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Theory of spin excitations in Fe„110… multilayers
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We present theoretical studies of the nature of the spin excitations in ultrathin free standing Fe~110! films,
and such films adsorbed on a semi-infinite W~110! substrate. The calculations are carried out within the
framework of an itinerant electron theory, with a realistic underlying electronic structure. The energy bands of
the film and substrate are described by a nine band empirical tight binding picture, to include the relevantd
bands and overlappingsp complex. Ferromagnetism in the Fe film is driven by on site Coulomb interactions
between the 3d electrons, treated in mean field theory while a description of the spin wave excitations is
generated through use of the random phase approximation. Results are reported and discussed for Fe films
three, four, and five layers in thickness. A principal conclusion which emerges from these studies is that the
‘‘frozen magnon’’ or adiabatic description of spin wave excitations proves inadequate in a qualitative sense, for
systems such as those studied here. The spin waves are embedded in the Stoner continuum, with the conse-
quence they are heavily damped by decay to Stoner excitations, save for the lowest lying mode at long
wavelengths. A consequence is that throughout much of the surface Brillouin zone, the spectrum of spin
excitations at each wave vector consists of a broad feature which shows dispersion, with no evidence of the
sequence of standing spin wave modes predicted by a theory based on the adiabatic approximation. For the five
layer film, even near the center of the surface Brillouin zone, while we find a weakly damped low lying
acoustic spin wave, the first standing wave is quite broad, and the second standing wave structure is so broad
it cannot be viewed as a well defined excitation. At large wave vectors, we find a single broad feature in the
spectral density which shows dispersion, very similar to a spin wave, rather than a sequence of standing modes.
The results are very similar in character to recent SPEELS data on the Co/Cu system. The physical reasons for
the breakdown of the adiabatic method are discussed.
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I. INTRODUCTION

The dynamical response of spin systems in nanos
magnetic structures is a topic of very active interest in
current literature. Much of the discussion places focus on
nature of collective excitations, the spin waves, whose wa
length is very long compared to the lattice constant and
other lengths which characterize the nanostructures as w
Such modes are excited in ferromagnetic resonance1 and
Brillouin light scattering studies.2 It is fair to say at this point
that the physics which controls the frequency of such mo
is well understood. The systematics of the mode frequen
in ultrathin ferromagnetic films provides one with inform
tion on the unique forms of anisotropy in these structure1

and in multilayers one may obtain information on t
strength, sign and character of interfilm exchange couplin
A topic under active exploration currently is the nature
damping mechanisms for spin motions which operate in
nanoenvironment. Recent discussions elucidate mechan
unique to small scale magnetic systems.3,4

It is of fundamental importance to explore the physic
nature of the spin wave excitations of short wavelength
ultrathin films fabricated from materials of current intere
These influence transport properties and mean free path
hot electrons5 through inelastic scattering processes, and a
the understanding of spin motions on very small len
scales will require knowledge of the nature of spin waves
0163-1829/2003/68~22!/224435~14!/$20.00 68 2244
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these itinerant electron magnets with wavelength that is c
parable with the lattice constant.

At the time of this writing, we have virtually no experi
mental information on the nature of short wavelength s
waves in ultrathin film structures. Interestingly, for the mu
studied bulk crystals of the 3d ferromagnetic metals it is also
the case that experimental studies of spin waves well out
the Brillouin zone are very few in number.6 For these mate-
rials, the excitation energy of short wavelength spin wave
sufficiently large that the kinetic energy of thermal neutro
is too low to create them in an inelastic scattering event. I
necessary to employ a spallation source for such studies;
a challenge with such sources to achieve signal levels
equate to allow good angular resolution. Also for large sc
tering angles it is the case that the 3d form factor falls off
rapidly with the consequence the excitation cross section
creases dramatically as wave vector increases. For the u
thin films, one can conceive of employing a glancing in
dence scattering geometry,7 but again the excitation energie
of short wavelength spin waves will be sufficiently high th
thermal neutrons will not allow access to the modes, and
form factor issue persists.

In a series of papers, it has been argued that spin polar
electron energy loss spectroscopy~SPEELS! should offer the
means of studying short wavelength spin waves on magn
surfaces8 and in ultrathin films.9–13 In such an experiment
the electron kinetic energy will be in the range from a fe
©2003 The American Physical Society35-1
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electron volts above the vacuum level, possibly up to a f
tens of electron volts above the vacuum level. Thus, in c
trast to thermal neutrons, the probe particle has kinetic
ergy sufficient to excite any spin wave found in the materi
of interest. Surface sensitivity has its origin in the fact that
the energy range described, the inelastic electron mean
path is only two or three interatomic layer spacings. Con
mation that a given structure in a loss spectrum has its or
in spin wave losses can follow if a spin polarized incide
beam is employed. One notes that excitation of a spin w
will decrease the angular momentum of the substrate by\.
Thus in a spin wave creation process, an electron with m
ment antiparallel to the substrate magnetization can suff
spin flip and conserve angular momentum. Electrons w
moment parallel to those in the substrate cannot create
waves and conserve angular momentum at the same tim
the scattering process~assuming spin orbit coupling i
weak!. Thus a comparison between the loss spectrum w
beam polarization first antiparallel and then parallel to
substrate magnetization will allow one to identify spin wa
losses, and discriminate against spin independent scatte
such as those which produce the quasielastic peak. In
sponse to a theoretical prediction that in Fe a clear spin w
signal should be detectable in this manner,11 an experimental
study reported the observation of a spin wave loss struct
in a SPEELS experiment on a four layer ultrathin Fe fi
deposited on W~110!, with strength relative to the Stone
background in excellent accord with theory.14 It was not pos-
sible to perform a detailed study of the spin wave dispers
relation with the apparatus used in this study. Experime
with improved spectrometers are underway presently,
spin wave signals have been detected with the n
systems.15,16 Indeed, for an eight layer Co film on Cu~100!,
spin wave dispersion measurements are in hand.15

