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We study the origin of the structure in the spin-polarized electron energy loss spectrdSipELS
spectra of itinerant-electron ferromagnetic crystals. For our study we consider a model basédigint-3
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.
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[. INTRODUCTION To introduce the questions addressed by this work, we
recall briefly some of the main concepts involved in SPEELS
The study of elementary excitations in itinerant-electronand discuss some of the findings to date. SPEELS is a spin-
ferromagnets is an area that is currently very active in spitg@olarized version of electron energy loss spectroscopy in the
of the enormous amount of publications on the subject sinceense that the spin polarization of the scattered electrons is
early work in the 1960gsee, e.g., Refs. 1 and 2 and refer- also measured. The impinging electron often is also spin po-
ences therein From the beginning, experimental and theo-larized, but this is not necessarily tsee, e.g., Refs. 10 and
retical work on these materials concentrated on neutron scatl). In a so-called spin-flip exchange scattering event, an
tering and dynamical susceptibility studie:® Efforts have  incoming electron with given spin comes to occupy an empty
continued in this direction until today, both because of thelevel in the material, while an electron with opposite spin is
gradual improvement of electronic band-structuredriven out and is detected. The process thus produces a
calculation$® and because of the improvement of the experi-Stoner excitation. In the band picture of magnetic transition
mental method. Around the mid-1980s, however, a new metals, below the Curie temperature, the exchange sglit 3
technigue was introduced in the field, namely, spin-polarizedands provide large densities of occupied majority-spin
electron energy loss spectroscdiPEELS. Among its first  states below the Fermi energy and vacant minority-spin
successes, one can count the first observations, in a ferretates above it. Thus, it is more likely for an impinging elec-
magnetic glas$ and in nickel*! of what were interpreted as tron with minority spin to excite a Stoner pair than for a
Stoner excitations, i.e., electron-hole pairs with electrons andhajority-spin incoming electron, particularly for an excita-
holes of opposite spin. Further work, reporting more detailedion energy corresponding to the exchange splitting of the
measurements, confirmed those findilgS Theoretical —ferromagnet. This is the mechanism invoked to explain the
model calculations of inelastic electron spin-flip exchangeStoner peak or the asymmetry reported in Refs. 10 and 11
scattering*~* provided a basis for the interpretation of thoseand further experimental worlRefs. 12 and 18 However,
observations in terms of Stoner excitations. In addition, Vig-it turned out necessary to elaborate on several other issues.
nale and Singwi found in their work that spin waves shouldFirst, the Stoner peak was very broad in all observations.
also be observable in SPEELS measurem&nthese had This was interpreted by Kirschner, Rebenstorff, and Ibach
not been observed at the time, however, nor were they olas an indication of the nonuniformity of exchange splitting
served in the several years that followed. Spin waves werthroughout the Brillouin zone. Then, in Fe, the energy loss at
found in other model SPEELS calculatiofis? the ones by  which the Stoner peak occurs and its width were reported by
Plihal and Mills being the most conclusive in this respectVenus and Kirschner to increase with increasing scattering
because of their more accurate treatment of electroniangle!? a fact that was correlated by these authors with the
structure!® It is only very recently that the detection of spin calculated density of Stoner states. Also, a threshold for the
waves in a SPEELS experiment has finally been repdfted. onset of Stoner excitations in (il0) was reported by Abra-
The application of SPEELS has been naturally extended tham and Hopsté? and interpreted in terms of the Nid3
the study of magnetic surfac&s.23An important theoretical band structure. These workers, moreover, indicated that their
effort in this direction is that by Mills and collaboratd?s,?®  spectra did not differ significantly for off specular scattering
who have studied ferromagnetic thin films as well. angles ranging from 10° to 437, which they explained as
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due to the nonconservation of the momentum componenvhereE is the energy loss() is the solid anglem is the
perpendicular to the surface. electron mass, ang=1/kgT. Momentum transfer is given
Finally, an important application based on SPEELS interby g=p; —p;, with p; andp; the momentum of the incoming
pretation is that, in surface and thin-film studies, the Stoneand outgoing electrons, respectively. Likewisejs the spin
peak is assumed to give information on the surface magnetiof the impinging electron and; is the spin of the scattered
moment throg%h the c_orrelation between exchange s_plitting;ne_ The retarded fU”Ctiof'Eiaf can be obtained by analytic
and ”’!O”‘e“f- ~"In particular, a _Stpner peak found athigher .ontinyation of the two-particle temperature correlation
energies than the exchange splitting bulk value is assumed nction
indicate an enhanced magnetic moment at the surface.
Clearly, more theoretical work is required, for the bulk as _ B _
much as for surfaces, to make further progress. In particular, Xo,o,(Pi d.i@n)=— fo dre'“n”
it would be important to understand better the phenomenol-

