PHYSICAL REVIEW B 68, 224435 (2003

Theory of spin excitations in F€110 multilayers
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We present theoretical studies of the nature of the spin excitations in ultrathin free standit@) fiens,
and such films adsorbed on a semi-infinitf M0) 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 mlevant
bands and overlappingp complex. Ferromagnetism in the Fe film is driven by on site Coulomb interactions
between the 8 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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[. INTRODUCTION these itinerant electron magnets with wavelength that is com-
parable with the lattice constant.

The dynamical response of spin systems in nanoscale At the time of this writing, we have virtually no experi-
magnetic structures is a topic of very active interest in thamental information on the nature of short wavelength spin
current literature. Much of the discussion places focus on thavaves in ultrathin film structures. Interestingly, for the much
nature of collective excitations, the spin waves, whose wavestudied bulk crystals of thed3ferromagnetic metals it is also
length is very long compared to the lattice constant and tdhe case that experimental studies of spin waves well out into
other lengths which characterize the nanostructures as wethe Brillouin zone are very few in numb®#or these mate-
Such modes are excited in ferromagnetic resorfamecel  rials, the excitation energy of short wavelength spin waves is
Brillouin light scattering studie$lt is fair to say at this point  sufficiently large that the kinetic energy of thermal neutrons
that the physics which controls the frequency of such modets too low to create them in an inelastic scattering event. It is
is well understood. The systematics of the mode frequenciesecessary to employ a spallation source for such studies; it is
in ultrathin ferromagnetic films provides one with informa- a challenge with such sources to achieve signal levels ad-
tion on the unique forms of anisotropy in these structdres,equate to allow good angular resolution. Also for large scat-
and in multilayers one may obtain information on thetering angles it is the case that thd 8rm factor falls off
strength, sign and character of interfilm exchange couplinggapidly with the consequence the excitation cross section de-
A topic under active exploration currently is the nature ofcreases dramatically as wave vector increases. For the ultra-
damping mechanisms for spin motions which operate in th¢hin films, one can conceive of employing a glancing inci-
nanoenvironment. Recent discussions elucidate mechanismsnce scattering geometrjput again the excitation energies
unique to small scale magnetic systehis. of short wavelength spin waves will be sufficiently high that

It is of fundamental importance to explore the physicalthermal neutrons will not allow access to the modes, and the
nature of the spin wave excitations of short wavelength inform factor issue persists.
ultrathin films fabricated from materials of current interest. In a series of papers, it has been argued that spin polarized
These influence transport properties and mean free paths efectron energy loss spectroscq®PEELS should offer the
hot electronsthrough inelastic scattering processes, and alsmeans of studying short wavelength spin waves on magnetic
the understanding of spin motions on very small lengthsurface® and in ultrathin films~*% In such an experiment,
scales will require knowledge of the nature of spin waves irthe electron kinetic energy will be in the range from a few
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electron volts above the vacuum level, possibly up to a fewa lattice of localized magnetic moments commonly described
tens of electron volts above the vacuum level. Thus, in conby the Heisenberg model. In the latter case, the spin waves
trast to thermal neutrons, the probe particle has kinetic enare rigorous elementary excitations out of the ground state,
ergy sufficient to excite any spin wave found in the materialsand as a consequence they have an infinite lifetime, at least at
of interest. Surface sensitivity has its origin in the fact that inthe absolute zero of temperature. Their lifetime remains quite
the energy range described, the inelastic electron mean fresmall even at temperatures a fair fraction of the Curie tem-
path is only two or three interatomic layer spacings. Confir-perature, since the damping provided by magnon-magnon
mation that a given structure in a loss spectrum has its origiinteractions is modest until tolerably elevated temperature
in spin wave losses can follow if a spin polarized incidentare attained’ The situation is very different for the spin
beam is employed. One notes that excitation of a spin waveyave excitations in itinerant systems. Such systems exhibit a
will decrease the angular momentum of the substraté by spectrum of single particle excitations referred to as Stoner
Thus in a spin wave creation process, an electron with moexcitations, wherein a single electron may be excited from a
ment antiparallel to the substrate magnetization can suffer gajority spin state below the Fermi level to a minority spin
spin flip and conserve angular momentum. Electrons withstate above. The angular momentum of the ferromagnetic
moment parallel to those in the substrate cannot create spijround state decreases byby these spin flip excitations,
waves and conserve angular momentum at the same time, yiery much as when a spin wave is excited. For a general
the scattering proces¢assuming spin orbit coupling is \ave vectorQ, the Stoner excitations form a continuum in
weak. Thus a comparison between the loss spectrum W'tl?requency, ranging from a lower Iimﬂm(é) to an upper

beam polarization first antiparallel and then parallel to thqimit 0,,(Q): the values of these frequencies are controlled
substrate magnetization will allow one to identify spin wave MANT = q ;
¥ the underlying band structure. The spin wave frequency