In response to the considerations discussed in the prev
paragraph, we have initiated calculations of the spin w
spectra of ultrathin film systems which will be candidates
study with the new generation of spectrometers. Earlier
have reported detailed studies of spin waves in the Fe mo
layer adsorbed on the W~110! surface and for compariso
purposes in a free standing Fe~110! film.12,13A striking result
of these calculations is the prediction of a large in pla
anisotropy of the exchange stiffness. Calculations of the
isotropy in the spin wave exchange stiffness tensor as a f
tion of film thickness show it heals to the isotropic bulk for
quite slowly.13 In the present paper, we report calculatio
for Fe multilayers on W~110!. Once again, we have exam
ined free standing multilayers as well, to examine the infl
ence of the substrate on the spin wave spectrum. We
present results for three, four, and five layer Fe~110! films. It
is our aim that these studies will serve as a guide to the
generation of experiments. We discuss next aspects of
results presented here which provide insight into the und
lying physics of short wavelength spin waves in ultrath
films.

We wish to elaborate on the last sentence of the prev
paragraph, with the results presented below in mind. Firs
make a general point, there is a fundamental difference
tween spin excitations in itinerant ferromagnets, and thos
22443
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a lattice of localized magnetic moments commonly describ
by the Heisenberg model. In the latter case, the spin wa
are rigorous elementary excitations out of the ground st
and as a consequence they have an infinite lifetime, at lea
the absolute zero of temperature. Their lifetime remains q
small even at temperatures a fair fraction of the Curie te
perature, since the damping provided by magnon-mag
interactions is modest until tolerably elevated temperat
are attained.17 The situation is very different for the spi
wave excitations in itinerant systems. Such systems exhib
spectrum of single particle excitations referred to as Sto
excitations, wherein a single electron may be excited from
majority spin state below the Fermi level to a minority sp
state above. The angular momentum of the ferromagn
ground state decreases by\ by these spin flip excitations
very much as when a spin wave is excited. For a gen
wave vectorQW , the Stoner excitations form a continuum
frequency, ranging from a lower limitVm(QW ) to an upper
limit VM(QW ); the values of these frequencies are control
by the underlying band structure. The spin wave freque
V(QW ) is, for all but the longest wave vectors, embedded
the Stoner continuum, i.e.,Vm(QW ),V(QW ),VM(QW ). Under
these conditions, even at the absolute zero of tempera
the spin wave in the itinerant material has a finite lifetim
since it is unstable with respect to decay into the partic
hole pairs of the Stoner continuum. This is, for spin wav
Landau damping similar to that which enters the theory
the collective plasmon excitations of metals. In simple sin
band models of infinitely extended ferromagnetic metals,
Landau damping of spin waves does not set in until a cer
critical wave vectorQW c is reached as one moves out from t
origin in any direction of the Brillouin zone.18 Since the
early theoretical studies of spin waves in bulk Fe and
reported by Cooke and his collaborators,19 it has been clear
that in real materials Landau damping of spin waves can
quite severe throughout much of the Brillouin zone, thou
the Goldstone theorem of many body theory insures it v
ishes in the long wavelength limit, provided the underlyi
Hamiltonian is form invariant under spin rotations. Th
will be the case, for example, if spin orbit coupling is n
present.

One may then inquire how Landau damping in ultrath
ferromagnetic films compares to that found in the bulk m
terial. Its influence in the films is expected to be more p
nounced. The reason is that in the bulk, the decay proce
such that all three Cartesian components of wave vector
conserved; the spin wave can decay only to Stoner exc
tions whose three-dimensional wave vector equals that of
spin wave. In an ultrathin film, breakdown of translation
invariance normal to the surface means that wave ve
components normal to the surface are not conserved.
breakdown of wave vector conservation opens decay ch
nels not accessible to bulk spin waves. The severity of L
dau damping of spin waves in the ultrathin film is illustrat
by early calculations reported by Tang, Plihal, and Mills10

These authors calculated the spectral density of spin wa
in free standing Fe~100! films, up to seven layers in thick
ness, for selected wave vectors in the surface Brillouin zo
5-2
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THEORY OF SPIN EXCITATIONS IN Fe~110! MULTILAYERS PHYSICAL REVIEW B 68, 224435 ~2003!
In a Heisenberg model description of such a seven layer fi
for each two-dimensional wave vector parallel to the s
faces, one will predict seven standing spin waves, each
infinite lifetime and thus zero width in the spectral density.
the calculations reported in Ref. 10, one sees dramatic br
ening of the standing waves as one moves up in frequenc
fixed wave vector. Indeed, the highest two or three stand
wave modes are not even perceptible in the spectral den
The Landau damping is so very severe that they canno
perceived as well defined elementary excitations in a
sense.

This message is reinforced very strongly by the new a
much more complete set of calculations reported in
present paper. We shall see, for the systems considered
as one moves out into the surface Brillouin zone, the sta
ing waves not destroyed fully by the Landau damping me
into one very broad structure which shows dispersion a
function of wave vector. In a SPEELS experiment, such
feature will be perceived as a single, very broad spin-wa
like structure. Indeed, very recent data taken on an e
layer Co film on Cu~100! shows just such a single, ver
broad structure well out into the surface Brillouin zone,15 in
striking accord with the results below which, of course, ha
been calculated for a different film/substrate combinati
We have new studies of Co films on Cu~100! underway at
present.

