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Interpretation of spin-polarized electron energy loss spectra
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We study the origin of the structure in the spin-polarized electron energy loss spectroscopy~SPEELS!
spectra of itinerant-electron ferromagnetic crystals. For our study we consider a model based on 3d tight-
binding energy bands and a multiband Hubbard Hamiltonian. We find it is not the total density of Stoner states
that determines the response of the system in the Stoner region, as usually thought, but the densities of Stoner
states for only a few interband transitions. Which transitions are important depends ultimately on how strongly
umklapp processes couple the corresponding bands. This allows us to show, in particular, that the Stoner peak
in SPEELS spectra does not necessarily indicate the value of the exchange-splitting energy. Thus, the common
assumption that this peak allows us to estimate the magnetic moment through its correlation with exchange
splitting should be reconsidered, both in bulk and surface studies. The above mechanism is also one of the
main causes for the typical broadness of experimental spectra. Finally, our model predicts that high-energy spin
waves should be excited in SPEELS experiments.

DOI: 10.1103/PhysRevB.63.014409 PACS number~s!: 75.30.Ds
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I. INTRODUCTION

The study of elementary excitations in itinerant-electr
ferromagnets is an area that is currently very active in s
of the enormous amount of publications on the subject si
early work in the 1960s~see, e.g., Refs. 1 and 2 and refe
ences therein!. From the beginning, experimental and the
retical work on these materials concentrated on neutron s
tering and dynamical susceptibility studies.1,3–6 Efforts have
continued in this direction until today, both because of
gradual improvement of electronic band-structu
calculations7,8 and because of the improvement of the expe
mental method.9 Around the mid-1980s, however, a ne
technique was introduced in the field, namely, spin-polari
electron energy loss spectroscopy~SPEELS!. Among its first
successes, one can count the first observations, in a f
magnetic glass10 and in nickel,11 of what were interpreted a
Stoner excitations, i.e., electron-hole pairs with electrons
holes of opposite spin. Further work, reporting more deta
measurements, confirmed those findings.12,13 Theoretical
model calculations of inelastic electron spin-flip exchan
scattering14–17provided a basis for the interpretation of tho
observations in terms of Stoner excitations. In addition, V
nale and Singwi found in their work that spin waves sho
also be observable in SPEELS measurements.16 These had
not been observed at the time, however, nor were they
served in the several years that followed. Spin waves w
found in other model SPEELS calculations,18,19 the ones by
Plihal and Mills being the most conclusive in this respe
because of their more accurate treatment of electro
structure.19 It is only very recently that the detection of sp
waves in a SPEELS experiment has finally been reporte20

The application of SPEELS has been naturally extende
the study of magnetic surfaces.21–23An important theoretical
effort in this direction is that by Mills and collaborators,24–26

who have studied ferromagnetic thin films as well.
0163-1829/2000/63~1!/014409~9!/$15.00 63 0144
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To introduce the questions addressed by this work,
recall briefly some of the main concepts involved in SPEE
and discuss some of the findings to date. SPEELS is a s
polarized version of electron energy loss spectroscopy in
sense that the spin polarization of the scattered electron
also measured. The impinging electron often is also spin
larized, but this is not necessarily so~see, e.g., Refs. 10 an
11!. In a so-called spin-flip exchange scattering event,
incoming electron with given spin comes to occupy an em
level in the material, while an electron with opposite spin
driven out and is detected. The process thus produce
Stoner excitation. In the band picture of magnetic transit
metals, below the Curie temperature, the exchange splitd
bands provide large densities of occupied majority-s
states below the Fermi energy and vacant minority-s
states above it. Thus, it is more likely for an impinging ele
tron with minority spin to excite a Stoner pair than for
majority-spin incoming electron, particularly for an excit
tion energy corresponding to the exchange splitting of
ferromagnet. This is the mechanism invoked to explain
Stoner peak or the asymmetry reported in Refs. 10 and
and further experimental work~Refs. 12 and 13!. However,
it turned out necessary to elaborate on several other iss
First, the Stoner peak was very broad in all observatio
This was interpreted by Kirschner, Rebenstorff, and Ibac11

as an indication of the nonuniformity of exchange splitti
throughout the Brillouin zone. Then, in Fe, the energy loss
which the Stoner peak occurs and its width were reported
Venus and Kirschner to increase with increasing scatte
angle,12 a fact that was correlated by these authors with
calculated density of Stoner states. Also, a threshold for
onset of Stoner excitations in Ni~110! was reported by Abra-
ham and Hopster13 and interpreted in terms of the Ni 3d
band structure. These workers, moreover, indicated that t
spectra did not differ significantly for off specular scatteri
angles ranging from 10° to 40°,27 which they explained as
©2000 The American Physical Society09-1
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due to the nonconservation of the momentum compon
perpendicular to the surface.

