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tal uncertainties, in this direction. We ascribe
such a fact to be due to the low atomic concen-
tration of the impurity, i.e. , about 0.2 at.% in
the melted thickness.

As to Cu-doped samples, we observed a very
fine-grained structure with a change in the lat-
tice constant. The presence of a crystalline
structure could be explained in terms of a de-
crease in viscosity of pure aluminum due to the
small addition of Cu impurity atoms (in our ex-
periment the Cu concentration in the examined
thickness is about 0.5 in atomic percent). Such
a behavior is similar to the one observed in oth-
er metals doped with suitable metallic atoms. "

The increase in the lattice parameter may per-
haps herald a situation very near to the crystal/
glass transition. Such a transition is character-
ized by a volume expansion. " This effect is
probably present in all our irradiated samples,
but it is more easily detected in this case be-
cause of the crystallinity of the specimen.

Finally a transition from the amorphous to the
crystalline phase was observed after annealing in
vacuum at 400'C for 30 min. Such a preliminary
result obviously gives only an upper limit of the
recrystallization temperature. %e want to point
out that the recrystallization temperature cannot
be expected to coincide with some values found
in annealing experiments of various defects in Al
crystals; an amorphous state is not simply com-
parable with a crystal containing some defects.

More detailed investigations are in progress to
determine the crystallization behavior of the non-
crystalline films we obtained.
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A calculation of the bulk-plasmon-satellite strengths in the photoemission spectra of
metals is presented for the dispersionless plasmon model. The calculation is made for
all energies, especially for the ultrasoft-x-ray regime. In this spectral region, the
interference term between extrinsic and intrinsic plasmon productions is of the same
order as the intrinsic production term. The photoelectron energy for which these two
terms cancel each other exactly is determined.

Recently there has been a considerable interest
in the observation of photoemission spectra (XPS)
of metals in the ultrasoft x-ray regime. ' ' W-hen

the exciting photon energy is low enough so that
the outgoing photoelectrons have an energy c~ of

a few times the plasmon energy ~~, there is an
important weakening of the plasmon satellite in-
tensity due to a quantum interference term be-
tween extrinsic and intrinsic plasmon produc-
tion. ' Plasmons may indeed be excited either in
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and

(2)

an extrinsic process by the photoelectron on its
way out of the metal or in an intrinsic process by
the core hole potential created at the moment of
the x-ray absorption. The interference becomes
particularly important for a slow photoelectron
when both processes tend to occur in the same
region, in the neighborhood of the x-ray absorp-
tion site. For these energies the situation tends
to be similar to the one encountered in x-ray
emission or absorption spectra' where the plas-
mon satellite is very weak (a few percent of the
main band intensity).

In the present paper this important interfer-
ence effect is calculated for the first time for
arbitrary photoelectron energy, using a nonper-
turbative treatment. Some years ago Chang and
Langreth (CL)' calculated this effect in a lowest-
order perturbative expansion for high energies
(e~ & 300 eV). In their calculation the expansion
parameter is (R /e, )' '. The metal fills the half-
space z &0 and is represented by the jellium
model, the only parameter being the electron-
density parameter ~,. Also the surface modes
are disregarded and the only energy losses are
due to the excitation of bulk plasmons which are
assumed to be undamped and dispersionless,
with wave vectors q & q, . Using this model CL
calculate the strengths of the successive plasmon
satellites, which are related to the areas of the
observed peaks (integrated intensities). They
thus disregard the detailed line shape which man-
ifests tailing effects due to plasmon dispersion
and continuous energy losses (electron-hole
pairs) Acco.rding to CL, the strength of the nth
satellite is given by

n pp-B' ge
p

I 0 p 0

where

I„(e,) =f' dzp(z) J„(e„z), (4)

where Z„(e„z) is the probability that a photoelec-
tron has a path of length z across the metal and
leaves the surface with kinetic energy e» p(z)
is the primary ionization density. However, in-
stead of dealing with parameter z, we shall in-
troduce the transit time r =z/v, as our basic
parameter (v„ is the electron velocity along the
path) and we write

I (~a) =f„«va p (r) ~ (~» ~)

strength (equal to 1) in agreement with a Pois-
son-like analysis. However, the CL theory,
where E(e„) is expanded perturbatively about
E(~) =2m, is clearly invalid at low energies,
since P' cannot be negative. In the present pa-
per we present an accurate treatment of the
plasmon-satellite strength, using the above jel-
lium model, but calculating F(e'„) for all energies
and introducing an electron mean free path de-
pending on &, . We also provide below a set of
equations [Eqs. (5), (9), (10), and (7)], which
can be extended to more varied and realistic
situations than the semi-infinite jellium, for in-
stance thin films, depth-dependent ionization or
electron density, nonorthogonal emission, sur-
face structures, etc.

In contrast with CL or other previous analy-
ses" where the photoelectron is a recoilless
classical particle coupled to plasmon modes, we
start from an S- and T-matrix approach and a
requirement of conservation of probability. Such
an approach yields a unified method to calculate
the intrinsic and extrinsic terms for all ener-
gies.