There is a most important conclusion one may draw fr
the remarks of the previous paragraph, and the results
ported in Ref. 10 as well. The severe damping of the sh
wavelength spin wave modes we find is an illustration of
fact that the adiabatic approximation breaks down very ba
in the case of ultrathin ferromagnetic films. The spect
composition of the spin fluctuations of a selected wave v
tor bear noqualitative resemblance to that provided by
Heisenberg like model, wherein spin wave dispersion re
tions are generated from a sequence of interatomic exch
interactions between spins in nearby unit cells. We note
in the current literature, one finds a number of pap
wherein spin wave excitation spectra are calculated for i
erant electron ferromagnets through use of an adiabatic
scription of effective exchange interactions, calculated fr
density functional theory.20 The results reported here esta
lish that in the ultrathin films, such calculations are mislea
ing in aqualitative sense. The issue is not one of quantitativ
detail associated with a particular approximate treatmen
the ground state or excitation spectrum.

We hasten to add that calculations of effective excha
interactions in the static limit do indeed provide very use
information regarding ferromagnetic ultrathin films. Such
formation, combined with information on anisotropy and t
dipolar interactions between the spins will lead to quant
tive descriptions of~static! domain walls in such systems.
the anisotropy is sufficiently strong that the domain w
thickness is only a few lattice constants, use of a mac
scopic parameter such as the exchange stiffness will not
fice. A microscopic description of the exchange betwe
nearby spins is then required, and these are provided q
correctly by calculations which invoke the adiabatic appro
mation.
22443
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We conclude with two comments. First, ‘‘frozen phonon
calculations similar to the ‘‘frozen magnon’’ calculations ju
criticized clearly work very nicely for bulk metals and meta
in ultrathin film form. One then must inquire about the d
ference between spin waves and phonons. First, the ex
tion energy of spin waves in the itinerant 3d magnets is very
much higher than that of phonons, so the density of fi
particle-hole states is very much larger as a conseque
There are thus many more final states available for the s
wave to decay into. More important, however, is that t
dimensionless coupling constant which controls the decay
in the spin wave case of order unity. The coupling constan
roughly the product of the strength of the on site intra-atom
Coulomb interactionU between electrons in the 3d shell
divided by the widthW of the d band of the itinerant ferro-
magnet, and this must be of order unity or even larger fo
magnetic ground state to obtain. The electron phonon in
action is very much weaker, when expressed in dimens
less form. Of course, the lifetime of the phonon is controll
by the square of the small coupling constant.

Second, our argument that the adiabatic approxima
breaks down in ferromagnets for short wavelength s
waves is by no means new. Many years ago, it was dem
strated explicitly that the adiabatic approximation offers
valid means of calculating the spin wave exchange stiffn
D which controls the dispersion relation of long waveleng
spin waves in the ferromagnet.21 It was demonstrated as we
that the adiabatic approximation also breaks down if o
wishes to move out to shorter wavelengths, beyond the
gime of validity of the long wavelength form21 \v(QW )
5Dq2. The calculations reported in this paper show t
breakdown of the adiabatic approximation is particularly
vere in the ultrathin films for the systems considered, to
point where it provides a description of the physics that
incorrect in a qualitative sense, if one wishes to apply
information so derived to a discussion of the short wa
length dynamics of the spins. In Sec. II, we comment on
description we use of the electronic structure of our syste
and in Sec. III the results are presented, accompanied
discussion of their implications.

II. THE ELECTRONIC STRUCTURE AND
COMPUTATIONAL ASPECTS OF THE ANALYSIS

Our remarks on our means of describing the electro
structure of the systems of interest, and on our approac
the calculation of the spin wave spectral densities will
rather brief. The reason is that in previous publications10,12

we have presented very detailed descriptions of these iss
with equations that provide the definition of the vario
quantities we utilize accompanied by the detailed structure
the equations that we solve to generate the spin wave spe
We thus refer the reader interested in such matters to th
earlier papers. Here, as noted above, we are employing
same methodology to extend the calculations of the spin
namics to multilayers. Also, our description of the under
ing electronic structure is the same as that utilized in
earlier studies of spin waves in the Fe monolayer
W~110!.12 We do comment briefly on our approach.
5-3
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A. T. COSTA, R. B. MUNIZ, AND D. L. MILLS PHYSICAL REVIEW B 68, 224435 ~2003!
The underlying electronic structure is described throu
use of an empirical tight binding description of thed bands
~the 3d bands of the Fe films and the 5d bands of theW
substrate!. The parameters employed here for this purpo
are the same as employed before;13 we simply now add Fe
layers one by one. TheW substrate is taken as semi-infini
in extent. Ferromagnetism in the Fe overlayer is driven by
site intra-atomic Coulomb interactions between electrons
the 3d shell, treated in mean field theory. In our past wo
we have used two approaches to the modeling of the in
atomic Coulomb interactions. In early work, a scheme u
in atomic physics22 was employed wherein a group theore
ical analysis is used to express all intra-atomic Coulomb
tegrals in terms of an irreducible set of parameters adju
to account for ground state properties of the bulk ferrom
net. For the case ofd shells, three adjustable parameters
required. For Fe, their values are given in Ref. 10. So
years ago, Lowde and Windsor23 performed computations
within a much simpler scheme, where only a single para
eter enters that can be fitted to the ground state magn
moment of the bulk crystal. Their scheme is properly co
serving, in the sense of many body theory, and inversion
the fundamental equation which emerges from the rand
phase approximation~RPA! we use to describe spin dynam
ics @Eq. ~6! of Ref. 12# is far more efficient within the
Lowde/Windsor scheme. In Ref. 12, we present a deta
comparison between the spin wave spectra calculated w
the two schemes for the Fe monolayer on W~110! to find
only small quantitative differences. We have thus adopted
Lowde/Windsor scheme for the calculations presented in
present paper. We note, by the way, the two schemes pro
us with precisely the same value for the exchange stiffnes12

provided the parameters are adjusted so the same mag
moment is contained in each ground state.

