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Unoccupied energy bands of iron are mapped by inverse photoemission from Fe(100), Fe(110),
and Fe(111). The ferromagnetic exchange splitting 8E,, of the uppermost d band is measured for
the H’s point, where the minority- and majority-spin subbands are both empty (8E., =1.8 eV with
Hs, at 1.9 eV and Hs; at 0.12 eV above E). Several other critical points are determined, such as
the minority-spin I'}, and P; points, the majority-spin N3 point, and the higher-lying H,5,H, points
of s,p character. Critical points and exchange splitting are compared with first-principles, local-
density calculations. The real part of the self-energy is obtained from this comparison, and the
imaginary part by measuring the lifetime broadening. In the d-band region, the self-energy causes a
10% compression of the bands and a linear broadening I'(E)=0.6|E —E|.

INTRODUCTION

Iron is the classic ferromagnet and one of the most
common materials. It has served as a model for itinerant,
i.e., bandlike ferromagnetism. The occupied bands of Fe
have been studied extensively with angle-resolved photo-
emission, but only little information is available about the
unoccupied bands. Photoemission data! ~!! on the band
dispersions and the ferromagnetic exchange splitting
8E., of Fe are close to first-principles band calculations
using the local-density method. For Ni, by contrast, the
observed bandwidth is narrower than calculated and the
exchange splitting is much smaller.*!%!* Cobalt lies in
between. '* The unoccupied bands of ferromagnets are of
particular interest, since they contain the unbalanced
minority-spin holes that make up the magnetic moment.
They are accessible through inverse photoemission (for
reviews, see Refs. 15-17). However, there has been rela-
tively little work on the unoccupied energy bands of fer-
romagnets. They have been seen in Ni, Co, and Fe, but
the information about band dispersions along symmetry
lines is very scarce and no critical points have been re-
ported (for Ni and Co, see reviews; 15717 for Fe see Refs.
18 and 19). Insufficient tunability of the photon energy
has made it difficult to reach high-symmetry points in k
space. We have used a tunable inverse photoemission
spectrograph to map energy bands of Fe. The ferromag-
netic exchange splitting is resolved exceptionally well
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near the Hs point, better than in any photoemission or
inverse photoemission work on Fe, Co, and Ni to date.
The observed band dispersions and critical points are
compared with first-principles, local-density band calcu-
lations in order to show self-energy effects.

EXPERIMENT

Fe(100), Fe(110), and Fe(111) crystals were cleaned by
established procedures.?®?! An initial heat treatment in
1 atm of H, for about a day (with the temperature varied
between 400 and 700°C) was followed by sputter-
annealing cycles. The last anneal was kept short (flashing
to 700°C with about 1 min cooling time) in order to
prevent outdiffusion of residual impurities. Sharp 1X1
low-energy electron diffraction (LEED) patterns were
seen at this point. The inverse photoemission spectra
were taken after transferring the sample in vacuum from
the preparation chamber to the spectrometer chamber,
with a pressure in the mid-10"'! Torr range.

We used a high-resolution inverse photoemission spec-
trograph?? with an energy resolution of 0.27 eV at low en-
ergies. An accurate line shape was obtained by taking
the derivative of the Fermi edge for a material with
roughly constant density of states near the Fermi level,
such as oxidized tantalum (cf. Ref. 23). The spectrograph
detects a range of emitted photon energies, while the ini-
tial energy of the electron E; is fixed. Thereby, the initial
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momentum of the electrons is the same over the whole
spectrum.

SELECTION RULES AND FREE-ELECTRON BANDS

All data were taken with the electron beam incident
normal to the surface (k!=0), and with the photons tak-
en off unpolarized at 45° from the sample normal. Conse-
quently, the electric field component E parallel to the sur-
face has a three times higher detection probability than
the perpendicular component. At k!=0, one sees the
I"'AH line on the (100) surface, the 'S N line on the (110)
surface, and the 'APFH line on the (111) surface (see
Fig. 1 and Ref. 24). The incident electron is in a A, 2,
and A, F, state, respectively, since these are the only
states without a node along the surface normal. Dipole
selection rules?>?® dictate the possible final states, which
are A [E parallel to the (100) surface], A, [E perpendicu-
lar to the (100) surface], 2,2, [E parallel to the (110)
surface], 2, [E perpendicular to the (110) surface], A;F;
[E parallel to the (111) surface], and A, F; [E perpendic-
ular to the (111) surface].

