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We present theoretical studies of short-wavelength spin excitations in ferromagngti®)F@onolayers
either adsorbed on a W10 substrate or free standing. We use an itinerant model of electrons as the basis for
our analysis, with nine bandshe five 3 bands and the gp compley included. The bands are described
within an empirical tight-binding scheme, and the ferromagnetic ground state is generated from on-site intra-
atomic Coulomb interactions, described in mean-field theory. The random phase approxi(R®&nis
employed to describe the spin excitations through analysis of the wave vector and frequency dependence of the
dynamic transverse susceptibility. Several issues are explored. We compare the spin-wave stiffness and other
features of the spin-wave spectrum for the free standing film and that adsorbed on the substrate to find
substantial quantitative differences with origin in spin-spin interactions mediated by the substrate. We also
compare the spin-wave spectrum calculated through use of the RPA, an approximate theory, but a scheme that
does not invoke the adiabatic approximation, with results generated within the framework of the adiabatic
approach. While the spin-wave exchange stiffnesses produced by the two methods are in agreement, there are
substantial differences between excitation spectra at short wavelengths. We argue that effective interspin
exchange couplings generated within the framework of the adiabatic approximation fail to provide a descrip-
tion of the spin-wave spectrum in the itinerant ferromagnets, beyond the low-frequency, long-wavelength
regime where the spin-wave exchange stiffness suffices to describe the spectrum. We also discuss apparent
hybridization gaps in the spin-wave spectrum. We show that in some cases they can be artifact of a poorly
converged numerical analysis and, in one instance, on use of an inappropriate form for the intra-atomic
Coulomb interaction.
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[. INTRODUCTION processes. For instance, the spin and energy dependence of
hot electron mean free paths is controlled by the inelastic
The study of the magnetism in ultrathifiew atomic  scattering of electrons from spin excitatiéria the ferro-
layen films is pursued actively for several reasons. For ex-magnetic transition metals. From the experimental point of
ample, such films are realizations of two-dimensional magview, with one exception noted below, only spin waves with
netic matter and thus provide tests of theoretical models ofvavelength very long compared to the lattice constant have
magnetism in less than three dimensions. The fact that been probed experimentally in ultrathin films. The two com-
large fraction of the moment bearing ions reside in sites onrmon methods to study such collective excitations are ferro-
the surface or interface between film and substrate leads toraagnetic resonance spectroscopgnd Brillouin light
strong anisotropy of the spin-orbit origin with diverse char-scattering The first excites spin waves of infinite wave-
acter. This endows ultrathin films and multilayers which in-length and the second modes with wave vector in the range
corporate them with unique properties not found in bulkof 10° cm™ 1. Both methods explore modes whose frequency
magnetic matter. It is the case as well that exciting devicas controlled by parameters that may be viewed as ground-
applications have been realized and more are contemplatestate propertie.
Here multilayer structures fabricated from ultrathin ferro- It is of fundamental interest to obtain information on the
magnetic films provide us with nanoscale structures withdispersion relation of short-wavelength spin-wave excita-
unique magnetic response characteristics not realized in bulions as a function of wave vector throughout the surface
materials. Brillouin zone. Such data would provide us with insight into
Ultrathin ferromagnetic films formed from thed3ransi-  truly microscopic aspects of the magnetic response charac-
tion metals have been the principal focus of the field, sinceeristics of ultrathin films. In the case of surface phonons,
they may be grown with high quality on a number of metallic electron loss spectroscopy provides a means of accessing de-
substrates. Also, their ferromagnetism persists at room tentails of their dispersion curves throughout the surface Bril-
perature, a property important for applications. A very con-louin zone for both clean and adsorbate covered surfaces.
siderable effort has been devoted to the study of their electhese data, when analyzed, provide us with insight into de-
tronic structure and magnetism vib initio calculations:  tails of the interatomic forces operative in the surface envi-
Such calculations, however, focus on ground-state propertiespnment. In principle, spin-polarized electron energy loss
such as the spatial distribution and nature of magnetic mospectroscopySPEELS may be used to probe the dispersion
ments, the anisotropy, and other related matters. of spin waves out to the boundary of the surface Brillouin
Spin excitations in these systems are of fundamental inzone. This possibility has stimulated theoretical studies in
terest as well, since they control their response characterisvhich the absolute cross section for exciting spin waves on
tics and also enter into the description of diverse physicasurfaces has been calculated and compared to that for surface
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phonon excitatioff, microscopic descriptions of spin excita- may be accomplished is to rotate the spin density within a
tions in ultrathin films of Fe have been initiatéénd a mi-  selected unit cell and then calculate the torque exerted on the
croscopic theory of excitation of both spin waves and Stonemoments in neighboring unit cells. One may deduce effec-
excitations has been developed with applications to ferrotive intersite exchange integrals from the torques so calcu-
magnetic F& Interestingly, while inelastic neutron scattering lated. From these, through use of a description of spin waves
can be employed to study spin waves in the ferromagnetiappropriate to insulators with highly localized moments, a
metals, of course, neutrons and electrons probe very differetheoretical dispersion curve is constructed.
response functions, so the spectra measured by the two meth- Our calculations do not resort to such an adiabatic ap-
ods can differ qualitatively. This sequence of theoretical proximation, but are based on application of the random
studies have stimulated a new SPEELS stfidf the low- phase approximatiofRPA) to a description of the spin re-
loss regime in the SPEELS spectrum of Fe, and the spinsponse of our itinerant ferromagnet. Thus, as in previous
wave signal has been detected with intensity relative to théreatments of the spin dynamics of such systethsve in-
previously observed Stoner excitations in excellent accordlude the Landau damping overlooked in approaches built
with theory. around the adiabatic approximation. As pointed out many
It will be useful to have explicit predictions in hand re- years ago by Cooke and collaboratbfd,andau damping
garding the nature of short-wavelength spin waves in ultracan be severe at short wavelengths. In ultrathin films, be-
thin film/substrate combinations that will be employed in thecause wave vectors perpendicular to the surface need not be
coming generation of new experiments. While it is indeedconserved in the Landau damping events, we can expect its
the case that quantitative calculations have been put forwandle to be more dramatic than in bulk ferromagnets. The
for ultrathin F&100) films with thickness up to seven layers, calculations reported below show that short-wavelength spin
these were free-standing films. The influence of the substrat@aves are indeed strongly damped for the adsorbed film.
on the spin excitations was thus not explored in this work. Itindeed, the earlier studies of free-standing ultrathi(iLB@)
is the case as well that the SPEELS study described in thi#ms within the framework used here showed that the damp-
previous paragraph employed an(E8) film (four layers in  ing can become so severe that high-lying standing-spin-wave
thicknes$ adsorbed on the 10 surface. We understand resonances are washed out in the relevant spectral densities.
future experiments will employ this system as wéllThe Itis thus clear that the adiabatic approach would yield quali-
Fe/WM110 system is particularly suitable for such studies,tatively incorrect conclusions regarding the spin-wave spec-
since as Gradmann has emphastZéul classic papers, from trum of ultrathin itinerant electron films, since all standing-
the thermodynamic point of view Fe wets the W surface.wave modes would be described as infinitely long lived in
Thus, ultrathin films of particularly high quality can be this picture.
grown for this film/substrate combination. In the present paper, we report explicit comparisons be-
It is a nontrivial extension of the earlier wdrlon free-  tween calculations based on the full dynamical theory and
standing films to incorporate the role of the substrate on thealculations carried out by means of the adiabatic approach
spectrum of spin excitations in ultrathin ferromagnetic filmseach applied to the same system. As argued some yeadfs ago
within the framework of an itinerant electron picture andwe find that indeed both approaches provide us with pre-
with a sufficient number of energy bands to provide a real-cisely the same value for the exchange stiffness that controls
istic description of the electronic structure of the system. Inthe dispersion of very-long-wavelength, low-frequency spin
this paper, we present a detailed series of calculations of th@aves. But we see substantial differences for the dispersion
spin-wave spectrum of a monolayer of ferromagnetic Fe omelation provided by the two approaches as we move out into
the W(110 surface. We confine our attention simply to the the surface Brillouin zone. The differences are qualitative,
monolayer here, since we have found several issues that reet a matter of quantitative detail. It is clear from simple
quire exploration, so the set of calculations we have pursuerkasoning that allowing the electrons to respond dynamically
is in fact very extensive. We shall describe multilayer filmsto spin motions not only introduces Landau damping, but
in subsequent work. We turn to a brief summary of the issuealso has a strong effect on the dispersion curve itself. One
we have encountered in the course of this research. may argue that by incorporating the dynamical response of
One issue, of course, is the role of indirect spin-spin in-the electron system in the description of the spin wave, in
teractions through the substrate present in the adsorbed fillassence, one renormalizes the collective excitation by pro-
but absent in free-standing film. Not surprisingly, we findviding it with a self-energy. The imaginary part of the self-
substantial quantitative differences in the spin-wave stiffnesgnergy gives rise to a finite width in the spin-wave spectral
of the free-standing and adsorbed films. For instance, we setensity, i.e., the Landau damping. Simple considerations
a large anisotropy in the exchange stiffness for the two exalong the lines which lead to the Kramers-Kronig relation
amples. The anisotropy is substantially larger for the adassure one that there must be a reactive or real part to the
sorbed film, however. self-energy, which renormalizes the dispersion curve. When
There is another issue we explore. First, we note that ¢he Landau damping is strong, as it is in these systems, the
number of authors generate descriptions of spin-wave exckeal part of the self-energy is appreciable as well. The RPA
tations throughout the Brillouin zone of ultrathin films used here does not, of course, provide us with a rigorous
through use of an adiabatic description of spin motiths®  description of the spin-wave dispersion at short wavelengths,
This may be accomplished within the framework of the spin-but we argue it does incorporate essential physics omitted
polarized version of density functional theory. One way thisfrom the adiabatic descriptions.
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The outline of this paper is as follows. In Sec. Il, we sume that the effective electron-electron interactibis of
describe the formalism we have used to perform the calculashort range and keep only on-site interactionbljg, . In this
tion of the dynamic transverse susceptibility of the ultrathincase,
film, when it is adsorbed on the W10 substrate. Then Sec.
[Il presents the results for the adsorbed and free-standing 1 -
monolayers and discusses their relation to dispersion curves Hing > 2 2 Ui uww v CioCiyerCiv' o' Cip' o s
calculated with use of the adiabatic approach. We also here L @
address the question of apparent hybridization gaps which
can appear in calculated spectra. We demonstrate that iphereU;.,, ., is @ matrix element of the effective electron
some cases these can be artifacts which disappear in fulljteraction between orbitals, all centered on the sameisite
converged calculations when ones utilizes intra-atomic CouThe substrate will be assumed to contain noninteracting elec-
lomb interactions of appropriate structure. trons, so the intra-atomic Coulomb interactions are nonzero
We remark that the virtue of the scheme employed in thisonly within the ferromagnetic film.
paper is that it allows studies of spin excitations of a film  |n order to take advantage of translational symmetry par-
adsorbed on a substrate treated as fully semi-infinite in naallel to the layers, it is convenient to work with a mixed