losses, and discriminate against spin independent scatterin?2 ) .
such as those which produce the quasielastic peak. In ré2(Q) is, for all but the longest wave vectors, embedded in
sponse to a theoretical prediction that in Fe a clear spin wavée Stoner continuum, i.eQ),(Q)<€(Q)<Qy(Q). Under
signal should be detectable in this mantean experimental these conditions, even at the absolute zero of temperature,
study reported the observation of a spin wave loss structurdhe spin wave in the itinerant material has a finite lifetime,
in a SPEELS experiment on a four layer ultrathin Fe filmsince it is unstable with respect to decay into the particle-
deposited on W10, with strength relative to the Stoner hole pairs of the Stoner continuum. This is, for spin waves,
background in excellent accord with thedfyit was not pos- ~ Landau damping similar to that which enters the theory of
sible to perform a detailed study of the spin wave dispersiorihe collective plasmon excitations of metals. In simple single
relation with the apparatus used in this Study. Experimentgand models of |nf|n|te|y extended ferromagnetic metalS, the
with improved spectrometers are underway presently, antiandau damping of spin waves does not set in until a certain
spin wave signals have been detected with the newveritical wave vectoQ. is reached as one moves out from the
systems?>1® Indeed, for an eight layer Co film on C100),  origin in any direction of the Brillouin zon® Since the
spin wave dispersion measurements are in Hand. early theoretical studies of spin waves in bulk Fe and Ni
In response to the considerations discussed in the previousported by Cooke and his collaboratdtst has been clear
paragraph, we have initiated calculations of the spin wavehat in real materials Landau damping of spin waves can be
spectra of ultrathin film systems which will be candidates forquite severe throughout much of the Brillouin zone, though
study with the new generation of spectrometers. Earlier wehe Goldstone theorem of many body theory insures it van-
have reported detailed studies of spin waves in the Fe mondashes in the long wavelength limit, provided the underlying
layer adsorbed on the W10 surface and for comparison Hamiltonian is form invariant under spin rotations. This
purposes in a free standing (E&0) film.1213A striking result ~ will be the case, for example, if spin orbit coupling is not
of these calculations is the prediction of a large in planepresent.
anisotropy of the exchange stiffness. Calculations of the an- One may then inquire how Landau damping in ultrathin
isotropy in the spin wave exchange stiffness tensor as a funderromagnetic films compares to that found in the bulk ma-
tion of film thickness show it heals to the isotropic bulk form terial. Its influence in the films is expected to be more pro-
quite slowly!® In the present paper, we report calculationsnounced. The reason is that in the bulk, the decay process is
for Fe multilayers on W110). Once again, we have exam- such that all three Cartesian components of wave vector are
ined free standing multilayers as well, to examine the influ-conserved; the spin wave can decay only to Stoner excita-
ence of the substrate on the spin wave spectrum. We willions whose three-dimensional wave vector equals that of the
present results for three, four, and five laye(1A€) fiims. It  spin wave. In an ultrathin film, breakdown of translational
is our aim that these studies will serve as a guide to the newvariance normal to the surface means that wave vector
generation of experiments. We discuss next aspects of theomponents normal to the surface are not conserved. This
results presented here which provide insight into the undereakdown of wave vector conservation opens decay chan-
lying physics of short wavelength spin waves in ultrathinnels not accessible to bulk spin waves. The severity of Lan-
films. dau damping of spin waves in the ultrathin film is illustrated
We wish to elaborate on the last sentence of the previouby early calculations reported by Tang, Plihal, and Mifls.
paragraph, with the results presented below in mind. First, tdhese authors calculated the spectral density of spin waves
make a general point, there is a fundamental difference ben free standing RE.00 films, up to seven layers in thick-
tween spin excitations in itinerant ferromagnets, and those iness, for selected wave vectors in the surface Brillouin zone.
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In a Heisenberg model description of such a seven layer film, We conclude with two comments. First, “frozen phonon”
for each two-dimensional wave vector parallel to the sur<calculations similar to the “frozen magnon” calculations just
faces, one will predict seven standing spin waves, each withriticized clearly work very nicely for bulk metals and metals
infinite lifetime and thus zero width in the spectral density. Inin ultrathin film form. One then must inquire about the dif-
the calculations reported in Ref. 10, one sees dramatic broaderence between spin waves and phonons. First, the excita-
ening of the standing waves as one moves up in frequency, #en energy of spin waves in the itinerand 3nagnets is very
fixed wave vector. Indeed, the highest two or three standinguch higher than that of phonons, so the density of final
wave modes are not even perceptible in the spectral densit@rticle-hole states is very much larger as a consequence.
The Landau damping is so very severe that they cannot b here are thus many more final states available for the spin

perceived as well defined elementary excitations in anyYave to decay into. More important, however, is that the
sense. dimensionless coupling constant which controls the decay is,

This message is reinforced very strongly by the new andn the spin wave case of order unity. The coupling constant.is
much more complete set of calculations reported in thd@ughly the product of the strength of the on site intra-atomic
present paper. We shall see, for the systems considered, tHagpulomb interactionU between electrons in thed3shell
as one moves out into the surface Brillouin zone, the standdivided by the widthw of the d band of the itinerant ferro-
ing waves not destroyed fully by the Landau damping mergdhagnet, and this must be of order unity or even larger for a
into one very broad structure which shows dispersion as g'@gnetic ground state to obtain. The electron phonon inter-
function of wave vector. In a SPEELS experiment, such gCtion is very much weaker, when expressed in dimension-
feature will be perceived as a single, very broad spin-wave'—ess form. Of course, the Ilfetlme_of the phonon is controlled
like structure. Indeed, very recent data taken on an eigHty the square of the small coupling constant. o
layer Co film on C@100) shows just such a single, very Second, our argument that the adiabatic approximation
broad structure well out into the surface Brillouin zdfien ~ Préaks down in ferromagnets for short wavelength spin
striking accord with the results below which, of course, haveVaves is by no means new. Many years ago, it was demon-
been calculated for a different film/substrate combinationStrated explicitly that the adiabatic approximation offers a
We have new studies of Co films on @00 underway at valid means of calcula_tmg th_e spin wave exchange stiffness
present. D WhICh cor_ltrols the dispersion relation of long wavelength