While the wave vector component parallel to the sur-
face k! is fixed at zero in our experiment, the perpendicu-
lar component k* is varied by changing the initial energy
E; of the incoming electrons and, consequently, the pho-
ton energy of the transitions. E; can be converted into k!
using the band dispersion E[(kl) of the initial state band,
as discussed in more detail in the band structure section.
The main features of the initial state band can be under-

[111]

FIG. 1. Cut through a repeated zone scheme of the bcc re-
ciprocal lattice, showing the regions of k space seen for various
surfaces (after Ref. 24). Note that along the [111] direction,
there are contributions from two Brillouin zones along the TAP
and PFH lines, respectively. The spectra discussed here cover
the region from the boundary of the first Brillouin zone (at low
initial energies) until halfway into the second Brillouin zone (at
high energies). The unit for k is 27 /a.

stood in terms of the ‘“primary cone”, i.e., a free-
electron-like band, backfolded by reciprocal lattice vec-
tors perpendicular to the surface. In our energy range,
its key features are the following (see Figs. 1 and 5): For
the (100) surface, the primary cone corresponds to the A,
bands. The free electron parabola encounters the zone
boundary at H, where a large gap opens up (almost 10
eV). We use the edges of this gap to probe the H points.
Inside the gap, the real part of k* is close to the H point,
but a substantial imaginary part smears k' along the T H
line. The (110) surface has the shortest distance to the
zone boundary (I'N), reflecting its close-packed struc-
ture. The corresponding zone boundary gap of the free-
electron band at N straddles the vacuum level, allowing
us to probe the N point at its upper end. The back-folded
branch returns to I' at about 30 eV above E, providing
the lowest possible initial state at I" for any surface. For
that reason, Fe(110) was chosen to determine I' in our
work. On the (111) surface, the primary cone crosses P
near 10 eV, coming from I and moving on to H. Note
that the primary cone is not reflected back at P since
2I'P =(2w/a)[111] is not a reciprocal lattice vector. The
smallest reciprocal lattice vector in the [111] direction is
twice as large and corresponds to 2I'PH =(27/a)[222]
(see Fig. 1 and Refs. 24 and 27). Thus, one has to go
through more than one Brillouin zone before the primary
cone is backreflected. This is a characteristic of the open
surfaces, i.e., (111) in the body-centered-cubic bcc lattice
and (110) in the face-centered-cubic fcc lattice.

INVERSE PHOTOEMISSION RESULTS

Inverse photoemission spectra from Fe(100), Fe(110),
and Fe(111) are shown in Figs. 2—4. They represent the
critical points that we have mapped. These and the avail-
able photoemission results on critical points and their ex-
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FIG. 2. Inverse photoemission spectrum from Fe(100) show-
ing the majority and minority spin bands at the H5s point, re-
spectively. The ferromagnetic exchange splitting is 8E., = 1.8
ev.
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change splittings are compiled in Table I. A particularly
clear-cut situation is encountered for Fe(110) at an initial
energy of E;=11.1 eV above the Fermi level E (Fig. 2).
At this energy, the transitions take place close to the
high-symmetry point H, from an initial state near H 5 to
final states at the majority and minority spin Hs points
(cf. Fig. 5 and the discussion below). Since there are no
other possible final states, the ferromagnetic exchange
splitting 8E ., is resolved very well. The data were fitted
by Lorentzians, broadened by the experimental resolution
function, which has been determined by taking the
derivative of the Fermi edge of Ta (see Ref. 23). The
main uncertainty in this fit turned out to be the choice of
the secondary photon background. A splitting 6E., =1.8
eV is obtained with energies E; =1.9 eV and E; =0.12
eV and Lorentzian widths I' ) =0.9 eV and I'1=0.09 eV
(full width at half-maximum). These widths reflect the
lifetime broadening (or imaginary part of the self-energy)
of the final state. Additional broadening mechanisms add