ogy of SPEELS and to try to be more specific about the X{(T 100 o (P A DO (P D]
information we can expect from it. This would also provide o it
experimenters with useful feedback. Accordingly, we think it (2.2

is worthwhile going back to a model calculation and look

more closely at the dynamic properties of the material : . . . :
probed by SPEELS. In this work we consider a model of anquency,TT Is the imaginary time ordering operator, and the

e =~ angular brackets indicate the thermodynamic average in the
itinerant-electron ferromagnet based on paramagnetic tlghf”—l 9 Y 9

. T . . _ . i
binding 3d bands, assuming the interacting system is de_canonlcal ensemb%.ggigf 's the particle-hole creation op

scribed by a multiband Hubbard Hamiltonian. The effective€rator

In this equationw,=2mn/B is a bosonic Matsubara fre-

on-site Coulomb repulsiok) between electrons of opposite LN
spin is taken constant. The cross section for spin-flip ex- + _ fdr dr.e—iPrTigpiT

X ) o == e 'PrtighPi r—r;
change scattering processes is evaluated within the random- Q”i”f(p' a) N ,Zl ! (] JI)

phase approximatiofRPA). As we shall see, this allows us +

to show that it is not the total density of Stoner states as a Xihy (V) ihg (1)), (2.3

function of energy loss and momentum transfer that causes TN i ) ,

the structure in the Stoner region of the spectrum, but th&/herey,(r) is the field opezratqr creating an electron of spin

density of Stoner states for a few interband excitations? &t positionr andu(r)=e“/r is the Coulomb interaction

Which interband excitations are important is essentially dePetween the scattered and target electrons. The sum runs

termined by the weight of the matrix elements for such pro-OV_er theN electrons in the targe_t system. This expression is

cesses. In this regard the contribution of umklapp scatteringuite general and could be applied equally well to a solid, an

is fundamental because of the coupling of different bands a&tom, or a molecule. _ ,

different energy ranges. This gives rise to a richer structure W& Now consider thdl electrons in a crystal material. We

in the Stoner region of the spectra. Also, our model predictdVrite the Bloch wave function for a state with wave vedtor

that the high-energy spin waves reported in the past in nel@nd Spino in bandn in terms of Wannier functions:

tron scattering studié$®—3° should be observable through

SPEELS as well. Again, umklapp scattering proves critical,

providing enough coupling between the impinging electron

and those in the solid to excite these spin waves. i o .
Section I of this paper is devoted to theory, presentingVhereNo is the number of sites in the crystal ang is the

the derivation of the spin-flip exchange scattering cross secpin function. Denoting bya/,, the operator creating an

tion for our model. We present our main results in Sec. lll.electron in such a state, the field operators can be expanded

Then follows, in Sec. IV, a discussion of our results in theas ¥}(r) == ¥nk(r)al, . The particle-hole creation op-

light of experimental findings and other theoretical work.erator becomes

Finally, in Sec. V, we summarize our work and give some

1 )
wnkg<r>=W ; e Rou(r—-R)m,, (2.4
0

conclusions.
ino'f(pi ,Q)ZE ; Win (Pi lqlk)alkgian’k*(]()'fl
nn’
Il. THEORY (2.5
A. Spin-flip exchange scattering cross section where the sum in momentum space runs over the Brillouin

o . . ._zone, and matrix elemefv,, is given b
The electron spin-flip exchange scattering differential nn 159 y

cross section for ah-electron system target has been previ- N A .
ously derived on general grounds by Vignale and Singwi in W, (i ,q,K) = v E v(k—pi—K) ¢ (k—K)
terms of a particle-hole excitation correlation functftone K

has -
i X buric—q(K—q—K). (2.6
d’o _ m? Pt E ImX‘Ti"'f(pi 0,E) 2.1) Here,K denotes vectors in the reciprocal lattice and the

dE dQ Amhipm 1-e FE ' volume of the sample. The caret indicates a Fourier-
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transformed function, and the asterisk denotes complex corFhus, in this model, spin-down and spin-up energy bands are
jugation. To write the last two equations, we have definedigidly split by the quantityA=U((n;)—(n,)), where
Anike=2anks and have exploited the periodicity of the

