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Theory of spin excitations in Fe„110… monolayers

R. B. Muniz* and D. L. Mills
Department of Physics and Astronomy, University of California, Irvine, California 92697

~Received 23 April 2002; published 11 November 2002!

We present theoretical studies of short-wavelength spin excitations in ferromagnetic Fe~110! monolayers
either adsorbed on a W~110! substrate or free standing. We use an itinerant model of electrons as the basis for
our analysis, with nine bands~the five 3d bands and the 4sp complex! 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 approximation~RPA! is
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.

DOI: 10.1103/PhysRevB.66.174417 PACS number~s!: 75.70.Ak, 75.70.Rf, 75.40.Gb
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I. INTRODUCTION

The study of the magnetism in ultrathin~few atomic
layer! films is pursued actively for several reasons. For
ample, such films are realizations of two-dimensional m
netic matter and thus provide tests of theoretical models
magnetism in less than three dimensions. The fact tha
large fraction of the moment bearing ions reside in sites
the surface or interface between film and substrate leads
strong anisotropy of the spin-orbit origin with diverse cha
acter. This endows ultrathin films and multilayers which
corporate them with unique properties not found in bu
magnetic matter. It is the case as well that exciting dev
applications have been realized and more are contempla
Here multilayer structures fabricated from ultrathin ferr
magnetic films provide us with nanoscale structures w
unique magnetic response characteristics not realized in
materials.

Ultrathin ferromagnetic films formed from the 3d transi-
tion metals have been the principal focus of the field, sin
they may be grown with high quality on a number of metal
substrates. Also, their ferromagnetism persists at room t
perature, a property important for applications. A very co
siderable effort has been devoted to the study of their e
tronic structure and magnetism viaab initio calculations.1

Such calculations, however, focus on ground-state proper
such as the spatial distribution and nature of magnetic
ments, the anisotropy, and other related matters.

Spin excitations in these systems are of fundamental
terest as well, since they control their response charact
tics and also enter into the description of diverse phys
0163-1829/2002/66~17!/174417~15!/$20.00 66 1744
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processes. For instance, the spin and energy dependen
hot electron mean free paths is controlled by the inela
scattering of electrons from spin excitations2 in the ferro-
magnetic transition metals. From the experimental point
view, with one exception noted below, only spin waves w
wavelength very long compared to the lattice constant h
been probed experimentally in ultrathin films. The two co
mon methods to study such collective excitations are fe
magnetic resonance spectroscopy2 and Brillouin light
scattering.3 The first excites spin waves of infinite wave
length and the second modes with wave vector in the ra
of 105 cm21. Both methods explore modes whose frequen
is controlled by parameters that may be viewed as grou
state properties.4

It is of fundamental interest to obtain information on th
dispersion relation of short-wavelength spin-wave exc
tions as a function of wave vector throughout the surfa
Brillouin zone. Such data would provide us with insight in
truly microscopic aspects of the magnetic response cha
teristics of ultrathin films. In the case of surface phono
electron loss spectroscopy provides a means of accessin
tails of their dispersion curves throughout the surface B
louin zone for both clean and adsorbate covered surfac5

These data, when analyzed, provide us with insight into
tails of the interatomic forces operative in the surface en
ronment. In principle, spin-polarized electron energy lo
spectroscopy~SPEELS! may be used to probe the dispersio
of spin waves out to the boundary of the surface Brillou
zone. This possibility has stimulated theoretical studies
which the absolute cross section for exciting spin waves
surfaces has been calculated and compared to that for su
©2002 The American Physical Society17-1
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phonon excitation,6 microscopic descriptions of spin excita
tions in ultrathin films of Fe have been initiated,7 and a mi-
croscopic theory of excitation of both spin waves and Sto
excitations has been developed with applications to fe
magnetic Fe.8 Interestingly, while inelastic neutron scatterin
can be employed to study spin waves in the ferromagn
metals, of course, neutrons and electrons probe very diffe
response functions, so the spectra measured by the two m
ods can differ qualitatively.9 This sequence of theoretica
studies have stimulated a new SPEELS study10 of the low-
loss regime in the SPEELS spectrum of Fe, and the s
wave signal has been detected with intensity relative to
previously observed Stoner excitations in excellent acc
with theory.

It will be useful to have explicit predictions in hand re
garding the nature of short-wavelength spin waves in ul
thin film/substrate combinations that will be employed in t
coming generation of new experiments. While it is inde
the case that quantitative calculations have been put forw
for ultrathin Fe~100! films with thickness up to seven layers7

these were free-standing films. The influence of the subst
on the spin excitations was thus not explored in this work
is the case as well that the SPEELS study described in
previous paragraph employed an Fe~110! film ~four layers in
thickness! adsorbed on the W~110! surface. We understan
future experiments will employ this system as well.11 The
Fe/W~110! system is particularly suitable for such studie
since as Gradmann has emphasized12 in classic papers, from
the thermodynamic point of view Fe wets the W surfa
Thus, ultrathin films of particularly high quality can b
grown for this film/substrate combination.

It is a nontrivial extension of the earlier work7 on free-
standing films to incorporate the role of the substrate on
spectrum of spin excitations in ultrathin ferromagnetic film
within the framework of an itinerant electron picture a
with a sufficient number of energy bands to provide a re
istic description of the electronic structure of the system.
this paper, we present a detailed series of calculations o
spin-wave spectrum of a monolayer of ferromagnetic Fe
the W~110! surface. We confine our attention simply to th
monolayer here, since we have found several issues tha
quire exploration, so the set of calculations we have purs
is in fact very extensive. We shall describe multilayer film
in subsequent work. We turn to a brief summary of the iss
we have encountered in the course of this research.

One issue, of course, is the role of indirect spin-spin
teractions through the substrate present in the adsorbed
but absent in free-standing film. Not surprisingly, we fi
substantial quantitative differences in the spin-wave stiffn
of the free-standing and adsorbed films. For instance, we
a large anisotropy in the exchange stiffness for the two
amples. The anisotropy is substantially larger for the
sorbed film, however.

There is another issue we explore. First, we note tha
number of authors generate descriptions of spin-wave e
tations throughout the Brillouin zone of ultrathin film
through use of an adiabatic description of spin motions.13–16

This may be accomplished within the framework of the sp
polarized version of density functional theory. One way t
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may be accomplished is to rotate the spin density withi
selected unit cell and then calculate the torque exerted on
moments in neighboring unit cells. One may deduce eff
tive intersite exchange integrals from the torques so ca
lated. From these, through use of a description of spin wa
appropriate to insulators with highly localized moments
theoretical dispersion curve is constructed.

Our calculations do not resort to such an adiabatic
proximation, but are based on application of the rand
phase approximation~RPA! to a description of the spin re
sponse of our itinerant ferromagnet. Thus, as in previ
treatments of the spin dynamics of such systems7,17 we in-
clude the Landau damping overlooked in approaches b
around the adiabatic approximation. As pointed out ma
years ago by Cooke and collaborators,17 Landau damping
can be severe at short wavelengths. In ultrathin films,
cause wave vectors perpendicular to the surface need no
conserved in the Landau damping events, we can expec
role to be more dramatic than in bulk ferromagnets. T
calculations reported below show that short-wavelength s
waves are indeed strongly damped for the adsorbed fi
Indeed, the earlier studies of free-standing ultrathin Fe~100!
films within the framework used here showed that the dam
ing can become so severe that high-lying standing-spin-w
resonances are washed out in the relevant spectral dens
It is thus clear that the adiabatic approach would yield qu
tatively incorrect conclusions regarding the spin-wave sp
trum of ultrathin itinerant electron films, since all standin
wave modes would be described as infinitely long lived
this picture.