ture; within full time-dependent density-functional-basedrepresentation by choosing our basis as Bloch sums in a
studies, such geometries remain a challenge to address. single atomic plané:

We conclude this section with comments on the influence
of dipolar interactions, neglected here, on the results we . 1 .
present below. Quite generally, in ferromagnets, the energy I1,q);mo)y= N > li;po)eldRi, ©)
scale associated with dipolar interaction strengtd (K or I iel
0.1 meV is orders of magnitude smaller than that associat
with effective exchange interactions within the spin syste
(=100 meV in the materials of interest hgrdHowever, vector parallel to 'the layers. : -
when very-long-wavelength, low-frequency spin waves are '[he R dyna_lmlc ] tra_msverse sp|_n SUSF:eptlblhty
excited in ferromagnetic resonance or Brillouin light scatter-x~ (I1';d), ) is defined in terms of the time Fourier trans-
ing experiments, exchange contributions are modest or peform of the two-particle retarded Green function
haps even neglibile often, since the angle between nearby
excited spins is very small and the range of effective ex- G (Il ’;ﬁH,t)=—i®(t)([ST(I,t),S:~(I’,0)]). 4
change interactions is microscopic. In such circumstances, A I

the dipolar interactions assert themselves most importantlyrh * ; ; -
. e operatorsS- (I,t) are two-dimensional Fourier trans-
Of interest to us, as noted about, are modes of rather short P qu( )

wavelength, where exchange effects strongly dominate thf@rmsf’f the corresponding spin raising and lowering opera-
dipolar contributions to the excitation energy. We direct thetors S; (t) on the film lattice sitesel. Explicit representa-
reader to an earlier stud§,where the transition from the tions of these operators are given elsewHeTée brackets
long-wavelength dipolar-dominated regime to the shortdenote a commutatof, - -) the thermodynamical average,
wavelength exchange-dominated regime is studied in detaWhich reduces to the ground-state expectation value at zero
for ultrathin ferromagnetic films. The crossover is at wave-temperature, an@®(t) is the usual step function, equal to
lengths far longer than can be probed in a SPEELS experinity for t>0 and zero otherwise.

ment, as one can see from this discussion. By solving the equation of motion foG* (Il ’;c_iH )
within the RPA and assuming #0 only at the lattice sites

of the ferromagnetic ultrathin film, one finds

e . L -
n%ere N; is the number of sites in plarleand q| is a wave

Il. TRANSVERSE SPIN SUSCEPTIBILITY

The formalism we have used to calculate the dynamic PR -
transverse susceptibility of the ultrathin film follows that of X~ (I1":q "”):% E Fu(ay)
Ref. 7. An atomic orbital basis is introduced, and the elec- w
tronic structure of the system is described by a general mul- XG (Il ';au ,w)FM,V,(_a”)’
tiorbital tight-binding model Hamiltonian

5
H=E E TﬁVCiTMg—CjVo-—’_Hint! (1) where F#V(ﬁ“)=(iﬂ|e“5\\'F|iV> is a magnetic form factor
i wve andG,, ., (ll";q),») satisfies the equation
; IS 0 N
Wherec,fw cr?ates an_ electron of spinin atomic orbitalw . Gponrwr (11730, @)=G2, . (11";G),w)
on the site aR; . The first term o represents the electronic
kinetic energy plus a spin-independent local potential, and 0 v =
Hi,; is the electron-electron interaction term. The transfer _% aEﬁ IE Guvyslll":0), @)
integralsT/” are parametrized following the standard Slater- R
Koster (SK) tight-binding (TB) formalism?® We shall as- XU 505G ga (1”50, @). (6)
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The functiontmM,V,(ll ’;&H ,w), defined by Eq(2.23 I, andl, are most easily evaluated as contour integrals in the
of Ref. 7 for films of arbitrary but finite thickness, can be complexw’ plane. At finite temperatures, the integration
used to construct the noninteracting susceptibilityover’ can be replaced by a sum over imaginary Matsubara
x°(11";d, @) by using a prescription analogous to that in Eq. frequencieso, = (2n+1)wkgT. This is achieved by closing
(5). Here, however, since we are dealing with a film adsorbedhe contour with an infinite-radius semicircle going counter
on a semi-infinite substrate, it is necessary for our numericaflockwise in the upper-half complex plane fqr and clock-
work to expressG° in terms of one-electron propagators asWise in the lower-half plane far,. At T=0, we end up with
follows:

. 1 1 ” . .
G (1730 0)= - 2 fd“’,f(“") ity 2 fo+d"[gﬁ’”"ﬂ(k”’EF+”’)
K I

| - i
. - . X , (g K Ep o +i
X[Ilngr,v,m(ku,w )gllvlw(qlﬁk\\"” + o) 9w (atk.Er 7)

1% " ;
5 " 2 - " ' + ’V'(k ,E —w+I )
+Img),, QK 0)g (K o' — )], Fiaarvr P EF 7

) Xgullw(dn“zn Ert+in)], (13

where f(w) is the usual Fermi distribution functiom, and
g~ represent the retarded and advanced one-particle GreevhereEg is the Fermi energy and we have made use of the

functions, respectively, and fact thatg, , ',L’(EH 2)= g|*/,u| V(EH Z*).
i This method of evaluating; + 1, is numerically more ef-
Img= Z[g_g*]_ (g) ficient for various reasons: it assures that all states beneath

Er are properly taken into account, the integrand as a func-
tion of » is much smoother, and the numerical generation of
the one-electron Green functions as well as the summation

over E” usually converges faster for increasing valuesyof

Equation(6) can be solved, and in matrix notation it takes
the rather general form

- _ 0,2 10,2 Unfortunately the same simple procedure does not apply to
Glay @) =[1+GHay,«)U] 6 q).»), © |3 because it involves the produg~, andg is an analytic
where 1 represents the unit matrix. function of o’ in the upper-half complex plane, wheregs

Numerical calculations of* (I ,.a” ) require G° to is analytic in the lower-half plane. Nevertheless, owing to the
be determined as accurately and reliably as possible. It {§€Mi functions in Eq(12), atT=0 |5 reduces to
noteworthy that botly andg™ are not very smooth functions
of ', particularly when the imaginary part usually added to

their energy argumeriin order to displace their singularities l3=— o 2 jEF dw’gl , '(aHHZH '+ o)
from the real axisbecomes very small. For this reason, we 2mN| K JEFo ' u

find that evaluating the' integral over the real axis in Eq. .

(7) directly is not the most efficient and accurate way of ng;‘l,y,(k” '), (14)

calculatingG®. We notice, however, that by substituting Eq.
(8) into Eq.(7), we may writeG°=1,+1,+13, where
It should be stressed th& does not contribute to static
properties of the system, including, for example, the spin-

l= 27N % do'f(w’) wave stiffness constam which we shall see is proportional
” to Iimd”éoqﬁxk(ﬁ”,O), becausé;=0 for w=0.
X[ng'wm(le ""’)g#uv,ﬂ(al\ﬂz\\ ' to)], (10 The first step in the calculation qf*‘((i” ,w) is to obtain
i the one-electron %reen functiorg#'ﬂ,,v(ﬁ“,w) which are
l,=— FNH E f do'f(e') used t(? Eonstrch . In qrdgr to §|mpllf¥ the r'lotat|on we
K| treatg,, (k| ,») as a matrix in orbital indices with elements

- AN N 7 . (qy,»). Here we are interested in a monolayer of Fe
X[g'v'l'“'(q”JrkH @ )g"l"”(k” o' —w)], (1Y gldﬂsl,oyr(bqu o)n a 10 semi-infinite substrate. We IZlbeI the
and surface Fe atomic plane by=1 and shall calculate
_ x* (g, @)=x""(11;q;,®), which involves onlyg func-
= : D J doo'[f(o' +o)—f(o)] tions associated W|tlf1:I’=Ql. The_ cglculatlon of the one-
27N K electron Green functiog{;(k|,w) within the Fe overlayer is
L . performed as follows: we start with the surface Green func-
Xgllvlw(qll"'k\\ ’w,+w)g|_’l’|p,(kH ') (12} ton of the isolated semi-infinite substragéo(lzu ,w), which
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is obtained by well-established numerical meth&d$he has a nontrivial solution for low values off . Actually, ow-
atomic monolayer of Fe is then adsorbed on this surface bing to the spin rotation invariance of our Hamiltonian and the

switching on the hopping matricdrﬁjl(lzu) and hlo(IZH) be-  Goldstone theorem, we know thﬁt*‘(ﬁu ) must have a

tween tk}e Zubstrate and the monolayer. Using Dyson's equyple atq =0 andw=0 associated with the Goldstone mode.
tion we fin

In other words,
97,(Kj @) =[@—h{y(K) = h1o(k) g9e(K) @) hos(kp1 2,
(15 yﬁ?ﬁ+2ﬁ Eg G, ap(0.0U 5,y 0=0 (19
aB 7y

where hfl(IZH) represents the one-electron Hamiltonian ma-
trix of the isolated Fe monolayer.
As long asHInt is an on-site interaction, the matrix ele-

must have a nontrivial solutiop®=y(0). This mode cor-
responds to a rigid rotation of all the magnetic moments in
the system. In fact, we may show that the vegtf? with
ments ofh{y(K)) take the form componentsyi?v)—m#éw satisfies Eq.(19). In order to
verify this, we first notice that for this choice

. . 1
h (k) =T (k) =5 8,80, (16)

] ] E Uaﬁ,néygoé)zz Uep naMy=Rap, (20
whereo==*1 for T and| spin, respectively. Hera , sym- 7 7

bolize the exchange splitting associated with orbjitalgen-  whereA ,; are the matrix elements of the exchange splitting

erally given by in the mean-field or Hartree-FodkiF) approximation. Be-
cause of symmetry, only the diagonal elementsigf; are
:2 J.om, (17) nonzero, i.e.A,z=A,d,5, as explicitly shown in Refs. 7
v and 22. Thus, Eq19) reduces to
wherem,=n,,—n,, is the contribution from orbital to the
overlayer magnetic momenh=3,m,, n,, is number of m, o, +2 Gy, wal0,04,=0. (21)

electrons with spirr in this orbital, and the exchange inte-

gralsJ,,=U,, ., There are, of course, contributions to the  With the aid of Eqs(7), and(8) we may write
electron self-energy proportional to,=n,;+n, . Within

our scheme, these are independerﬁ”odmd are absorbed in (0,0A,= 2 do'f(o')
27N, N‘

TW(IZ“). It should be noted as well that when the quantities W “
TH” in Eq. (1) are extracted from empirical fits @b initio

K

electronic structure calculations of the paramagnetic state, X[gia(kH "‘")Aaglu(kll ')

they contain Coulomb contributions. A procedure for correct- " e LE o

ing for this within our scheme is described in Ref. 7. In order _(gua(kH 10" )A (oK, 0"))*].

to further simplify the notation hereinafter we omit the plane (22

indicesl=1"= ) '
Owing to the relatively small spin polarization of tis@ Since the one-electron propagators for up and down spins

states and the much more localized nature ofttbebitals, it  are related by the Dyson equation

is reasonable to consider the effective Coulomb interaction in

transition-metal ferromagnets as taking place only within the gLV— g}“,= - g}mAagLV, (23
d orbitals. In this case, all the matrix elementdbinvolving @

sor p orbitals may be approximately set equal to zero, and athe second term of Eq21) may be rewritten as
a first approximation, we may takie, =0 whenu is not ad

orbital. L _ 2 GY, E do'f(w’)
Before we calculatge™ (g ,w) for large values ofj, it " | K

is instructive to investigate the long wavelength regime ana- R

lytically. In the limit of smaIIqH the spin-wave energies vary X[Img,, (K|, »")

quadrat|cally withq (Ao = DqH) and they appear as poles

_ T (K '
of x* (q| ,). That this is so is rigorously correct; whejj T gy, (K, @")]- (24)
is so small, all but the quadratic term in the dispersion reIaWIth the help of the great orthogonality theorem of group

tion may be ignored. Landau damping is of ordﬁrat suf-  theory® one can show that the summation okﬁern Eq. (249
ficiently long wavelengths, so in the limit considered the spinvanishes foru# v, and whenu= v it immediately reduces
wave pole lies in the real axis. According to E®), this to

means the matri[<1+G°(d” ,Dqﬁ)U] is singular or, equiva-
lently, that the matrix equation 2 Gw wa(0,0A,=—m,, (25)