There is a most important conclusion one may draw fromSPin waves in the feffomagf@',t was demonstrated as well
the remarks of the previous paragraph, and the results réh_at the adiabatic approximation also breaks down if one
ported in Ref. 10 as well. The severe damping of the shorfViShes to move out to shorter wavelengths, beyond the re-
wavelength spin wave modes we find is an illustration of thegime of validity of the long wavelength forth 7 w(Q)
fact that the adiabatic approximation breaks down very badly=Dg?. The calculations reported in this paper show the
in the case of ultrathin ferromagnetic films. The spectralbreakdown of the adiabatic approximation is particularly se-
composition of the spin fluctuations of a selected wave vecvere in the ultrathin films for the systems considered, to the
tor bear noqualitative resemblance to that provided by a point where it provides a description of the physics that is
Heisenberg like model, wherein spin wave dispersion relaincorrect in a qualitative sense, if one wishes to apply the
tions are generated from a sequence of interatomic exchandfgformation so derived to a discussion of the short wave-
interactions between spins in nearby unit cells. We note thdength dynamics of the spins. In Sec. Il, we comment on the
in the current literature, one finds a number of paperglescription we use of the electronic structure of our system,
wherein spin wave excitation spectra are calculated for itinand in Sec. lll the results are presented, accompanied by a
erant electron ferromagnets through use of an adiabatic deliscussion of their implications.
scription of effective exchange interactions, calculated from
density functional theor§? The results reported here estab-
lish that in the ultrathin films, such calculations are mislead-
ing in aqualitative senseThe issue is not one of quantitative
detail associated with a particular approximate treatment of Our remarks on our means of describing the electronic
the ground state or excitation spectrum. structure of the systems of interest, and on our approach to

We hasten to add that calculations of effective exchang¢he calculation of the spin wave spectral densities will be
interactions in the static limit do indeed provide very usefulrather brief. The reason is that in previous publicattdh’
information regarding ferromagnetic ultrathin films. Such in-we have presented very detailed descriptions of these issues,
formation, combined with information on anisotropy and thewith equations that provide the definition of the various
dipolar interactions between the spins will lead to quantita-quantities we utilize accompanied by the detailed structure of
tive descriptions ofstatio domain walls in such systems. If the equations that we solve to generate the spin wave spectra.
the anisotropy is sufficiently strong that the domain wallWe thus refer the reader interested in such matters to these
thickness is only a few lattice constants, use of a macroearlier papers. Here, as noted above, we are employing the
scopic parameter such as the exchange stiffness will not susame methodology to extend the calculations of the spin dy-
fice. A microscopic description of the exchange betweemamics to multilayers. Also, our description of the underly-
nearby spins is then required, and these are provided quiiag electronic structure is the same as that utilized in our
correctly by calculations which invoke the adiabatic approxi-earlier studies of spin waves in the Fe monolayer on
mation. W(110.*? We do comment briefly on our approach.

Il. THE ELECTRONIC STRUCTURE AND
COMPUTATIONAL ASPECTS OF THE ANALYSIS
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The underlying electronic structure is described throughwo dimensional Brillouin zone have been performed with
use of an empirical tight binding description of tHeébands 1008 special points in its irreducible part, and we have car-
(the 3d bands of the Fe films and thedShands of thew  ried out careful checks of convergence before adopting this
substratg The parameters employed here for this purpos@rid. We turn to the presentation of our results in the next
are the same as employed befbtaye simply now add Fe section, along with comments on their implications.
layers one by one. Th@/ substrate is taken as semi-infinite
in extent. Ferromagnetism in the Fe overlayer is driven by on
site intra-atomic Coulomb interactions between electrons in ll. RESULTS AND DISCUSSION
the 3 shell, treated in mean field theory. In our past work,
we have used two approaches to the modeling of the intra-

atomic Coulomb interactions. In early work, a scheme use Y Boe ) .
in atomic physic® was employed wherein a group theoret- P0rs are located ag/2) (= J2x=y). Then in thel'X direc-

ical analysis is used to express all intra-atomic Coulomb in_tion, the boundary of the surface Brillouin zone is located at

tegrals in terms of an irreducible set of parameters adjustet? 7o) (1/V2), whereas in th€'Y direction, it is located at

to account for ground state properties of the bulk ferromag{27/0)(3/4). In the discussion of the results, we shall use
net. For the case af shells, three adjustable parameters arg@duced wave vectors, where the wave vector is in units of
required. For Fe, their values are given in Ref. 10. Som&7/ao. ]

years ago, Lowde and Wind$drperformed computations To obtain the results displayed below, we have calculated
within a much simpler scheme, where only a single paramthe wave vector and frequency dependent transverse suscep-
eter enters that can be fitted to the ground state magnetfiility in a representation appropriate to ultrathin film struc-
moment of the bulk crystal. Their scheme is properly con-tures. This function, denoted by, _(Qy,(;l,1") is defined
serving, in the sense of many body theory, and inversion oftnd introduced in our earlier publicatioHs? Its physical

the fundamental equation which emerges from the randormeaning is as follows. First, suppose we have a ferromag-
phase approximatiofRPA) we use to describe spin dynam- netic film with magnetization directed parallel to thelirec-

ics [Eq. (6) of Ref. 17 is far more efficient within the tion, and apply an externally generated, circularly polarized
Lowde/\_Nindsor scheme. In Ref. 12, we present a deta_ile_cﬁme dependent magnetic field of the forngr,t)=h(1)[X
comparison between the spin wave spectra calculated W'th'gi)?] exp@duﬂ\—iﬂt)- HereQW is a two-dimensional wave

the two schemes for the Fe monolayer or1i0) o find ector in thexy plane parallel to the film surfaces, while the
only small quantitative differences. We have thus adopted the yPp P o ) '
dex | labels the planes within the film. Thus we have an

