scattering plane, was analysed 
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with the interferometer. The angle of incidence of the light was 45". A magnetic field 
was applied in the plane of the sample and perpendicular to the scattering plane. Thus, 
scattering from the surface spin waves propagating along the sample surface perpendicular 
to the applied field was observed. The observed representative BLS spectrum is shown in 
figure 11. There is a small asymmehy between intensities of Stokes and anti-Stokes peaks 
which reversed with the reversal of the magnetic field, that has been already observed and 
discussed before 1461. Figure 12 presents the surface spin-wave frequency as a function of 
the applied in-plane field. The frequency was found to be independent of the direction of 
the magnetic field in the sample plane. Both these findings lead to the conclusion that at 
zero applied field the magnetization vector MO is aligned perpendicular to the sample plane. 
This was assumed to be due to large out-of-plane anisotropies. In this case the anisotropy 
energy can be written as 

S Demokritov and E Tsymbal 

where a is the angle between MO and the sample plane. Both the critical field Hc 

and the spin-wave frequency at zero field is connected with Ki, and K i 2 .  The solid line 
in figure 12 was calculated Ying an a roach which is similar to the one of Cochran and 
Dutcher [47]. By varying K,, and IC,, the best fit was obtained and the fitted values of 
K;, and K k  were determined. 

PP 

Frsquaw Shin (OH21 

F i r e  11. BLS spectrum for surface spin waves in 60 hn Cd3 hn FdCu(GQ1) for an applied field 
of H = 5.81 kOe. The small peaks occuning al f21.4 GHz are ghosts from the second-order 
Rayleigh peaks (f" [82l). 

The magnetic field dependence of the scattering intensity is presented in figure 13. The 
fitting curve was calculated using the magnetic parameters determined from the frequency 
measurements (figure 12). A free parameter (the total y-axis scale) was used to fit 
experimental data in figure 13. The agreement between the data and the calculation is 
almost perfect. A dramatic increase of the scattering intensity near He can be understood 
as follows. At this point the effective field acting on the magnetization drops to zero. 
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Figure 12. Magnetic field dependence of the surface Figure 13. Magnetic field dependence of the scaaering 
mode frequency for the 60m C ~ ~ M L  FdCu(oO1) intensity for the 60m Cul3m FdCu(oO1) sample, "he 
sample, The m s e s  are measured data paints. The cmsses are meastmd data points. The solid curve 
solid curve which passes through the data points is the which passes hough the data poinh is the result 
result of a fil according to equation (36). The curve of calculations, Only the fint-order magneto-optic 
calculated with K i 2  = 0 is also indicated (from [83]). wnstant was used in ule calculation of the scaltering 

intensity (from [83]). 

This causes an increase of the amplitude of the fluctuating precessing magnetization. The 
relatively large transverse magnetization components give rise to the large light scattering 
intensity. The same phenomenon could be explained in terms of statistics of spin waves. 
Due to the sharp decrease of the frequencies of spin waves near H, their occupation numbers 
n, increase dramatically and therefore the light scattering intensity which is proportional to 
n, or n, + 1 rises. In this connection we notice that the authors of [82,83] do not discuss 
two-dimensional fluctuation effects in their films. It was, however, experimentally found 
that such effects are of special importance in the presence of a spin orientation transition 
and can result in the renormahation of the critical field H, [78]. In this case the relation 
between the measured critical field and the spin-wave frequency at zero field is changed. 

We also dwell on the experiments on an (001) Fe whisker [84], where an elegant 
experimental study of the surface anisotropy was carried out. The whiskers were cleaned 
in an ultra-high vacuum and covered with 15 ML of gold or with a layer consisting of 
15 ML of silver and then 30 ML of gold. This was done to protect the whisker surface 
from oxidation and to investigate the influence of the overlayer material on the value of 
surface anisotropy. The scattering geometry was similar to that used in [83]. It turned 
out to be possible to determine the value of the surface anisotropy even for very thick 
films (or whiskers) by measuring the dependence of the surface-mode frequency on the 
in-plane wavevector. In this case, of course, high-accuracy frequency measurements are 
needed, because the influence of the surface anisotropy on the mode frequency in the case 
of whiskers is not so essential as in the case of thin films. 