[1+G°qy,Daf)U]y(q)=0 (18 which completes the proof.
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By expandingy(q) andG°(q,Dq?) in Eq.(18) in pow-  Obtained with the use of the so-called “local force
o . - theorem™°2414253nd the spin-wave energies calculated b
ers ofq for a given direction ofy; and following basically P 9 Y

the same steps of Sec. 3.2 of Ref. 18, conveniently adaptdgdS- (27) and (28). Our analysis explicitly shows that spin-
to the slab geometry, it is also possible to show that thdVave energies generated by the adiabatic approach in this

long-wavelength spin-wave energy, correct to orq%r is way are correct only in the long-wavelength limit, i.e., to
orderqf, and give only the spin-wave stiffness constant

iven b
g y correctly, as demonstrated many years Hg@ecent authors
1 . ) have also noted this poifit. Therefore, one should not as-
hwg = > AGY, . (q.0A,+ 2 A,m, |, (26)  cribe major significance to structures in the spin-wave dis-
v “

persion relation obtained by such an approach when applied
where the magnetic momem=3 m,, . to wave vectors sufficiently large that the quadratic variation
As expected, in this Iimiii’uuc;H involves only the static of frequency with wave vector no longer holds.

noninteracting response functidho(ciH,O), because is a

ground-state property of the ferromagnet. The expression in

Eq. (26) is valid for a rather general form of the effective lll. APPLICATION TO Fe (11() MONOLAYERS

Coulomb interaction. A major requirement, of course, is that | our description of the electronic structure we have em-
it must preserve spin rotathnal invariance in order to Sat's%loyed empirical SK TB parameters for thel,34s, and 4

the Goldstone theoIem. It is noteworthy that the spin-waveyrpita|s taking into account hopping integrals to second
dispersion for smalt; does not involve the explicit form of nearest neighbors in the two-center approximation. We start
the U matrix, but only the exchange splittings, and the with a paramagnetic system and include the Coulomb inter-
one-electron Green functions associated with the mean-fieldction in the mean-field approximation to generate the spin-
ground state. The latter, however, is unambiguously detetpolarized one-electron ground state self-consistently. The TB
mined by the set oA ,, which in turn relies on the exchange parameters for all the bcc W10 atomic planes were ob-
integrals only. As long as the spin-polarized one-electrortained from a first-principles linear muffin-tin orbital
properties of the ferromagnet are well parametrized by a suit. MTO) TB electronic structure calculation of bulk #/and
able set ofA ,, Eq.(26) provides a convenient way of cal- those for paramagnetic Fe were taken from Ref. 27. First-
culating the long-wavelength spin-wave energies, regardlegsinciples calculations for an Fe monolayer adsorbed on
of the precise form of Coulomb interaction leading to thoseW(110) found the Fe-W interlayer spacing is relaxed down-
values ofA ,. There is thus a certain degree of freedom forwards in comparison with the average of the bulk Fe-Fe and
choosing different sets o, ,,» leading to the same W-W (110 interplane distances by approximately 9.5%.
mean-field ground state, hence to the same vali ¢fow-  Since this is much closer to the Fe-Fe 110 interplanar dis-
ever, as we move away fro@‘mo, and use a proper dy- tance, we have assumed the Fe-W hopping in our calcula-
namic theory to study the spin excitatioftse RPA in our tions equal to the Fe-Fe hopping. We consider a common
case the results will be sensitive to the details of the Fermi energy for the substrate and overlayer and adjust the

matrix. center of thed bands in the Fe atomic plane by imposing
With the aid of Egs(10) and (11), we may rewrite Eq. local charge neutrality at the surface. For simplicity, we have
(26) as assumed a single exchange splittihg=Im common to all

d orbitals, wherd is the Stoner interaction. This seems a fair
4 - approximation for transition metal ferromagnets, at least on
ﬁ‘”&H: E[J(O) —J(apl, (27) average for energies arouli .2° The observed ratio of ex-
change splitting to moment Iss1 eV/ug for ferromagnetic
where 3d metals, and this relation approximately holds also for
other low-dimensional structures, including Fe thin filffis.
J(c_i”): ng dw'f(w’)z A We have thus performed the magnetic self-consistency as-
4mN| K| w suming a fixed value df=1 eV/ug. The resulting magnetic
o . moment of the Fe overlayer m=2.17ug, which is in very
xgl{w(k”Jrq”,w’)AygL“(kH,w’) (29 good agreement with previous first-principles calculations
for Fe/W(110).28 The LDOS for majority and minority spins

is the in-plane Fourier transform of the effective exchangeOn the Fe surfacé110) plane and subsurface W atomic plane

interaction between the Fe local magnetic moments, given ere shown in Fig. 1. They also agree very well with results of
1 ab initio calculations’® As expected, a very small spin po-
Jij=5=Im f dw’f(w’)E Agl (@Al (@), larization is induced by the Fe surface layer on the tungsten
A mIip,jv jvip . . .
sy substrate, and we found the interface W atomic plane is
(29 negatively polarized with respect to the Fe film magnetiza-
wherei,j label atomic sites in surface plahe 1. tion, with a magnetic momenim=—0.05.g. The one-
A similar set of equation§from Egs.(26)—(29)] may be  electron Green functiong,,(q;,») associated with this fer-
derived, alternatively, within an adiabatic description of theromagnetic ground state are then used to constGitt
spin motions>*>4An equivalent expression fak; may be  according to Eqs(13), and(14).
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40 ‘ ‘ ‘ ‘ sorbed on W110). It is also worth noticing that those values
weEn of D are rather different from the spin wave stiffness con-

20 t stant of bulk Fe, which is=~300 meV & at low tempera-

netic ultrathin film is certainly affected by the exchange in-
teraction mediated by the nonmagnetic metallic substrate.
The substrate may also significantly alter the Landau damp-
40 ‘ ‘ ‘ ‘ ing, modifying the spin-wave lifetime¥.In order to investi-
-14 -10 -6 -2 2 6 gate the influence of the tungsten substrate on the long-
Energy (6V) wavelength spin-wave energy spectra of the Fe monolayer,
FIG. 1. Local density of states for majority and minority spins W€ hgve also calcula_lted the spm—vyaye energies for. a free-
calculated for an Fe monolayer adsorbed ofi¥9) (thick line) and ~ Standing FEL10) atomic plane. Here it is more convenient to
for the W atomic plane at the interface with the Fe filthin line). ~ work entirely in momentum space, express@ﬁmw(dH,O)
The upper and lower parts of the figure correspond to majority- andn terms of the eigenvalues and eigenvectors of the one-
minority-spin states, respectively. The vertical dashed line markglectron Hamiltonian, as originally defined by Hg.23 of

E
N tures.
L J \\_ . . .
0 W The energy necessary to excite spin waves in a ferromag-

20

LDOS (states/eV atom spin)

the position of the Fermi energy. Ref. 7, and evaluate the two-dimensional Brillouin zone in-
tegrations by the linear triangular meth@tis is a straight-
A. Long-wavelength spin waves forward 2D adaptation of the well-established linear analytic