We comment briefly on aspects on the numerical calcu
tions of the spin wave spectra. One requires the one elec
Green’s functions for electrons in the Fe film, to synthes
the irreducible particle hole propagator which serves as
kernel in the RPA integral equation. Of course, the one e
tron states in the Fe film hybridize with those in the und
lying W substrate, taken as semi-infinite. These one elec
Green’s functions are calculated as follows. First, the o
electron Green’s function of the~noninteracting! electrons in
the W substrate is generated by numerical methods which
by now well established and efficient.24 Then, as described
earlier,12 once this function is in hand the appropriate o
electron Dyson equation may be used to introduce the u
thin film into the electronic structure, by switching on th
hopping integrals between the substrate and the film.
consider the Fermi energy of the film and theW substrate to
coincide, of course, and adjust the center of thed orbital
complex in each plane to insure charge neutrality in each
the Fe planes. Within the Lowde Windsor scheme, in
ground state there is a local exchange splitting common to
d orbitals on a given plane, so for the ground state calcu
tion it is equivalent to splitting the locald orbitals by the
amountI (n↑2n↓) with ns the number ofd electrons of spin
s on the site of interest. Following Himpsel’s suggestion25

we choose the parameterI 51 eV. All integrations over the
22443
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two dimensional Brillouin zone have been performed w
1008 special points in its irreducible part, and we have c
ried out careful checks of convergence before adopting
grid. We turn to the presentation of our results in the n
section, along with comments on their implications.

III. RESULTS AND DISCUSSION

We arrange the geometry of the~110! surface so that if
one atom is at the origin of thexy plane, its nearest neigh
bors are located at (a0/2)(6A2x̂6 ŷ). Then in theGX direc-
tion, the boundary of the surface Brillouin zone is located
(2p/a0)(1/A2), whereas in theGY direction, it is located at
(2p/a0)(3/4). In the discussion of the results, we shall u
reduced wave vectors, where the wave vector is in units
2p/a0.

To obtain the results displayed below, we have calcula
the wave vector and frequency dependent transverse sus
tibility in a representation appropriate to ultrathin film stru
tures. This function, denoted byx1,2(QW i ,V; l ,l 8) is defined
and introduced in our earlier publications.10,12 Its physical
meaning is as follows. First, suppose we have a ferrom
netic film with magnetization directed parallel to theẑ direc-
tion, and apply an externally generated, circularly polariz
time dependent magnetic field of the formhW (rW,t)5h( l )@ x̂

1 i ŷ # exp(iQW i•rWi2iVt). HereQW i is a two-dimensional wave
vector in thexy plane parallel to the film surfaces, while th
index l labels the planes within the film. Thus we have
applied transverse field of frequencyV which exhibits a
wavelike variation in the direction parallel to the film su
faces, and has arbitrary spatial variation in the direction p
pendicular to the film surfaces. If^S1(rW i ,l ;t)& is the trans-
verse magnetic moment induced in atomic planel by such a
field, then

^S1~rW i ,l ;t !&5H(
l 8

x1,2~QW i ,l ,l 8!h~ l 8!J
3exp@ iQW i•rW i2 iVt#. ~1!

Suppose we wish to model the film as a Heisenberg fe
magnet, with a localized spinSW ( lW) located on each lattice
site. Then the spin wave eigenmodes are plane waves, c
acterized by the wave vectorQW i parallel to the film surfaces
For each value ofQW i in the surface Brillouin zone, one ha
preciselyN spin wave normal modes each of infinite life
time, with N the number of layers in the film. A rather gen
eral description of the character and frequency distribution
these modes, along with thermodynamic properties of suc
film was given a number of years ago.26 We may introduce a
subscripta to label the modes associated with a particu
wave vector. Ifea(QW i ,l ) is the eigenvector associated wi
the mode (QW i ,a) andVa(QW i) is its frequency, then one ma
show that
5-4
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FIG. 1. For two values of the reduced wav
vector Qx along theGX in the surface Brillouin
zone,~a! Qx50.05 and~b! Qx50.2 we show the
energy variation of the spectral density functio
defined in Eq.~2! for the three layer film. The
solid curves refer to the film adsorbed on th
W~110! surface and the dotted curves are for t
free standing film. The curves labeledS are the
outer or surface layer of the three layer film,S-1
is the middle layer, andS-2 the innermost layer
in direct contact with the substrate for the a
sorbed film.
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$Im x1,2~QW i ,V2 ih; l ,l !%

5 (
a51

N

uea~ l !u2d@V2Va~QW i!#. ~2!

Thus, a plot of the spectral density function defined in E
~2! for a film modeled as a Heisenberg ferromagnet w
show, for each value ofQW i a total ofN peaks, one for each o
the spin wave normal modes of the wave vector. The in
grated strength of each peak provides one with a measu
the square of the amplitude of the mode on the plane
question.