Wannier functions in the wave-vector index, i. 1
— @ik <nu>: N_ 2 fmpu (2-13
¢nk- 0 mp

is the average number per site of states with gpin

B. RPA expression for a tight-binding system The many-body contribution is given by

We are interested in the cross section for an itinerant elec-
tron ferromagnet. We describe the system within a tight- ;g S an’ : nn’ .
binding approximation, thus writing the Wannier wave func- X«Ti«ff(pi ! w”)_N_O % foifff(pi Gt wn)rgi”f(pi Giwn),
tion for givenk and band index by a linear combination of (2.14
atomic orbitalse, , ,
with the auxiliary functionsG"™" andI'"™ defined as fol-
lows:

¢nk<r>=§ Bmn(K) @m(r). (2.7)

fm’quaf - fmkai

The coefficients,, diagonalize the crystal Hamiltonian and ~ G o, (Pi i wn) = E ; ot e (k—q)—eme (K)
are normalized so as to define a unitary matrix. Conse- mm nme i

quently, the independent-electron Hamiltonian of the system XWE (pi,0,K) Bm(K) by mr (K= ),
can be writtenHo==,,€n(P)a},anp, . Where thee,(p) mm
are paramagnetic band energies. We assume the interacting (219
system is described by the multiband Hubbard Hamiltonianand, considerings and I as vectors with coefficients in-
1 dexed bynn’,
Hi=5U> X > NureNmrkeo (2.9 -1
2 mm R o

. U :
Foiof(pi!qvlwn): 1+ N Daigf(qalwn)
wherenr,, is the occupation number of state with spirat

site R in orbital m, and U is the effective on-site Coulomb X Gy o (P Aiwn), (2.19
repulsion between electrons with opposite spin. In our Bloch '
states basis this becomes where the elements of matr are
Moo S S S om0 )y (b~ ') Dot (@i wn) =2 X ba(k)byi:(k=a)
2 No o pp'a” K
: mi . fl’qu(rf_flkrri

X 8np g/ o@mponrpr —qr - oBmp’ — o (2.9 “Tont €ro(K=0)—€,4,(Kk)

where we have definea,(p,q)=2b,,(p)bin(q). The X by (k)b (K—0). 2.17

RPA evaluation of the correlation functicm,i,,f defined in
Eq. (2.2 is a straightforward generalization of that in previ- TO obtain x5 , , analytic continuatioriw,—E+i7 of the

ous work’® The response function divides naturally in two: above results is straightforward. Also, the results in the next
section are obtained in the zero-temperature limit.

Xo'iof(pi !qai wn):)(iig-f(pi !qai wn)+Xl\;Ail<3;f(pi !qai wn)'
(2.10 Ill. RESULTS
The Stoner or Single-particle excitation contribution is given Before presenting our resu“:sy there are a few details of
by our model that we should discuss. First, for definiteness we
have taken parameter values corresponding to Fe. Then, as
s iw)=3 S Fk—ao, ~ ko, we said in the Introduction, our model is based on simpule 3
X()’i(rf(pi Qiw,)= = 4 iwn+€nfaf(k_Q)_ Enai(k) f[igh_t-bindir?g paramagnetic bands, i.e., we negim:hybrid-_ _
ization. This has, of course, consequences on the quantitative
X |Whn (pi,9,K) |2 (2.11 details of the response of the system. However, we focus on

) . . the qualitative aspects of our results and are thus able to
We haveT introduced the occupation probability of s&ke’, g conclusions valid generally for itinerant-electron ferro-
foke={@mksanke), a@nd the single-particle energy modified magnets.