T T T T T
s
Fe (111)
£
3
£
:E E;= 12.6 eV
e
e
g
w
£
5
c
z
B
o
Q
E
c
Re]
2
S
5]
]
Q
! Fe (110)
3
3
>
=
Ej=9.1¢eV
'= 0
H 1 ! 1
o] 1 2 3 4 5
Energy relative to E. (eV )
FIG. 3. Inverse photoemission spectra from Fe(111) and

Fe(110) showing the minority spin band at P; and I'}, and the
majority spin band at N;.
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FIG. 4. Inverse photoemission spectra from Fe(100) showing
the dispersion of a higher-lying As band of s,p character with its
minimum at H 5.

to the width at higher initial state energies, e.g., the k*
broadening of the evanescent initial state in the Hs—H ,
band gap and the deteriorating energy and momentum
resolution of the spectrometer. At initial energies above
21 eV, one leaves the band gap and moves back to I'
along the A line (see Fig. 1 and marks on top of Fig. 5).
A higher-lying A5 band of s,p character can be picked up,
which disperses upwards from the H 5 point (Figs. 4 and
5). Its minimum at 10.2 eV defines the H 5 point. Here
it is seen as the final state, while it was the initial state for
the spectrum in Fig. 2. The initial energy of the H s
transition in Fig. 4 (about 21 eV) marks H, and the near-
by H,, point. Lifetime broadening at these energies is
too large to separate them. The position of H,,H, is lo-
cated by observing the dispersion of the A5 band going to
zero at an initial energy of about 21 eV. Additional clues
for the edges of the H,s—H,, band gap come from the
drop in intensity that interband transitions undergo when
the initial state moves into the gap. The A5 H s transi-
tion in Fig. 4 loses strength for E; smaller than 21 eV be-
cause the upper state moves into the gap. Likewise, the
H's transition in Fig. 2 decreases in intensity for E;
higher than 11 eV because the upper state lies in the gap.
By contrast, the transitions on the Fe(111) surface be-
come stronger with increasing E; due to the increasing
cross section of 3d states.
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For Fe(110), the band structure is rather complex due
to the low symmetry along the X line (see Ref. 28). Here
we concentrate on the critical points, where the situation
is relatively clearcut (Fig. 3). The I'y, point can be seen
at initial energies 30 eV, which are just barely reachable
with a normal incidence spectrograph. For improving
the resolution, we have taken the data in second
diffraction order. At the other end of the spectrum is the
N point, which is reached at an initial energy of about 8
eV (see Table I). It exhibits two groups of empty bands
(see Table I). The upper group consists of the N;, Ny,
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and N; minority spin bands, which are seen as an un-
resolved structure between 1.5 and 2.0 eV above E (not
shown). The lower group contains the N; majority spin
band and the s,p-like N| minority and majority spin
bands. They appear at initial energies below 11 eV,
where they cross the Fermi level (compare the band
structure in Ref. 28 and Fermi surface data in Ref. 29).
Going towards the lower limit of our spectral range (Fig.
3), we see a peak dispersing upwards through the Fermi
level. The assignment of this feature to either the N5 1 or
N1l points is not easy. On one hand, the transition be-

TABLE 1. Critical points and ferromagnetic exchange splitting 8E,, of Fe (energies in eV with
respect to the Fermi level). 1 =majority spin, | =minority spin, 1 | =average.