In the present paper, we report explicit comparisons
tween calculations based on the full dynamical theory a
calculations carried out by means of the adiabatic appro
each applied to the same system. As argued some years18

we find that indeed both approaches provide us with p
cisely the same value for the exchange stiffness that con
the dispersion of very-long-wavelength, low-frequency sp
waves. But we see substantial differences for the disper
relation provided by the two approaches as we move out
the surface Brillouin zone. The differences are qualitati
not a matter of quantitative detail. It is clear from simp
reasoning that allowing the electrons to respond dynamic
to spin motions not only introduces Landau damping, b
also has a strong effect on the dispersion curve itself. O
may argue that by incorporating the dynamical response
the electron system in the description of the spin wave
essence, one renormalizes the collective excitation by p
viding it with a self-energy. The imaginary part of the se
energy gives rise to a finite width in the spin-wave spec
density, i.e., the Landau damping. Simple considerati
along the lines which lead to the Kramers-Kronig relati
assure one that there must be a reactive or real part to
self-energy, which renormalizes the dispersion curve. W
the Landau damping is strong, as it is in these systems,
real part of the self-energy is appreciable as well. The R
used here does not, of course, provide us with a rigor
description of the spin-wave dispersion at short waveleng
but we argue it does incorporate essential physics omi
from the adiabatic descriptions.
7-2
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THEORY OF SPIN EXCITATIONS IN Fe~110! MONOLAYERS PHYSICAL REVIEW B66, 174417 ~2002!
The outline of this paper is as follows. In Sec. II, w
describe the formalism we have used to perform the calc
tion of the dynamic transverse susceptibility of the ultrath
film, when it is adsorbed on the W~110! substrate. Then Sec
III presents the results for the adsorbed and free-stan
monolayers and discusses their relation to dispersion cu
calculated with use of the adiabatic approach. We also h
address the question of apparent hybridization gaps w
can appear in calculated spectra. We demonstrate tha
some cases these can be artifacts which disappear in
converged calculations when ones utilizes intra-atomic C
lomb interactions of appropriate structure.

We remark that the virtue of the scheme employed in t
paper is that it allows studies of spin excitations of a fi
adsorbed on a substrate treated as fully semi-infinite in
ture; within full time-dependent density-functional-bas
studies, such geometries remain a challenge to address

We conclude this section with comments on the influen
of dipolar interactions, neglected here, on the results
present below. Quite generally, in ferromagnets, the ene
scale associated with dipolar interaction strengths ('1 K or
0.1 meV! is orders of magnitude smaller than that associa
with effective exchange interactions within the spin syst
('100 meV in the materials of interest here!. However,
when very-long-wavelength, low-frequency spin waves
excited in ferromagnetic resonance or Brillouin light scatt
ing experiments, exchange contributions are modest or
haps even neglibile often, since the angle between ne
excited spins is very small and the range of effective
change interactions is microscopic. In such circumstan
the dipolar interactions assert themselves most importa
Of interest to us, as noted about, are modes of rather s
wavelength, where exchange effects strongly dominate
dipolar contributions to the excitation energy. We direct t
reader to an earlier study,19 where the transition from the
long-wavelength dipolar-dominated regime to the sho
wavelength exchange-dominated regime is studied in de
for ultrathin ferromagnetic films. The crossover is at wav
lengths far longer than can be probed in a SPEELS exp
ment, as one can see from this discussion.

II. TRANSVERSE SPIN SUSCEPTIBILITY

The formalism we have used to calculate the dynam
transverse susceptibility of the ultrathin film follows that
Ref. 7. An atomic orbital basis is introduced, and the el
tronic structure of the system is described by a general m
tiorbital tight-binding model Hamiltonian

H5(
i j

(
mns

Ti j
mncims

† cj ns1Hint , ~1!

wherecims
† creates an electron of spins in atomic orbitalm

on the site atRW i . The first term ofH represents the electroni
kinetic energy plus a spin-independent local potential, a
Hint is the electron-electron interaction term. The trans
integralsTi j

mn are parametrized following the standard Slat
Koster ~SK! tight-binding ~TB! formalism.20 We shall as-
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sume that the effective electron-electron interactionU is of
short range and keep only on-site interactions inHint . In this
case,

Hint5
1

2 (
mn

(
m8n8

(
iss8

Ui ;mn,m8n8cims
† cins8

† cin8s8cim8s ,

~2!

whereUi ;mn,m8n8 is a matrix element of the effective electro
interaction between orbitals, all centered on the same sii.
The substrate will be assumed to contain noninteracting e
trons, so the intra-atomic Coulomb interactions are nonz
only within the ferromagnetic film.

In order to take advantage of translational symmetry p
allel to the layers, it is convenient to work with a mixe
representation by choosing our basis as Bloch sums
single atomic planel:

u l ,qW i ;ms&5
1

Ni
(
i P l

u i ;ms&eiqW i•RW i. ~3!

Here Ni is the number of sites in planel and qW i is a wave
vector parallel to the layers.

The dynamic transverse spin susceptibil
x12( l l 8;qW i ,v) is defined in terms of the time Fourier tran
form of the two-particle retarded Green function

G12~ l l 8;qW i ,t !52 iQ~ t !^@SqW i

1
~ l ,t !,S

2qW i

2
~ l 8,0!#&. ~4!

The operatorsSqW i

6( l ,t) are two-dimensional Fourier trans

forms of the corresponding spin raising and lowering ope
tors Si

6(t) on the film lattice sitesi P l . Explicit representa-
tions of these operators are given elsewhere.7 The brackets
denote a commutator,̂•••& the thermodynamical average
which reduces to the ground-state expectation value at
temperature, andQ(t) is the usual step function, equal t
unity for t.0 and zero otherwise.

By solving the equation of motion forG12( l l 8;qW i ,t)
within the RPA and assumingUÞ0 only at the lattice sites
of the ferromagnetic ultrathin film, one finds

x12~ l l 8;qW i ,v!5(
mn

(
m8n8

Fmn~qW i!

3Gmn,m8n8~ l l 8;qW i ,v!Fm8n8~2qW i!,

~5!

where Fmn(qW i)5^ imue2 iqW i•rWu in& is a magnetic form factor
andGmn,m8n8( l l 8;q

W i ,v) satisfies the equation

Gmn,m8n8~ l l 8;qW i ,v!5Gmn,m8n8
0

~ l l 8;qW i ,v!

2(
gd

(
ab

(
l 9

Gmn,gd
0 ~ l l 9;qW i ,v!

3Ugb,adGba,m8n8~ l 9l 8;qW i ,v!. ~6!
7-3
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R. B. MUNIZ AND D. L. MILLS PHYSICAL REVIEW B 66, 174417 ~2002!
The functionGmn,m8n8
0 ( l l 8;qW i ,v), defined by Eq.~2.23!

of Ref. 7 for films of arbitrary but finite thickness, can b
used to construct the noninteracting susceptibi
x0( l l 8;qW i ,v) by using a prescription analogous to that in E
~5!. Here, however, since we are dealing with a film adsorb
on a semi-infinite substrate, it is necessary for our numer
work to expressG0 in terms of one-electron propagators
follows:

Gmn,m8n8
0

~ l l 8;qW i ,v!5
1

Ni
(
kW i

E dv8 f ~v8!

3@Im gl 8n8 lm
↑

~kW i ,v8!gln l 8m8
↓

~qW i1kW i ,v81v!

1Im gln l 8m8
↓

~qW i1kW i ,v8!gl 8n8 lm
2↑

~kW i ,v82v!#,

~7!

where f (v) is the usual Fermi distribution function,g and
g2 represent the retarded and advanced one-particle G
functions, respectively, and

Im g5
i

2p
@g2g2#. ~8!