A typical BLS spectrum obtained on an Fe whisker for an applied field of 5.033 kOe is 
shown in figure 14. The spectrum consists of a single peak (surface mode) on one side of 
the spectrum and continuous bands (bulk modes) on both sides of the spectrum. As was 
explained in section 3, the surface mode manifests itself only on one side of the spectrum 
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FIgure14. srsspecwmforISMLAulFe(001) whisker 
with an applied field of H = 5.003 kOe. The small 
pe3k lhat occurs at -14 GHz is a ghost pk  (from 
[W). 

Figure15. BLs~pecmmfor lS~~AulFe(001)whisker 
in zero applied field. The domain wall is at the centre 
of the focused laser spot (from [MI). 

for thick uniformly magnetized samples and it can be moved from one side to the other 
side by reversing the direction of the magnetization [IO]. The magnetization reversal can 
be easily done by moving the domain wall a m s s  the width of the whisker by a small 
change in the applied field. The domain wall can be also 'parked' on the laser spot. Since 
the domain wall is much narrower than the laser light spot, both domains are observed 
at the same time and the surface-mode peak appears on both sides of the spectrum. The 
corresponding BLS spectrum is shown in figure 15. A judicious choice of small FSR permits 
the observation of both the up-shifted and down-shifted surface-mode peaks on the same 
side of the spectrum, as shown in figure 16. This particular feature is extremely useful for 
high-precision measurements of swl frequency shifts in a zero applied field, because the 
two peaks shift in opposite directions, when the frequency of the surface mode changes. 

A change in the angle of incidence of light 0 (measured with respect to the sample 
normal) from 0 = 32" to 0 = 68" results in a shift in the frequency of the surface mode 
of 0.293 GHz for the 15 ML AuRe(001) whisker and 0.221 GHz for the 30 ML Ad15 ML 
Ag/Fe(001) whisker. The comparison of the calculated shift in the surface-mode frequency 
with the observed one provided an unambiguous determination of the value of the surface 
out-of-plane anisotropy K,, . The value of Kj, = 0.54 f 0.05 erg was obtained for 
15 ML Au/Fe(Wl) whisker and the value of K:, = 0.79 f 0.05 erg c d  was obtained for 
30 ML Ad15 ML Ag/Fe(001) whisker. These values are in good agreement with the values 
of Ks for ultra-thin iron films [U]. Such an agreement shows that the surface anisotropy 
is not unique for epitaxially grown thin films but a consequence of the abrupt change in 
symmetry at the surface as proposed by Gay and Richter [861. 

We have already mentioned that BLS experiments are performed mainly on monocrys- 
talline samples. This is due to the fact that in polycrystalline samples the BLS spectra 
are broadened, the broadening being caused by averaging the anisotropy-axis orientation. 
However, there are several publications on this subject. Light scattering in polycrystalline 
Copt and CoNiPt alloys films was studied in [87,88]. In both cases BLS 6um the surface 
and standing bulk spin waves was observed. From the values of the both mode frequencies 

L 
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Figure 16. BLE spechum for 15 ML Au/Fe(OOl) whisker in zero applied field using a single 
interferometer and a small h e  spectral range (12.5 GHz). The domain wall is at the ceohe of 
the focused laser spot (from 1841). 

and their field dependences the exchange stiffness constants were determined. The spectra 
were remarkably broadened because of the magnetic inhomogeneity due to the grains in the 
film. The BLS from surface and standing bulk spin waves in FeSi (2.6 wt% of Si) sputtered 
films were reported in [89]. From the comparison of the measured frequencies with the 
theoretical calculation the magnetic constants of the film were determined. The exchange 
stiffness constant was found to be about 50% of the Fe film. 

6. Light scattering in layered magnetic systems 

It was shown in the previous section that the light-scattering experiments provided a lot 
of information about spin waves in magnetic films, which in their turn clarify interesting 
physical phenomena, such as surface anisotropy and two-dimensional magnetic fluctuations. 
However, the light scattering from spin waves in layered systems is enormously more 
peculiar and diverse. 