Finally, an important application based on SPEELS int
pretation is that, in surface and thin-film studies, the Sto
peak is assumed to give information on the surface magn
moment through the correlation between exchange split
and moment.22,23 In particular, a Stoner peak found at high
energies than the exchange splitting bulk value is assume
indicate an enhanced magnetic moment at the surface.

Clearly, more theoretical work is required, for the bulk
much as for surfaces, to make further progress. In particu
it would be important to understand better the phenome
ogy of SPEELS and to try to be more specific about
information we can expect from it. This would also provid
experimenters with useful feedback. Accordingly, we think
is worthwhile going back to a model calculation and lo
more closely at the dynamic properties of the mate
probed by SPEELS. In this work we consider a model of
itinerant-electron ferromagnet based on paramagnetic ti
binding 3d bands, assuming the interacting system is
scribed by a multiband Hubbard Hamiltonian. The effect
on-site Coulomb repulsionU between electrons of opposit
spin is taken constant. The cross section for spin-flip
change scattering processes is evaluated within the rand
phase approximation~RPA!. As we shall see, this allows u
to show that it is not the total density of Stoner states a
function of energy loss and momentum transfer that cau
the structure in the Stoner region of the spectrum, but
density of Stoner states for a few interband excitatio
Which interband excitations are important is essentially
termined by the weight of the matrix elements for such p
cesses. In this regard the contribution of umklapp scatte
is fundamental because of the coupling of different band
different energy ranges. This gives rise to a richer struct
in the Stoner region of the spectra. Also, our model pred
that the high-energy spin waves reported in the past in n
tron scattering studies9,28–30 should be observable throug
SPEELS as well. Again, umklapp scattering proves critic
providing enough coupling between the impinging electr
and those in the solid to excite these spin waves.

Section II of this paper is devoted to theory, present
the derivation of the spin-flip exchange scattering cross s
tion for our model. We present our main results in Sec.
Then follows, in Sec. IV, a discussion of our results in t
light of experimental findings and other theoretical wo
Finally, in Sec. V, we summarize our work and give som
conclusions.

II. THEORY

A. Spin-flip exchange scattering cross section

The electron spin-flip exchange scattering differen
cross section for anN-electron system target has been pre
ously derived on general grounds by Vignale and Singw
terms of a particle-hole excitation correlation function.16 One
has

d2s

dE dV
52

m2

4p2\4

pf

pi

1

p

Im xs is f

R ~pi ,q,E!

12e2bE , ~2.1!
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whereE is the energy loss,V is the solid angle,m is the
electron mass, andb51/kBT. Momentum transfer is given
by q5pi2pf , with pi andpf the momentum of the incoming
and outgoing electrons, respectively. Likewise,s i is the spin
of the impinging electron ands f is the spin of the scattere
one. The retarded functionxs is f

R can be obtained by analyti

continuation of the two-particle temperature correlati
function

xs is f
~pi ,q,ivn!52E

0

b

dt e2 ivnt

3^Tt@%s is f
~pi ,q,t!%s is f

† ~pi ,q!#&.

~2.2!

In this equationvn52pn/b is a bosonic Matsubara fre
quency,Tt is the imaginary time ordering operator, and t
angular brackets indicate the thermodynamic average in
canonical ensemble.31 %s is f

† is the particle-hole creation op

erator

%s is f

† ~pi ,q!52
1

N (
j 51

N E dr dr je
2 ipf•r jeipi•rv~ ur2r j u!

3cs i

† ~r !cs f
~r j !, ~2.3!

wherecs
†(r ) is the field operator creating an electron of sp

s at positionr and v(r )5e2/r is the Coulomb interaction
between the scattered and target electrons. The sum
over theN electrons in the target system. This expression
quite general and could be applied equally well to a solid,
atom, or a molecule.