Equation~6! can be solved, and in matrix notation it tak
the rather general form

G~qW i ,v!5@11G0~qW i ,v!U#21G0~qW i ,v!, ~9!

where 1 represents the unit matrix.
Numerical calculations ofx12( l l 8;qW i ,v) requireG0 to

be determined as accurately and reliably as possible.
noteworthy that bothg andg2 are not very smooth function
of v8, particularly when the imaginary part usually added
their energy argument~in order to displace their singularitie
from the real axis! becomes very small. For this reason, w
find that evaluating thev8 integral over the real axis in Eq
~7! directly is not the most efficient and accurate way
calculatingG0. We notice, however, that by substituting E
~8! into Eq. ~7!, we may writeG05I 11I 21I 3, where

I 15
i

2pNi
(
kW i

E dv8 f ~v8!

3@gl 8n8 lm
↑

~kW i ,v8!gln l 8m8
↓

~qW i1kW i ,v81v!#, ~10!

I 252
i

2pNi
(
kW i

E dv8 f ~v8!

3@gln l 8m8
2↓

~qW i1kW i ,v8!gl 8n8 lm
2↑

~kW i ,v82v!#, ~11!

and

I 35
i

2pNi
(
kW i

E dv8@ f ~v81v!2 f ~v8!#

3gln l 8m8
↓

~qW i1kW i ,v81v!gl 8n8 lm
2↑

~kW i ,v8!. ~12!
17441
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I 1 andI 2 are most easily evaluated as contour integrals in
complex-v8 plane. At finite temperaturesT, the integration
overv8 can be replaced by a sum over imaginary Matsub
frequenciesvn85(2n11)pkBT. This is achieved by closing
the contour with an infinite-radius semicircle going coun
clockwise in the upper-half complex plane forI 1, and clock-
wise in the lower-half plane forI 2. At T50, we end up with

I 11I 25
1

2pNi
(
kW i

E
01

`

dh@gl 8n8 lm
↑

~kW i ,EF1 ih!

3gln l 8m8
↓

~qW i1kW i ,EF1v1 ih!

1glm l 8n8
↑* ~kW i ,EF2v1 ih!

3gl 8m8 ln
↓* ~qW i1kW i ,EF1 ih!#, ~13!

whereEF is the Fermi energy and we have made use of
fact thatgln l 8m8

2 (kW i ,z)5gl 8m8 ln
* (kW i ,z* ).

This method of evaluatingI 11I 2 is numerically more ef-
ficient for various reasons: it assures that all states ben
EF are properly taken into account, the integrand as a fu
tion of h is much smoother, and the numerical generation
the one-electron Green functions as well as the summa
over kW i usually converges faster for increasing values ofh.
Unfortunately the same simple procedure does not appl
I 3 because it involves the productgg2, andg is an analytic
function ofv8 in the upper-half complex plane, whereasg2

is analytic in the lower-half plane. Nevertheless, owing to
Fermi functions in Eq.~12!, at T50 I 3 reduces to

I 352
i

2pNi
(
kW i

E
EF2v

EF
dv8gln l 8m8

↓
~qW i1kW i ,v81v!

3glm l 8n8
↑* ~kW i ,v8!. ~14!

It should be stressed thatI 3 does not contribute to stati
properties of the system, including, for example, the sp
wave stiffness constantD which we shall see is proportiona
to limqW i→0qi

2x12(qW i,0), becauseI 350 for v50.

The first step in the calculation ofx12(qW i ,v) is to obtain
the one-electron Green functionsglm l 8n

s (qW i ,v) which are
used to constructG0. In order to simplify the notation we
treatgll 8

s (kW i ,v) as a matrix in orbital indices with elemen

glm l 8n
s (qW i ,v). Here we are interested in a monolayer of

adsorbed on a W~110! semi-infinite substrate. We label th
surface Fe atomic plane byl 51 and shall calculate
x12(qW i ,v)[x12(11;qW i ,v), which involves onlyg func-
tions associated withl 5 l 851. The calculation of the one
electron Green functiong11

s (kW i ,v) within the Fe overlayer is
performed as follows: we start with the surface Green fu
tion of the isolated semi-infinite substrateg00

0 (kW i ,v), which
7-4
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THEORY OF SPIN EXCITATIONS IN Fe~110! MONOLAYERS PHYSICAL REVIEW B66, 174417 ~2002!
is obtained by well-established numerical methods.21 The
atomic monolayer of Fe is then adsorbed on this surface
switching on the hopping matricesh01(kW i) and h10(kW i) be-
tween the substrate and the monolayer. Using Dyson’s e
tion we find

g11
s ~kW i ,v!5@v2h11

s ~kW i!2h10~kW i!g00
0 ~kW i ,v!h01~kW i!#

21,
~15!

whereh11
s (kW i) represents the one-electron Hamiltonian m

trix of the isolated Fe monolayer.
As long asHint is an on-site interaction, the matrix ele

ments ofh11
s (kW i) take the form

hmn
s ~kW i!5Tmn~kW i!2

1

2
Dmdmns, ~16!

wheres561 for ↑ and↓ spin, respectively. HereDm sym-
bolize the exchange splitting associated with orbitalm, gen-
erally given by7

Dm5(
n

Jmnmn , ~17!

wheremn5nn↑2nn↓ is the contribution from orbitaln to the
overlayer magnetic momentm5(nmn , nns is number of
electrons with spins in this orbital, and the exchange inte
gralsJmn5Umn,nm . There are, of course, contributions to th
electron self-energy proportional tonn5nn↑1nn↓ . Within
our scheme, these are independent ofkW i and are absorbed in
Tmn(kW i). It should be noted as well that when the quantit
Ti j

mn in Eq. ~1! are extracted from empirical fits toab initio
electronic structure calculations of the paramagnetic st
they contain Coulomb contributions. A procedure for corre
ing for this within our scheme is described in Ref. 7. In ord
to further simplify the notation hereinafter we omit the pla
indicesl 5 l 851.

Owing to the relatively small spin polarization of thesp
states and the much more localized nature of thed orbitals, it
is reasonable to consider the effective Coulomb interactio
transition-metal ferromagnets as taking place only within
d orbitals. In this case, all the matrix elements ofU involving
s or p orbitals may be approximately set equal to zero, and
a first approximation, we may takeDm50 whenm is not ad
orbital.

Before we calculatex12(qW i ,v) for large values ofqi , it
is instructive to investigate the long wavelength regime a
lytically. In the limit of smallqW i the spin-wave energies var
quadratically withqi (\v5Dqi

2), and they appear as pole

of x12(qW i ,v). That this is so is rigorously correct; whenqi
is so small, all but the quadratic term in the dispersion re
tion may be ignored. Landau damping is of orderqi

4 at suf-
ficiently long wavelengths, so in the limit considered the s
wave pole lies in the real axis. According to Eq.~9!, this
means the matrix@11G0(qW i ,Dqi

2)U# is singular or, equiva-
lently, that the matrix equation

@11G0~qW i ,Dqi
2!U#y~qW i!50 ~18!
17441
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has a nontrivial solution for low values ofqi . Actually, ow-
ing to the spin rotation invariance of our Hamiltonian and t
Goldstone theorem, we know thatx12(qW i ,v) must have a
pole atqW i50 andv50 associated with the Goldstone mod

In other words,

ymn
(0)1(

ab
(
hj

Gmn,ab
0 ~0,0!Uab,hjyhj

(0)50 ~19!

must have a nontrivial solutiony(0)[y(0). This mode cor-
responds to a rigid rotation of all the magnetic moments
the system. In fact, we may show that the vectory(0) with
componentsymn

(0)5mmdmn satisfies Eq.~19!. In order to
verify this, we first notice that for this choice

(
hj

Uab,hjyhj
(0)5(

h
Uab,hhmh5Dab , ~20!

whereDab are the matrix elements of the exchange splitti
in the mean-field or Hartree-Fock~HF! approximation. Be-
cause of symmetry, only the diagonal elements ofDab are
nonzero, i.e.,Dab5Dadab , as explicitly shown in Refs. 7
and 22. Thus, Eq.~19! reduces to

mmdmn1(
a

Gmn,aa
0 ~0,0!Da50. ~21!

