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Angle-resolved-photoemission study of the Cr(100) surface
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Normal and off-normal angle-resolved-photoemission data for Cr(100) are reported. As-
suming a free-electron-like final-state band, bulk energy-band dispersions along the I'-A-H,
H-G-N, and N-D-P symmetry lines are determined. Measured critical-point binding ener-
gies are 0.95 (T'3s), 2.0 (N,,P,), 3.40 (H,;), and 4.0 eV (N,). Standard self-consistent band-
structure calculations predict larger d-band widths than those measured (typically by 20%
at N,). Evidence for a prominent surface state with a binding energy of 0.65 eV at the T’
point of the surface Brillouin zone is found for clean Cr(100).

I. INTRODUCTION

There is considerable interest in understanding the
electronic structure of transition metals. Extensive
and increasingly realistic theoretical one-electron
band calculations can now be compared directly
with angle-resolved-photoemission measurements.
Much recent experimental investigation concerns! —*
Ni and Cu.’~7 The result of all this work is that
whereas Cu works quite well, a narrowing of about
30% of the d bandwidth and a reduction of the ex-
change splitting are observed in the case of Ni. In
addition the photoemission spectra of Ni show an
energy level ~6 eV below the Fermi energy which is
attributed to the excitation of a virtual two-hole
bound state in the d band.®! Hence, extensive
theoretical effort has been expanded to explain these
discrepancies on the basis of correlation effects
within the unfilled narrow d band.”~%° Obviously, it
is interesting to extend the work in this area to relat-
ed metals. Recent experiments?*"?> on Co and Fe in-
dicate that the band calculations describe these met-
als much better than Ni, but similar problems are
apparently encountered.

We report here results from a photoemission in-
vestigation of a Cr(100) surface, concerning mainly
the bulk electronic structure. A previous photoemis-
sion study for mapping out the bulk energy bands of
Cr has been reported by Johansson et al?* These
authors investigated normal emission from a Cr(110)
surface below and above the Néel temperature
(Txy=312 K) in an attempt to observe spectroscopic
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effects of the magnetic-phase transition. Reasonable
agreement was found with the antiferromagnetic
bands of Asano and Yamashita®* along the I'-3-N
direction for the data collected at 230 K. Chromi-
um crystallizes in a body-centered-cubic (bcc) struc-
ture. The antiferromagnetic state is described by a
spin-density wave with a wave vector Q close to
(27 /a)(1,0,0). The transition from paramagnetic to
antiferromagnetic chromium is accompanied by a
reduction of the symmetry. Hence states of wave
vector k+Q, k+2Q, etc. are mixed with a given
Bloch state k. Small gaps are introduced at points
where the states to be mixed are nearly degenerate.
Calculations assuming perfect [Q =(27/a)(1,0,0)]
antiferromagnetic Cr show gaps of typically 0.2
eV.2%25 Thus a gross picture of the band structure
of perfect antiferromagnetic Cr is obtained when the
dispersion curves for paramagnetic Cr are drawn in
the reduced zone, i.e., the simple-cubic Brillouit
zone for the CsCl-type lattice.”* Most of the band-
structure calculations reported so far concern the
paramagnetic state.?%26—3!

II. EXPERIMENTAL PROCEDURE

Experiments on both clean and nitrogen-covered
Cr(100) are reported. Measurements on the clean
sample were carried out utilizing a Vacuum Genera-
tor ADES 400 electron spectrometer and the pho-
toelectrons were produced by radiation from a reso-
nance lamp. Experiments on a nitrogen-covered
surface were performed at the Laboratoire pour
I'Utilisation du Rayonnement Electromagnétique
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(LURE) using synchrotron radiation from the An-
neau de Collision d’Orsay (ACO) (Orsay storage
ring). Though the latter experiments were primarily
designed for the study of the surface electronic
structure, results of interest concerning the bulk
band structure were also obtained. In both experi-
ments an electron energy analyzer can be rotated
around the sample in the horizontal plane. Low-
energy electron diffraction is used to select the plane
of emission by rotating the sample around its nor-
mal. The angular resolution is about +2° and the
energy resolution (electron + photon) was kept at
~0.2 eV.