The calculations being rather short, we shall
present them in some detail with a view to pos-
sible extensions by the reader to other geomet-
rical or physical situations. The strength of the
nth peak, related to the excitation of n plas-
mons, can be written in the usual form:

P = e g~ /7l (dp . (3)

Expression (1) was first proposed by Langreth'
with P

' = P where P, previously calculated by
Lundqvist, ' is essentially related to the intrinsic
plasmon production and is independent of c„.
Then CL introduced P' given by (2) where the
second, negative term describes the interference
effect. Note that when P' =0, one has a pure ex-
trinsic spectra where according to (1) all the
satellites and the main peak (n =0) have the same

Z„(e„~)

=(n!/2~mt, )fd'q, "fd'q„lS„(T,F-,)l', (6)

the q's being the external plasmon momenta and
to the observation time. The normalization fac-

where p is a constant (equal to 1) in the present
model. The production rate J„(~,, z) is related to
the S-matrix element by the golden rule
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tor lj& is determined by the sum rule

f «» + ~.(r s») =1 (7)
6p n=o

which is required by the condition of conserva-
tion of photoelectron number.

A typical diagram describing the matrix ele-
ment S„(v,s») is given in Fig. 1 (for n =3). Ex-
trinsic plasmons are attached to the upward pho-
toelectron line, intrinsic plasmons to the down-
ward core-hole line. All the extrinsic plasmon
vertices appear on the photoelectron is created,
and time t+ ~ when it reaches the metal surface
represented by the black dot.

Let us first consider only the external plasmon
lines in Fig. 1. The S-matrix element related
to nth satellite takes the form

q, q, q,

FIG. 1. Example of photoemission diagram with ex-
trinsic {q~ and q2) and intrinsic {q) plasma production.

8„(e») = —. dt g(t) exp[i(s»+ n~~ —ss —~) t]—g1 1 (ut, V(qg 't' 1 1 —iexp[iv(k, q„)v]
n! „, i 2(2s)' (o» v(k, q„)

with

(k, q)=

Potential V(q) is the bare Coulomb potential and g(t) an adiabatic function stationary for a time tc."
Substitution of (8) into (6) gives

Z„(v, e») =5(s»+ no)~ u) —ss) T(T, s»—)"(Nn!),

where the T-matrix element has the form

(9)

( ), d, ( )
1 1 —exp[iv(k, q„)T]2(2s)', (u, v(k, q„)

Expression (8) involves an approximation. The
same energy e, appears in all the photoelectron
propagators 1/v(k, q). This means that the ener-
gy is not conserved along the photoelectron line.
This approximation is sensible, however. The
calculation remains exact for the main peak (n=0)
and first satellite (n= 1), and the momentum is
conserved at all vertices, as opposed to what has
been done in previous papers. ' ' Moreover, for
the small-k limit, (10) is in agreement with the
former theories on x-ray spectra, ' which give a
very good description of the observed weak satel-
lite. These theories are based on equations sim-
ilar to (9) and (10) where the term —exp(ivt) has
been dropped (infinite v).

To introduce the effect of the internal plasmon
lines we proceed to a vertex renormalization by
calculating Ã from the sum rule (7). Such a
method, consistent vrith the above approximation,
yields an expression for N which depends on T.
Note that N would be a constant if the internal
plasmon line were explicitly introduced in the

(10)

R„T (T, s, ) =P — " F (s,) +I'(s „)T,

where

I'(s») =me'e~k ' lnb

and

1
E(s») =— ~ dx x+1—ln

x x —1

2 ~ a'+b
2 7T ~ ({XId) S

with a (or b) =q, [(k'+2m'»)'t'xk] '. We then
proceed to the calculation of N and the I„'s along
the above lines. Note that for large e„, we have

S„ s.
The basic equations of our theory are thus (5),

(9), (10), and (7). Let us apply them to the semi-
infinite jellium, where we can assume T ++(dp
The T-matrix element becomes
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these energies the photoemission spectra should
be similar to the energy-loss spectra generated
by transmission of electrons through metals.

In a very recent paper, 4 Johansson and Lindau
have emphasized a discrepancy between the ob-
served ratio I,/Io for Al and the same ratio yield-
ed by a purely extrinsic theory. This discrepancy
can be estimated as varying from 0 to 0.3 in a
spectral region extending from 200 to 40 eV (i.e. ,
between 13& r and 3~~). It is thus of the same
order as the deviation appearing in Fig. 2 between
the dashed (total) curve and the extrinsic (e)
curve. Such a result is encouraging, the actual
problem being an adequate estimation of the areas
of the peaks and of the background from the theo-
retical" as well as from the experimental point
of view.

We are grateful to C. Bonnelle and 8. M. Bose
for useful discussions. This work was supported
in part by the Centre National de la Researche
Scientifique, France, and in part by the Fonds
National de la Recherche Scientifique, Belgium.