by the exchange self-energy: The Wannier functions were written as a linear combina-
tion of the five 31 Fe atomic wave functions. The overlap
K)=e.(K)— i > f 21 integrals were calculated, up to next-nearest neighbors, using
€no(K) = €,(K) N npo - (212 - . . . .
o p the Fe atomic wave functions determined according to Grif-
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8 I I I I T and the scattering plane is defined by the surface normal
[110] and the[001] axis. If u is the axis normal to the sur-
face, the three momenta mentioned are given as a function of
energy lossE, and impinging momenturp; and energykg;

by

6 Majority spin —

gu=pi(cosfd—sino\1—-E/E),
T 7 q,=pi(—cosd+sin\1-E/E)),

\ (3.2
0

*\\VJ qﬁz—pi(cosa+sin0\/1—7E/Ei),
2

0 N} g,=q,=0,=pi(sinf—cosHy1—E/E;).

Momentum transfer parallel to the surface is the same in the
three cases. To calculate the final spectrum, the contributions
of these three processes have to be added because experi-
6 Minority spin — ment does not discriminate between them.
Also, Fe, like the other transition element ferromagnets,
8 | | | | | presents a low but non-negligible density of freelieandp

states at the Fermi surface. Hence, the interaction between
-4 -3 -2 -1 Ef 1 2 3 the incoming electrons and those in the solid will be
screened. We take this into account using the Thomas-Fermi
form of the screened Coulomb interactior(r)

(2 : A2/ 2
FIG. 1. The Fe majority- and minority-spin electron densities of_(e2 Ir)exp(-arer) in Eq. (2.3 and v(q)=4me/(q

states for our model, exhibiting the characteristic bonding and an=d7e) in Ed. (2.6), with a screening wave vector corre-

tibonding regions. Bandwidth is 4.7 eV and exchange spliting 2SPonding to the density of states ®&ndp electrons at the
ev. Fermi surfacé’ This givesgg=0.26 in units ofk,=47/a.

Finally, we use a finite value fon when taking the analytic
continuationiw,—E+i%. Since, to our knowledge, there
re no estimates of the self-energy correctidfisr the case
f Fe, we taken=80 meV, which corresponds to the reso-

lution in the latest experiment on this matefal.

DOS (states/eV-atom)

Energy (eV)

fith’s prescriptiort? and a lattice constart=2.87 A2 We
have, thus, a five-band model. The bandwidth was set to 4.
eV, which corresponds roughly to the bandwidthdoélec-
trons in Fe2* The exchange-splitting energywas chosen to
be 2 eV, taking as reference the position of the peaks in the
densities of states for majority and minority spins. Then, the
Fermi level was fixed by the condition of having six elec- Let us consider an incoming majority-spin electron with
trons per unit cell. We show the density of states for majorityan angle of incidenc#=60° to the normal and enerdy,
and minority spins in Fig. 1. These exhibit the bonding and=22 eV, which is the energy used in Ref. 12. We see in Fig.
antibonding regions common to bcc materials with unfiled 2(a) that the total spin-flip exchange scattering cross section
shells. Once the Fermi energy is fixed, we can deduce thg indeed rather broad, with its peak centered at an energy
strength of the effective Coulomb interactibhnin our model  much higher than the exchange-splitting val@eeV in our
fromU=A/({(n;)—(n,)). We findU=0.69 eV, which com- mode), a trend observed experimentally by Venus and
pares very well with the energy found in other wofR©On  Kirschner'2 We also show the partial cross sections for dif-
the other hand, bulk polarization is too high, roughly 48%, ferent momentum transfers. The curves for the small scatter-
reflecting the lack of hybridization withp electrons. ing angle coincide for symmetry reasons. Though total cross-
In a typical SPEELS experiment, the incoming electronsection broadness is somewhat increased because of the
beam impinges on the sample surface at an afigle the  difference between small-angle and large-angle scattering,
normal, and the total scattering angle is 96°1*2223For  the cross section in each case is broad in itself. We have
fixed scattering angle, i.e., for given incoming and outgoingexamined the origin of the structure in this spectrum. First,
momenta, there are three possible scattering processes corvge separated Stoner excitations and many-body effects. In
sponding to different momentum transfer. In two cases, atrig. 2(b) we show the noninteracting cross section, given by
elastic (or specular scattering event precedes or follows athe Stoner term of the response function in E410, and
relatively small-angle inelastic scattering event, giving mo-the interacting cross section, given by the full response func-
mentum transferg andq’, respectively. In the third process, tion, including the many-body term. This figure clearly
there is a single large-angle inelastic scattering event with ahows us the contributions of collective modes. Indeed, the
momentum transfeq” absorbed by the electron-hole pair broad feature starting around 0.2 eV indicates the excitation
excitations. We consider here the geometry of Venus antbw-lying spin waves, and, more interestingly, the shoulder
Kirschner'? that is, the sample exposes thEl0) surface, below 2 eV indicates the excitation of high-energy spin