Layered magnetic systems have been a subject of growing interest for the last few 
decades. This is stimulated, to some extent, by the expectation that layering provides a 
new possibility of tayloring magnetic properties. This expectation was partly justified by 
the discovery of antiferromagnetic coupling between two magnetic layers across a non- 
magnetic spacer [90] and a giant magnetoresistance effect [91,92]. The latter takes place, 
for example, when the nntiferromagnetidy aligned magnetizations of the magnetic films 
are aligned to be parallel by applied magnetic field. 

It was explained in section 2 that there are two basic contributions to the interlayer 
coupling, namely magnetic-dipolar and exchange interactions. The former is of long-range 
nature and it was investigated theoretically and experimentally. It was shown that in layered 
systems the dipolar coupling modifies the spectrum of the spin-wave modes [4], but it cannot 
result in any measurable antiferromagnetic- or ferromagnetic-type coupling between the 
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static magnetizations of different films [93]. However, very recent calculations show that 
the dipolar interaction together with interface roughness, existing in real systems, provides a 
biquadratic coupling, which favours the perpendicular orientation of the static magnetization 
[94]. The experimental verification of the latter prediction could be done in light-scattering 
experiments, if detailed information about the interface morphology were available. 

The exchange coupling is a contact one, it occurs by the direct hybridization of spin 
orbitals (direct exchange) or is transferred through a non-magnetic substance (the so-called 
m y - t y p e  coupling) [95]. The latter has long-range nature, and could be roughly described 
as follows. The coupling between two magnetic moments arises from the spin polarization 
of the conducting electron gas. This polarization has oscillation behaviour and changes its 
sign, i.e. the interaction is ferro- or antiferromagnetic with a given period and decays in 
accordance with a power law for long distances between interacting moments. 

In this section we consider an experimental investigation of spin waves in layered 
magnetic systems by means of BLS. The most important point in these studies is the fact that 
the frequencies of spin waves in layered systems depend on the coupling between different 
magnetic layers. Therefore, measuring these frequencies by BLS one can obtain information 
about the type and the strength of coupling in such systems. Since magnetic bilayers 
(layered systems consisting of two magnetic films) represent the simplest arrangement for 
the study of the interlayer coupling, the majority of these BLS experiments was performed 
on bilayers. Therefore, we review these experiments first. More complicated systems, 
multilayers (layered system consisting of many, usually dozens, of magnetic films), are 
considered separately. 

6.1. Exchnnge coupling in bilayers 

In real layered magnetic systems a large direct ferromagnetic-type exchange for a relatively 
thin non-magnetic spacer is often observed. This occurs due to magnetic 'bridges' in the 
spacer, i.e. direct contacts between two magnetic films. Recent achievements in growth 
methods make it possible to avoid 'bridges' in the best samples for spacer thicknesses 
more than 0.2-0.4 nm. Therefore. the interlayer exchange coupling observed in these 
circumstances is thought to be connected with carriers in non-magnetic spacers. The 
antiferromagnetic type of coupling across a non-magnetic spacer (which is obviously not 
connected with 'bridges') was discovered by means of BLS in the FelCrlFe system for Cr 
thicknesses around 0.8 nm [go]. ?his discovery was confirmed in [96]. Representative 
BLS spectra from [96] for 10 nm Fe/Cr/lO nm Fe samples and for a 20 nm Fe single layer 
are shown in figure 17. As was expected (see subsection ZI ) ,  two spin-wave modes were 
detected by means of light scattering. The first one is the surface mode. Its frequency is 
independent of the spacer thickness and it can be used for the evaluation of the magnetic 
anisotropy field in Fe films. The second mode corresponds to the out-of-phase precession of 
magnetic moments in two Fe films and its frequency is sensitive to the interlayer exchange. 
Using the parameters obtained from the position of the surface-mode line, the position of 
the second mode line for vanishing interlayer exchange was predicted. It is marked in 
figure 17 by a dashed line. A clear frequency downshift of the second mode is pronounced 
for der = 0.8-1.2 nm. The fact that this mode is observed at a frequency which is lower 
than the value corresponding to zero interlayer coupling can only be interpreted as indicating 
that the exchange has become antiferromagnetic. For comparison the Fe/Au/Fe system was 
also studied in [90,96]. In contrast fo the FdCdFe bilayer an essential (for dAu c 12 om) 
or slight frequency upshift was always observed for the exchange-sensitive mode of the 
Fe/Au/Fe system. It should be noted that the later investigations revealed the existence of 
AF coupling in Fe/Au/Fe layered systems [97]. However, this coupling is much weaker 
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than that for Fe/Cr/Fe, therefore it could not be detected in [90.96]. Comparison of the 
observed frequencies with the results of the numerical calculations [26] enables one to 
obtain the dependence of the coupling strength on &, and dAu. This dependence is shown 
in figure 18, which is taken from 1961. 
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Figure 17. BLS spectra in a 10 nm FdCrllO nm Fe 
layered system with Cr thickness as indicated. The 
mows point out the exchange-sensitive mode. The 
dashed line shows the position of this mode in the case 
of zero interlayer coupling (hum [961). 