If the adiabatic approach discussed in Sec. I is used
calculate effective exchange couplings between nearby sp
and a spin wave spectrum constructed from the informa
so obtained, then the spectral density constructed from
spin wave eigenvectors will have precisely the form given
Eq. ~2!. One has modeled the film as a Heisenberg-like
romagnet, not recognizing its itinerant character through
presence of~low lying! Stoner excitations. As we discusse
22443
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in section I, a major conclusion of this paper, and of ear
descriptions of spin waves in itinerant ferromagnets, t
viewpoint is inadequate in a qualitative sense.10–13,18,21

We illustrate this first by our studies of the spin wa
spectral density defined in Eq.~2! for the three layer Fe film
on W~110! and also for the free standing three layer film.
Fig. 1~a!, we show the spectral density function calculat
for each of the three layers of the film for a reduced wa
vectorQx50.05 along theGX direction. The results for the
adsorbed film are shown as solid lines, whereas the das
curves are for a free standing film. The curves labeledShere
and elsewhere in the paper are the outer or surface laye
the film, S21 the first interior layer, and so on. The lo
lying mode is an acoustic spin wave, in which the amplitu
on each plane is closely equal throughout the film. We
this mode is a very long lived eigenmode, as judged by
narrow width of the features in the spectral density. Inde
the width of the acoustic mode displayed in this figure m
be partly of numerical origin. One may prove that within th
computational scheme we are using, which is a ‘‘conserv
approximation’’ in the language of many body theory, t
5-5
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A. T. COSTA, R. B. MUNIZ, AND D. L. MILLS PHYSICAL REVIEW B 68, 224435 ~2003!
width of the acoustic mode must vanish identically in t
limit of vanishing wave vectorQW i . That this is so for the
film is proved explicitly in the Appendix of Ref. 10. We als
see the first standing spin wave excitation feature of the fi
close in energy to 60 meV. For the free standing film,
eigenvector of this mode has odd parity, and thus its am
tude vanishes for the central layer of the film. Adsorption
the film on the substrate leads to a breakdown of reflec
symmetry in the film, so we see the amplitude near the s
strate is somewhat larger for this mode than in the outer la
of the film, though its amplitude remains very small in t
central layer.

Notice the substantial width of the standing wave feat
in Fig. 1~a!. This is the Landau damping discussed in Sec
and also in the present section. While the first standing w
mode is rather heavily damped, clearly in qualitative ter
we may view it as a well defined elementary excitation. N
that the lifetime of the mode is considerably longer for t
free standing film, when we compare with the adsorbed fi
Clearly the precessing spins in the adsorbed film may de
also to Stoner excitations in the substrate, whosed-like den-
sity of states near the Fermi level is substantial. Hybridi
tion between the one electron wave functions in the film a
substrate allow spin motions in the Fe film to communic
to the particle/hole manifold of the substrate.

In a Heisenberg-like picture, we should expect to se
third standing wave mode for the three layer film. This mo
is broadened so severely that we do not see it as a
defined feature in the spectral density, for either the f
standing or the adsorbed film. We recall that in earlier stud
of free standing Fe~100! films, it is also the case that th
higher frequency standing spin wave resonances w
washed out by Landau damping. We thus have here our
illustration of the inadequacy of the adiabatic approach
calculation of spin wave spectra of ultrathin films, since su
calculations would generate a third mode of infinite lifetim
as illustrated in Eq.~2!.

In Fig. 1~b!, we show results forQx50.2. We see now
that acoustic spin wave has moved up in frequency as
pected, as does the first standing wave mode. The Lan
damping of each of these modes has increased substan
We note also that there is appreciable softening of the ac
tic mode for the adsorbed film, when its frequency is co
pared with that of the free standing film. It is interesting
inquire about the effective exchange stiffness of the adsor
film. If we assume that the dispersion relation remains q
dratic out to Qx50.2, then from the acoustic mode fre
quency in Fig. 1~b! one estimates an exchange stiffness
270 meV A2, close to that of bulk Fe and very considerab
smaller than that provided for the earlier results for the
sorbed Fe monolayer.12 It is the case that the value jus
quoted is also in very good accord with our earlier dire
calculations, via the adiabatic approach, of the excha
stiffness as a function of layer thickness.13 ~As demonstrated
earlier for bulk magnets21 and for ultrathin films,12 the adia-
batic approach suffices for the calculation of the excha
stiffness.! From the results above, it would appear that t
effective exchange stiffness normal to the film surfaces
quite small. We may make an estimate of this from the
22443
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sults in Fig. 2~b! if we assume a dispersion relation of th
form V(QW )5DxxQx

21D'Q'
2 . Use of the frequency of the

acoustic mode for whichQ'50 yields the estimateDxx

stated above, andD' can be estimated from the difference
frequency between the acoustic mode and the first stan
spin wave mode in Fig. 1~b!, which we assume describe
standing wave with wavelength 4(a0 /A2). We find that
D'5102 meV A2 from this criterion.

In Fig. 2~a!, we present results forQx50.4, which is a bit
more than halfway from the center of the surface Brillou
zone to the boundary. We see now that for the adsorbed fi
the standing wave spin wave and the acoustic mode ar
broad that they essentially form a single feature in the sp
tral density with a long tail that extends out to rather hi
excitation energy. It remains the case for this thin film th
the Landau damping for the adsorbed film is more p
nounced than for the free standing case. By the time
reachQx50.6, quite close to the boundary of the surfa
Brillouin zone, we see a single asymmetric structure in
spectral density. For the free standing film, interestingly
do see in these calculations a signature of all three mode
the spectrum of the outer two layers. What has happe
here is that the first two lowest modes have now moved
high enough in frequency that they become nearly as hea
damped as the highest mode, but for the free standing
one can still barely resolve the modes as individual entit
Of course, as a given mode becomes more heavily dam
the peak height of the corresponding feature in the spec
density is necessarily reduced as one appreciates upon
paring the peak heights in Fig. 2~b! with those in Fig. 1~a!.
Actually it is the case that the reduction in peak height
considerably greater than one would expect from the incre
in damping; the integrated area of the spin wave peaks
crease, by virtue of the transfer of oscillator strength fro
the spin wave to the Stoner continuum. We will elaborate
this point and its implications in Sec. IV.