A. Interband densities of Stoner states
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30

energy spin wave peaks around 1.65 eV. We consider spin
waves again further on, and we concentrate here on the
single-particle traits. Besides the peak at 3 eV, the noninter-
acting cross section shows a shoulder at 4 eV and a broad
feature, albeit much smaller, at low-energy loss, around 1 eV
or so. SPEELS spectra have often been interpreted in terms
of the density of Stoner states. Accordingly, we show in Fig.
2(c) the total density of Stoner states, as well as the densities
of Stoner states for different momentum trangfes before,

the curves for small-angle scattering are the 9dthét is

0 . . . ! evident in the cross sections that there is nothing reminiscent
0 1 2 3 4 5 of the high density of Stoner states at the exchange-splitting
Energy Loss (eV) energy. The only features of the cross sections that can find
30 . T . an explanation in the density of Stoner states are the shoulder
at 4 eV and, possibly, the hump around 1 eV. We have, thus,
refined our study and have considered the behavior of the
density of Stoner states as a function of energy loss and the
bands coupled in an excitatignecall energy loss and mo-
mentum transfer are coupled, cf. H§.1)]

25

20

15

10

d%0 /dE dQ (arb. units)

T
Interacting
2% (b) Noninteracting

d%0 /dE dQ (arb. units)

1
P (E)= N_O ; (fn’k—qaf_ fnkai)

0 . . . . XO(E+ €n, (k—0)—€n5(k). (3.2

Energy Loss (eV) Hence, subscripte andn’ indicate minority and majority
25 : : : bands, respectivelybands are numbered from bottom to
top). We show a plot of the density of states thus defined in
20| q —— Fig. 3[@. We can see that the possible interband excitations
are completely identified. Moreover, the series of Stoner
15k i peaks clearly reflects the bonding and antibonding nature of
the electronic structure, giving rise to two arrays of peaks,
0l i for higher and lower excitation energi&sThe question is,
of course, which of these Stoner peaks contributes the most
to SPEELS cross sections. The answer is to be found, per-
haps unsurprisingly, in how strongly the different bands are
, , , , coupled by the matrix element/,,,, of the electron-hole
2 3 creation operator. What is not so obvious is the outcome of
Energy Loss (eV) the combined effect of Stoner peaks and matrix elements.

o ) o . Let us consider the average vaIue|Wnn,|2 over the Bril-
FIG. 2. (a) Spin-flip exchange cross section for a majority-spin louin zone:

electron, with impinging energy of 22 eV and angle of incidence of

60°. We show the total cross section, as well as the partial cross 1

sections for different momentum transfer. The peak is at 3 eV, an <|Wnnr|2>= = E |Wnn'|2 (3.3

energy much higher than the exchange-splitting enérgy2 eV. v k

(b) Interacting and noninteracting cross sections. The difference

between both curves clearly shows two collective modes, one judtv denoting the volume of the Brillouin zoheln Fig. 3b)

below 2 eV, and the other below 1 eV. The noninteracting crosave show the graph affW,/|?) as a function of energy loss

section shows three distinct features, namely, the peak at 3 eV, and of bands coupled. There is little significant variation as a

shoulder at 4 eV, and a broad hump around 1 @yThe total and  function of energy loss, but a very important structure as a

partial densities of Stoner states. These show the typical maxima @tinction of band couple, resulting in a wavelike pattern.

the exchange splitting energy, which are absent from the SPEEL@omparing Figs. @) and 3b), we can clearly see when it is

spectrum. The densities of Stoner states are incapable of explainingat hoth quantitiesp,,, and <|Wnn,|2>, interfere construc-

the peak of the SPEELS spectrum at 3 eV. tively. Thus, although the density of Stoner states reaches is
highest peak at exchange splitting, the averdié, |?) is

waves. This is important because these so-called “optical’negligible for the corresponding band couples. Instead, al-

spin wave®® have not been discussed previously in connecthough the densities of Stoner states for interband excitations

tion with SPEELS measurements. A detailed plot of the21 and 22, 31 and 32, and 41 and 42 are more modest, the

many-body contributions to the cross section shows that theorresponding matrix element averages are high, whence the

low-lying spin wave peaks around 0.4 eV, while the high-peak around 3 eV and the shoulder around 4 eV in the non-

Density of Stoner States (states/eV-atom)

o
—
S
T
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30 T T T T

Restricted nonint.
Total nonint.