Figure 18. The interlayer coupling strength A n  as a 
function of the spacer thickness for 10 nm F&/lO nm 
Fe and IO nm FdAu/lO nm Fe, The negative sign of 
A n  corresponds to AF-type coupling (from [%I). 

After the discovery of the m-type coupling in the Fe/Cr/Fe system, BLS has been 
investigated in another layered system possessing this type of coupling, namely in FdCuFe 
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grown on bulk silver [98]. Single magnetic layers Ag/CulFelAu and magnetic bilayers 
Ag/Fe/Cu/Fe/Au with thicknesses of individual layers from five to 20 monolayers (ha) 
were studied. The former were used for the determination of the magnetic properties of Fe 
layers (i.e. values of the magnetization, bulk and surface anisotropies); the latter were used 
for investigation of the interlayer exchange. For Cu thicknesses less than 9 ML the coupling 
between Fe films was found to be ferromagnetic; for thicknesses between 9 and 12 ML 
the coupling was found to be antiferromagnetic. In figure 19 a light-scattering spectrum 
for one of the bilayers (Ad5 ML Fd11.6 ML Cd10.3 ML F a 0  ha Au) at zero applied 
magnetic field is presented. It shows the slightly different frequencies which are observed 
for low-frequency Stokes and anti-Stokes lines. This difference is expected for magnetic 
bilayers having oppositely oriented magnetizations. 
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Figure 19. BLS Specmm for (Ad5 ML Fdl1.6 
MI Cu/10,3 ML FdZII h u  Au) obwined in back- 
scauering configuration and at zero applied field. 
me free spectral range used was 30 GHz and 454 
channels=bO GHz. The figure illusvafes the slightly 
differenl h u e n c i e s  hat  were observed for Slokes 

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 and anti-Stokes lines for one of the modes (from 
Channel Number. [981). 

After the observation of the AF-type coupling in these systems many other systems 
followed, and now this kind of coupling has been found in more than 20 systems, with Fe, 
CO, Ni or their alloys being magnetic layers [99]. 

However, it appeared to be very complicated to perform a detailed investigation of the 
interlayer coupling strength using samples with constant thickness of the films. Such study 
became particularly important after the appearance of a publication [IOO], where FdCrlFe 
and CoRdCo multilayers were investigated by measuring the M ( H )  magnetization curves. 
It was reported that a saturation field (i.e. the field to be applied to obtain a saturation of 
the total magnetization of the multilayer) reveals damping oscillations as a function of the 
nonmagnetic spacer thickness. For the AF-type coupling the saturation field thought to be 
proportional to the coupling strength. However, the evaluation of the M(H) curves did not 
give any information about the ferromagnetic-type coupling. Therefore, it was a challenge 
to the light-scattering technique to investigate thoroughly the coupling as a function of 
spacer thickness and to confirm its oscillating behaviour. 

Introduction of samples with a wedge-type interlayer was a very important improvement 
of the method and it allowed a considerable increase of the accuracy of the measuremen& 
[101,71]. The wedge-type sample has the advantage that the continuous range of spacer 
thicknesses can be studied on one sample with identical Fe films. This reduces the number 
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of samples to be prepared and at the same time tremendously increases the reliability of 
the study, since scattering due to unavoidable differences in the preparation conditions is 
suppressed. The slope of the Cr wedge in the examined samples was very small, of the 
order of 2 .& mm-'; this corresponds to one atomic step per one millimetre. Actually. using 
light scattering one can examine spin waves in a layer system at the area of the focused 
probing laser beam (i.e. 1C€l-50 pm). For the investigation of different &, the beam is 
scanned across the sample. 