Critical E E SE,, SE.,
point experiment calculation® experiment calculation®

rni —8.15° —8.12 0.17
st —2.35,—2.6,°—2.55¢ —2.25 2.148 1.82
sl —0.27,°—0.4,°—0.41° —0.43 2.14# 1.82
! —0.78,°—1.2,°—0.61¢ —0.86 2.4%8 2.18
Tl +1.5 +1.32 2.4%8 2.18
st +32.4 0.75
st +32.7 0.87
H;1 —3.8° —4.50 1.3% 1.51
Hp,l —2.5° —2.99 1.3° 1.51
Hist +0.12f +0.11 1.8 2.11
H) | +1.9f +2.22 1.8 2.11
Hitl +10.2f +9.70 0.28
H,1tl +21f +18.9 1.16
H1!l +21f +21.2 0.79
P, —3.20,*—3.0¢ —3.17 1.35,°1.5¢ 1.34
P, —1.85,°—1.59 —1.83 1.35,°1.54 1.34
Py1 —0.60,>—0.5¢ —0.53 2.14f 2.10
Pyl +1.6" +1.57 2.14f 2.10
P, +8.82 0.92
Pt +11.0 0.56
Nyt —4.50,°—4.16°1 ) —4.75 0.90° 1.65
Nl —3.60,°—4.16°1 1 —3.60 0.90° 1.65
N1 —3.00° —3.27 1.60° 1.65
N, —1.40° —1.62 1.60° 1.65
N1 —0.70,°—1.02¢ —0.86 2.11
Nyl +1.25 2.11
N,1t —0.70° —0.69 2.23
N, +1.54 2.23
Nyt +0.40 0.16
Nil +0.56 0.16
N;1 +0.41 +0.38 2.14
N3l +2.52 2.14
Nt +7.88 1.26

*Local-density calculation with the von Barth Hedin potential from Callaway and Wang (Ref. 28).

"Photoemission (Ref. 8) (see also Ref. 6).
‘Photoemission (Ref. 10) (see also Ref. 9).
dPhotoemission (Ref. 4).

‘Photoemission (Ref. 11).

finverse photoemission (this work).

8The average among b, c, and e.
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tween the N, upper state and N; is dipole forbidden,
while the transition between N, and N is allowed.?® On
the other hand, the N s,p band disperses very rapidly
and should give a much broader peak than the flat N5 d
band, given finite momentum broadening. We tend to-
wards the assignment as the N, point, using previous ex-
perience with a similar situation for Ni(111) and
Co(0001), which are close-packed analogs to the (110)
face of the bcc lattice. The corresponding critical points
are the s,p-like L5 point and the d-like L; point, with a
L upper state (see Refs. 13 and 14). The selection rules
at L and N are similar (transitions are only allowed be-
tween primed and nonprimed states?®). Nevertheless, the
L; d band dominates over the L} s,p band.'>'* The
breaking of the selection rules can be explained by
spin—orbit interaction, or by the sampling of k points
away from the high-symmetry point L. For the case of
Fe(110), our limited photon energy range allows us only
to go 2 eV above the N1 initial state along the X axis,
where the transition is still allowed. In order to obtain
the correct energy of the N point, the measured final state

EjeV): 30 27 24 21 3027 24

VI 1

20

ENERGY (eV)

25'
‘C:-‘_~ 3+
N\ ‘“\-2.1..._...0-.

1N
25' \|

EANI

FIG. 5. Energy band dispersions of Fe along the [100] and
[111] high symmetry lines. Full dots are from this work, trian-
gles from Fermi surface data (Ref. 29, open for minority, full for
majority spin), and lines from a local density calculation (Ref.
28). Full (dashed) lines stand for majority (minority) spin and
fat (thin) lines for allowed (forbidden) transitions at k!!=0. The
energy marks on top of the figure give the continuation of the
free-electron-like initial state for higher energies.
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energy of 0.16 eV has to be extrapolated. By using calcu-
lated bands®® for the 3,1 initial state and taking into ac-
count the calculated dispersion of the final state, one ob-
tains a final energy of 0.4 eV for the extrapolated N;1
point.

At the Fe(111) surface (Fig. 3) a single feature is ob-
served 1.6 eV above E, with a full width at half-
maximum of I") =0.9 eV. It corresponds to the minority
spin band near the P; point (cf. Fig. 5). The correspond-
ing majority spin band is occupied and has been observed
in photoemission* at —0.5 eV. The resulting exchange
splitting is 8E ., =2.1 eV.