We begin by calculating the long-wavelength Spin_W‘,jwetetrahedron methdd. We could hgve used a completely
energies in FeAld10) for different §, using the static ap- new set of_T_B parameters to describe the unsup_p_orted mono-
9 tq 9 P layer, obtaining them, for example, by properly fitting a first-
proach of Eq(26). Our results for along thel-X andI"-L  principles band-structure calculation. However, in order to
directions of the two-dimensiondlD) Brillouin zone are  make the comparison with our previous results for Fel
displayed in Fig. 2. They show that the spin-wave energiegy(110) more meaningful, we kept the same Fe hopping pa-
follow a quadratic dispersion relatidiw=Dqf for low val-  rameters, but re-evaluate the atomic-orbital energy levels in
ues ofq. However, owing to the spatial anisotropy of the the free-standing Fe monolayer as follows: first we calculate
(110 two-dimensional lattice, the stiffness constdhtde-  the local orbital-occupation numbers of the surface of a
pends upon the directioaH along which the spin wave is semi-infinite paramagnetic Fe system, using the bulk Fe TB
excited. We have foundD; =400 meVA and D, parameters, shifting, however, theband center in the sur-
=107 meV &, revealing a very large difference indeed be-face plane to make it electrically neutrélocally). The
tweenD alongI'-X and I'-L in the monolayer of Fe ad- atomic energy Ievels‘; in the unsupported monolayer were
then obtained by requiring its orbital-occupation numbers to
be equal to those of the B0 surface. After finding the
values ofeg for the paramagnetic state, we perform the mag-
netic self-consistency as described earlier, i.e., by splitting
the up- and down-spird levels in the monolayer by
=Im, with =1 eV/ug. Considering thead hocapproxi-
mations and hypothesis we have made, the resulting mag-
netic momenim=2.6ug obtained by such procedure agrees
fairly with the value 2.9 found by first-principles
calculations®® In Fig. 3 we compare the local density of
states(LDOS) for the free-standing and adsorbed Fe films.
One clearly sees that hybridization effects with the wider
nonmagnetic bands of the tungsten substrate considerably
smoothen the LDOS of the Fe overlayer and make it acquire
a rather long tail. In Fig. 2 we compare the long-wavelength
FIG. 2. Long-wavelength spin-wave energies calculated as funcSPin-wave energies calculated for the free-standing and ad-
tions of the wave vectog along two different directions in the SOorbed Fe(110) monolayers for wave vectors along the
two-dimensional Brillouin zone for the FELQ monolayer. The I’X andI'L directions. We notice that the tungsten substrate
solid and open circles represent results for the adsorbed Fe film ohas very little influence on the long-wavelength spin-wave
W(110 calculated forg; along thel'-X andT'-L directions, respec- ~ €Xcitations alond’X, but strongly affects those in thiel

tively. The inset shows a schematic representation of the ireduciblélirection by softening the spin-wave exchange stiffness con-
two-dimensional Brillouin zone and some of its high-symmetry Siderably. The calculated values of the spin-wave stiffness

points; the solid squares symbolize reciprocal lattice points. Theonstants for the K&l0 free-standing monolayer a@y
solid and dashed lines represent results for a free-standiig®e =382 meV & andD, =192 meV &, respectively. Earlier

monolayer calculated fog along thel'-X andT'-L directions, re- calculationd* for an Fé100) unsupported monolayer using a
spectively. simpler model withd bands only report® =210 meV .

9,
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FIG. 3. Local density of states for majority and minority spins
calculated for an Fe monolayer adsorbed ofi ¥9) (thick line) and
for a free-standing F&10) monolayer(thin line). The upperlower)
part of the figure corresponds to majorityminority-) spin states,
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Windsor did implicitly in their pioneering work on spin dy-
namics in Ni¥® This essentially means that a Coulomb inter-
action U within each orbital is supplemented by “Hund’s
rule” exchange interactions of the same magnitude between
different orbitals®® With such an assumption, it is not diffi-
cult to show that the on-site interaction reducesHg,
=U(n,—in?-S§.S), wheren; andS; are the total occupa-
tion number and spin operators on sitaespectively. This
reveals the full rotational invariance obtained in this scheme
both in real and spin space. Actually, this form of parametri-
zation is a special case of a slightly more general one pro-
posed later by Parment&r.lt is worth noticing that this
scheme leads to a rigid exchange splitting of magnitide
=Um (common to alld orbitalg for the one-electron states.
Therefore, by taking) =1 eV/ug we end up with the same
exchange splitting and mean-field ground state we have con-

and the vertical dashed line marks the position of the Fermi energysidered earlier in our calculations of the long-wavelength

B. Short-wavelength spin waves

spin-wave energies.
By substituting such a parametrized form Wfinto Eq.

We now investigate the whole spin wave spectrum by(6) one immediately obtains

calculatingx**(ﬁ” ,w) from Eq. (9) as a function ofw for
different (iH. The energy to excite a spin wave with wave

vectorﬁH may be obtained from the positions of the peaks in

Im X*‘(ﬁH ,w), and the corresponding spin-wave lifetimes
are inversely proportional to the widths of such peaks.
As we pointed out earlier, the effective Coulomb interac-

tion U appears explicitly in the calculation qf**(ﬁ” , ).

G,u.v,,u’v’(a” ,(1))

0 >
GMV,M’ V’(qH ’w)

-u>' G
Y

0
v,y

(aH 1(’))2, Gaa,,u,’v’(au 1w)1

(30

Therefore, we need a prescription for obtaining not only theyhere the prime in the orbital summations means they are

exchange splittings required for calculating the long-
wavelength spin-wave energies, but all Coulomb matrix ele

mentsU ,, ,r,r -

to assume a parametrized form of interaction and adjust the
parameters so as to reproduce some well-established ground-
state properties of the system. The effective interaction must,
of course, preserve spin rotational invariance in order to sat-

isfy the Goldstone theorem, i.e., so th»a*f‘(ﬁu ,w) has a
pole atﬁH=O. It must also keep the Hamiltonian invariant
under the spatial symmetry group operations. We shall e
periment with different forms of parametrization of the on-
site Coulomb interaction in our calculations pf‘((j” , @)

to test the sensitivity of the results to the various mode
forms. Before doing so, we naotice that for each valuéi|pf
the magnetic form factors in Ed5) provide basically an
overall scaling factor for)(+‘(ﬁ” ,), which generally de-
creases with increasing valuescf. Here, for simplicity, we

X

restricted to thel orbitals only. This equation may be solved

A reasonable and broadly used approach is

for G, ./, Without matrix inversion, giving
0
=G° _ UAMV 2/ G°
MV,,U.’V'_ I-LV:M,VI , 0 > ’}/‘}/Y,U«'V/ 1
1+UY," A,
o

(31
where A% =='GY . Owing to the approximation made
for form factors and by further assuming the dominant con-

tributions toX+*(ﬁ” ,w) come from thed orbitals, we may
write

' _ Xo(an )

T 1+UX%(qp,0)]

wherex°(q,0)=2,A% ==’ G° (g, 0). The expres-

sion in Eq.(32) is formally the same as one obtains for a

x (), 0) (32

neglect theirg; dependence and approximate them by theirSingle-band model, except for the definition #0(a), ),

values aﬁuz 0, namelyF ,,= &, . With this approximation
Eq. (5) reduces toy™ (I1";q),®) =2, ,G,...,(I1";q], ).
While this approximation would surely influence prediction
of the wave vector dependence of spin-wave excitatio
strength as observed in neutron scattering,
in our studies of either the dispersion relation or Landa

S

damping, since these features are controlled only by the de

nominator which results from inverting E).
We start with a rather simple form of parametrization of

it has no influencd

which contains multiband effects.