It is clear that at least for a high enough applied field, when all regions of the wedge 
samples are saturated. the wedge geometry does not modify the magnetic behaviour of the 
films. This results from the fact that on the scale of 10 pm (mean free path of spin waves) 
the changes of the spacer thickness are negligible, therefore the frequency of spin waves is 
the same as for the sample with a constant thickness of spacer. In the case of an intermediate 
state, when the parts of the sample with a large @-type coupling are not saturated whereas 
other parts of the sample are saturated, the situation is not so clear. Domain walls, created 
by such a micromagnetic arrangement, could produce magnetic-dipolar fields which, in their 
turn, could disturb spin-wave behaviour at other parts of the sample. However, detailed 
comparison of the results obtained on the wedgetype samples with the results obtained 
on the sample with constant thicknesses confinns the possibility of using the wedgetype 
samples for studies of interlayer coupling. Nowadays wedge-type layered systems are widely 
used not only in light-scattering investigations but also in magneto-optical magnetometry 
[71], magneto-optical Kerr microscopy [lOZ] and in scanning elecwon microscopy [63]. 
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Figurr 20. ~ 1 s  spectra hom spin waves in an FdCrlFe double layer for different thicknesses 
of 0, measured at H = 1.5 koe: (a) kc = 1.8 nm, @) a& = 2 2  om (c) dc, = 2.5 nm The 
intensive tine of frequency 18.3 GHz w m p n d s  to the surface mode. m e  vertical Line shows 
the calculated position of the exchange-sensitive made for zero wupling. The insets near the 
spectra present the M ( H )  curves measured for the same d o  (from t711). 
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A thorough study of the interlayer coupling in FdCr/Fe bilayers was performed in 
[71,103]. Figure 20, taken from [71], shows the light-scattering spectra for different values 
of d a  corresponding to the ferromagnetic, zero and antiferromagnetic coupling between Fe 
films. The insets placed near the spectra present M ( H )  curves measured for the same do. 
Two spin-wave modes are distinctly seen. The first one is the surface mode of which the 
frequency is independent of the interlayer coupling. This was used to test the magnetic 
homogeneity of Fe films and to determine magnetic parameters of the sample, such as the 
saturation magnetization and anisotropy constants. In the experiments under discussion the 
surface-mode frequency was constant with an accuracy of 0.3%. The other mode is sensitive 
to the interlayer exchange. With the help of a fitting procedure [U] the coupling strength 
parameter A12 (see subsection 2.1) was calculated from its frequency. 
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Figure 21 shows the oscillating Ai2 dependence for Fe/Cr/Fe layered systems, obtained 
in 1711. In addition to the known region of @type coupling 1901 the data reveal two other 
aF-type-coupling regions, separated by regions where the coupling is ferromagnetic. Thus, 
the BLS experiments not only confirm the oscillating behaviour of the interlayer coupling, 
reported in [lOO], but demonstrate that the coupling, in fact, does have an oscillating 
behaviour. The period of the oscillation obtained from these measurements is about 1.7 nm. 
Moreover, the Ai&&) curve in figure 21 also displays fine structure in the first AP region 
around d a  = 0.8 nm. This indicates the existence of further maxima of AP-type coupling 
within that range. From the theoretical point of view the oscillating coupling is connected 
with the topology of the Fermi surface of conducting electrons in the non-magnetic spacer, 
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the period d being equal: 