Na

(~,= 5.9 eV)

FIG. 2. Contributions to the intensity ratio I&/Io be-
tween the first satellite and the main line, related to
extrinsic and intrinsic plasmon production (curves e
and f', } and to the interference term (curves x). The to-
tal ratio f~/10 is represented by the dashed curve. For
high energies these three terms e, i, and x tend, re-
spectively, to 1, to P (0.34 for Al and 0.66 for Na), and
to (,'n)(R+s~)-'/~-O.

the following limits: i" (s~) tends to the usual
electron damping expression, F(e„) to the CL
upper limit F(~) = 2m, and N to the form exp[7'(w,
e~)], and finally the 8„'s given by (9) tend to
Poisson-like expressions. The important point,
however, is that here our I„'s are valid for all
energies.

Figure 2 gives the three contributions to the
ratio I,/Io coming from the intrinsic and extrinsic
plasmon productions and their interference term.
This negative interference term is thus the only
one which strongly depends on e„. Figure 2 also
shows the energy for which the interference term
cancels the intrinsic term. " In the case of Al
this occurs for e~ =a+ e~ —co~=13.8m~=218 eP,
and in the case of Na for e,=9 74rp 57 eV. For
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Using angle-resolved photoemission with single-crystal Fe(111) and Co(0001), we
have determined accurate exchange-split energy-band dispersions E(k) along symmetry
lines. For Fe, Co, and Ni, respectively, occupied d-band widths are 3.1 eV (P), 3.8 eV
g ), and 3.4 eV (L,X) while exchange splittings are - 1.5 eV P'), - 1.l eV (B, and 0.3
eV (near L). Comparison with theory shows that state-of-the-art ab initio calculations
describe the strong ferromagnets Fe and Co much better than ¹i.

A long-standing goal has been the determination
of accurate exchange-split energy-band disper-
sions for the itinerant-electron ferromagnets Fe,
Co, and Ni. ' " As often noted, "magnetic ex-
change splittings and energy-band dispersions
E(k) are fundamental for understanding various
physical properties involving d-band electronic
structure, ' ' collective itinerant-electron ferro-
magnetism, "transition-metal surfaces, etc.
Recently, the temperature-dependent exchange
splitting and energy-band dispersions for Ni have
been determined. "'" For Fe and Co, however,
exchange splittings and energy-band dispersions
remain inconclusive or absent despite several
angle-resolved photoemission studies' "and
other ultraviolet and x-ray photoemission stud-
ies." Rather, contradictory conclusions have
been reached, i.e., (i) that angle-resolved photo-
emission spectra measure a density of states"
tnondirect-transition model, in which case E(k)
dispersions cannot be determinedJ and (ii) that
direct transitions (with band dispersions") are
sometimes of primary importance but also more
complicated effects, e.g. , surface/polarization
effects are sometimes predominant. ' "

In this paper, we show that direct transitions
are of primary importance for normal photo-
emission from Fe(ill) and Co(0001) and deter-
mine accurate exchange-split energy-band disper-
sions E(k) for bcc Fe along the I'-P-H symmetry
line and for hcp Co along the I'-A- I' line. These
results together with experimental E(k) disper-
sions for Ni (Refs. 13 and 14) and Cu (Ref. 15)
permit us to systematically compared with state-
of-the-art ab initio band calculations. This com-

parison shows that the ratio of the theoretical to
experimental occupied d-band width is about 1.1,
1.2, 1.45, and 1.1 for Fe, Co, Ni, and Cu, re-
spectively, while the ratio of the theoretical to
experimental exchange splitting 5E,„ is about 1,0,
1.2, and 2.2 for Fe, Co, and Ni, respectively.
General conclusions are as follows: (1) Fe, Co,
and Ni can all be described by a Stoner-Wohl-
farth-Slater (SWS) spin-split energy-band model,
and (2) state-of-the-art ab initio one-electron
band calculations describe Fe quite well even
though it has a large exchange splitting and high
Curie temperature (strong ferromagnet), in
marked contrast with Ni.

Experimentally, we have used a display-type
electron spectrometer"'" and an ultrahigh-vac-
uum toroidal-grating monochromator together
with radiation from the 240-MeV storage ring at
the University of Wisconsin-Madison. This sys-
tem was used for this study in the energy range
5 -hv -30 eV with an overall energy resolution
of -100-150 MeV and angular resolution of 50= 4'
(full angle). Fe(111), Fe(100), and Co(0001)
crystals were prepared by Ar-ion etching and
annealing, checked with use of Auger spectro-
scopy and low-energy electron diffraction, and
measured in working vacuums in the 10 "-Torr
range.

In Fig. 1 we present selected angle-resolved
energy distribution curves (AREDC's) for normal
emission for Fe(111), Co(0001), and Ni(111).
The pronounced spectral changes with photon en-
ergy h v indicate that direct interband transitions
are of primary importance. Consequently, these
normal-emission spectra directly probe electron-