Our results for Imﬁ‘(ﬁu ,w) calculated on this basis are
shown in Fig. 4. We clearly see that the spin-wave peaks

rproaden and diminish in height very rapidly with increasing

revealing how strongly damped the short-wavelength
pin waves become, due to their decay to Stoner excitations.

he strength of the spin-wave peaks is expected to fall off
more quickly when theiH dependence of the magnetic form

factors are taken into account. In Fig. 5 we compare the

the Coulomb interaction, which consists in assumingSPin-wave energies extracted from the position of the peaks

U

pv,u’ v’

17441

=Ué,,6,, for the d orbitals, as Lowde and in Imx**(ﬁu,w) with those calculated earlier using the
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FIG. 5. Spin-wave dispersion relations calculated for R&AM)
as functions oﬁ” along thel’-X (a) andT'-L (b) directions of the
two-dimensional Brillouin zone. The open circles were obtained
from the maxima positions of the spin-wave spectra given by the
dynamical RPA susceptibility, as illustrated in Fig. 4. The solid lines
were calculated from the static susceptibility by using 24) (see

peak structures in Irxﬁ‘(c]n ,w) which can be interpreted
as evidence of “optical-spin-wave” modes or gaps in the
dispersion relation with the character of hybridization gaps.
We note that the authors of Ref. 7 failed to find such features
as well in their studies of spin waves in bulk Fe. Such fea-
tures were first reported by Coolet al

doublet structure in Im*‘(ﬁ,w) for wave vectors along
[100] in studies of spin waves in bulk Fe. In a later paper, a
three-peak structure was reported at some wave vectors also
along[100] in bulk Fe® The high-frequency members of
such structures were argued to be “optical spin waves.”
Similar structures have been reported in other theoretical
studies as well. For instance, in Ref. 39, for spin waves along
the [100] direction of Ni, such structures appear qt

.Y who predicted a

~0.2(2m/ay) and extend out to the Brillouin zone boundary.
Calculations by Savras8Vreveal a doublet along thd.00]
direction of Ni, but only for a very restricted range of wave
different values of the wave vectﬁn along thel’-X (@) andT'-L (b)  vectors, to produce a spin-wave dispersion with an apparent
directions of the two-dimensional Brillouin zone for Fef1¥0). hybridization gap. His calculations, however, show no mul-
The calculations were made within the framework of the Lowde-tipeak structures in the spin-wave spectrum of bulk Fe for
Windsor treatment of the effective Coulomb interactisee text  wave vectors along the same direction, in sharp contrast with
The vertical (/-axis) scale is plotted in arbitrary units. The curves what has been predicted by Refs. 17 and 38. Calculations by
depicted in(a) were calculated for reduced values @f=0.05,  Karlson and Aryasetiaw&hproduce a gap for a wave vector
0.15, 0.25, 0.35, 0.45, 0.55, and 0.70, aldh. Those depicted in along [111] of Ni, while no such feature was reported by
(b) were calculated for reduced valuesip#=0.10, 0.20, 0.30, 0.40,  cooke and collaboratdtsor Savraso¥? The theoretical lit-
0.50, 0.60, and 0.70, along-L.. The numerical integrations were g a1,re on “optical spin waves” or apparent hybridization
pgrform_ed wnh 10_36 special points inside the irreducible tWO'gaps in the spin-wave dispersion relations of bulk Fe and
dimensional Brillouin zone. bulk Ni is thus quite confusing, since no two papers produce
the same features. We shall show in some cases that these
static approach. For relatively low values @‘f, the results ~ Structures are artifacts produced.by numerical calculations
obtained by both approaches are in excellent agreement, #at have failed to converge and, in one instance, due to the
they must be, but they differ substantially for larger values ofuse of an inappropriate form for the intra-atomic Coulomb
gj, as expected. We see very clearly from this figure thatteraction. We lllustrate the former point in Fig. 6, and we
dispersion curves generated by adiabatic theory cannot HFPMmment on the second in the discussion which follows.
viewed as quantitative beyond small wave vectors where N Fig. 6@, for a reduced wave vectay=0.25 along
quadratic behavior obtains. I'-X, we show two calculations of Im+‘(qH ,w) for two
Within the framework of the Lowde-Windsor treatment of choices of thdZ”-space integration grid. In one we use 262
the intra-atomic Coulomb interaction, we found no multi- special point¥ in the irreducible two-dimensional Brillouin

FIG. 4. ImX*’(ﬁH ,E) calculated as functions of enerdgyfor
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Ni.*® In the paper, unfortunately, no data on the shape of the
loss spectrum itself has been provided for wave vectors in
the regime where optical spin waves appear in the dispersion
relation. It is our understanding that a true double-peaked
structure was not found; the presence of the “optical-spin-
wave” mode was inferred from the modest structure in the
wing of the principal spin-wave loss featufeA similar
high-energy structure reported in FAeef. 45 and suggested

as an optical-spin-wave mode is in very poor guantitative
agreement with earlier theoretical predictidfs® but is in
excellent accord with more recent studies which interpret
this very broad feature as a modest structure in the Stoner
spectrunt'® Clearly, further experimental studies of this issue
will prove of great interest.

The spin-wave excitation spectrum is directly affected by
the electron-electron interaction and the way it is taken into
account at large wave vectors. Some important features of
the spectrum, such as the disclosure of possible multiple
spin-wave modes, for example, may depend upon the form
of parametrization used, as well as on the choice of those
parameters, especially for relatively large wave vectors along
certain directions. In order to investigate the relationship be-
tween the effective Coulomb interaction and the spin-wave
excitation spectra, we have carried out calculations of

(9, ) using other parametrized forms of interaction. We

turn to these studies next. We shall see that the predictions
presented here are robust in regard to the sensitivity to the
choice of Coulomb interaction, as long as the choice satisfies
constraints imposed by rotational symmetry.

W(110 calculated as functions of energywith different number
of points in theIZH-space integration grid for three distinct values of
d” along thel'-X direction in the two-dimensional Brillouin zone.
(@, (b), and (c) represent results for reduced valuesgpf 0.25,
0.50, and 0.35, respectively. The dashed curves were obtained with
262 special points in the irreducible two-dimensional Brillouin zone ¢ Other forms of parametrization for the effective Coulomb
and the thin solid curves with 1036 points. The thick solid line interaction
depicted in(c) was calculated with 4120 points in the irreducible
two-dimensional Brillouin zone. All calculations were made with A more comprehensive scheme for parametrizing the
the effective Coulomb interaction treated according with the€lectron-electron interaction in ferromagnetic transition met-
Lowde-Windsor parametrization scherfgze text als has been recently proposed.It assumes that the effec-
tive on-site Coulomb interaction between thd 8lectrons
zone, and in the second we use 1036 points. The two resulsas full rotational symmetry. This allows all Coulomb matrix
are in excellent accord, so the calculation based on the coargementsU ,, -, between thel orbitals to be expressed in
grid has converged nicely. In Fig(i, we show a similar terms of just three independent quantities, which may be
comparison forg;=0.50 along the same direction to reach treated as adjustable parameters to fit ground-state properties
the same conclusion. Now, foy =0.35, the calculation of the systenf. Such an atomiclike scheme of dealing with
based on the coarse grid produces a very clear doublet in thRe Coulomb interaction is compatible with methods used in
spectral density, quite similar to those displayed in variousatomic physics literature to describe intteshell
earlier paper§:'’ However, as we increase the number of excitation€®#” and characterizes the Coulomb interaction
points in the integration grid, the doublet evolves into astructure appropriately in the limit of separated atoms. A de-
single peak, with at most some asymmetry. In our studiesgjled study of the spin-wave excitations in an unsupported
save for the case of an inappropriate Coulomb interactiony|trathin ferromagnetic K&00) film and in bulk Fe has been
described below, the presence of a doublet in the spectraghade using this approaéht provides a bulk spin-wave ex-
density was just a signature of a calculation which had nothange stiffness in excellent accord with previous calcula-
converged. Akj-space grid which provides convergence attions and with neutron measurements. A very good account
some wave vectors may fail at nearby wave vectors in ounf the high-energy spectrum was also obtained, with no evi-
experience. All of our converged calculations based on aence of an optical spin-wave branch, however, in agreement
choice of full rotationally invariant Coulomb interaction pro- with Savrasov’s recent calculations for bulk .
duce a single dispersion curve, with no “optical spin wave” We have employed this form of parametrization to calcu-
and with no “hybridization gaps.” Our experience thus leadslate the spin-wave spectra in Fe(¥20. In our calculations
us to treat predictions of such structures with some cautionwe have used the Coulomb parameters obtained for bulk Fe
It is the case, however, that evidence for “optical spinthat are listed in the second row of Table 2 of Ref. 7. They
waves” appears in a neutron study of spin waves in bulkdead to a mean-field self-consistent ground-state magnetic
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(b) FIG. 8. Imy ™ ~(q),E) calculated for Fe/M10) with different
number of points in theIZ“-space integration grid. Results of
1 Im X*‘(ﬁ” ,E) are shown as functions of enerdy for reduced