We now consider theN electrons in a crystal material. W
write the Bloch wave function for a state with wave vectork
and spins in bandn in terms of Wannier functions:

cnks~r !5
1

AN0
(
R

eik•Rfnk~r2R!hs , ~2.4!

whereN0 is the number of sites in the crystal andhs is the
spin function. Denoting byanks

† the operator creating an
electron in such a state, the field operators can be expan
as cs

†(r )5(nkcnks(r )anks
† . The particle-hole creation op

erator becomes

%s is f

† ~pi ,q!5(
nn8

(
k

Wnn8~pi ,q,k!anks i

† an8k2qs f
,

~2.5!

where the sum in momentum space runs over the Brillo
zone, and matrix elementWnn8 is given by

Wnn8~pi ,q,k!5
N0

V (
K

v̂~k2pi2K !f̂nk* ~k2K !

3f̂n8k2q~k2q2K !. ~2.6!

Here,K denotes vectors in the reciprocal lattice andV is the
volume of the sample. The caret indicates a Fouri
9-2
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INTERPRETATION OF SPIN-POLARIZED ELECTRON . . . PHYSICAL REVIEW B63 014409
transformed function, and the asterisk denotes complex c
jugation. To write the last two equations, we have defin
ank1Ks[anks and have exploited the periodicity of th
Wannier functions in the wave-vector index, i.e.,fnk1K
5fnk .

B. RPA expression for a tight-binding system

We are interested in the cross section for an itinerant e
tron ferromagnet. We describe the system within a tig
binding approximation, thus writing the Wannier wave fun
tion for givenk and band indexn by a linear combination of
atomic orbitalswm ,

fnk~r !5(
m

bmn~k!wm~r !. ~2.7!

The coefficientsbmn diagonalize the crystal Hamiltonian an
are normalized so as to define a unitary matrix. Con
quently, the independent-electron Hamiltonian of the sys
can be writtenH05(npsen(p)anps

† anps , where theen(p)
are paramagnetic band energies. We assume the intera
system is described by the multiband Hubbard Hamilton

HI5
1

2
U (

mm8
(
R

(
s

nmRsnm8R2s , ~2.8!

wherenmRs is the occupation number of state with spins at
site R in orbital m, andU is the effective on-site Coulomb
repulsion between electrons with opposite spin. In our Blo
states basis this becomes

HI5
1

2

U

N0
(
nn8
mm8

(
pp8q8

(
s

cnm~p1q8,p!cn8m8~p82q8,p8!

3anp1q8s
† ampsan8p82q82s

† am8p82s , ~2.9!

where we have definedcnm(p,q)5( lbln(p)blm(q). The
RPA evaluation of the correlation functionxs is f

defined in
Eq. ~2.2! is a straightforward generalization of that in prev
ous work.18 The response function divides naturally in two

xs is f
~pi ,q,ivn!5xs is f

S ~pi ,q,ivn!1xs is f

MB ~pi ,q,ivn!.

~2.10!

The Stoner or single-particle excitation contribution is giv
by

xs is f

S ~pi ,q,ivn!5(
nn8

(
k

f n8k2qs f
2 f nks i

ivn1en8s f
~k2q!2ens i

~k!

3uWnn8~pi ,q,k!u2. ~2.11!

We have introduced the occupation probability of statenks,
f nks5^anks

† anks&, and the single-particle energy modifie
by the exchange self-energy:

ens~k!5en~k!2
U

N0
(

p
f nps . ~2.12!
01440
n-
d
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-

-
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h

Thus, in this model, spin-down and spin-up energy bands
rigidly split by the quantityD5U(^n↑&2^n↓&), where

^ns&5
1

N0
(
mp

f mps ~2.13!

is the average number per site of states with spins.
The many-body contribution is given by

xs is f

MB ~pi ,q,ivn!5
U

N0
(
nn8

Gs is f

nn8 ~pi ,q,ivn!Gs is f

nn8 ~pi ,q,ivn!,

~2.14!

with the auxiliary functionsGnn8 and Gnn8 defined as fol-
lows:

Gs is f

nn8 ~pi ,q,ivn!5 (
mm8

(
k

f m8k2qs f
2 f mks i

ivn1em8s f
~k2q!2ems i

~k!

3Wmm8
* ~pi ,q,k!bnm~k!bn8m8~k2q!,

~2.15!

and, consideringG and G as vectors with coefficients in
dexed bynn8,

Gs is f
~pi ,q,ivn!5F11

U

N0
Ds is f

~q,ivn!G21

3Gs is f
~pi ,q,ivn!, ~2.16!

where the elements of matrixD are

Ds is f

nn8,mm8~q,ivn!5(
l l 8

(
k

bnl~k!bn8 l 8~k2q!