With the aid of Eqs.~7!, and~8! we may write

Gmn,aa
0 ~0,0!Da5

i

2pNi
(
kW i

E dv8 f ~v8!

3@gna
↓ ~kW i ,v8!Dagam

↑ ~kW i ,v8!

2„gma
↑ ~kW i ,v8!Dagan

↓ ~kW i ,v8!…* #.

~22!

Since the one-electron propagators for up and down s
are related by the Dyson equation

gmn
↑ 2gmn

↓ 52(
a

gma
↓ Dagan

↑ , ~23!

the second term of Eq.~21! may be rewritten as

(
a

Gmn,aa
0 ~0,0!Da5

1

pNi
(
kW i

E dv8 f ~v8!

3@Im gnm
↓ ~kW i ,v8!

2Im gnm
↑ ~kW i ,v8!#. ~24!

With the help of the great orthogonality theorem of gro
theory23 one can show that the summation overkW i in Eq. ~24!
vanishes formÞn, and whenm5n it immediately reduces
to

(
a

Gmm,aa
0 ~0,0!Da52mm , ~25!

which completes the proof.
7-5
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R. B. MUNIZ AND D. L. MILLS PHYSICAL REVIEW B 66, 174417 ~2002!
By expandingy(qW i) andG0(qW i ,Dqi
2) in Eq. ~18! in pow-

ers ofqi for a given direction ofqW i and following basically
the same steps of Sec. 3.2 of Ref. 18, conveniently ada
to the slab geometry, it is also possible to show that
long-wavelength spin-wave energy, correct to orderqi

2 , is
given by

\vqW i
5

1

m S (
mn

DmGmm,nn
0 ~qW i,0!Dn1(

m
DmmmD , ~26!

where the magnetic momentm5(mmm .
As expected, in this limit\vqW i

involves only the static

noninteracting response functionG0(qW i,0), becauseD is a
ground-state property of the ferromagnet. The expressio
Eq. ~26! is valid for a rather general form of the effectiv
Coulomb interaction. A major requirement, of course, is t
it must preserve spin rotational invariance in order to sat
the Goldstone theorem. It is noteworthy that the spin-wa
dispersion for smallqW i does not involve the explicit form o
the U matrix, but only the exchange splittingsDm and the
one-electron Green functions associated with the mean-
ground state. The latter, however, is unambiguously de
mined by the set ofDm , which in turn relies on the exchang
integrals only. As long as the spin-polarized one-elect
properties of the ferromagnet are well parametrized by a s
able set ofDm , Eq. ~26! provides a convenient way of ca
culating the long-wavelength spin-wave energies, regard
of the precise form of Coulomb interaction leading to tho
values ofDm . There is thus a certain degree of freedom
choosing different sets ofUmn,m8n8 leading to the same
mean-field ground state, hence to the same value ofD. How-
ever, as we move away fromqW i'0, and use a proper dy
namic theory to study the spin excitations~the RPA in our
case! the results will be sensitive to the details of theU
matrix.

With the aid of Eqs.~10! and ~11!, we may rewrite Eq.
~26! as

\vqW i
5

4

m
@J~0!2J~qW i!#, ~27!

where

J~qW i!5
1

4pNi
Im (

kW i

E dv8 f ~v8!(
mn

Dm

3gmn
↓ ~kW i1qW i ,v8!Dngnm

↑ ~kW i ,v8! ~28!

is the in-plane Fourier transform of the effective exchan
interaction between the Fe local magnetic moments, given

Ji j 5
1

4p
Im E dv8 f ~v8!(

m,n
Dmgim, j n

↑ ~v!Dngj n,im
↓ ~v!,

~29!

wherei , j label atomic sites in surface planel 51.
A similar set of equations@from Eqs.~26!–~29!# may be

derived, alternatively, within an adiabatic description of t
spin motions.13,15,14An equivalent expression forJi j may be
17441
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obtained with the use of the so-called ‘‘local forc
theorem’’15,24,14,25and the spin-wave energies calculated
Eqs. ~27! and ~28!. Our analysis explicitly shows that spin
wave energies generated by the adiabatic approach in
way are correct only in the long-wavelength limit, i.e.,
order qi

2 , and give only the spin-wave stiffness constantD
correctly, as demonstrated many years ago.18 Recent authors
have also noted this point.15 Therefore, one should not as
cribe major significance to structures in the spin-wave d
persion relation obtained by such an approach when app
to wave vectors sufficiently large that the quadratic variat
of frequency with wave vector no longer holds.

III. APPLICATION TO Fe „110… MONOLAYERS

In our description of the electronic structure we have e
ployed empirical SK TB parameters for the 3d, 4s, and 4p
orbitals, taking into account hopping integrals to seco
nearest neighbors in the two-center approximation. We s
with a paramagnetic system and include the Coulomb in
action in the mean-field approximation to generate the sp
polarized one-electron ground state self-consistently. The
parameters for all the bcc W~110! atomic planes were ob
tained from a first-principles linear muffin-tin orbita
~LMTO! TB electronic structure calculation of bulk W,26 and
those for paramagnetic Fe were taken from Ref. 27. Fi
principles calculations for an Fe monolayer adsorbed
W~110! found the Fe-W interlayer spacing is relaxed dow
wards in comparison with the average of the bulk Fe-Fe
W-W ~110! interplane distances by approximately 9.5%28

Since this is much closer to the Fe-Fe 110 interplanar
tance, we have assumed the Fe-W hopping in our calc
tions equal to the Fe-Fe hopping. We consider a comm
Fermi energy for the substrate and overlayer and adjust
center of thed bands in the Fe atomic plane by imposin
local charge neutrality at the surface. For simplicity, we ha
assumed a single exchange splittingDm5Im common to all
d orbitals, whereI is the Stoner interaction. This seems a fa
approximation for transition metal ferromagnets, at least
average for energies aroundEF .29 The observed ratio of ex
change splitting to moment isI'1 eV/mB for ferromagnetic
3d metals, and this relation approximately holds also
other low-dimensional structures, including Fe thin films30

We have thus performed the magnetic self-consistency
suming a fixed value ofI 51 eV/mB . The resulting magnetic
moment of the Fe overlayer ism52.17mB , which is in very
good agreement with previous first-principles calculatio
for Fe/W~110!.28 The LDOS for majority and minority spins
on the Fe surface~110! plane and subsurface W atomic plan
are shown in Fig. 1. They also agree very well with results
ab initio calculations.28 As expected, a very small spin po
larization is induced by the Fe surface layer on the tungs
substrate, and we found the interface W atomic plane
negatively polarized with respect to the Fe film magneti
tion, with a magnetic momentm520.05mB . The one-
electron Green functionsgmn

s (qW i ,v) associated with this fer-
romagnetic ground state are then used to constructG0

according to Eqs.~13!, and~14!.
7-6



ve

ie

e

e
-

s
n-

ag-
in-
ate.
mp-

ng-
yer,
ree-
to

ne-

in-

tic
ly
ono-
t-
to
e/

pa-
s in
ate
f a
TB
-

e
to

g-
ing

ag-
es

f
s.
er
ably
uire
gth
ad-

ate
ve

on-
ess

a

ns

an
rk

n

ib
try
Th

THEORY OF SPIN EXCITATIONS IN Fe~110! MONOLAYERS PHYSICAL REVIEW B66, 174417 ~2002!
A. Long-wavelength spin waves

We begin by calculating the long-wavelength spin-wa
energies in Fe/W~110! for different qW i using the static ap-
proach of Eq.~26!. Our results forqW i along theG-X andG-L
directions of the two-dimensional~2D! Brillouin zone are
displayed in Fig. 2. They show that the spin-wave energ
follow a quadratic dispersion relation\v5Dqi

2 for low val-
ues ofqi . However, owing to the spatial anisotropy of th
~110! two-dimensional lattice, the stiffness constantD de-
pends upon the directionq̂i along which the spin wave is
excited. We have foundDGX5400 meV Å2 and DGL
5107 meV Å2, revealing a very large difference indeed b
tween D along G-X and G-L in the monolayer of Fe ad

FIG. 1. Local density of states for majority and minority spi
calculated for an Fe monolayer adsorbed on W~110! ~thick line! and
for the W atomic plane at the interface with the Fe film~thin line!.
The upper and lower parts of the figure correspond to majority-
minority-spin states, respectively. The vertical dashed line ma
the position of the Fermi energy.