values ofg;=0.4 (&) andqg;=0.5 (b) along thel'-X andI"-L direc-

tions in the two-dimensional Brillouin zone, respectively. The thin
lines were calculated with 1036 special points in the irreducible
0.8 two-dimensional Brillouin zone and the thick lines with 4120 spe-

ﬁz cial points. Both calculations were made employing the parametri-
=, zation scheme developed in Ref. 7 for treating the effective Cou-
e lomb interaction(see text
E
-_— 0 L

0.0 0.4 0.8

Apparent hybridization gaps in the dispersion relation of
spin waves in itinerant ferromagnets were first predicted by
Cooke and collaboratoré,as noted above. In their original

calculations for bulk Fe and Ni, they retained only the diag-

FIG. 7. ImX’f—(ﬁ” ,E) calculated for Fe/WLl(B) as functions of  gnal elements of theU matrix, assuming Ut
energyE for different values of the wave vectgyj along thel’-X =U,6,,0,,0,,, where thed ,=U ., are equal for all

The curves represent results calculated for reduced valueg of point symmetry group. With this assumption, the exchange

=0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70. The numerical inteéplittings of the electronic states are given by=U,m,

grations were performed with 1036 special points in the ireducible; y the dimensions of the matrices involved in E9). are
two-dimensional Brillouin zone. The verticay{axis) scale is plot-

ted in arbitrary units. The results shown here have been obtained b%/onSIder"ibIy reduced, because in this case(&xincludes

employing the parametrization scheme developed in Ref. 7 for

Energy (eV)

treating the effective Coulomb interactigsee text 10 i F_L
, > 08 (@) o (b)
momentm=2.18ug for the Fe overlayer film. The results for < I
the spin-wave spectra are shown in Fig. 7. They depict basi- 2 44 o* o°
cally the same overall qualitative behavior as found in the 5 . g *
previous section, namely, a rapid decrease in intensity with % 04t °
. . - z

concurrent broadening of the spin wave peakjgicreases. < oQ :

. K . 6 0.2 o ~
We have also found no clear evidence of spin-wave hybrid- n Ko o
ization gaps due to the presence of optical-spin-wave modes 00 @8 . «® ..
with this form of parametrization. We may notice a broad 00 02 04 06 08 00 02 04 06 08
and relatively shallow double-peak structure in the spin- il a

wave spectra foq=0.4 alongl'X and for g;=0.5 along FIG. 9. Comparison between spin-wave dispersion relations cal-
I'L. Such features, however, disappear when the precision @{jated for Fe/W110) using different parametrization schemes to
our Brillouin zone numerical integration is increased, as il-reat the effective Coulomb interaction. Open circles represent re-
lustrated in Fig. 8. The corresponding spin-wave energiesults obtained within the framework of the Lowde-Windsor param-
estimated from the peak positions in the spectra are shown igtrization scheme and solid circles with the parametrization scheme
Fig. 9, where they are compared with those obtained in theeveloped in Ref. 7. Calculated values are showngfoalong the
previous section. We are reassured by the fact that the quan-X (a) andI'-L (b) directions of the two-dimensional Brillouin
titative difference between these two schemes are very smakone.
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only G-matrix elements of the types, ,=G,, ,, and —
GY,,=G’, ., Cooke and collaborators considered two val-
ues ofU,, corresponding to thé,; and ey cubic symme- (@

tries, and treatedJtzg and Ueg as adjustable parameters,

which they determined by fitting the observed total magnetic
moment and itd,4 to 4 character. The corresponding ex-

change splittings obtained by such a procedure turned out t
be essentially identical for bulk Fe. They found spin-wave
stiffness constants in good agreement with experiments fo

both bulk Fe and Ni. However, as pointed out by Edwétds m2 00 04 08 12
and Allan®® the assumption of a diagonal matrix is not = k /
compatible with rotational invariance under the fal} cubic =1 : <4,
spatial symmetry group, and thus the scheme is quite un : : : /

. . s 0 I L
physical in character. 00 04 08 12

Cooke and Blackman eventually discovered the difficulty
with their original parametrization and have used Coulomb
potentials with proper rotational symmetry in some of their
later papers®?2 For completeness, we have also calculated
the spin-wave spectra for the Fe monolayer adsorbed ol
W(001) employing Cooke’s original form of Coulomb inter- )
action. Here, the bulk,, and e; manifolds split into four

different structures due to the reduced symmetry in the ad
sorbed film. In order to keep the number of parameters to ¢ 1 W

Energy (eV)

minimum and to make contact with the long-wavelength cal-
culations performed in Sec. Il A, we consider a single ex-
change splittingA ,=Im common to alld orbitals, with

=1 eV/ug. This is equivalent to assuming an effective 000 '
Coulomb interaction U,=Im/m,. Our results for ﬁ2 ) 0.4 08
Im X+*(5H,w) calculated for several wave vectors along 0%1 /q

er ‘ [

E

both thel'-X andI'-L directions are shown in Fig. 10. The
most striking features are the distinct doublets that appear it
the spin-wave spectrum. They are clearly visible in Figs. 000
10(a) and 1@b) for g;=0.3 andq;=0.6 along thel’-X and )
I'-L directions, respectively. Contrary to the previous cases
we have discussed above, these doublets are not artifacts |
poorly convergedZH-space numerical integration, but a con- R
sequence of this Coulomb interaction parametrization form. FIG. 10. Imy "~ (qy,E) calculated for Fe/M110 as functions
The corresponding spin-wave dispersion relations are showsf energyE for different values of the wave VeCtdﬂ along thel'-X

in Fig. 11 in comparison with those we have evaluated prefa) andT'-L (b) directions of the two-dimensional Brillouin zone.
viously using other forms of Coulomb interaction. With this The curves represent results calculated for reduced valueg of
inappropriate assumption of a diagotaimatrix, hybridiza- =0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70. The numerical inte-
tion gaps apparently open up in the spin-wave dispersiogrations were performed with 1036 special points in the irreducible
relation at reduced values qf‘:O.3 andq”=0.6 along the two-dimensional Brillouin zone. The verticay{axis) scale is plot-
F_X and F_L d|rect|0n5, respec“vely The Spectra becometed in .al’bitra.ry units. The resultS_ShOWI’l hel’q were .Obta.ined by
very broad as| increases towards the Brillouin zone bound- @ssuming a diagonal effective on-site Coulomb interaction, as origi-