An additional feature on Fe(110) and Fe(111) is a sharp
peak at 4.5 and 4.05 eV, respectively (not shown).
Fe(100) exhibits only a weak trace of it. This feature is
assigned to an image potential surface state (see Ref. 43
for details and Refs. 15-17 for reviews). The energy fits
well to a reported work function of 4.81 eV (Ref. 30) for
Fe(111), resulting in a binding energy of 0.76 eV. Such a
value is typical for inverse photoemission from image
states on metal surfaces.?' The state disperses rapidly up-
wards away from the zone center. The intensity of the
image state is strongest for Fe(110), since it falls into a
band gap for this surface. Image-state spectra and a dis-
cussion of the magnetic splitting of image states will be
reported elsewhere.

BAND STRUCTURE AND EXCHANGE SPLITTING

Band dispersions are obtained (Fig. 5) by using the
dispersion of the initial state band E;(k') to obtain k' for
the final state. We use semiempirical initial state bands,
which consist of calculated bands with their critical
points adjusted to the extrema in the observed band
dispersions. This method has been successful'®!416 in
mapping the energy bands of Ni and many other materi-
als. For initial state energies below 20 eV, the AL 2, A
F, bands of the local density calculation by Callaway and
Wang?® are taken. They happen to reproduce the experi-
mental H s, H, points reasonably well (Fig. 5). For high
energies, we also take a LEED-type calculation by Jep-
sen’ into account, which includes smearing out of mini-
band gaps by the finite lifetime broadening. Initial state
bands beyond the energy range of Fig. 5 are indicated by
marks on top of the figure. The experimental energy
bands are given by dots in Fig. 5.

From the data, one can derive the ferromagnetic ex-
change splitting at several points in the Brillouin zone
(see Table I). The inverse photoemission results make it
possible to obtain the exchange splitting not only between
occupied bands, as previously available, but also between
occupied—empty and empty—empty bands. Thus the
influence of the charge state on the exchange splitting can
be seen, which would make a big difference in localized
systems. For an itinerant ferromagnet such as Fe, there
is very little effect of the charge state on the exchange
splitting, in agreement with a previous finding for Co (see
Ref. 16). The variations between different critical points
are more likely to be attributed to a momentum and sym-
metry dependence of the exchange splitting.
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SELF-ENERGY

For understanding the band-structure concept, it is im-
portant to realize that traditional band-structure calcula-
tions produce energy eigenvalues that apply to the
ground state only. In principle, they have no relationship
to the measured bands, which necessarily involve the
creation of an excited state (e.g., a hole in photoemission
and an electron in inverse photoemission). The difference
between the quasiparticle energies in the excited state and
the calculated ground state energies can be summarized
by the self-energy. The real part of the self-energy gives
the energy shifts, while the imaginary part describes the
width of the states induced by the finite lifetime of the ex-
cited state. In recent years, it has become possible to cal-
culate the self-energy by solving the Dyson equations for
the electron and photon propagators which describe the
fully interacting many-electron system.> Although such
quasiparticle band calculations have not yet been per-
formed for Fe, there exists a cluster approach®* of the
problem. Other excited state calculations have been per-
formed for nearby elements, such as Ni (Ref. 35) and Cr
(Ref. 36).

The self-energy obtained from our inverse photoemis-
sion experiment and from previous photoemission data is
summarized in Fig. 6 for the region of the 3d bands. The
real part of the self-energy can be approximated roughly
by a straight line through the origin with a slope of —0.1,

(eV)

AE

(eV)

FWHM T

_5 —a -3 -2 -1 0 1 2

Experimental energy relative to E_ (eV)