where 6 is the extreme radius of the Fermi surface. Thus, from the known topology 
of the Fermi surface of Cr the theory predicts the existence of the second shorter period 
d = 0.29 nm [ l w ,  1051. Very flat interfaces are a necessary precondition for its occurrence 
[104]. Actually, the data obtained from BLS on the FelCrlFe epitaxial system with improved 
interfaces due to a special electron-beam treatment apparently reveal short period oscillations 
[lo31 (see figure 22(a)). Final evidence came from samples grown on Fe whiskers [106], 
the quality of which was evidently attested to by the RHEED patterns. Figure 22@) displays 
the dependence of the out-of-phase mode frequency, which reflects the Alz(d0) coupling 
curve. The short-period oscillation has a larger amplitude, than in the case of the samples 
grown on GaAs substrates. Thus, these studies experimentally c o b e d  the correlation 
between the amplitude of the short-period oscillation and the quality of the interfaces. 
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Figure 22. Aiz(d3)  dependence far FdCrlFe layered system (a) gmwn on GaAs with and 
without electron-beam heatment, (b) grown on ao Fe whisker. In (b) the exchaoge-semitive- 
mode frequency is displayed, which is approximately proportional to A12 (from [1061). 

An investigation of exchange coupling in an Fe-whisker based Fe/Cr/Fe layered system 
has been reported in [62]. A representative BLS spectrum for an Fe whisker/l lm CrDOm 
Fe/20m Au sample is shown in figure 23. The peak labelled w is supposed to be connected 
with BLS scattering from the spin-wave mode of the thin Fe layer, wbicb is sensitive to 
intkrlayer coupling, whereas the peak labelled SM corresponds to the whisker surface mode. 
Their frequencies versus applied magnetic field for the Fe whisked8 m Cr/20 m Fe/20 
m Au sample are shown in figure 24. The magnetic-field variation of the frequency of the 
thii-film mode is characterized by the presence of two cusps which occur at fields labelled 
HI and Hz in figure 24. The existence of two critical points in the field dependence indicates 
the presence of the biquadratic term in the interlayer coupling which has been discovered 
in the Fe/Cr/Fe layered system by domain observation and M ( H )  measurements [1021. 
From the values of these fields the bilinear and biquadratic interlayer exchange parameters 
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were obtained. Both parameters exhibited a short-period-oscillation dependence on the Cr 
interlayer thickness with a period of about 0.29 nm. 

The dependence of the spin-wave frequencies in the FdCr/Fe layered system on applied 
magnetic field and on in-plane wavevector kll was examined in [107]. A careful match 
between the features of the magnetization curves and BLS data gave accurate values of the 
magnetic parameters (including the m-type coupling strength) for the layered system under 
investigation. 

By means of BLS the interlayer coupling was also investigated in the FdAVFe layered 
system [97]. This study is of special interest insofar as AI dots not belong to the transition 
metals and does not possess d electrons. Nevertheless, the experiments revealed m-type 
bilinear and biquadratic interlayer coupling, which oscillates as a function of the A1 spacer 
thickness. The period of the oscillation is about 1.9 nm which is close to that observed 
in FdCr/Fe layered systems. The short-period oscillation was not observed in Fe/AVFe 
bilayers. This fact is in agreement with the poor quality of the interfaces, following from 
the REED patterns [971. 

Besides BLS other experimental techniques, such as magneto-optical Kerr magnetometry, 
ferromagnetic resonance and scanning electron microscopy with polarization analysis were 
applied to the studies of the interlayer coupling. They revealed short-period and long-period 
oscillations of the coupling in the layered magnetic systems with different spacer materials 
1991. This fact is a strong support for an m y - t y p e  mechanism of the coupling. 

6.2. Spin waves and interlayer coupling in multilayers 

As compared to bilayers, multilayer systems which contain many successive layers of 
magnetic or non-magnetic materials have not been investigated in such detail. This is caused 
by two factors: firstly, the theory of spin-wave modes in multilayers is more complicated 
than that for bilayers; secondly, it is a much more difficult problem to produce good-quality 
multilayers and to perform BLS experiments on them. However, several investigations of 
magnetic multilayers by means of light scattering have been reported recently. 
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As was shown in section 2, besides the surface mode spin wave a band of bulk excitations 
forms in a magnetic multilayer. This band arises due to dipolar coupling between spin waves 
in different layers even without direct magnetic interaction between adjacent layers. The 
experimental evidence for the existence of such a band by means of BLS was given in [108]. 