ary and the determination of their maxima somewhat inaccuf@lly proposed by Cooket al. (Ref. 17 (see text

rate, particularly forﬁH alongI'-X; estimates of such uncer-

tainties are represented by vertical lines in Fig(allThe  peak structures in 'W+7(all ,w) for values Ofa” beyond the
doublet structures foﬁH alongI'-L remain reasonably well long-wavelength regime. This is illustrated by the dotted line
defined, beyondy=0.6, all the way to the Brillouin zone in Fig. 12, calculated for=0.35(2m/ay) alongI'-X. The
boundary. appearance of those quadruplets is compatible with the local
It is, therefore, clear that the appearance of hybridizatiormagnetic moment being split into four components with dis-
gaps in calculated spin-wave dispersion relations of itinerantinct d characters. The assumption of a diagonal- and orbital-
ferromagnets also depends upon the manner by which thdependentU matrix may reduce the on-site magnetic cou-
effective Coulomb interaction is treated. Such dependencpling between such components and perhaps allow
becomes even more impressive in the case of a free-standimgcitations involving these internal degrees of freedom to
monolayer, where the assumption of a diagobamatrix =~ show up in the spin-wave spectrum. However, the use of a
with elementsU ,=Im/m,, yields four distinct spin-wave proper full rotationally invariant Coulomb interaction, such

0.4 0.8
Energy (eV)
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r-X r-L spin-wave damping in comparison with the free-standing Fe
C o monolayer. This is in qualitative agreement with results of
(@) L (b) previous model calculations based on a simple Hubbard

1.2

. Hamiltonian®!

06 1 ?

8 c
s $
$ooo g © In this paper, we have presented an extensive series of
80 8 theoretical studies of the spin-wave excitations for the ferro-
o? oo " magnetic Fe monolayer on @WL10. Our empirical tight-
700 02 04 06 08 00 02 04 06 08 binding scheme allows us to carry out model calculations for
q q the case where the W substrate is truly semi-infinite. In our

view, this is a most desirable feature of the method since to

FIG. 11. Comparison between spin-wave dispersion relation%u:curate|y describe the Landau damping of the short-
calculated for Fe/Md10) using three different parametrization

IV. SUMMARY AND CONCLUDING REMARKS

Oo

Spin wave energy (eV)

parametrization schemes employed by Lowde and Windsor, Ta

et al. (Ref. 7 and that originally considered by Cooke al. (Ref. ite h iv d d iate f Fig 4
17) which assumes a diagonal effective Coulobhlnatrix, respec- quite heavily damped, as we may appreciale rom rig. 4.

. . . ) = This feature has its origin in the high density of final states in
tively (see text The spin-wave dispersions are shown prlong the W 5d-band complex. It will be interesting to explore the
theI'-X (a) andI'-L (b) directions of the two-dimensional Brillouin piex. g P

. . > Landau damping of short-wavelength spin waves as the
zone. The vertical lines depicted (E.‘) for some values ofy rep-  ypinkness of the Fe film is increased o if the ultrathin film is
resent estimates of the inaccuracy in 9etermm'ng the maxima of thg\dsorbed on a noble-metal substrate. Studies of the first point
spectra for the corresponding valuesggivalues. are underway and of the second point will be undertaken in
the near future. One disadvantage of our scheme, when com-
as the one proposed in Refs. 7 and 22 or that implicitlypared with fullab initio methods, is that the on site Coulomb
adopted by Lowde and Windsor, makes those quadrupletgteractions are described in an empirical manner with use of
disappear and produces a spectrum with only a single spigdjustable parameters. To explore the sensitivity of our pre-
wave peak structure with no “optical spin wave” or “hybrid- gjctions to this aspect of our model, we have carried out
ization gaps,” as illustrated in Fig. 12. By comparing resultscalculations with two different schemes, each compatible
depicted in Figs. 12 and 4, we also clearly see that the presyith the requirement of local site symmetry and spin rotation
ence of the tungsten substrate substantially increases thgyariance. The two scheme® produce results that are very

similar indeed from the quantitative point of view, as one

10000 . . . may see from Fig. 5.
:i We have also compared results generated within the
8000 | : | framework of an adiabatic description of spin motions to that

" provided by the full dynamical theory to see that they agree
1 in regard to the value of the exchange stiffness, but the adia-

W 6000 | i 1 batic approach provides poor quantitative results for short
Jrg . wavelengths. Of course, within the framework of the adia-
= ! batic, the strong Landau damping present at short wave-
€ 4000 = 1

g lengths is absent from the theory. We remind the reader again
; of the discussion presented some years ago by Edwards and

1 Muniz,*® who proved that the adiabatic approach only pro-

vides reliable results at long wavelengths, where the spin-

2000

\
i/ Jf'_'a.// Nt wave excitation energy varies quadratically with wave vec-
00 0.1 02 03 04 05 tor. We have extended their proof to the case of an adsorbed
Energy (V) ferromagnetic film for a general form of Coulomb interac-

tion, and an expression for the exchange stiffness in this case

FIG. 12. Imy*~(q),E) calculated for a free-standing @20 ~ MaY be extracted from E@26), evaluated for smaly .
monolayer as functions of energyfor different values of the wave e find that for the ferromagnetic the monolayer, the
vectorg along thel’-X direction of the two-dimensional Brillouin SP'N-Wave dispersion relation is highly anisotropic with spin
zone. The dotted curve was calculated for reduged0.35 em- ~ Waves in 'Fhel“TX direction substantially stiffer th_an those in
ploying Cooke’s original parametrization scheme which assumes the I'-L direction. Our calculated exchange stiffness along
diagonal effective on-site Coulomb interactiqsee text The I'-X is Dyx=400 meV &, while alongl'-L we haveDp_
dashed, solid, and dot-dashed lines were calculated within the 107 meV &. The anisotropy in the exchange stiffness is
framework of the Lowde-Windsor parametrization scheme for re-much larger for the adsorbed monolayer than for a free-
duced values ofj=0.10, 0.35, and 0.60 alorig-X, respectively. ~ standing monolayer. We note that a simple nearest-neighbor

174417-13
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Heisenberg model would lead to a value Dfalong I'-X
twice as large as that along-L. Interestingly, asq in-

illustrated in Fig. 6, is that one may achieve numerical con-
vergence at most wave vectors in the Brillouin zone, but at
creases, our dispersion relation alofgl rises above the selected points where anomalous features are found, particu-
extrapolation of the quadratic formqﬁ_ As the Fe thickness lar care must be exercised to ensure convergence has been
is increased, the anisotropy in the exchange stiffness mugchieved.
decrease, since in bulk Fe symmetry requires the dispersion It is our hope that calculations such as those presented
relation to be isotropic in the long-wavelength limit. This here will stimulate new experimental studies of spin-wave
question is under study currently. excitations in ultrathin films via the SPEELS technique,
We have also explored the question of whether “opticalwhich in our view should allow experimental access to the
spin waves” exist or whether hybridization gaps might beissues explored in the present paper.
present in the dispersion relation of spin waves in the Fe
monolayer. At least for our preferred methods of representing
the Coulomb interactior>®>we have found no clear evidence
of “optical spin waves” in the spin-wave excitation spectra. ~ R.B.M. has benefited greatly from conversations with
Under certain circumstances, we find structures in the sped.T. Costa, Jr., M. Plihal, and D.M. Edwards. This work has
tral density, very similar to those usually associated withbeen supported by the U.S. Department of Energy, through
hybridization gaps, but in our experience they are a consesrant No. DE-FG03-84ER 45083. R.B.M. also acknowl-
quence of poorly converged calculations. A tricky issue, asdges partial financial support by CNByazil).
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