The chromi}lm single crystals were spark-cut after
orientation *+° and mechanically and electrolytical-
ly polished wusing standard techniques. The
nitrogen-covered surface is a Cr(100)-(1X1)-N
structure which is prepared as described previous-
ly.32 A clean Cr(100)-(1X1) surface was obtained
after prolonged argon ion etching and simultaneous
heating at 600—800°C. This lengthy procedure
reduces the amount of bulk impurities (C, N, and S),
which diffuse to the surface during annealing, to a
negligible level. We have previously suggested that
clean Cr(100) may be reconstructed in a ¢ (2X2) su-
perstructure.’ Actually, a small amount of impuri-
ties (C, N, O, or S) must be present to observe this
superstructure. This problem is discussed else-
where.3*#%* The spectra reported here referred to the
clean surface correspond to a Cr(100)-(1X 1) surface
structure. Owing to the very rapid adsorption of
CO from residual atmosphere (P~5x 101! Torr) a
standard cleaning cycle (ion etching followed by an-
nealing at 400 °C) was repeated every 1—2 h.

Direct interpretation of the angle-resolved energy
distribution curves (EDC’s) is based on symmetry-
selection rules associated with electric dipole transi-
tions. Owing to the translation symmetry parallel to
the crystal surface, components of the wave vector
parallel to the surface k| are conserved. Hence k)
for the initial state is readily determined from the
kinetic energy and exit angle of the emitted electron.
In the direct-transition model, which describes emis-
sion from bulk states, the perpendicular component
of the wave vector k, can be determined if the
dispersion of the final- (or initial-) state band is
known and several studies®>%36 have shown that a
free-electron final-state band often works quite well.
Simple arguments in favor of this approximation
may be given if the final-state energy is not too
low.”” Assuming that primary cone emission is
predominant,*® simple kinematic equations can be
derived from energy and momentum conservation:

k|| =0.513(fio+ E — ®)'sin6 , (1)
k;=0.513 | (#iw+E — ®)cos’0+V, | 12, )

where k (A~!) is the wave vector in the extended
zone scheme, #iw (eV) the photon energy, E (eV) the
initial-state energy referred to the Fermi level, and 6
the polar angle of emission. The value of the crystal
inner potential ¥, =10.8 eV, that is used, is approxi-
mately the sum of the Fermi energy and the work
function ®. This procedure seems reasonable as a
first approximation. Johansson et al.2® have used a
somewhat lower value (~9.8 eV) resulting from a fit
of the free-electron parabola with calculated bands*
in the appropriate energy range (15—25 eV). How-
ever, the accuracy of these band calculations has
been questioned.! Actually, the results are not very
sensitive to a small adjustment (~1 eV) of V.

Since the photoemission data are collected at
room temperature, i.e., just below T, they are, in
principle, to be compared with calculations concern-
ing the antiferromagnetic state. However, the ef-
fects on the dispersion curves E (k), due to the mag-
netic state, are rather small** and generally less than
the variations in the E (k) among the different cal-
culations for either perfect antiferromagnetic or
paramagnetic Cr. Thus, since most of the theoreti-
cal works concern the paramagnetic state the data
are compared with the numerous band calculations
for paramagnetic Cr. Also, the bee Brillouin zone is
used in the analysis of the photoemission spectra
rather than the reduced simple cubic zone corre-
sponding to the perfect antiferromagnetic state. Ac-
tually, it will appear below that the prominant
features in the photoemission spectra collected at
room temperature can be accounted for by direct
transitions in the bce rather than the reduced Bril-
louin zone.

All the data are taken in an azimuth which corre-
sponds to one of the two mirror planes of the (100)
surface. Figure 1 displays cross-sectional cuts
through the (repeated) Brillouin zones in these
planes normal to the surface. Within the approxi-
mation of free-electron dispersion in the final band,
the points probed in k space at constant final energy
for different polar angles are located on circles.
Using Eq. (1), k| can be plotted on the vertical axis.
This permits a quick determination of k knowing
the final-state energy.