FIG. 2. Long-wavelength spin-wave energies calculated as fu

tions of the wave vectorqW i along two different directions in the
two-dimensional Brillouin zone for the Fe~110! monolayer. The
solid and open circles represent results for the adsorbed Fe film

W~110! calculated forqW i along theG-X andG-L directions, respec-
tively. The inset shows a schematic representation of the irreduc
two-dimensional Brillouin zone and some of its high-symme
points; the solid squares symbolize reciprocal lattice points.
solid and dashed lines represent results for a free-standing Fe~110!

monolayer calculated forqW i along theG-X andG-L directions, re-
spectively.
17441
s

-

sorbed on W~110!. It is also worth noticing that those value
of D are rather different from the spin wave stiffness co
stant of bulk Fe, which is'300 meV Å2 at low tempera-
tures.

The energy necessary to excite spin waves in a ferrom
netic ultrathin film is certainly affected by the exchange
teraction mediated by the nonmagnetic metallic substr
The substrate may also significantly alter the Landau da
ing, modifying the spin-wave lifetimes.31 In order to investi-
gate the influence of the tungsten substrate on the lo
wavelength spin-wave energy spectra of the Fe monola
we have also calculated the spin-wave energies for a f
standing Fe~110! atomic plane. Here it is more convenient

work entirely in momentum space, expressingGmm,nn
0 (qW i,0)

in terms of the eigenvalues and eigenvectors of the o
electron Hamiltonian, as originally defined by Eq.~2.23! of
Ref. 7, and evaluate the two-dimensional Brillouin zone
tegrations by the linear triangular method~this is a straight-
forward 2D adaptation of the well-established linear analy
tetrahedron method32!. We could have used a complete
new set of TB parameters to describe the unsupported m
layer, obtaining them, for example, by properly fitting a firs
principles band-structure calculation. However, in order
make the comparison with our previous results for F
W~110! more meaningful, we kept the same Fe hopping
rameters, but re-evaluate the atomic-orbital energy level
the free-standing Fe monolayer as follows: first we calcul
the local orbital-occupation numbers of the surface o
semi-infinite paramagnetic Fe system, using the bulk Fe
parameters, shifting, however, thed-band center in the sur
face plane to make it electrically neutral~locally!. The
atomic energy levelsem

0 in the unsupported monolayer wer
then obtained by requiring its orbital-occupation numbers
be equal to those of the Fe~110! surface. After finding the
values ofem

0 for the paramagnetic state, we perform the ma
netic self-consistency as described earlier, i.e., by splitt
the up- and down-spind levels in the monolayer byD
5Im, with I 51 eV/mB . Considering thead hoc approxi-
mations and hypothesis we have made, the resulting m
netic momentm52.6mB obtained by such procedure agre
fairly with the value 2.9mB found by first-principles
calculations.33 In Fig. 3 we compare the local density o
states~LDOS! for the free-standing and adsorbed Fe film
One clearly sees that hybridization effects with the wid
nonmagnetic bands of the tungsten substrate consider
smoothen the LDOS of the Fe overlayer and make it acq
a rather long tail. In Fig. 2 we compare the long-wavelen
spin-wave energies calculated for the free-standing and
sorbed Fe~110! monolayers for wave vectorsqW i along the
GX andGL directions. We notice that the tungsten substr
has very little influence on the long-wavelength spin-wa
excitations alongGX, but strongly affects those in theGL
direction by softening the spin-wave exchange stiffness c
siderably. The calculated values of the spin-wave stiffn
constants for the Fe~110! free-standing monolayer areDGX
5382 meV Å2 andDGL5192 meV Å2, respectively. Earlier
calculations34 for an Fe~100! unsupported monolayer using
simpler model withd bands only reportsD5210 meV Å2.
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R. B. MUNIZ AND D. L. MILLS PHYSICAL REVIEW B 66, 174417 ~2002!
B. Short-wavelength spin waves

We now investigate the whole spin wave spectrum
calculatingx12(qW i ,v) from Eq. ~9! as a function ofv for
different qW i . The energy to excite a spin wave with wav
vectorqW i may be obtained from the positions of the peaks
Im x12(qW i ,v), and the corresponding spin-wave lifetim
are inversely proportional to the widths of such peaks.

As we pointed out earlier, the effective Coulomb intera
tion U appears explicitly in the calculation ofx12(qW i ,v).
Therefore, we need a prescription for obtaining not only
exchange splittings required for calculating the lon
wavelength spin-wave energies, but all Coulomb matrix e
mentsUmn,m8n8 . A reasonable and broadly used approach
to assume a parametrized form of interaction and adjust
parameters so as to reproduce some well-established gro
state properties of the system. The effective interaction m
of course, preserve spin rotational invariance in order to
isfy the Goldstone theorem, i.e., so thatx12(qW i ,v) has a
pole atqW i50. It must also keep the Hamiltonian invaria
under the spatial symmetry group operations. We shall
periment with different forms of parametrization of the o
site Coulomb interaction in our calculations ofx12(qW i ,v)
to test the sensitivity of the results to the various mo
forms. Before doing so, we notice that for each value ofqW i ,
the magnetic form factors in Eq.~5! provide basically an
overall scaling factor forx12(qW i ,v), which generally de-
creases with increasing values ofqi . Here, for simplicity, we
neglect theirqW i dependence and approximate them by th
values atqW i50, namely,Fmn5dmn . With this approximation
Eq. ~5! reduces tox12( l l 8;qW i ,v)5(m,nGmm,nn( l l 8;qW i ,v).
While this approximation would surely influence predictio
of the wave vector dependence of spin-wave excitat
strength as observed in neutron scattering, it has no influe
in our studies of either the dispersion relation or Land
damping, since these features are controlled only by the
nominator which results from inverting Eq.~6!.

We start with a rather simple form of parametrization
the Coulomb interaction, which consists in assum
Umn,m8n85Udmn8dnm8 for the d orbitals, as Lowde and

FIG. 3. Local density of states for majority and minority spi
calculated for an Fe monolayer adsorbed on W~110! ~thick line! and
for a free-standing Fe~110! monolayer~thin line!. The upper~lower!
part of the figure corresponds to majority-~minority-! spin states,
and the vertical dashed line marks the position of the Fermi ene
17441
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Windsor did implicitly in their pioneering work on spin dy
namics in Ni.35 This essentially means that a Coulomb inte
action U within each orbital is supplemented by ‘‘Hund
rule’’ exchange interactions of the same magnitude betw
different orbitals.36 With such an assumption, it is not diffi
cult to show that the on-site interaction reduces toHint

5U(ni2
1
4 ni

22SW i•SW i), whereni andSW i are the total occupa
tion number and spin operators on sitei, respectively. This
reveals the full rotational invariance obtained in this sche
both in real and spin space. Actually, this form of parame
zation is a special case of a slightly more general one p
posed later by Parmenter.37 It is worth noticing that this
scheme leads to a rigid exchange splitting of magnitudeD
5Um ~common to alld orbitals! for the one-electron states
Therefore, by takingU51 eV/mB we end up with the same
exchange splitting and mean-field ground state we have c
sidered earlier in our calculations of the long-waveleng
spin-wave energies.