3
f l 8k2qs f

2 f lks i

ivn1e l 8s f
~k2q!2e ls i

~k!

3bml~k!bm8 l 8~k2q!. ~2.17!

To obtainxs is f

R , analytic continuationivn→E1 ih of the

above results is straightforward. Also, the results in the n
section are obtained in the zero-temperature limit.

III. RESULTS

Before presenting our results, there are a few details
our model that we should discuss. First, for definiteness
have taken parameter values corresponding to Fe. Then
we said in the Introduction, our model is based on simpled
tight-binding paramagnetic bands, i.e., we neglectsp hybrid-
ization. This has, of course, consequences on the quantita
details of the response of the system. However, we focus
the qualitative aspects of our results and are thus able
draw conclusions valid generally for itinerant-electron ferr
magnets.

The Wannier functions were written as a linear combin
tion of the five 3d Fe atomic wave functions. The overla
integrals were calculated, up to next-nearest neighbors, u
the Fe atomic wave functions determined according to G
9-3
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R. SANIZ AND S. P. APELL PHYSICAL REVIEW B63 014409
fith’s prescription,32 and a lattice constanta52.87 Å.33 We
have, thus, a five-band model. The bandwidth was set to
eV, which corresponds roughly to the bandwidth ofd elec-
trons in Fe.34 The exchange-splitting energyD was chosen to
be 2 eV, taking as reference the position of the peaks in
densities of states for majority and minority spins. Then,
Fermi level was fixed by the condition of having six ele
trons per unit cell. We show the density of states for majo
and minority spins in Fig. 1. These exhibit the bonding a
antibonding regions common to bcc materials with unfilledd
shells. Once the Fermi energy is fixed, we can deduce
strength of the effective Coulomb interactionU in our model
from U5D/(^n↑&2^n↓&). We findU50.69 eV, which com-
pares very well with the energy found in other works.35 On
the other hand, bulk polarization is too high, roughly 48%36

reflecting the lack of hybridization withsp electrons.
In a typical SPEELS experiment, the incoming electr

beam impinges on the sample surface at an angleu to the
normal, and the total scattering angle is 90°.11–13,22,23For
fixed scattering angle, i.e., for given incoming and outgo
momenta, there are three possible scattering processes c
sponding to different momentum transfer. In two cases,
elastic ~or specular! scattering event precedes or follows
relatively small-angle inelastic scattering event, giving m
mentum transfersq andq8, respectively. In the third process
there is a single large-angle inelastic scattering event wi
momentum transferq9 absorbed by the electron-hole pa
excitations. We consider here the geometry of Venus
Kirschner,12 that is, the sample exposes the~110! surface,

FIG. 1. The Fe majority- and minority-spin electron densities
states for our model, exhibiting the characteristic bonding and
tibonding regions. Bandwidth is 4.7 eV and exchange splitting
eV.
01440
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e
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and the scattering plane is defined by the surface nor
@110# and the@001# axis. If u is the axis normal to the sur
face, the three momenta mentioned are given as a functio
energy lossE, and impinging momentumpi and energyEi
by

qu5pi~cosu2sinuA12E/Ei !,

qu85pi~2cosu1sinuA12E/Ei !,

~3.1!

qu952pi~cosu1sinuA12E/Ei !,

qz5qz85qz95pi~sinu2cosuA12E/Ei !.

Momentum transfer parallel to the surface is the same in
three cases. To calculate the final spectrum, the contribut
of these three processes have to be added because e
ment does not discriminate between them.

Also, Fe, like the other transition element ferromagne
presents a low but non-negligible density of freelikes andp
states at the Fermi surface. Hence, the interaction betw
the incoming electrons and those in the solid will
screened. We take this into account using the Thomas-Fe
form of the screened Coulomb interactionv(r )
5(e2/r )exp(2qTFr ) in Eq. ~2.3! and v(q)54pe2/(q2

1qTF
2 ) in Eq. ~2.6!, with a screening wave vector corre

sponding to the density of states ofs andp electrons at the
Fermi surface.37 This givesqTF50.26 in units ofka54p/a.
Finally, we use a finite value forh when taking the analytic
continuation ivn→E1 ih. Since, to our knowledge, ther
are no estimates of the self-energy corrections38 for the case
of Fe, we takeh580 meV, which corresponds to the res
lution in the latest experiment on this material.20