III. RESULTS AND DISCUSSION

Figure 2 shows a series of selected EDC’s collect-
ed from the clean surface at normal emission and
#iw=16.8 (Nel), 21.2 (Hel), and 40.8 eV (Hell),
which probe bulk states along the I'-A-H direction
of the Brillouin zone. The peak at —0.65 eV shows
no dispersion with photon energy. Furthermore, it
can be seen from the dashed curve recorded from a
surface containing ~% of a monolayer of nitrogen
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FIG. 1. Cuts through the repeated Brillouin zones of
Cr. The horizontal axis is k, relative to the (100) surface:
in (a) k)|[[011] and in (b) K||[010]. The dashed lines
show the k location at off-normal photoemission for
fiw=16.8 eV and 0°<6<45° and for #w=21.2 eV and
25° <6< 50° with the initial-state energy corresponding to
the lower-energy band. The circles are contours of con-
stant final energy in the free-electron final-state band ap-
proximation. The dotted lines show contours of constant
polar angle of emission 8. Symmetry points of the surface
Brillouin zone are shown in parentheses.

that this feature is very sensitive to surface contam-
ination. At normal emission from the (100) surface
only bulk (surface) states of A, (T;) or As (T's) sym-
metry can contribute to photoemission.*> A, states
are excited by the component of the vector potential
normal to the surface. This component can be
varied in our experiment by changing the angle of
incidence of the light a. The spectra at #iw=21.2
eV for a=18" and a=45" show that the structures
at —0.65 and —3.4 eV have mainly A, character.
The solid lines in Fig. 3 illustrate the calculated bulk
band structure of paramagnetic chromium from
Ref. 24. It can be seen that there are no bulk states
of A; symmetry which may account for the peak at
—0.65 eV. Hence it reflects emission from a sur-
face state in the I'; symmetry gap of the projection
of the bulk band structure. In fact, this feature is
quite similar to the well-known surface state ob-
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FIG. 2. Photoemission energy distributions for normal
emission from Cr(100). Solid lines represent spectra from
the clean sample. a is the incidence angle of light. The
dashed curve corresponds to a Cr(100) surface containing
z% of a monolayer of nitrogen.
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FIG. 3. Energy bands of Cr along the 'H, HN, and
NP symmetry lines. Solid curves are theoretical disper-
sion curves for paramagnetic Cr from Ref. 24. Squares
are experimental points from normal-emission spectra;
triangles, circles, crosses, and diamonds are experimental
points from off-normal—emission spectra.
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FIG. 4. 0ff-norma1—em1ss1on spectra from clean
Cr(100) for k”||[011] corresponding to k points on the
dashed lines in Fig. 1(a). The photon energy #iw and polar
emission angle 6 are indicated. Dotted curves indicate
peaks due to primary cone emission. The light was in-
cident at 45° with respect to the surface normal.

served in field emission and photoemission from
Mo(100) and W(100) surfaces.*! The structure at
~—7 eV does not disperse with photon energy. A
one-dimensional density-of-states peak arising from
the lower sp band around I'; could explain this
feature. However, this is inconsistent with the fact
that the same structure is still observed in the off-
normal spectra of Fig. 4. An interpretation in terms
of a multielectron satellite has been proposed for a
similar structure observed at —6 eV on Cr(110).2%
We now consider the feature at —3.4 (—4.2) eV for
#iw=16.8 or 21.2 (40.8) eV. It has A; symmetry and
disperses with photon energy. Hence, it may be at-
tributed to direct transitions from the lower bulk
band of A, symmetry. With the use of the formulas
(1) and (2) binding energies corresponding to bulk
electronic transitions are plotted on the band struc-
ture on Fig. 3. Experimental results determined
from the spectra of Fig. 1 are shown as squares.