Lowde/Windsor scheme for the calculations presented in th lied transverse field of fr A€y which exhibit
present paper. We note, by the way, the two schemes provi(]aeDp ed transverse field of frequendy ch e S a

us with precisely the same value for the exchange stiffifess wavelike variation in the direction parallel to the film sur-
provided the parameters are adjusted so the same magn('aft"f]cces’ and has arbitrary spatial variation in the direction per-

moment is contained in each ground state. pendicular to Fhe film sur_faces. {b}(ru | ;F)) is the trans-

We comment briefly on aspects on the numerical calcula¥€rseé magnetic moment induced in atomic pléaig such a
tions of the spin wave spectra. One requires the one electrdfld. then
Green'’s functions for electrons in the Fe film, to synthesize
the irreducible particle hole propagator which serves as the
kernel in the RPA integral equation. Of course, the one elec- S 2 , ,
tron states in the Fe film hybridize with those in the under- (Selrplih)= lz X+~ (QpLIDhAY)
lying W substrate, taken as semi-infinite. These one electron
Green’s functions are calculated as follows. First, the one Xexp[i(jH.FH_iQt]_ )
electron Green'’s function of th@oninteracting electrons in
the W substrate is generated by numerical methods which are
by now well established and efficie#ftThen, as described Suppose we wish to model the film as a Heisenberg ferro-
earlier;” once this function is in hand the appropriate onemagnet, with a localized spi(I) located on each lattice
electron Dyson equation may be used to introduce the ultrasite, Then the spin wave eigenmodes are plane waves, char-
thin f.|Im Into the electronic structure, by switching on the acterized by the wave vectér” parallel to the film surfaces.
hopping integrals between the substrate and the film. Wi = _—

or each value 0@y in the surface Brillouin zone, one has

consider the Fermi energy of the film and fesubstrate to . ; AR
coincide, of course, and adjust the center of therbital Prec'se!y'\‘ spin wave normal modes ea_ch of infinite life-
complex in each plane to insure charge neutrality in each ofme, with N _the number of layers in the film. A r_ath_er gen-
the Fe planes. Within the Lowde Windsor scheme, in theeral description of the character and frequency distribution of
’ ese modes, along with thermodynamic properties of such a

ground state there is a local exchange splitting common to a | . ber of Bowi introd
d orbitals on a given plane, so for the ground state calculal™ Was given a number of years agoe may introduce a

tion it is equivalent to splitting the local orbitals by the subscripta to label the modes associated with a particular

amountl (n; —n) with n,, the number ofl electrons of spin ~ Wwave vector. Ife,(Qy 1) is the eigenvector associated with
o on the site of interest. Following Himpsel's suggestion, the mode Q) a) andQ,(Q)) is its frequency, then one may
we choose the parametes1 eV. All integrations over the show that

We arrange the geometry of th@10) surface so that if
ne atom is at the origin of they plane, its nearest neigh-
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11 A\ vector Q, along thel’X in the surface Brillouin
I\ zone,(a) Q,=0.05 and(b) Q,=0.2 we show the
0; 2'0 ' 4'0 = 6|0 e 1(')0 . 1£0 S-2 energy variation of the spectral density function
Q (meV) defined in Eq.(2) for the three layer film. The
solid curves refer to the film adsorbed on the
W(110 surface and the dotted curves are for the
(b) free standing film. The curves label&lare the
outer or surface layer of the three layer fil&1
is the middle layer, an®-2 the innermost layer
in direct contact with the substrate for the ad-
sorbed film.
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. 1 R in section |, a major conclusion of this paper, and of earlier
S(Qp = —{Imx, (Q),Q—inl D} descriptions of spin waves in itinerant ferromagnets, this
viewpoint is inadequate in a qualitative sef%e3182
N 5 . We illustrate this first by our studies of the spin wave
= 21 lea(D]#8[Q— Q. (Q)]. (20 spectral density defined in E€Q) for the three layer Fe film
o on W(110 and also for the free standing three layer film. In
Thus, a plot of the spectral density function defined in Eq.Fig. 1@, we show the spectral density function calculated
(2) for a film modeled as a Heisenberg ferromagnet willfor each of the three layers of the film for a reduced wave
show, for each value c@” a total ofN peaks, one for each of VectorQ,=0.05 along thd™X dire;ctipn. The results for the
the spin wave normal modes of the wave vector. The intedsorbed film are shown as solid lines, whereas the dashed
grated strength of each peak provides one with a measure 6firves are for a free standing film. The curves lab&éere
the square of the amplitude of the mode on the plane ind elsewhere in the paper are the outer or surface layer of
question. the film, S—1 the first interior layer, and so on. The low
If the adiabatic approach discussed in Sec. | is used ttying mode is an acoustic spin wave, in which the amplitude
calculate effective exchange couplings between nearby spinen each plane is closely equal throughout the film. We see
and a spin wave spectrum constructed from the informationthis mode is a very long lived eigenmode, as judged by the
so obtained, then the spectral density constructed from thearrow width of the features in the spectral density. Indeed,
spin wave eigenvectors will have precisely the form given inthe width of the acoustic mode displayed in this figure may
Eqg. (2). One has modeled the film as a Heisenberg-like ferbe partly of numerical origin. One may prove that within the
romagnet, not recognizing its itinerant character through theomputational scheme we are using, which is a “conserving
presence oflow lying) Stoner excitations. As we discussed approximation” in the language of many body theory, the
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width of the acoustic mode must vanish identically in thesults in Eig. Zb) if we assume a dispersion relation of the
limit of vanishing wave vectoQ|. That this is so for the form Q(Q)=DXXQ§+ DLQE . Use of the frequency of the
film is proved explicitly in the Appendix of Ref. 10. We also acoustic mode for whichQ, =0 yields the estimatd,,
see the first standing spin wave excitation feature of the filmstated above, anid, can be estimated from the difference in
close in energy to 60 meV. For the free standing film, thefrequency between the acoustic mode and the first standing
eigenvector of this mode has odd parity, and thus its amplispin wave mode in Fig. (b), which we assume describes
:Edef'?/aniShteff for Lh? Cf”tlra|0||ayter ofbthe |f<|(|jm Adsfrp';iontpfstanding wave with wavelength d4/\2). We find that