We turn next to our results for the four layer film. In Fig
3 and 4, we show the spectral densities for the same
wave vectors discussed in the case of the three layer fi
Qualitatively the message in these results is quite simila
that for the three layer film. We can estimate the value of
effective exchange constant perpendicular to the surf
from the frequency of the first standing spin wave mod
assuming its wavelength is 6(a0 /A2) appropriate to a zero
slope boundary condition at both surfaces. We find a va
very close to 120 meV A2, distinctly larger than that for the
three layer film. Of course, in the bulk material, cubic sym
metry dictates that the exchange stiffness is isotropic. Th
for very thick films, the perpendicular exchange stiffne
should approach the much largerDxx which, again for the
four layer film is somewhat less than that of the three la
film ~in accord with the calculations of Ref. 13! but still
close to the value for bulk Fe. Our earlier studies of the
plane anisotropy of the exchange stiffness shows that
isotropic bulk limit is approached rather slowly, and we b
lieve this to be true of the perpendicular effective exchan
stiffness as well.
5-6



e

THEORY OF SPIN EXCITATIONS IN Fe~110! MULTILAYERS PHYSICAL REVIEW B 68, 224435 ~2003!
FIG. 2. The same as Fig. 1, except now w
give results for~a! Qx50.4 and~b! Qx50.6.
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It is interesting to compare the maximum peak heights
various layers for the acoustic mode in the free standing fi
and in the adsorbed film, forQx50.2. Quite clearly, in the
free standing film the amplitude of the mode is const
across the film, as expected for a uniform mode in a fi
with no spin pinning at the surfaces. However, when the fi
is adsorbed, the amplitude of the mode falls off distinctly,
one moves from the film surface into the interior. This su
gests that the mode is in fact a surface spin wave in this c
In Heisenberg model descriptions of spin waves near
faces, under commonly encountered conditions, the low
lying eigenmode in the band of spin wave states charac
ized by the wave vectorQW i parallel to the surface is a surfac
spin wave.26,27When the wavelength of the mode parallel
the surface is long compared to a lattice constant, the am
tude of the surface wave falls off rather slowly as one mo
into the crystal. In the case of the well known Rayleigh s
face acoustic wave, the penetration depth in the long wa
length limit scales asuQW iu21, whereas in the case of surfac
spin waves on the Heisenberg ferromagnet, the penetra
22443
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depth is larger by a factor of 1/uQW iua0. It would be most
intriguing to follow the eigenvector out to larger values
the wave vector, where it should become more localized
the surface but as one sees from Fig. 4~a! the modes are
Landau damped sufficiently at larger wave vectors that
cannot isolate the lowest lying spin wave mode as a cl
distinct excitation. We see in Figs. 4~a! and 4~b! that well out
in the zone, the various modes coalesce into one rather b
feature with a high frequency tail which extends out
higher energy. Notice that in the outer layer, for the ca
Qx50.6 @Fig. 4~b!# that in the outer surface, there is ve
little difference between the structures in the spectral den
for the free standing and the adsorbed film. By this po
short wavelength spin motions in the outer layer are not
fected by the substrate. Interestingly, the centroid of the f
ture we see in the innermost layer has lower frequency
the adsorbed film, and it is broader as well, so the spins at
boundary with the tungsten substrate are indeed affecte
the particle hole manifold below them.

Results for the five layer film are summarized in Fig
5–8. In Figs. 5~a! and 5~b! we give results forQx50.05 and
5-7
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FIG. 3. The same as Fig. 1, but now we ha
results for the four layer film for~a! Qx50.05
and ~b! Qx50.2.
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0.2, respectively. We may estimate the exchange stiffn
Dxx alongGX by using the frequency of the low lying acou
tic mode in Fig. 5~b! as we did for the three layer film. W
find the considerably smaller value of 210 meV A2. This is
also consistent with the calculations reported in Ref.
where it is found by direct calculation ofDxx that it ap-
proaches the value appropriate to bulk Fe in a nonmonot
manner. For the monolayer, as found also in our earlier st
of the adsorbed monolayer,Dxx assumes a value substa
tially larger than that of bulk Fe. It decreases with increas
film thickness to pass through a minimum of rough
200 meV A2 in the five layer thickness region before a
proaching the bulk value. From the difference in excitati
energy between the acoustic and first standing spin w
mode in Fig. 5~a! we can estimate the exchange stiffne
perpendicular to the surfaces, assuming the standing w
mode has a wavelength of 8(a0 /A2). This yields the esti-
mateD'5140 meV A2, again somewhat larger than that f
the four layer film. Evidently the perpendicular exchan
stiffness approaches the bulk value rather slowly as a fu
tion of film thickness, as we have seen earlier for the two
plane components of exchange stiffness.13 We remind the
reader that earlier studies of free standing Fe~100! films up to
seven layers in thickness also produced estimates of the
pendicular exchange stiffness smaller than the bulk by ne
a factor of 2, using interpretations of calculated spectral d
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sities similar to those discussed here.10 In Fig. 5~b!, we can
now see clearly that for the adsorbed film, the amplitude
the lowest spin wave mode is not uniform throughout t
film, but falls off distinctly as one moves into the film inte
rior. If this were a surface spin wave, then the amplitu
should fall off exponentially as one moves into the interi
In Fig. 6, we plot the logarithm of the peak height vers
layer number, and we indeed find that the amplitude is v
close indeed to an exponential. This strongly suggests
we do have here a surface magnon, with amplitude localiz
on the outer layer with increasing wave vector. As one mo
to larger wave vectors, the amplitude should become p
gressively more localized, if this mode behaves similar to
surface spin waves discussed for Heisenberg magnet sur
and films.27 Alas, it is difficult to address this question, sinc
as we move to shorter wavelengths, the mode becomes
ficiently broad that its spectral feature merges with the hig
lying excitations, as noted above.