A. Interband densities of Stoner states

Let us consider an incoming majority-spin electron w
an angle of incidenceu560° to the normal and energyEi
522 eV, which is the energy used in Ref. 12. We see in F
2~a! that the total spin-flip exchange scattering cross sec
is indeed rather broad, with its peak centered at an ene
much higher than the exchange-splitting value~2 eV in our
model!, a trend observed experimentally by Venus a
Kirschner.12 We also show the partial cross sections for d
ferent momentum transfers. The curves for the small sca
ing angle coincide for symmetry reasons. Though total cro
section broadness is somewhat increased because o
difference between small-angle and large-angle scatter
the cross section in each case is broad in itself. We h
examined the origin of the structure in this spectrum. Fi
we separated Stoner excitations and many-body effects
Fig. 2~b! we show the noninteracting cross section, given
the Stoner term of the response function in Eq.~2.10!, and
the interacting cross section, given by the full response fu
tion, including the many-body term. This figure clear
shows us the contributions of collective modes. Indeed,
broad feature starting around 0.2 eV indicates the excita
low-lying spin waves, and, more interestingly, the should
below 2 eV indicates the excitation of high-energy sp

f
n-
2
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INTERPRETATION OF SPIN-POLARIZED ELECTRON . . . PHYSICAL REVIEW B63 014409
waves. This is important because these so-called ‘‘optic
spin waves39 have not been discussed previously in conn
tion with SPEELS measurements. A detailed plot of t
many-body contributions to the cross section shows that
low-lying spin wave peaks around 0.4 eV, while the hig

FIG. 2. ~a! Spin-flip exchange cross section for a majority-sp
electron, with impinging energy of 22 eV and angle of incidence
60°. We show the total cross section, as well as the partial c
sections for different momentum transfer. The peak is at 3 eV
energy much higher than the exchange-splitting energyD52 eV.
~b! Interacting and noninteracting cross sections. The differe
between both curves clearly shows two collective modes, one
below 2 eV, and the other below 1 eV. The noninteracting cr
section shows three distinct features, namely, the peak at 3 e
shoulder at 4 eV, and a broad hump around 1 eV.~c! The total and
partial densities of Stoner states. These show the typical maxim
the exchange splitting energy, which are absent from the SPE
spectrum. The densities of Stoner states are incapable of expla
the peak of the SPEELS spectrum at 3 eV.
01440
’’
-

e
e

-

energy spin wave peaks around 1.65 eV. We consider
waves again further on, and we concentrate here on
single-particle traits. Besides the peak at 3 eV, the nonin
acting cross section shows a shoulder at 4 eV and a b
feature, albeit much smaller, at low-energy loss, around 1
or so. SPEELS spectra have often been interpreted in te
of the density of Stoner states. Accordingly, we show in F
2~c! the total density of Stoner states, as well as the dens
of Stoner states for different momentum transfer~as before,
the curves for small-angle scattering are the same!.40 It is
evident in the cross sections that there is nothing reminisc
of the high density of Stoner states at the exchange-split
energy. The only features of the cross sections that can
an explanation in the density of Stoner states are the shou
at 4 eV and, possibly, the hump around 1 eV. We have, th
refined our study and have considered the behavior of
density of Stoner states as a function of energy loss and
bands coupled in an excitation@recall energy loss and mo
mentum transfer are coupled, cf. Eq.~3.1!#

rnn8~E!5
1

N0
(

k
~ f n8k2qs f

2 f nks i
!

3d„E1en8s f
~k2q!2ens i

~k!…. ~3.2!

Hence, subscriptsn and n8 indicate minority and majority
bands, respectively~bands are numbered from bottom
top!. We show a plot of the density of states thus defined
Fig. 3~a!. We can see that the possible interband excitati
are completely identified. Moreover, the series of Sto
peaks clearly reflects the bonding and antibonding natur
the electronic structure, giving rise to two arrays of pea
for higher and lower excitation energies.41 The question is,
of course, which of these Stoner peaks contributes the m
to SPEELS cross sections. The answer is to be found,
haps unsurprisingly, in how strongly the different bands
coupled by the matrix elementsWnn8 of the electron-hole
creation operator. What is not so obvious is the outcome
the combined effect of Stoner peaks and matrix eleme
Let us consider the average value ofuWnn8u

2 over the Bril-
louin zone:

^uWnn8u
2&5

1

v̂
(

k
uWnn8u

2 ~3.3!