FIG. 6. Energy differences AE and widths I" for d-band criti-
cal points of Fe, representing the real and imaginary parts of the
self-energy, respectively. AE equals the experimental energy
minus the local density eigenvalue (from Table I, Refs. 4, 6, 8
—10, 28, and this work, after taking an average of multiple ex-
perimental results). T' equals the full width at half-maximum
from Ref. 4 and this work. Full (open) symbols are for the ma-
jority (minority) spin, respectively. The data are summarized by
drawing straight lines through the origin with a slope of —0.1
for AE(E) and £0.6 for T'(E).
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corresponding to a 10% narrowing of the d bands. Qual-
itatively, this is the same effect as observed in other tran-
sition metals (for a review, see Ref. 37). Here we have the
new capability of testing the self-energy above the Fermi
level. There is large scatter in the data between different
critical points. That is partly experimental, as the varia-
tions in the photoemission energies from different groups
attest (see Table I). There are also some more general
obstacles. Momentum broadening by the finite lifetime of
the upper band shifts the energies of rapidly dispersing
bands (we chose critical points to minimize this effect). It
should be noted that the self-energy does not have to be a
smooth function of the energy of critical points. It also
depends on the character of the wave function.
Anomalies in the self-energy have been seen in semicon-
ductors?® for states with unusual spatial charge distribu-
tion.

For the imaginary part of the self-energy, i.e., the life-
time broadening (bottom of Fig. 6), there exist very few
data points. At any rate, they may be crudely summa-
rized by a linear function of the energy distance from the
Fermi level with a slope of 0.6, i.e., the broadening is 0.6
times the energy from the Fermi level. Traditionally, the
lifetime broadening has always been assumed to increase
quadratically away from the Fermi level, based on the
phase space available for electron—-hole-pair creation in
an electron gas and on resistivity data. However, a linear
behavior has been calculated in some instances (cf. Refs.
35 and 36). It has been observed for the 3d bands of Ni
(Ref. 38) and of Cu in high temperature superconductors
(Ref. 39). In the latter case, a slope of 0.6 was found,
identical to our value for iron. This linear behavior has
stimulated much theoretical interest, with models rang-
ing from a modest “‘marginal Fermi liquid” to more exot-
ic phases of matter. Since we are dealing with 3d elec-
trons in iron as well as in high temperature superconduc-
tors, there may be a real connection between the lifetime
data. A less exotic explanation of the linear lifetime
curve comes from a more detailed study of the density of
states. The quadratic dependence holds only for a con-
stant density of states around the singularities near the
Fermi level. If there is a 6 function of states at the Fermi
level, the lifetime becomes linear®®*° Since the density of
the 3d bands contains sharp peaks, a linear behavior may
not be that unexpected, at least not for energies far
enough away from the singularities near the Fermi level.

The higher-lying s,p bands behave differently from the
3d bands, i.e., they are expanded relative to the local den-
sity band calculation. In a highly simplified picture, one
can argue that the attractive crystal potential is reduced
at high kinetic energies. The faster the excited electron,
the less it feels the response of the crystal electrons. This
effect can be simulated by a constant self-energy stretch
of the higher-lying bands, at least for the energy region
probed in our experiment. In Cu a stretch of 7% has
been obtained.*"*? If we take the H s point for Fe (cf.
Table I), we obtain a 5% stretch.

SUMMARY

In summary, the critical points of unoccupied energy
bands of iron have been measured. They are used togeth-
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er with the available photoemission data to characterize
the band dispersion and the ferromagnetic exchange
splitting, thereby giving a complete picture of the elec-
tronic structure. Particularly striking is the well-resolved
ferromagnetic exchange splitting at the Hs point. In or-
der to study higher order excited state effects on the band
structure, we have also determined the lifetime broaden-
ing (corresponding to the imaginary part of the self-
energy) and the disrepancy between experimental and cal-
culated ground state band energies (corresponding to the
real part of the self-energy). It is interesting to note that
the lifetime broadening is linear in energy with a slope of
0.6, i.e., equal to that observed for the states near the Fer-
mi level in high temperature superconductors. The real
part of the self-energy corresponds to an average d-band
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narrowing of 10%. Surface effects show up mainly via
the appearance of image states. It would be interesting to
further pursue the magnetic properties of the observed
image states,*® particularly a possible magnetic splitting.
This would be a first step for creating a spin-polarized,
two-dimensional electron gas.
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