e film on the substrate leads to a breakdown of reflectiofy — ‘s eriteri
symmetry in the film, so we see the amplitude near the subm-)iln Ilz?gz rzn(;vvﬁ?ef;:;g:tsrggaelzgig —0.4. which is a bit

. 2, x=0.4,

strate is. somewhat I.arger fo_r this mode_than in the outc_—:-r Iayer’hore than halfway from the center of the surface Brillouin
of the film, though its amplitude remains very small in the zone to the boundary. We see now that for the adsorbed film,
central layer. . . .

the standing wave spin wave and the acoustic mode are so

Notice the substantial width of the standing wave featurlebroad that they essentially form a single feature in the spec-

in Fig. 1(a). This is the Landau damping discussed in Sec. |, | densi hoal i th d her hiah
and also in the present section. While the first standing wayfal density with a long tail that extends out to rather hig

mode is rather heavily damped, clearly in qualitative termsexcita\tion energy. I_t remains the case for _this _thin film that
we may view it as a well defined elementary excitation. Noteth® Landau damping for the adsorbed film is more pro-
that the lifetime of the mode is considerably longer for thenounced than for the free standing case. By the time we
free standing film, when we compare with the adsorbed filmreachQ,=0.6, quite close to the boundary of the surface
Clearly the precessing spins in the adsorbed film may decafrillouin zone, we see a single asymmetric structure in the
also to Stoner excitations in the substrate, whibdike den-  spectral density. For the free standing film, interestingly we
sity of states near the Fermi level is substantial. Hybridiza-do see in these calculations a signature of all three modes in
tion between the one electron wave functions in the film andhe spectrum of the outer two layers. What has happened
substrate allow spin motions in the Fe film to communicatehere is that the first two lowest modes have now moved up
to the particle/hole manifold of the substrate. high enough in frequency that they become nearly as heavily
In a Heisenberg-like picture, we should expect to see alamped as the highest mode, but for the free standing film
third standing wave mode for the three layer film. This modeone can still barely resolve the modes as individual entities.
is broadened so severely that we do not see it as a wethf course, as a given mode becomes more heavily damped,
defined feature in the spectral density, for either the freghe peak height of the corresponding feature in the spectral
standing or the adsorbed film. We recall that in earlier studiegensity is necessarily reduced as one appreciates upon com-
of free standing FE.00 f|llms, it is also the case that the paring the peak heights in Fig(l8 with those in Fig. 1a).
higher frequency standing spin wave resonances Wergqyaly it is the case that the reduction in peak height is

%onsiderably greater than one would expect from the increase

illustration of the inadequacy of the adiabatic approach 9, damping: the integrated area of the spin wave peaks de-
calculation of spin wave spectra of ultrathin films, since such '

. ) L crease, by virtue of the transfer of oscillator strength from
calculations would generate a third mode of infinite lifetime, . . .
as illustrated in Eq(2). thg spin wave _to t_he Stoqer cqntmuum. We will elaborate on

In Fig. 1(b), we show results foQ,=0.2. We see now this point and its implications in Sec. IV. . :