( v̂ denoting the volume of the Brillouin zone!. In Fig. 3~b!
we show the graph of̂uWnn8u

2& as a function of energy los
and of bands coupled. There is little significant variation a
function of energy loss, but a very important structure a
function of band couple, resulting in a wavelike patte
Comparing Figs. 3~a! and 3~b!, we can clearly see when it i
that both quantities,rnn8 and ^uWnn8u

2&, interfere construc-
tively. Thus, although the density of Stoner states reache
highest peak at exchange splitting, the average^uWnn8u

2& is
negligible for the corresponding band couples. Instead,
though the densities of Stoner states for interband excitat
21 and 22, 31 and 32, and 41 and 42 are more modest
corresponding matrix element averages are high, whence
peak around 3 eV and the shoulder around 4 eV in the n

f
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R. SANIZ AND S. P. APELL PHYSICAL REVIEW B63 014409
interacting cross section in Fig. 2~b!. Actually, the peak at 3
eV is more of a hat on top of the high cross-section value
to interband excitations 31 and 32. We can also see tha
hump around 1 eV is due to excitations coupling bands 2
3, and 2 and 4. To corroborate our analysis, we show in
4 the cross section taking into account solely the interb
processes mentioned above. We include the total nonin
acting cross section for comparison as well. We see that
few interband excitations considered indeed account alm
completely for the structure of the noninteracting spectru
An argument to understand how so simple a picture
work is that, since the atomic 3d orbitals are localized, thei
Fourier transform is rather flat, so thatuWnn8u

2 in the single-
particle correlation functionxs is f

S @cf. Eq. ~2.11!# may be

FIG. 3. ~a! Three-dimensional~3D! plot of the interband densi
ties of Stoner states. The possible interband excitations are cle
identified. The two series of peaks reflect the bonding and antibo
ing nature of the Fe electronic structure. The highest peak is fo
at exchange splitting, fornn8544. As we explain in the text, how
ever, this peak contributes little to the spin-flip exchange cross
tion. ~b! 3D plot of the averagêuWnn8u

2&. The slight dependence o
energy results in the wavelike form of the surface. The lines on
surface parallel to the energy axis correspond to fixed band co
value. The important interband excitations are determined by
crests, namely, 21, 22, 31, 32, 41, and 42. One can also observ
^uWnn8u

2& reaches its lowest values fornn8515, . . .,55.~c! 3D plot
of ^uWnmu2& without umklapp processes, The important interba
excitations have been reduced tonn8531,32, thus singling out ex
citations in a restricted energy range.
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replaced by its average value over the Brillouin zone. Th
xs is f

S is approximately proportional to(nn8rnn8^uWnn8u
2&, a

weighted average of the interband densities of Stoner sta

B. Umklapp processes

Another most interesting phenomenon playing a fun
mental role in SPEELS is umklapp scattering. One can se
Eq. ~2.6! that the contribution of umklapp processes (K
Þ0) to the particle-hole excitation operator%s is f

is
weighted by the Coulomb interaction and the Wannier wa
functions. Because of the decay of the Coulomb potentia
well as of the atomic orbitals with increasing wave vect
the weight becomes rapidly negligible for reciprocal latti
vectors beyond first-nearest neighbors. This is enough, h
ever, for umklapp processes to have a twofold effect. To
this, let us consider cross sections, taking into account o
normal excitations~i.e., with respect to the first Brillouin
zone!. We show this in Fig. 5, where we plot both the inte
acting and noninteracting no-umklapp cross sections. F

rly
d-
d

c-

e
le
e
hat

FIG. 4. The noninteracting scattering cross section taking i
account only 8 (nn8521,22,23,24,31,32,41,42) out of the 25 po
sible interband excitations, selected as explained in the text, c
pared to the total noninteracting scattering cross section. The
curve follows the second one very closely.