Similar to the situation in bilayers the exchange coupling between magnetic layers 
modifies the spectrum of spin-wave modes in multilayers. The experimental evidence for 
such a modification was obtained by Hillebrands et a1 [109]. Sputtered CoiPd multilayers 
with eight and 30 periods were grown, the number of atomic layers n in each CO and 
Pd layer being the same. Different samples with variation of n between one and 32 were 
prepared. It was assumed that the interlayer coupling should increase with decreasing 
dpd. The BLS experiments were performed in an external field of H = 5 kOe, which was 
applied parallel to the layer planes and perpendicular to the scattering plane. The applied 
field was large enough to saturate the samples. The BLS specua of a series of CoiPd 
multilayer samples are shown in figure 25. For the sample with the thickest layer, n = 32, 
a spectrum typical of collective dipolar excitations is observed. The mode character was 
determined by typical Stokes-anti-Stokes asymmeQ. The open mows in figure 25 indicate 
the surface modes, whereas the solid arrows indicate the bulk bands. With decreasing layer 
thickness (increasing interlayer exchange) the surface mode remains essentially unchanged 
in frequency. However, the frequency of the bulk mode, sensitive to the interlayer coupling, 
increases with decreasing n and rises above that of the surface mode. 

This observed phenomenon is in qualitative agreement with the theory [37,28]. 
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Figure 26. Upper part: frequency of the surface mode 
(quares) and the centre of the bulk modes (drcles) as 
a function of the Ru layer thichess measured at H = 
3 LOe. For comparison, the calculated frequencies for 
zero interlayer exchange are shown as full lines. Lower 
part: determined values of the interlayer exchange 
constant, AD. as a function of the Ru layer thickness 
(from [IIO]). 

Unfortunately, a quantitative comparison was not made, since the numerical instabilities 
limited the maximum number of magnetic layers for which spin-wave frequencies can be 
calculated to N = 10. On the other hand, the samples with eight periods only exhibited 
dipolar modes and did not s!iow evidence of exchange-dominated collective modes. The 
reason for this is not yet clear. 

It was shown in recent publications that BLS is applicable to the determination of the 
interlayer coupling strength in multilayered structures [ 110.11 11. The experiments were 
performed on sputtered CoRu and permalloymu multilayers at a relatively low applied 
magnetic field. In this case the samples with the AF-type coupling were not saturated and 
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there existed a canting angle between the magnetization of neighbouring magnetic layers, 
which was determined by the ratio between the applied field and the coupling strength. The 
frequency of the surface mode does not depend on the interlayer coupling directly, but it 
depends on the canting angle. Therefore, in such a situation not only the position of the bulk 
spin-wave band, but also the frequency of the surface mode is sensitive to the interlayer 
coupling and could be used for its determination. 

The upper part of figure 26 shows the frequency of the surface mode and the centre of 
the bulk-mode band in Co/Ru multilayers versus the Ru layer thicknesses for the CO layer 
thickness of 20 A. Oscillations with a period of 11.5 A are well resolved for both curves. 
The observed frequency oscillations as a function of dRu are accompanied by oscillations 
with the same periodicity in the linewidths of the spin-wave modes. From the comparison 
of the experimental data with the results of the calculation based on an effective-medium 
model [ 1121, the value of the interlayer coupling has been deduced. It is presented in the 
lower part of figure 26. The coupling is found to be of AF type in the limit of a very small 
Ru thickness. Similar results were also obtained for permalloy/Ru multilayers. 

We should, nevertheless, note that magnetic behaviour of the multilayers with AF-type 
exchange at a low enough field, when the sample is not saturated, is very complicated. 
There are indications in the literature [ 1131, that the ground state of such a multilayer may 
be more complex than the simple canted state. Moreover, an experimental investigation of 
Fe/Cr/Fe multilayers revealed for a certain applied field the existence of a spin-wave mode 
which cannot be attributed to the simple canted ground state [ 1141. 
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Figure 28. FMR lines in the FdCrffe bilayer detected by microwave absorption and BU (from 
I1191). 