P {E) (states/eV-atom)

d*c /dE dS2 (arb. units)

0 I 1 1 1
0 1 2 3 4 5

Energy Loss (eV)

=)

FIG. 4. The noninteracting scattering cross section taking into
account only 8 in’=21,22,23,24,31,32,41,42) out of the 25 pos-
sible interband excitations, selected as explained in the text, com-
pared to the total noninteracting scattering cross section. The first
curve follows the second one very closely.

(IWop[?) (10° V2 -

replaced by its average value over the Brillouin zone. Thus,
Xii"f is approximately proportional t& s pnn{|Wan|%), @
weighted average of the interband densities of Stoner states.

®)

29

B. Umklapp processes

{[Wane|?) (10° 6V

Another most interesting phenomenon playing a funda-
mental role in SPEELS is umklapp scattering. One can see in
Eq. (2.6) that the contribution of umklapp processéds (
#0) to the particle-hole excitation operatag , ,, is

FIG. 3. (8) Three-dimensional3D) plot of the interband densi- ﬁeighted by the Coulomb interaction and the Wannier wave

ties of Stoner states. The possible interband excitations are clear " B fthe d f the Coulomb potential
identified. The two series of peaks reflect the bonding and antibon nctions. because of (ne decay of the Loulomb potential as

ing nature of the Fe electronic structure. The highest peak is founéﬂveII as_ of the atomic ort_)ltals W't_h _mcreasmg _Wave VeCt_c’r’
at exchange splitting, fann’ =44. As we explain in the text, how- the weight becomes rapidly ne_gl|g|ble for _re_(:lprocal lattice
ever, this peak contributes little to the spin-flip exchange cross sed/€ctors beyond first-nearest neighbors. This is enough, how-
tion. (b) 3D plot of the averagédW,,v|2). The slight dependence on €Ver, for umklapp processes to have a twofold effect. To see
energy results in the wavelike form of the surface. The lines on thdhis, let us consider cross sections, taking into account only
surface parallel to the energy axis correspond to fixed band coupl@ormal excitations(i.e., with respect to the first Brillouin
value. The important interband excitations are determined by th&ong. We show this in Fig. 5, where we plot both the inter-
crests, namely, 21, 22, 31, 32, 41, and 42. One can also observe th&tting and noninteracting no-umklapp cross sections. First,
(W |?) reaches its lowest values fon’ =15, . . .,55.(c) 3D plot

of {|W,/?) without umklapp processes, The important interband 2.5 .
excitations have been reducedrnn’ =31,32, thus singling out ex- No umklapp: int
citations in a restricted energy range. 9 No umklapp: nonin.

interacting cross section in Fig(l8. Actually, the peak at 3
eV is more of a hat on top of the high cross-section value due &

to interband excitations 31 and 32. We can also see that theg 1
hump around 1 eV is due to excitations coupling bands 2 and%

3, and 2 and 4. To corroborate our analysis, we show in Fig.g 0.5
4 the cross section taking into account solely the interband
processes mentioned above. We include the total noninter- o
acting cross section for comparison as well. We see that the 0 ! 2 3 4 5
few interband excitations considered indeed account almost Energy Loss (eV)

completely for the structure of the noninteracting spectrum. g5 5 Spin-flip exchange scattering cross section without um-

An argument to understand how so simple a picture caRjapp processes. Al that is left is a broad maximum between 3 and
work is that, since the atomicd3orbitals are localized, their 4 ey, and a hump at 1 eV. Clearly, the most important information

Fourier transform is rather flat, so thaW,|? in the single- s lost, i.e., the peak at 3 eV and the shoulder at 4 eV. Also, all trace
particle correlation functior;»(iiaf [cf. EQ. (2.1D] may be of spin waves in the spectrum has disappefoédFig. 2b)].