FIG. 5. Spin-flip exchange scattering cross section without u
klapp processes. All that is left is a broad maximum between 3
4 eV, and a hump at 1 eV. Clearly, the most important informat
is lost, i.e., the peak at 3 eV and the shoulder at 4 eV. Also, all tr
of spin waves in the spectrum has disappeared@cf. Fig. 2~b!#.
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we see that, quite apart from their much lower values
comparison with the response taking into account umkl
scattering, spectra in Fig. 5 show little resemblance w
those in Fig. 2~b! ~the scale in both figures is the same!. This
is because the possible interband excitations have been
tically reduced. Indeed, let us consider the graph of the
erage ^uWnn8u

2& for excitations strictly conserving crysta
momentum. We show this in Fig. 3~c!. The wave crests hav
been reduced to that fornn8531,32, from which it is obvi-
ous that the different wave crests in Fig. 3~b! are due to
umklapp scattering. Normal scattering alone results in
spectrum almost completely distorted because of the ex
tion of interband transitions mainly for energies between
and 4 eV@cf. Fig. 3~a!#.

Furthermore, in Fig. 5 it is immediately apparent th
there remains no trace of spin waves in the spectrum. Ind
the interacting and noninteracting curves are almost indis
guishable, with no hint of any collective mode. At this poi
it is important to consider the behavior of the low-lying sp
wave for small wave vector because of its indication of
stability of the ground state. We have calculated the lo
lying spin-wave dispersion relation and found it tends l
early to 218.7 meV forq→0. The slope is low but positive
with a value of 8.9 meV Å. Thus our model is consiste
However, we cannot expect from it further predictive pow
regarding spin waves. For instance, we see our low-ly
mode is technically an ‘‘optical’’ mode, and not an ‘‘acou
tic’’ mode, as expected. The reason is that the energy ba
in our model are purelyd. It is well known that models of
itinerant ferromagnetism that do not take into account
bridization withsp bands fail to yield appropriate dispersio
relations for spin waves.42 Thus, our high-energy mode i
much too high compared to the neutron scattering result
Perringet al.9 Nevertheless, we do think our results prope
introduce high-energy spin waves as a source of structur
SPEELS measurements, pointing to umklapp scattering
the mechanism for their excitation.

IV. DISCUSSION

We wish to discuss some of the issues considered in
work pertaining to other theoretical and experimental fin
ings. First of all, as we have shown@cf. Fig. 2~b!#, the maxi-
mum in the SPEELS spectrum does not necessarily co
spond to the exchange-splitting energy of the ferromag
since the peak in the spectrum is at 3 eV andD52 eV in our
model. Thus, the common assumption that this peak all
us to estimate the magnetic moment22,23 through its correla-
tion with exchange splitting should be reconsidered, both
bulk and surface studies.

Also, the broadness of the spectrum is generally ass
ated with a nonconstant exchange splitting over the Brillo
zone~see, e.g., Ref. 11!. While we agree a nonconstant e
change splitting will have this effect, we have seen tha
most important source of broadness is umklapp scatter
together with the structure of the interband densities
Stoner states of the material. As mentioned in the Introd
tion, Venus and Kirschner12 intended to correlate the beha
ior of the Stoner peak with varying scattering angle with th
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of the peak in the total density of Stoner states. According
our results, this picture is not correct. The maximum in t
spectrum depends on the relative weight of a few interb
densities of Stoner states, which is determined by the ma
elements for such excitations. In this respect, a calculatio
the interband densities of Stoner states and of the wei
Wnn8 employing accurate electronic bands and wave fu
tions would be most clarifying. To allow for a closer com
parison with theory, it would be desirable to have expe
mental results of the Stoner region of the SPEELS spect
with improved resolution, particularly in the case of Fe~for
which the only available results are still those of Ref. 1
whose resolution is of only 400 meV!.

Abraham and Hopster interpret the onset of Stoner e
tations found in their work in terms of the 3d band structure
of Ni.13 This could readily be verified having at hand th
interband densities of Stoner states for this material. Inde
these authors consider in particular interband excitations
responding tonn8555, the onset of which, if they exist
could be easily identified in a graph like that in Fig. 3~a!. A
point still to be verified would be if the matrix elements fo
such excitations are sufficiently important. Furthermore,
little difference of spectra for 10°, 20°, and 40° off specu
scattering angles reported by these authors would mean
the interband densities of Stoner states and umklapp wei
differ little for those angles in the case of Ni. Thus, a the
retical calculation along the lines in our work would help
understand better the Stoner spectrum of this material.