In conclusion of this section we notice that multilayers as well as single thin films 
can be used for the analysis of anisotropies. The magnitudes and spatial variation of 
magnetic anisotropies due to thickness variations of the CO layers were determined using BLS 
from collective spin-wave excitations in (1 ll)-oriented and (100)-oriented epitaxial Co/Pt 
multilayers [115]. It was shown in [I 161 that the experimentally observed large uniaxial 
in-plane anisotropy in epitaxial (110)-oriented COP! and Colpd multilayers is caused by 
magneto-elastic interaction. In the same work the lateral and layer-to-layer variations of 
anisotropies in Colpd and CdAu multilayers were analysed by BLS experiments. 

7. Non-thermal excited spin waves 

Throughout the above we have discussed thermally excited spin waves. It was demonstrated 
that light scattering from thermally excited spin waves became a valuable tool for the 
investigation of the interlayer coupling in layered magnetic systems. Of particular 
importaxe is the possibility of studying a small area of the sample of the size of a 
focused laser beam. This gives us the opportunity to use wedge samples and, hence, 
to measure precisely the interlayer coupling depending on the thickness of specific layers. 
On the other hand, the method cannot be used either at low temperatures or for samples 
with small magneto-optic constants because of decreasing BLS intensity in both cases (see 
section 3). This disadvantage can be avoided by pumping spin waves by microwave power 
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as it is usually realized in the ferromagnetic resonance (m) technique. However, the 
FMR technique in the standard form can hardly be applied for systems with wedge-type 
interspacers where a local probe is needed for investigation. 

The idea to combine BLS and FMR techniques was proposed and realized by Dillon et 
al 11 171 on bulk crystals of transparent CrBrs. The beam passing through the crystal was 
analysed and BLS from bulk spin-wave modes with almost zero wavevector was detected (for 
details of BLS from pumped spin waves see the review [ 11 81). Very recently a combined 
BLS-PMR technique was applied for investigation of an Fe/Cr/Fe layered system with a 
wedge-type Cr interlayer [ 1191. In this case a laser beam, reflected from the sample, was 
analysed by interferometer. This geometry corresponds to BLS from spin waves with kll N 0. 
Since the experiments were performed at low temperature (T = 2 K), the light scattering 
from thermally excited spin waves was not detected. However, after excitation of FMR in 
the sample the BLS fiom spin waves, 'pumped' by microwave power, became observable. 

A representative spectrum, taken from [ 1191, is presented in figure 27. A pair of peaks 
with a frequency shift which is equal to the microwave frequency is clearly pronounced. The 
intensity of the shaded peak was used to detect the FMR curve. For continuous measurements 
of the peak intensity the technique described in subsection 4.2 was applied. The detected 
resonance line is presented in figure 28. For comparison the microwave absorption as 
a function of the applied field is also shown. Both cuwes manifest two resonances 
corresponding to the excitation of the in-phase and out-of-phase spin-wave modes in the 
bilayer. From the field positions of these resonances the value of the interlayer coupling 
can be derived. 

A BLS spechum with higher free spectral range of the interferometer is shown in 
6gure 29. It clearly demonstrates the existence of the second pair of peaks with a frequency 
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shift that is twice the pumping frequency. So far it is not clear whether this is due to the 
creation of one spin wave with a doubled frequency by two microwave photons or due to 
the many-magnon BLS process. in which a pair of spin waves takes part. 

A peculiar asymmetry in the intensity of the Stokes and anti-Stokes lines is distinctly 
seen in figure 27 and figure 29. This asymmetry does not change with a reversal of 
magnetization and rotation of the polarization of the incident light. Among the reasons 
known to cause the Stokes-anti-Stokes asymmetry (see section 3), only that connected with 
the small value of occupation numbers n, has the same features. However, this mechanism 
cannot explain the finding, because the estimation of n, made from the absolute value of 
BLS gives nor > 20. This corresponds to a Stokes-anti-Stokes asymmetry of less than 5%. 
Thus, the origin of this asymmehy is still unknown. 

Parametric pumping is also widely used for the excitation of spin waves in magnetic 
solids (see [118]). In this process a microwave photon creates two spin waves with 
antiparallel wavevectors and half frequencies. However, for the realization of parametric 
pumping the microwave power should exceed the threshold, which depends on the damping 
in the magnetic subsystem of the crystal. In metallic magnetic solids such damping is much 
higher than in insulators, therefore experiments on parametric pumping in metals need much 
more powerful microwave sources and will probably be the subject of future investigations. 
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