that acoustic spin wave has moved up in frequency as ex- We turn next to our results for the fqgr layer film. In Figs.
pected, as does the first standing wave mode. The Landati@nd 4, we show the spectral densities for the same four
damping of each of these modes has increased substantialy2ve vectors discussed in the case of the three layer film.
We note also that there is appreciable softening of the acou§ualitatively the message in these results is quite similar to
tic mode for the adsorbed film, when its frequency is com-that for the three layer film. We can estimate the value of the
pared with that of the free standing film. It is interesting to effective exchange constant perpendicular to the surface
inquire about the effective exchange stiffness of the adsorbeffom the frequency of the first standing spin wave mode,
film. If we assume that the dispersion relation remains quaassuming its wavelength is &{/\/2) appropriate to a zero
dratic out to Q,=0.2, then from the acoustic mode fre- slope boundary condition at both surfaces. We find a value
quency in Fig. 1b) one estimates an exchange stiffness ofvery close to 120 meV A distinctly larger than that for the
270 meV A, close to that of bulk Fe and very considerably three layer film. Of course, in the bulk material, cubic sym-
smaller than that provided for the earlier results for the admetry dictates that the exchange stiffness is isotropic. Thus,
sorbed Fe monolayéf. It is the case that the value just for very thick films, the perpendicular exchange stiffness
quoted is also in very good accord with our earlier directshould approach the much largBg, which, again for the
calculations, via the adiabatic approach, of the exchang®our layer film is somewhat less than that of the three layer
stiffness as a function of layer thickneSgAs demonstrated film (in accord with the calculations of Ref. 1®ut still
earlier for bulk magnef and for ultrathin films'? the adia-  close to the value for bulk Fe. Our earlier studies of the in
batic approach suffices for the calculation of the exchangglane anisotropy of the exchange stiffness shows that the
stiffness) From the results above, it would appear that theisotropic bulk limit is approached rather slowly, and we be-
effective exchange stiffness normal to the film surfaces idieve this to be true of the perpendicular effective exchange
quite small. We may make an estimate of this from the restiffness as well.
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It is interesting to compare the maximum peak heights indepth is larger by a factor of |:Q\||ao- It would be most
various layers for the acoustic mode in the free standing filmintriguing to follow the eigenvector out to larger values of
and in the adsorbed film, fa@,=0.2. Quite clearly, in the the wave vector, where it should become more localized to
free standing film the amplitude of the mode is constanthe surface but as one sees from Figa)4he modes are
across the film, as expected for a uniform mode in a filmLandau damped sufficiently at larger wave vectors that one
with no spin pinning at the surfaces. However, when the filmcannot isolate the lowest lying spin wave mode as a clear,
is adsorbed, the amplitude of the mode falls off distinctly, agdistinct excitation. We see in Figs(a} and 4b) that well out
one moves from the film surface into the interior. This sug-in the zone, the various modes coalesce into one rather broad
gests that the mode is in fact a surface spin wave in this cast€ature with a high frequency tail which extends out to
In Heisenberg model descriptions of spin waves near sufdigher energy. Notice that in the outer layer, for the case
faces, under commonly encountered conditions, the lowedgx=0-6 [Fig. 4b)] that in the outer surface, there is very
lying eigenmode in the band of spin wave states charactefittle difference between the structures in the spectral density
. =~ . for the free standing and the adsorbed film. By this point,
ized by the wave vectd®| parallel to the surface is a surface

f short wavelength spin motions in the outer layer are not af-
spin wave?®2’ When the wavelength of the mode parallel to gt sp y

fected by the substrate. Interestingly, the centroid of the fea-

the surface is long compared to a lattice constant, the ampli;;.e we see in the innermost layer has lower frequency for

tude of the surface wave falls off rather slowly as one movesne adsorbed film, and it is broader as well, so the spins at the

into the crystal. In the case of the well known Rayleigh sur-poundary with the tungsten substrate are indeed affected by
face acoustic wave, the penetration depth in the long wavehe particle hole manifold below them.

length limit scales aiaQM*, whereas in the case of surface  Results for the five layer film are summarized in Figs.
spin waves on the Heisenberg ferromagnet, the penetratids-8. In Figs. 5a) and §b) we give results foQ,=0.05 and
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0.2, respectively. We may estimate the exchange stiffnessities similar to those discussed hétdn Fig. 5b), we can

D,y alongI'X by using the frequency of the low lying acous- now see clearly that for the adsorbed film, the amplitude of
tic mode in Fig. %b) as we did for the three layer film. We the lowest spin wave mode is not uniform throughout the
find the considerably smaller value of 210 me¥. Ahis is  film, but falls off distinctly as one moves into the film inte-
also consistent with the calculations reported in Ref. 13yior. If this were a surface spin wave, then the amplitude
where it is found by direct calculation db,, that it ap- should fall off exponentially as one moves into the interior.
proaches the value appropriate to bulk Fe in a nonmonotonin Fig. 6, we plot the logarithm of the peak height versus
manner. For the monolayer, as found also in our earlier studiayer number, and we indeed find that the amplitude is very
of the adsorbed monolayeR,, assumes a value substan- close indeed to an exponential. This strongly suggests that
tially larger than that of bulk Fe. It decreases with increasingve do have here a surface magnon, with amplitude localizing
film thickness to pass through a minimum of roughly on the outer layer with increasing wave vector. As one moves
200 meV /& in the five layer thickness region before ap- to larger wave vectors, the amplitude should become pro-
proaching the bulk value. From the difference in excitationgressively more localized, if this mode behaves similar to the
energy between the acoustic and first standing spin wavsurface spin waves discussed for Heisenberg magnet surfaces
mode in Fig. 5a) we can estimate the exchange stiffnessand films?’ Alas, it is difficult to address this question, since
perpendicular to the surfaces, assuming the standing wawes we move to shorter wavelengths, the mode becomes suf-
mode has a wavelength of &(/\/2). This yields the esti- ficiently broad that its spectral feature merges with the higher
mateD, =140 meV &, again somewhat larger than that for lying excitations, as noted above.