rh. units)
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we see that, quite apart from their much lower values inof the peak in the total density of Stoner states. According to
comparison with the response taking into account umklapmur results, this picture is not correct. The maximum in the
scattering, spectra in Fig. 5 show little resemblance withspectrum depends on the relative weight of a few interband
those in Fig. 2b) (the scale in both figures is the samehis  densities of Stoner states, which is determined by the matrix
is because the possible interband excitations have been dragements for such excitations. In this respect, a calculation of
tically reduced. Indeed, let us consider the graph of the avihe interband densities of Stoner states and of the weights
erage (|W,y|?) for excitations strictly conserving crystal \y_ . employing accurate electronic bands and wave func-
momentum. We show this in Fig(@. The wave crests have {jons would be most clarifying. To allow for a closer com-
been reduced to that forn’=31,32, from which it is obvi-  haris0n with theory, it would be desirable to have experi-

ous that the different wave crests in FighbBare due 10  \ontq) resuilts of the Stoner region of the SPEELS spectrum

umklapp scattering. Normal _scattering alone results in. uith improved resolution, particularly in the case of ffer
spectrum almost completely distorted because of the eXCIt"%hich the only available results are still those of Ref. 12

tion of interband transitions mainly for energies between 3 .
and 4 eV[cf. Fig. Aa)]. whose resolution is of only 400 meV

Furthermore, in Fig. 5 it is immediately apparent that Abraham and Hopster interpret the onset of Stoner exci-

there remains no trace of spin waves in the spectrum. Indeeffions found in their work in terms of theddand structure
the interacting and noninteracting curves are almost indistin! Ni."* This could readily be verified having at hand the
guishable, with no hint of any collective mode. At this point interband densmes.of S_toner states for this materlaI: Indeed,
it is important to consider the behavior of the low-lying spin these authors consider in particular interband excitations cor-
wave for small wave vector because of its indication of theresponding tonn’=55, the onset of which, if they exist,
stability of the ground state. We have calculated the low-<could be easily identified in a graph like that in FigaB A
lying spin-wave dispersion relation and found it tends lin-point still to be verified would be if the matrix elements for
early to 218.7 meV fog—0. The slope is low but positive, such excitations are sufficiently important. Furthermore, the
with a value of 8.9 meV A. Thus our model is consistent.little difference of spectra for 10°, 20°, and 40° off specular
However, we cannot expect from it further predictive powerscattering angles reported by these authors would mean that
regarding spin waves. For instance, we see our low-lyinghe interband densities of Stoner states and umklapp weights
mode is technically an “optical” mode, and not an “acous- differ little for those angles in the case of Ni. Thus, a theo-
tic” mode, as expected. The reason is that the energy bandstical calculation along the lines in our work would help us
in our model are purelyl. It is well known that models of ynderstand better the Stoner spectrum of this material.
itinerant ferromagnetism that do not take into account hy- Spin waves, both acoustic and optical, have long been
bridization withsp bands fail to yield appropriate dispersion pregicted in itinerant ferromagnets and subsequently ob-
relations for spin wave&. Thus, our high-energy mode is gerved in neutron scattering experimeht$83°The first de-
much too high compared to the neutron scattering results Ggction of the acoustic mode in Fe in a SPEELS experiment
Perringet al® Nevertheless, we do think our results properly has also been reported recerflyour work poses the ques-
introduce high-energy spin waves as a source of structure ifion of the possibility of observing in SPEELS measurements
SPEELS measurements, pointing to umklapp scattering age optical modes as well. The question to be studied in the

the mechanism for their excitation. future is if there can be enough coupling between the incom-
ing electron and those in the solid to excite an optical spin
IV. DISCUSSION wave. According to our model, it is umklapp processes that

provide the necessary coupling to excite the high-energy spin

We wish to discuss some of the issues considered in thigaves. This is consistent with the picture of Cooke and co-
work pertaining to other theoretical and experimental find-workers that these modes derive from interband transifidns.
ings. First of all, as we have shovef. Fig. 2b)], the maxi- We would expect the high-energy modes to be observed in
mum in the SPEELS spectrum does not necessarily correSPEELS experiments on Ni, since it is a strong ferromagnet,
spond to the exchange-splitting energy of the ferromagnegllowing for well-defined spin waves. The case of Fe appears
since the peak in the spectrum is at 3 eV &2 eVinour to be more problematical, since it is a weak ferromagnet.
model. Thus, the common assumption that this peak allowihdeed, theoretical studies of the dynamical susceptibility by
us to estimate the magnetic monTért through its correla-  Tang, Plihal, and Mill8 and by SavrasdV fail to predict any
tion with exchange splitting should be reconsidered, both irhigh-energy spin wave in the case of Fe. On the other hand,
bulk and surface studies. these results are at odds with similar investigations by Cooke