By substituting such a parametrized form ofU into Eq.
~6! one immediately obtains

Gmn,m8n8~qW i ,v!

5Gmn,m8n8
0

~qW i ,v!

2U(
g

8 Gmn,gg
0 ~qW i ,v!(

a
8 Gaa,m8n8~qW i ,v!,

~30!

where the prime in the orbital summations means they
restricted to thed orbitals only. This equation may be solve
for Gmn,m8n8 without matrix inversion, giving

Gmn,m8n85Gmn,m8n8
0

2
ULmn

0

11U(
a

8 Laa
0

(
g

8 Ggg,m8n8
0 ,

~31!

whereLmn
0 5(g8Gmn,gg

0 . Owing to the approximation mad
for form factors and by further assuming the dominant co
tributions tox12(qW i ,v) come from thed orbitals, we may
write

x12~qW i ,v!5
x0~qW i ,v!

11Ux0~qW i ,v!
, ~32!

wherex0(qW i ,v)5(m8 Lmm
0 5(mn8 Gmm,nn

0 (qW i ,v). The expres-
sion in Eq. ~32! is formally the same as one obtains for
single-band model, except for the definition ofx0(qW i ,v),
which contains multiband effects.

Our results for Imx12(qW i ,v) calculated on this basis ar
shown in Fig. 4. We clearly see that the spin-wave pe
broaden and diminish in height very rapidly with increasi
qi , revealing how strongly damped the short-wavelen
spin waves become, due to their decay to Stoner excitati
The strength of the spin-wave peaks is expected to fall
more quickly when theqW i dependence of the magnetic for
factors are taken into account. In Fig. 5 we compare
spin-wave energies extracted from the position of the pe
in Im x12(qW i ,v) with those calculated earlier using th

y.
7-8
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THEORY OF SPIN EXCITATIONS IN Fe~110! MONOLAYERS PHYSICAL REVIEW B66, 174417 ~2002!
static approach. For relatively low values ofqW i , the results
obtained by both approaches are in excellent agreemen
they must be, but they differ substantially for larger values
qW i , as expected. We see very clearly from this figure t
dispersion curves generated by adiabatic theory canno
viewed as quantitative beyond small wave vectors wh
quadratic behavior obtains.

Within the framework of the Lowde-Windsor treatment
the intra-atomic Coulomb interaction, we found no mul

FIG. 4. Imx12(qW i ,E) calculated as functions of energyE for

different values of the wave vectorqW i along theG-X ~a! andG-L ~b!
directions of the two-dimensional Brillouin zone for Fe/W~110!.
The calculations were made within the framework of the Lowd
Windsor treatment of the effective Coulomb interaction~see text!.
The vertical (y-axis! scale is plotted in arbitrary units. The curve
depicted in ~a! were calculated for reduced values ofqi50.05,
0.15, 0.25, 0.35, 0.45, 0.55, and 0.70, alongG-X. Those depicted in
~b! were calculated for reduced values ofqi50.10, 0.20, 0.30, 0.40
0.50, 0.60, and 0.70, alongG-L. The numerical integrations wer
performed with 1036 special points inside the irreducible tw
dimensional Brillouin zone.
17441
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peak structures in Imx12(qW i ,v) which can be interpreted
as evidence of ‘‘optical-spin-wave’’ modes or gaps in t
dispersion relation with the character of hybridization ga
We note that the authors of Ref. 7 failed to find such featu
as well in their studies of spin waves in bulk Fe. Such fe
tures were first reported by Cookeet al.,17 who predicted a
doublet structure in Imx12(qW ,v) for wave vectors along
@100# in studies of spin waves in bulk Fe. In a later paper
three-peak structure was reported at some wave vectors
along @100# in bulk Fe.38 The high-frequency members o
such structures were argued to be ‘‘optical spin wave
Similar structures have been reported in other theoret
studies as well. For instance, in Ref. 39, for spin waves al
the @100# direction of Ni, such structures appear atq
'0.2(2p/a0) and extend out to the Brillouin zone boundar
Calculations by Savrasov40 reveal a doublet along the@100#
direction of Ni, but only for a very restricted range of wav
vectors, to produce a spin-wave dispersion with an appa
hybridization gap. His calculations, however, show no m
tipeak structures in the spin-wave spectrum of bulk Fe
wave vectors along the same direction, in sharp contrast w
what has been predicted by Refs. 17 and 38. Calculation
Karlson and Aryasetiawan41 produce a gap for a wave vecto
along @111# of Ni, while no such feature was reported b
Cooke and collaborators39 or Savrasov.40 The theoretical lit-
erature on ‘‘optical spin waves’’ or apparent hybridizatio
gaps in the spin-wave dispersion relations of bulk Fe a
bulk Ni is thus quite confusing, since no two papers produ
the same features. We shall show in some cases that t
structures are artifacts produced by numerical calculati
that have failed to converge and, in one instance, due to
use of an inappropriate form for the intra-atomic Coulom
interaction. We illustrate the former point in Fig. 6, and w
comment on the second in the discussion which follows.

In Fig. 6~a!, for a reduced wave vectorqi50.25 along
G-X, we show two calculations of Imx12(qW i ,v) for two
choices of thekW i-space integration grid. In one we use 26
special points42 in the irreducible two-dimensional Brillouin

-

-

FIG. 5. Spin-wave dispersion relations calculated for Fe/W~110!

as functions ofqW i along theG-X ~a! andG-L ~b! directions of the
two-dimensional Brillouin zone. The open circles were obtain
from the maxima positions of the spin-wave spectra given by
dynamical RPA susceptibility, as illustrated in Fig. 4. The solid lin
were calculated from the static susceptibility by using Eq.~26! ~see
text!.
7-9
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R. B. MUNIZ AND D. L. MILLS PHYSICAL REVIEW B 66, 174417 ~2002!
zone, and in the second we use 1036 points. The two re
are in excellent accord, so the calculation based on the co
grid has converged nicely. In Fig. 6~b!, we show a similar
comparison forqi50.50 along the same direction to rea
the same conclusion. Now, forqi50.35, the calculation
based on the coarse grid produces a very clear doublet in
spectral density, quite similar to those displayed in vario
earlier papers.41,17 However, as we increase the number
points in the integration grid, the doublet evolves into
single peak, with at most some asymmetry. In our stud
save for the case of an inappropriate Coulomb interac
described below, the presence of a doublet in the spe
density was just a signature of a calculation which had
converged. AkW i-space grid which provides convergence
some wave vectors may fail at nearby wave vectors in
experience. All of our converged calculations based o
choice of full rotationally invariant Coulomb interaction pro
duce a single dispersion curve, with no ‘‘optical spin wav
and with no ‘‘hybridization gaps.’’ Our experience thus lea
us to treat predictions of such structures with some caut

It is the case, however, that evidence for ‘‘optical sp
waves’’ appears in a neutron study of spin waves in b

FIG. 6. Comparison between the spin-wave spectra for
W~110! calculated as functions of energyE with different number

of points in thekW i-space integration grid for three distinct values

qW i along theG-X direction in the two-dimensional Brillouin zone
~a!, ~b!, and ~c! represent results for reduced values ofqi50.25,
0.50, and 0.35, respectively. The dashed curves were obtained
262 special points in the irreducible two-dimensional Brillouin zo
and the thin solid curves with 1036 points. The thick solid li
depicted in~c! was calculated with 4120 points in the irreducib
two-dimensional Brillouin zone. All calculations were made wi
the effective Coulomb interaction treated according with
Lowde-Windsor parametrization scheme~see text!.
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Ni.43 In the paper, unfortunately, no data on the shape of
loss spectrum itself has been provided for wave vectors
the regime where optical spin waves appear in the disper
relation. It is our understanding that a true double-pea
structure was not found; the presence of the ‘‘optical-sp
wave’’ mode was inferred from the modest structure in t
wing of the principal spin-wave loss feature.44 A similar
high-energy structure reported in Fe~Ref. 45! and suggested
as an optical-spin-wave mode is in very poor quantitat
agreement with earlier theoretical predictions,17,38 but is in
excellent accord with more recent studies which interp
this very broad feature as a modest structure in the Sto
spectrum.46 Clearly, further experimental studies of this iss
will prove of great interest.