the four layer film. Evidently the perpendicular exchange In Figs. 1&) and in 1b), we show the spectral densities
stiffness approaches the bulk value rather slowly as a fungen theI'X direction, for the choice§,=0.4 andQ,=0.6,

tion of film thickness, as we have seen earlier for the two inrespectively. Again we see a very broad structure formed by
plane components of exchange stiffnés&Ve remind the the merger of the various Landau damped standing wave
reader that earlier studies of free standinglBé) films upto  modes. Upon following the peak position in, say, the outer
seven layers in thickness also produced estimates of the pdayer with increasing wave vector, one finds a feature which
pendicular exchange stiffness smaller than the bulk by nearlgisperses in a manner very similar to that of a single spin
a factor of 2, using interpretations of calculated spectral denwave mode. Thus, in an experiment, this feature could be
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FIG. 4. The same as Fig. 3, but the results are
for the four layer film with(a) Q,=0.4 and(b)
Q,=0.6.
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interpreted very reasonably as produced by one mode th#te next section, we present a summary of our principal con-
has suffered very substantial lifetime broadening. These caklusions, along with comments on the implications of the
culations are very similar to the data reported in Ref. 15, andesults just discussed.

in fact the interpretation offered by these authors is that just

mentioned.
In Figs. 8a) and 8b), for the five layer film we show V. COMMENTS AND DISCUSSION
examples of spectral density calculations alongltivedirec- We have presented detailed studies of the nature of the

tion. In Fig. 8a) we show calculations foQ,=0.2 and in  short wavelength spin wave excitations of ultrathin Fe films
Fig. 8b) we show results foQ,=0.6. It is evident upon adsorbed on a semi-infinite 10 substrate, within a frame-
comparing the frequency of the acoustic spin wave in Figwork which recognizes the itinerant character of the mag-
8(a) with that in Fig. 3a) that the exchange stiffne&,, is netic film, and in which the adiabatic or “frozen magnon”
substantially smaller tha,,. We find here thatD,, is  approximation is not invoked. A principal conclusion is that
130 meV &, again close to our earlier calculations using thequalitative features of the spin wave spectrum are influenced
adiabatic approacht By comparing Fig. &) with Fig. 7(b), strongly by nonadiabatic aspects of the electronic response
we see the softness in the spin system response dldhg of the film/substrate combination. This is true even near the
persists out to short wavelengths. In Figbj8 in the outer-  center of the surface Brillouin zone, where we have seen the
most layer the peak in the spectral density is in the vicinitypresence of a sharp, long lived acoustic spin wave mode, but
of 250 meV, while in Fig. P) it is just below 400 meV. In  the higher lying standing spin wave resonances of the ultra-
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thin film are damped so strongly by decay to Stoner excitawhich exhibits dispersion as a function of wave ved@y,
tions that for the examples discussed, only tfitetime  put the lifetime broadening is sufficiently severe that indi-
broadenefifirst standing wave appears as a well defined exvidual standing mode resonances are not resolved.
citation in the spectral density. At short wavelengths, in the e should remind the reader about the relationship of the
spectral density we see only a single rather broad featurgssponse function we have calculated, the wave vector and
frequency dependent transverse susceptibjity_ , to the
SPEELS experiments which motivated the calculations re-
ported here. As discussed in the opening remarks of Sec. Il
this function describes the response of the film to an applied
transverse magnetic field of the time and spatial variation
described just before Eql). Some years ago, this function
also entered into an early version of the theory of SPEELS.
- ] Clearly, to speak in classical language, when a beam electron
excites a spin wave, the magnetic moments in the substrate
T necessarily rotate a bit from the direction of the substrate
-3 -2 -1 0 magnetic moment. In the theory just cited, it was assumed
Atomic plane 9 ) Iy Just ’ .
that the moment rotated as a rigid entity unchanged in shape,
FIG. 6. We plot the logarithm of the amplitude of the lowest &N approximation which worked very well indeed for mod-
lying spin feature in the spectral density of Figbpas a function of ~ €ling the electron phonon matrix element in theories of ex-
layer number, to demonstrate the amplitude of the mode falls ofEitation of surface vibrational quanta in electron loss
exponentially with layer number, measured from the surface Iayespectroscopgl? It was demonstrated in Ref. 28 that if the
of the film. moment rotates rigidly in the course of the excitation pro-
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FIG. 7. The same as Fig. 5, but now we have
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cess, then the electron magnon matrix element may be eXhe present studies confirm this conclusion once again.
pressed in terms of phase shifts for scattering from a ground Evidently the assumption that the moment rotates rigidly
state muffin tin potential. Also, the SPEELS spectrum can bas it fluctuates in direction in response to spin wave excita-
expressed in terms of the response funcian_ discussed tion must be corrected, for the itinerant ferromagnets; once
in Sec. Ill. again we have a difference between the description of pho-
However, while our calculations ¢f . _ for both bulk Fe  non physics and that of spin excitations in these materials. To
and free standing ultrathin Fe films displayed the spin waveorrect this, one must employ a microscopically generated
structures very nicely, as we see above, in fact there is virmatrix element to describe the electronic rearrangement
tually no oscillator strength in the higher energy Stonerwithin thed shell, as the spin wave is excited. In essence, the
excitations'® which for Fe occur in the vicinity of 2 eV, the moment distorts in shape as well as direction, in response to
average exchange splitting in tlieband complex. This is the excitation process. When this feature is incorporated into
very problematical for the theory of SPEELS, since in earlythe theory, one encounters a new response fungtigig, s
classic experiments, the Stoner excitations appear promiRef. 11 whose structure is such that even at zero wave
nently in the loss spectr.From a theoretical perspective, vector, the Stoner excitations enter fully, in addition to the
the origin of this difficulty is as follows. First, in the bulk spin wave structures. Calculations of loss spectra using
material, a theorem of many body theory based on the spiyspeg sappear very realistic. From the comparison between
rotation invariance of the underlying Hamiltonian requirestheory and experiment given in Ref. 14, one sees that this
all of the oscillator strength of,. _ must reside in the spin response function provides a fully quantitative account of the
wave mode only, in the limit of zero wave vector. Our cal- relative intensity of the spin wave loss, and the background
culations then demonstrated that even far out into the Brilof Stoner excitations in the first experimental detection of a
louin zone of both the bulk material and the film, the Stonerspin wave signal.
excitations are very weak indeed in this response function. The calculation ofyspgg s requires information of the
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spatial form of the 8 wave functions in the Fe film. In Refs. in good accord with recent measuremefité/hat is required