Spin waves, both acoustic and optical, have long b
predicted in itinerant ferromagnets and subsequently
served in neutron scattering experiments.1,4,28,30The first de-
tection of the acoustic mode in Fe in a SPEELS experim
has also been reported recently.20 Our work poses the ques
tion of the possibility of observing in SPEELS measureme
the optical modes as well. The question to be studied in
future is if there can be enough coupling between the inco
ing electron and those in the solid to excite an optical s
wave. According to our model, it is umklapp processes t
provide the necessary coupling to excite the high-energy s
waves. This is consistent with the picture of Cooke and
workers that these modes derive from interband transition29

We would expect the high-energy modes to be observe
SPEELS experiments on Ni, since it is a strong ferromag
allowing for well-defined spin waves. The case of Fe appe
to be more problematical, since it is a weak ferromagn
Indeed, theoretical studies of the dynamical susceptibility
Tang, Plihal, and Mills8 and by Savrasov43 fail to predict any
high-energy spin wave in the case of Fe. On the other ha
these results are at odds with similar investigations by Co
and co-workers.29 They seem to be also at odds with th
experimental findings of Perringet al.9 and of Paulet al.44

Whether the experimental findings in the case of Fe can
explained in terms of Stoner excitations is an op
question.45 Our present calculation, with parameters cor
sponding to Fe, does predict the observation of the hi
energy spin waves in SPEELS measurements. It could
however, that acoustic spin waves, when present, drain m
of the oscillator strength. This is plausible because it
9-7
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R. SANIZ AND S. P. APELL PHYSICAL REVIEW B63 014409
known that acoustic spin waves in Fe arise upon hybrid
tion of d electrons withsp electrons. Matrix elements~i.e.,
umklapp couplings! with sp hybridization will be more im-
portant because of the larger extension and magnitude o
4s wave functions. This implies, of course, as our mod
does, that optical modes are mainlyd in character.~The case
of Ni appears to be different, since even a pured band model
of Ni shows acoustic spin waves.5!

The analysis presented in this work can prove useful m
broadly in the understanding of ferromagnetism. Recen
Hirsch has presented a model of ferromagnetism without
change splitting, in which spin polarization arises up
broadening of the majority-spin bands relative to t
minority-spin bands.46 If this mechanism plays an importan
role in itinerant ferromagnets, then the interband densitie
Stoner states will change considerably because pairs of b
other than those in the Stoner picture of ferromagnetism
be involved. Consequently, the predicted exchange scatte
spectra will be different in both pictures. Thus, SPEELS c
prove a useful tool to validate or disprove Hirsch’s mode

Finally, we comment on the question of whether bulk
surface properties are measured by SPEELS. Our calc
tions here have focused on bulk properties. However, so
authors have presented SPEELS as a technique more a
priate for surface studies.23,25 The reason for concern is th
mean free path of electrons at the energies used in SPE
Experimental estimates for Fe films give values between
and 7 Å, depending on the crystal direction and nature of
substrate47 for electrons with an energy of 20 eV. The que
tion raised, however, is not simple and requires more
tailed consideration, both theoretically and experimenta
Still, most of the observations to date have been discusse
the light of bulk calculations.12,13,20 In this regard, a recen
report on the electron dynamics at the surfaces of noble m
als~Ag and Cu! is appropriate to mention. Bu¨rgi et al.48 have
found that the dynamics of hot electrons at surfaces can
dominated by bulk electrons. This offers more support to
premise that our results offer a sensible explanation
SPEELS results.
oc
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V. SUMMARY AND CONCLUSIONS

In this work we address the problem of the interpretat
of the SPEELS spectrum of itinerant ferromagnets. We fi
that considerably more information can be drawn from th
measurements than has been recognized until now. We
found that the peaks of the spectra in the Stoner region
the image of a few interband densities of Stoner states of
material. These are very sensitive to the electronic struc
of the material and illustrate very clearly the possible int
band excitations. Which are the most significant interba
excitations is determined by the couples of bands singled
by the average weight over the Brillouin zone of the squa
matrix elements for the corresponding Stoner excitations
this respect, umklapp processes play a most fundame
role. Our model also predicts that high-energy spin wa
should be excited in SPEELS experiments, with umkla
scattering providing the necessary coupling. Our results
low us to explain several of the features observed in SPEE
spectra, suggesting a mechanism for the electronic exc
tions involved in these experiments. From the theoreti
point of view,ab initio calculations of the interband densitie
of Stoner states and matrix elementsWnn8 would provide a
closer look at the elementary excitations in itinerant fer
magnets. The differences between different ferromagn
like Fe and Ni, could also be better understood. From
experimental point of view, measurements with higher re
lution would be desirable, both for the study of the Ston
region and of spin waves. We think our results provide
good starting point for those further studies.
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