In Figs. 7~a! and in 7~b!, we show the spectral densitie
on theGX direction, for the choicesQx50.4 andQx50.6,
respectively. Again we see a very broad structure formed
the merger of the various Landau damped standing w
modes. Upon following the peak position in, say, the ou
layer with increasing wave vector, one finds a feature wh
disperses in a manner very similar to that of a single s
wave mode. Thus, in an experiment, this feature could
5-8
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FIG. 4. The same as Fig. 3, but the results a
for the four layer film with~a! Qx50.4 and~b!
Qx50.6.
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interpreted very reasonably as produced by one mode
has suffered very substantial lifetime broadening. These
culations are very similar to the data reported in Ref. 15,
in fact the interpretation offered by these authors is that
mentioned.

In Figs. 8~a! and 8~b!, for the five layer film we show
examples of spectral density calculations along theGY direc-
tion. In Fig. 8~a! we show calculations forQy50.2 and in
Fig. 8~b! we show results forQy50.6. It is evident upon
comparing the frequency of the acoustic spin wave in F
8~a! with that in Fig. 5~a! that the exchange stiffnessDyy is
substantially smaller thanDxx . We find here thatDyy is
130 meV A2, again close to our earlier calculations using t
adiabatic approach.13 By comparing Fig. 8~b! with Fig. 7~b!,
we see the softness in the spin system response alongGY
persists out to short wavelengths. In Fig. 8~b!, in the outer-
most layer the peak in the spectral density is in the vicin
of 250 meV, while in Fig. 7~b! it is just below 400 meV. In
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the next section, we present a summary of our principal c
clusions, along with comments on the implications of t
results just discussed.

IV. COMMENTS AND DISCUSSION

We have presented detailed studies of the nature of
short wavelength spin wave excitations of ultrathin Fe film
adsorbed on a semi-infinite W~110! substrate, within a frame
work which recognizes the itinerant character of the m
netic film, and in which the adiabatic or ‘‘frozen magnon
approximation is not invoked. A principal conclusion is th
qualitative features of the spin wave spectrum are influen
strongly by nonadiabatic aspects of the electronic respo
of the film/substrate combination. This is true even near
center of the surface Brillouin zone, where we have seen
presence of a sharp, long lived acoustic spin wave mode,
the higher lying standing spin wave resonances of the ul
5-9
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FIG. 5. The same as Fig. 1, except now t
results are for the five layer film with~a! Qx

50.05 and~b! Qx50.2.
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thin film are damped so strongly by decay to Stoner exc
tions that for the examples discussed, only the~lifetime
broadened! first standing wave appears as a well defined
citation in the spectral density. At short wavelengths, in
spectral density we see only a single rather broad fea

FIG. 6. We plot the logarithm of the amplitude of the lowe
lying spin feature in the spectral density of Fig. 5~b! as a function of
layer number, to demonstrate the amplitude of the mode falls
exponentially with layer number, measured from the surface la
of the film.
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which exhibits dispersion as a function of wave vectorQW i ,
but the lifetime broadening is sufficiently severe that in
vidual standing mode resonances are not resolved.

We should remind the reader about the relationship of
response function we have calculated, the wave vector
frequency dependent transverse susceptibilityx1,2 , to the
SPEELS experiments which motivated the calculations
ported here. As discussed in the opening remarks of Sec
this function describes the response of the film to an app
transverse magnetic field of the time and spatial variat
described just before Eq.~1!. Some years ago, this functio
also entered into an early version of the theory of SPEELS28

Clearly, to speak in classical language, when a beam elec
excites a spin wave, the magnetic moments in the subs
necessarily rotate a bit from the direction of the substr
magnetic moment. In the theory just cited, it was assum
that the moment rotated as a rigid entity unchanged in sh
an approximation which worked very well indeed for mo
eling the electron phonon matrix element in theories of
citation of surface vibrational quanta in electron lo
spectroscopy.29 It was demonstrated in Ref. 28 that if th
moment rotates rigidly in the course of the excitation p

ff
r

5-10
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FIG. 7. The same as Fig. 5, but now we ha
~a! Qx50.4 and~b! Qx50.6.
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cess, then the electron magnon matrix element may be
pressed in terms of phase shifts for scattering from a gro
state muffin tin potential. Also, the SPEELS spectrum can
expressed in terms of the response functionx1,2 discussed
in Sec. III.

However, while our calculations ofx1,2 for both bulk Fe
and free standing ultrathin Fe films displayed the spin w
structures very nicely, as we see above, in fact there is
tually no oscillator strength in the higher energy Ston
excitations,10 which for Fe occur in the vicinity of 2 eV, the
average exchange splitting in thed band complex. This is
very problematical for the theory of SPEELS, since in ea
classic experiments, the Stoner excitations appear pro
nently in the loss spectra.30 From a theoretical perspective
the origin of this difficulty is as follows. First, in the bul
material, a theorem of many body theory based on the s
rotation invariance of the underlying Hamiltonian requir
all of the oscillator strength ofx1,2 must reside in the spin
wave mode only, in the limit of zero wave vector. Our ca
culations then demonstrated that even far out into the B
louin zone of both the bulk material and the film, the Ston
excitations are very weak indeed in this response funct
22443
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The present studies confirm this conclusion once again.
Evidently the assumption that the moment rotates rigi