11 and 14 the calculations reported were done for bulk Fe. lfor the next step is the development of a description of the
is a nontrivial extension of the scheme used in these refeexchange matrix element in a form that allows computation
ences to move from the bulk material to the ultrathin film, of yspge s This can then be combined with the multiple
and in fact the cost in computational complexity to generatescattering development in Ref. 28 to provide the complete
XxspeeLs for the systems studied here would be substantialtheory . Experiments such as those reported in Ref. 15 pro-
Since it is the case the much more accessible response fungide motivation for such a development.

tion x, _ contains full information on the character of the It is perhaps appropriate to discuss the relationship be-
spin wave excitations in the ultrathin films, we have beentween the calculations reported here, and the very beautiful
content to confine our attention to it. It would be of very experimental data presented in Ref. 15, which reports the
great interest indeed to compute full SPEELS spectra, utilizfirst measurements of spin wave dispersion in ultrathin films
ing a multiple scattering theory of the electron/sample intervia the SPEELS technique. The measurements extend out to
action, in combination with a full description ofspee sS0  the boundary of the surface Brillouin zone, so these are ex-
theory can provide an account a full account of the experiperimental studies of short wavelength spin excitations in
ments, including the energy and angle variation of the excithese materials, in the spin wave frequency region. Alas, a
tation cross section and the loss spectrum from the spin wawdirect comparison between our calculations and the data can-
regime up to and including the Stoner spectrum. Such a praaot be made, since the experiments probe an eight layer Co
gram has been carried out with substantial success, for tHdm deposited on C{@00. However, we may make com-
case of electron energy loss by surface vibrational quanta, iments on general trends. First, it was not possible to access
should be remarke:** The full multiple scattering descrip- the vicinity of the zone center with sufficient resolution to
tion of SPEELS is in place and it has been used to calculataccess the standing spin wave features we have discussed
the absolute cross section for excitation of spin waves withirhere, since the resolution realized in the experiment is in the
the rigid rotating moment pictur®.Evidently the results are range of 40 meV. Under these conditions, one will observe
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the acoustic spin wave, and the first standing mode will skewirathin ferromagnetic film, to the underlying substrate, very
the feature observed by contributing to the high energy tail iimuch as envisioned in the references just cited. In these the-
the acoustic spin wave feature. It is the case that farther owretical studies of FMR linewidth, very simple models of the
in the surface Brillouin zone, only a single, very broad fea-film and the surrounding media are used to make estimates
ture is observed which displays spin-wave-like dispersionef the role of this effect. The models are so schematic that
This is very similar to the trends found in our calculations.sych estimates are of semiquantitative validity only, clearly.
Surely the data provides no evidence for the sequence @mpedded in the calculations reported here is a description
standing spin wave modes predicted by adiabatic calculapf precisely this effect, for a model whose underlying elec-
tions of the spin wave spectra of ultrathin films, very muchtronic structure is fully realistic. It would thus be of great
in accord with our conclusions. It should be remarked thajnterest to explore, within the framework used here, the
we have calculations underway that will explore Co films ontransfer of angular momentum from the ultrathin film to the
Cu(100), so we shall provide more detailed comparisons besypstrate when spin waves are excited in the ultrathin films.
tween theory and experiment in subsequent work. This should enable us to provide estimates of the magnitude
We conclude by describing a connection between they this effect, for realistic models of idealized systems,

studies reported here, and recent discussions of mechanisigfose interfaces are perfect on the atomic scale. We hope to
which control the ferromagnetic resonan&MR) linewidth  5ddress this issue in future studies.

in ultrathin ferromagnetic filmé.In recent years, it has be-
come evident that in ultrathin ferromagnetic films, and in
multilayers which contain ultrathin ferromagnetic films,
mechanisms not operative in bulk materials influence FMR
linewidths substantially. One such mechanism is the follow- We are most grateful to Dr. R. Vollmer, Dr. J. Kirschner,
ing. When spins are excited in an ultrathin ferromagnet filmand to Dr. H. Ibach for providing us with Ref. 15 prior to
in contact with a metallic substrate, or surrounded by metapublication, and for extensive discussions of the data. Simi-
films, a contribution to the linewidth has its origin in transfer larly, we have enjoyed discussions with Professor H. Hop-
of angular momentum from the precessing spins in the ferster. The research of D.L.M has been supported by the U. S.
romagnet, to conduction electrons outside the ferromaynetDepartment of Energy, through Grant No. DE-FG03-84ER
We have seen in the calculations reported here that our sp#b083. The research of R.B.M has been patrtially supported
wave linewidths in the ultrathin film are larger for the ad- by the Department of Energy grant just mentioned, and also
sorbed film than for the free standing film. The origin of this by the CNPq(Brazil). The research of A.T.C. has been sup-
difference is in transfer of angular momentum from the ul-ported by the CNP@Brazil) and FAPEMIG.
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