The spin-wave excitation spectrum is directly affected
the electron-electron interaction and the way it is taken i
account at large wave vectors. Some important feature
the spectrum, such as the disclosure of possible mult
spin-wave modes, for example, may depend upon the f
of parametrization used, as well as on the choice of th
parameters, especially for relatively large wave vectors al
certain directions. In order to investigate the relationship
tween the effective Coulomb interaction and the spin-wa
excitation spectra, we have carried out calculations
x12(qW ,v) using other parametrized forms of interaction. W
turn to these studies next. We shall see that the predict
presented here are robust in regard to the sensitivity to
choice of Coulomb interaction, as long as the choice satis
constraints imposed by rotational symmetry.

C. Other forms of parametrization for the effective Coulomb
interaction

A more comprehensive scheme for parametrizing
electron-electron interaction in ferromagnetic transition m
als has been recently proposed.7,22 It assumes that the effec
tive on-site Coulomb interaction between the 3d electrons
has full rotational symmetry. This allows all Coulomb matr
elementsUmn,m8n8 between thed orbitals to be expressed i
terms of just three independent quantities, which may
treated as adjustable parameters to fit ground-state prope
of the system.7 Such an atomiclike scheme of dealing wi
the Coulomb interaction is compatible with methods used
atomic physics literature to describe intra-d-shell
excitations23,47 and characterizes the Coulomb interacti
structure appropriately in the limit of separated atoms. A
tailed study of the spin-wave excitations in an unsuppor
ultrathin ferromagnetic Fe~100! film and in bulk Fe has been
made using this approach.7 It provides a bulk spin-wave ex
change stiffness in excellent accord with previous calcu
tions and with neutron measurements. A very good acco
of the high-energy spectrum was also obtained, with no e
dence of an optical spin-wave branch, however, in agreem
with Savrasov’s recent calculations for bulk Fe.40

We have employed this form of parametrization to calc
late the spin-wave spectra in Fe/W~110!. In our calculations
we have used the Coulomb parameters obtained for bulk
that are listed in the second row of Table 2 of Ref. 7. Th
lead to a mean-field self-consistent ground-state magn
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momentm52.18mB for the Fe overlayer film. The results fo
the spin-wave spectra are shown in Fig. 7. They depict b
cally the same overall qualitative behavior as found in
previous section, namely, a rapid decrease in intensity w

concurrent broadening of the spin wave peak asqW i increases.
We have also found no clear evidence of spin-wave hyb
ization gaps due to the presence of optical-spin-wave mo
with this form of parametrization. We may notice a bro
and relatively shallow double-peak structure in the sp
wave spectra forqi50.4 alongGX and for qi50.5 along
GL. Such features, however, disappear when the precisio
our Brillouin zone numerical integration is increased, as
lustrated in Fig. 8. The corresponding spin-wave energ
estimated from the peak positions in the spectra are show
Fig. 9, where they are compared with those obtained in
previous section. We are reassured by the fact that the q
titative difference between these two schemes are very sm

FIG. 7. Imx12(qW i ,E) calculated for Fe/W~110! as functions of

energyE for different values of the wave vectorqW i along theG-X
~a! and G-L ~b! directions of the two-dimensional Brillouin zone
The curves represent results calculated for reduced values oqi
50.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70. The numerical i
grations were performed with 1036 special points in the irreduc
two-dimensional Brillouin zone. The vertical (y-axis! scale is plot-
ted in arbitrary units. The results shown here have been obtaine
employing the parametrization scheme developed in Ref. 7
treating the effective Coulomb interaction~see text!.
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Apparent hybridization gaps in the dispersion relation
spin waves in itinerant ferromagnets were first predicted
Cooke and collaborators,17 as noted above. In their origina
calculations for bulk Fe and Ni, they retained only the dia
onal elements of theU matrix, assuming Umn,m8n8
5Umdnmdm8mdn8m , where theUm[Umm,mm are equal for all
m belonging to the same irreducible representation of
point symmetry group. With this assumption, the exchan
splittings of the electronic states are given byDm5Ummm
and the dimensions of the matrices involved in Eq.~9! are
considerably reduced, because in this case Eq.~6! includes

e-
e

by
r

FIG. 8. Imx12(qW i ,E) calculated for Fe/W~110! with different

number of points in thekW i-space integration grid. Results o

Im x12(qW i ,E) are shown as functions of energyE for reduced
values ofqi50.4 ~a! andqi50.5 ~b! along theG-X andG-L direc-
tions in the two-dimensional Brillouin zone, respectively. The th
lines were calculated with 1036 special points in the irreduci
two-dimensional Brillouin zone and the thick lines with 4120 sp
cial points. Both calculations were made employing the parame
zation scheme developed in Ref. 7 for treating the effective C
lomb interaction~see text!.

FIG. 9. Comparison between spin-wave dispersion relations
culated for Fe/W~110! using different parametrization schemes
treat the effective Coulomb interaction. Open circles represent
sults obtained within the framework of the Lowde-Windsor para
etrization scheme and solid circles with the parametrization sch

developed in Ref. 7. Calculated values are shown forqW i along the
G-X ~a! and G-L ~b! directions of the two-dimensional Brillouin
zone.
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only G-matrix elements of the typeGg,h[Ggg,hh and
Gg,h

0 [Ggg,hh
0 . Cooke and collaborators considered two v

ues ofUm , corresponding to thet2g and eg cubic symme-
tries, and treatedUt2g

and Ueg
as adjustable parameter

which they determined by fitting the observed total magne
moment and itst2g to eg character. The corresponding e
change splittings obtained by such a procedure turned ou
be essentially identical for bulk Fe. They found spin-wa
stiffness constants in good agreement with experiments
both bulk Fe and Ni. However, as pointed out by Edward48

and Allan,36 the assumption of a diagonalU matrix is not
compatible with rotational invariance under the fullOh cubic
spatial symmetry group, and thus the scheme is quite
physical in character.

Cooke and Blackman eventually discovered the difficu
with their original parametrization and have used Coulo
potentials with proper rotational symmetry in some of th
later papers.38,22 For completeness, we have also calcula
the spin-wave spectra for the Fe monolayer adsorbed
W~001! employing Cooke’s original form of Coulomb inter
action. Here, the bulkt2g and eg manifolds split into four
different structures due to the reduced symmetry in the
sorbed film. In order to keep the number of parameters
minimum and to make contact with the long-wavelength c
culations performed in Sec. III A, we consider a single e
change splittingDm5Im common to alld orbitals, with I
51 eV/mB . This is equivalent to assuming an effectiv
Coulomb interaction Um5Im/mm . Our results for
Im x12(qW i ,v) calculated for several wave vectors alo
both theG-X andG-L directions are shown in Fig. 10. Th
most striking features are the distinct doublets that appea
the spin-wave spectrum. They are clearly visible in Fi
10~a! and 10~b! for qi50.3 andqi50.6 along theG-X and
G-L directions, respectively. Contrary to the previous ca
we have discussed above, these doublets are not artifac
poorly convergedkW i-space numerical integration, but a co
sequence of this Coulomb interaction parametrization fo
The corresponding spin-wave dispersion relations are sh
in Fig. 11 in comparison with those we have evaluated p
viously using other forms of Coulomb interaction. With th
inappropriate assumption of a diagonalU matrix, hybridiza-
tion gaps apparently open up in the spin-wave dispers
relation at reduced values ofqi50.3 andqi50.6 along the
G-X and G-L directions, respectively. The spectra beco
very broad asqi increases towards the Brillouin zone boun
ary and the determination of their maxima somewhat inac
rate, particularly forqW i alongG-X; estimates of such uncer
tainties are represented by vertical lines in Fig. 11~a!. The
doublet structures forqW i along G-L remain reasonably wel
defined, beyondqi50.6, all the way to the Brillouin zone
boundary.