Also, the broadness of the spectrum is generally assocand co-worker$? They seem to be also at odds with the
ated with a nonconstant exchange splitting over the Brillouirexperimental findings of Perringt al® and of Paulet al**
zone(see, e.g., Ref. 21 While we agree a nonconstant ex- Whether the experimental findings in the case of Fe can be
change splitting will have this effect, we have seen that axplained in terms of Stoner excitations is an open
most important source of broadness is umklapp scatteringjuestion®® Our present calculation, with parameters corre-
together with the structure of the interband densities ofsponding to Fe, does predict the observation of the high-
Stoner states of the material. As mentioned in the Introducenergy spin waves in SPEELS measurements. It could be,
tion, Venus and Kirschn&f intended to correlate the behav- however, that acoustic spin waves, when present, drain most
ior of the Stoner peak with varying scattering angle with thatof the oscillator strength. This is plausible because it is
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known that acoustic spin waves in Fe arise upon hybridiza- V. SUMMARY AND CONCLUSIONS

tion of d eIectrQns w!thsp electr_ons. _Matr|>_< elementeu_a., In this work we address the problem of the interpretation
umklapp couplingswith sp hybridization will be more im- ¢ he SPEELS spectrum of itinerant ferromagnets. We find
portant because of the larger extension and magnitude of thfat considerably more information can be drawn from these
4s wave functions. This implies, of course, as our modelmeasurements than has been recognized until now. We have
does, that optical modes are maimlyn character(The case found that the peaks of the spectra in the Stoner region are
of Ni appears to be different, since even a pdittand model the image of a few interband densities of Stoner states of the
of Ni shows acoustic spin wavés. material. These are very sensitive to the electronic structure
The analysis presented in this work can prove useful mor&f the material and illustrate very clearly the possible inter-
broadly in the understanding of ferromagnetism. RecentlyPand excitations. Which are the most significant interband

Hirsch has presented a model of ferromagnetism without exg

ghange .spl|tt|rf]g,th|n Wh'.Ch.t spn ch)Ianéatlonl :;msest uaﬁnmatrix elements for the corresponding Stoner excitations. In
roadening o eG majority-spin- bands refative 1o - they,;q respect, umklapp processes play a most fundamental
minority-spin band$® If this mechanism plays an important role. Our model also predicts that high-energy spin waves

role in itinerant ferromagnets, then the interband densities Oéhoukj be excited in SPEELS experimentsy with umk|app
Stoner states will change considerably because pairs of bandgattering providing the necessary coupling. Our results al-
other than those in the Stoner picture of ferromagnetism willow us to explain several of the features observed in SPEELS
be involved. Consequently, the predicted exchange scatterirgpectra, suggesting a mechanism for the electronic excita-
spectra will be different in both pictures. Thus, SPEELS cartions involved in these experiments. From the theoretical
prove a useful tool to validate or disprove Hirsch’s model. point of view,ab initio calculations of the interband densities
Finally, we comment on the question of whether bulk orof Stoner states and matrix elemeft§,,, would provide a
surface properties are measured by SPEELS. Our calculgloser look at the elementary excitations in itinerant ferro-
tions here have focused on bulk properties. However, somgagnets. The differences between different ferromagnets,
authors have presented SPEELS as a technique more apphée Fe and Ni, could also be better understood. From the
priate for surface studiés:?® The reason for concern is the €xperimental point of view, measurements with higher reso-
mean free path of electrons at the energies used in SPEELtion would be desirable, both for the study of the Stoner
Experimental estimates for Fe films give values between 5 A€9i0n and of spin waves. We think our results provide a
and 7 A, depending on the crystal direction and nature of thg@ood starting point for those further studies.
s:ubstra_lté7 for electrons_ with an energy of 20 ey. The ques- ACKNOWLEDGMENTS
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