as it fluctuates in direction in response to spin wave exc
tion must be corrected, for the itinerant ferromagnets; o
again we have a difference between the description of p
non physics and that of spin excitations in these materials
correct this, one must employ a microscopically genera
matrix element to describe the electronic rearrangem
within thed shell, as the spin wave is excited. In essence,
moment distorts in shape as well as direction, in respons
the excitation process. When this feature is incorporated
the theory, one encounters a new response functionxSPEELS
~Ref. 11! whose structure is such that even at zero wa
vector, the Stoner excitations enter fully, in addition to t
spin wave structures. Calculations of loss spectra us
xSPEELSappear very realistic. From the comparison betwe
theory and experiment given in Ref. 14, one sees that
response function provides a fully quantitative account of
relative intensity of the spin wave loss, and the backgrou
of Stoner excitations in the first experimental detection o
spin wave signal.

The calculation ofxSPEELS requires information of the
5-11
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FIG. 8. For the five layer film, we show cal
culations of the spectral density for two values
the wave vector along the direction. We have~a!
Qy50.2 and~b! Qy50.6.
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spatial form of the 3d wave functions in the Fe film. In Refs
11 and 14 the calculations reported were done for bulk Fe
is a nontrivial extension of the scheme used in these re
ences to move from the bulk material to the ultrathin fil
and in fact the cost in computational complexity to gener
xSPEELS for the systems studied here would be substan
Since it is the case the much more accessible response
tion x1,2 contains full information on the character of th
spin wave excitations in the ultrathin films, we have be
content to confine our attention to it. It would be of ve
great interest indeed to compute full SPEELS spectra, ut
ing a multiple scattering theory of the electron/sample int
action, in combination with a full description ofxSPEELSso
theory can provide an account a full account of the exp
ments, including the energy and angle variation of the ex
tation cross section and the loss spectrum from the spin w
regime up to and including the Stoner spectrum. Such a
gram has been carried out with substantial success, for
case of electron energy loss by surface vibrational quant
should be remarked.29,31The full multiple scattering descrip
tion of SPEELS is in place and it has been used to calcu
the absolute cross section for excitation of spin waves wit
the rigid rotating moment picture.28 Evidently the results are
22443
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in good accord with recent measurements.32 What is required
for the next step is the development of a description of
exchange matrix element in a form that allows computat
of xSPEELS. This can then be combined with the multip
scattering development in Ref. 28 to provide the compl
theory . Experiments such as those reported in Ref. 15
vide motivation for such a development.

It is perhaps appropriate to discuss the relationship
tween the calculations reported here, and the very beau
experimental data presented in Ref. 15, which reports
first measurements of spin wave dispersion in ultrathin fil
via the SPEELS technique. The measurements extend o
the boundary of the surface Brillouin zone, so these are
perimental studies of short wavelength spin excitations
these materials, in the spin wave frequency region. Alas
direct comparison between our calculations and the data
not be made, since the experiments probe an eight laye
film deposited on Cu~100!. However, we may make com
ments on general trends. First, it was not possible to ac
the vicinity of the zone center with sufficient resolution
access the standing spin wave features we have discu
here, since the resolution realized in the experiment is in
range of 40 meV. Under these conditions, one will obse
5-12
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THEORY OF SPIN EXCITATIONS IN Fe~110! MULTILAYERS PHYSICAL REVIEW B 68, 224435 ~2003!
the acoustic spin wave, and the first standing mode will sk
the feature observed by contributing to the high energy ta
the acoustic spin wave feature. It is the case that farther
in the surface Brillouin zone, only a single, very broad fe
ture is observed which displays spin-wave-like dispersi
This is very similar to the trends found in our calculation
Surely the data provides no evidence for the sequenc
standing spin wave modes predicted by adiabatic calc
tions of the spin wave spectra of ultrathin films, very mu
in accord with our conclusions. It should be remarked t
we have calculations underway that will explore Co films
Cu~100!, so we shall provide more detailed comparisons
tween theory and experiment in subsequent work.

We conclude by describing a connection between
studies reported here, and recent discussions of mechan
which control the ferromagnetic resonance~FMR! linewidth
in ultrathin ferromagnetic films.4 In recent years, it has be
come evident that in ultrathin ferromagnetic films, and
multilayers which contain ultrathin ferromagnetic film
mechanisms not operative in bulk materials influence FM
linewidths substantially. One such mechanism is the follo
ing. When spins are excited in an ultrathin ferromagnet fi
in contact with a metallic substrate, or surrounded by me
films, a contribution to the linewidth has its origin in transf
of angular momentum from the precessing spins in the
romagnet, to conduction electrons outside the ferromagn4

We have seen in the calculations reported here that our
wave linewidths in the ultrathin film are larger for the a
sorbed film than for the free standing film. The origin of th
difference is in transfer of angular momentum from the
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trathin ferromagnetic film, to the underlying substrate, ve
much as envisioned in the references just cited. In these
oretical studies of FMR linewidth, very simple models of th
film and the surrounding media are used to make estim
of the role of this effect. The models are so schematic t
such estimates are of semiquantitative validity only, clea
Embedded in the calculations reported here is a descrip
of precisely this effect, for a model whose underlying ele
tronic structure is fully realistic. It would thus be of gre
interest to explore, within the framework used here,
transfer of angular momentum from the ultrathin film to t
substrate when spin waves are excited in the ultrathin fil
This should enable us to provide estimates of the magnit
of this effect, for realistic models of idealized system
whose interfaces are perfect on the atomic scale. We hop
address this issue in future studies.
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