It is, therefore, clear that the appearance of hybridizat
gaps in calculated spin-wave dispersion relations of itiner
ferromagnets also depends upon the manner by which
effective Coulomb interaction is treated. Such depende
becomes even more impressive in the case of a free-stan
monolayer, where the assumption of a diagonalU matrix
with elementsUm5Im/mm yields four distinct spin-wave
17441
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peak structures in Imx12(qW i ,v) for values ofqW i beyond the
long-wavelength regime. This is illustrated by the dotted li
in Fig. 12, calculated forqi50.35(2p/a0) along G-X. The
appearance of those quadruplets is compatible with the l
magnetic moment being split into four components with d
tinct d characters. The assumption of a diagonal- and orbi
dependentU matrix may reduce the on-site magnetic co
pling between such components and perhaps al
excitations involving these internal degrees of freedom
show up in the spin-wave spectrum. However, the use o
proper full rotationally invariant Coulomb interaction, suc

FIG. 10. Imx12(qW i ,E) calculated for Fe/W~110! as functions

of energyE for different values of the wave vectorqW i along theG-X
~a! and G-L ~b! directions of the two-dimensional Brillouin zone
The curves represent results calculated for reduced values oqi
50.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70. The numerical i
grations were performed with 1036 special points in the irreduc
two-dimensional Brillouin zone. The vertical (y-axis! scale is plot-
ted in arbitrary units. The results shown here were obtained
assuming a diagonal effective on-site Coulomb interaction, as o
nally proposed by Cookeet al. ~Ref. 17! ~see text!.
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as the one proposed in Refs. 7 and 22 or that implic
adopted by Lowde and Windsor, makes those quadrup
disappear and produces a spectrum with only a single
wave peak structure with no ‘‘optical spin wave’’ or ‘‘hybrid
ization gaps,’’ as illustrated in Fig. 12. By comparing resu
depicted in Figs. 12 and 4, we also clearly see that the p
ence of the tungsten substrate substantially increases

FIG. 11. Comparison between spin-wave dispersion relati
calculated for Fe/W~110! using three different parametrizatio
schemes to treat the effective Coulomb interaction. Open circ
solid circles, and open squares represent results obtained wit
parametrization schemes employed by Lowde and Windsor, T
et al. ~Ref. 7! and that originally considered by Cookeet al. ~Ref.
17! which assumes a diagonal effective CoulombU matrix, respec-

tively ~see text!. The spin-wave dispersions are shown forqW i along
theG-X ~a! andG-L ~b! directions of the two-dimensional Brillouin

zone. The vertical lines depicted in~a! for some values ofqW i rep-
resent estimates of the inaccuracy in determining the maxima o

spectra for the corresponding values ofqW i values.

FIG. 12. Imx12(qW i ,E) calculated for a free-standing Fe~110!
monolayer as functions of energyE for different values of the wave

vectorqW i along theG-X direction of the two-dimensional Brillouin
zone. The dotted curve was calculated for reducedqi50.35 em-
ploying Cooke’s original parametrization scheme which assum
diagonal effective on-site Coulomb interaction~see text!. The
dashed, solid, and dot-dashed lines were calculated within
framework of the Lowde-Windsor parametrization scheme for
duced values ofqi50.10, 0.35, and 0.60 alongG-X, respectively.
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spin-wave damping in comparison with the free-standing
monolayer. This is in qualitative agreement with results
previous model calculations based on a simple Hubb
Hamiltonian.31

IV. SUMMARY AND CONCLUDING REMARKS

In this paper, we have presented an extensive serie
theoretical studies of the spin-wave excitations for the fer
magnetic Fe monolayer on W~110!. Our empirical tight-
binding scheme allows us to carry out model calculations
the case where the W substrate is truly semi-infinite. In
view, this is a most desirable feature of the method since
accurately describe the Landau damping of the sh
wavelength spin waves, calculations should be carried
within the framework of a model with a true continuum
Stoner excitation, which serves as final states in the de
process. We do find that the short-wavelength spin waves
quite heavily damped, as we may appreciate from Fig.
This feature has its origin in the high density of final states
the W 5d-band complex. It will be interesting to explore th
Landau damping of short-wavelength spin waves as
thickness of the Fe film is increased or if the ultrathin film
adsorbed on a noble-metal substrate. Studies of the first p
are underway and of the second point will be undertaken
the near future. One disadvantage of our scheme, when c
pared with fullab initio methods, is that the on site Coulom
interactions are described in an empirical manner with us
adjustable parameters. To explore the sensitivity of our p
dictions to this aspect of our model, we have carried
calculations with two different schemes, each compati
with the requirement of local site symmetry and spin rotat
invariance. The two schemes7,35 produce results that are ver
similar indeed from the quantitative point of view, as o
may see from Fig. 5.

We have also compared results generated within
framework of an adiabatic description of spin motions to th
provided by the full dynamical theory to see that they ag
in regard to the value of the exchange stiffness, but the a
batic approach provides poor quantitative results for sh
wavelengths. Of course, within the framework of the ad
batic, the strong Landau damping present at short wa
lengths is absent from the theory. We remind the reader a
of the discussion presented some years ago by Edwards
Muniz,18 who proved that the adiabatic approach only p
vides reliable results at long wavelengths, where the sp
wave excitation energy varies quadratically with wave ve
tor. We have extended their proof to the case of an adsor
ferromagnetic film for a general form of Coulomb intera
tion, and an expression for the exchange stiffness in this c
may be extracted from Eq.~26!, evaluated for smallqW i .

We find that for the ferromagnetic the monolayer, t
spin-wave dispersion relation is highly anisotropic with sp
waves in theG-X direction substantially stiffer than those i
the G-L direction. Our calculated exchange stiffness alo
G-X is DGX5400 meV Å2, while alongG-L we haveDGL
5107 meV Å2. The anisotropy in the exchange stiffness
much larger for the adsorbed monolayer than for a fr
standing monolayer. We note that a simple nearest-neigh
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Heisenberg model would lead to a value ofD along G-X
twice as large as that alongG-L. Interestingly, asqi in-
creases, our dispersion relation alongG-L rises above the
extrapolation of the quadratic formDqi

2 . As the Fe thickness
is increased, the anisotropy in the exchange stiffness m
decrease, since in bulk Fe symmetry requires the disper
relation to be isotropic in the long-wavelength limit. Th
question is under study currently.

We have also explored the question of whether ‘‘opti
spin waves’’ exist or whether hybridization gaps might
present in the dispersion relation of spin waves in the
monolayer. At least for our preferred methods of represen
the Coulomb interaction,7,35we have found no clear evidenc
of ‘‘optical spin waves’’ in the spin-wave excitation spectr
Under certain circumstances, we find structures in the sp
tral density, very similar to those usually associated w
hybridization gaps, but in our experience they are a con
quence of poorly converged calculations. A tricky issue,
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