At an arbitrary photon energy and polar angle of
emission, the EDC probes a general point in k space

with no particular symmetry. For Cr(100) it ap-
pears that, according to Egs. (1) and (2), off-normal
emission spectra with k”|][011] i.e., emission in a
(011) mirror plane, probe points very close to the
HN symmetry line for #io=16.8 eV and 0 <0<45°
or fiw=21.2 eV and 25°<0<50°. Typical spectra
recorded in these conditions from the clean surface
are presented in Fig. 4. The relevant points in k
space, calculated for the high-binding-energy feature
corresponding to the lower G, band, are shown by
the dashed lines in Fig. 1(a). The repeated zone
scheme shown in this figure corresponds to the
(011) or THP mirror plane. A small deviation from
HN has little effect on the measured energy-band
dispersions E (k) since k is broadened by lifetime ef-
fects in the final state (typically Ak /k~10%) and
the band dispersions are stationary for small devia-
tions normal to the symmetry line. Only the data
corresponding to deviations (Ak) less than one-tenth
the distance 'H are considered to fairly represent
the symmetry line. Experimental E (k) determined
in this way are shown as circles in Fig. 3. Using a
similar procedure, experimental band dispersions are
obtained along I'H from off-normal spectra with
k“||[010] i.e., emission in (001) mirror plane [Fig.

1(b)] with #iw=16.8 eV and 0 <6 <45° or fiw=21.2
eV and 25°<60<50°. The relevant data are shown as
triangles in Fig. 3.

With a few exceptions (mainly for < 10°), the
prominent peaks in the EDC’s show no particular
sensitivity to surface contamination and can be con-
sidered to represent primary cone emission from
bulk states. As can be seen in Fig. 3, it is remark-
able that the spectra show emission from all the
predicted bands. The agreement with calculated
bands is fairly good for As and the upper parts of
A,, G3, and G,4. This suggests that the technique lo-
cating the initial states in k space, based on direct
transitions to a final state with a free-electron
dispersion, works rather well. Yet, substantial
discrepancies between calculated and measured E (k)
exist, particularly in the lower part of the bands,
where the measured binding energies are always
lower than calculated.

Let us consider two possible explanations of this
disagreement. Firstly, the uncertainty about the po-
sition in k space which approximately coincides
with the appropriate symmetry line might cause de-
viations from the calculations along that symmetry

line. The deviation at H;; and N,, which results

from a change in wave vector k in the direction nor-
mal to the G line, can be estimated directly from the
calculated bands along the A and D lines. There is
no binding-energy change at N, since the D, band is
quite flat. The deviation at H,, is 0.15 eV for Ak
equal to one-tenth the distance along I'H, which is
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much less than the observed discrepancy (~0.8 eV).
Hence, since the strongest discrepancies occur near
H and N, it appears that the agreement between
theory and experiment would not be substantially
improved if a more rigorous procedure had been
used, involving a comparison of the experimental
data with the bands determined off the symmetry
lines by means of an interpolation scheme.

The second possible reason for the disagreement
between theory and experiment is that the approxi-
mation of a free-electron final band is too crude,
especially when k comes close to the zone boundary
near H and N and that the use of more realistic final
bands would reconcile our data with the calcula-
tions. First, let us consider the results around H.
No calculations of final bands in the appropriate en-
ergy range (E > 10 eV) along I'H have been pub-
lished. Nevertheless it can be seen from Ref. 31 and
from calculations** for Mo, which has a similar
band structure, that there are no Bloch states of A,
symmetry for 10<E <16 eV. This would imply
that the feature at —3.4 eV in the spectrum at nor-
mal emission and #iw =16.8 eV reflects emission via
surface-evanescent final states and represents a peak
in the one-dimensional density of states along T'H.
Hence, a look at the calculated band structure in
Fig. 3 shows that either two peaks around — 3.4 and
—4.3 eV (or at least a broad peak at an intermediate
energy), reflecting the extrema of the A, band near
the middle point of the symmetry line TH and near
H, should be seen, or the H, state has indeed a
lower-binding energy than calculated as shown by
the experimental data of Fig. 3. In this respect we
note also that the present determination of H,, is
consistent with the results of Ref. 23 as well as with
x-ray photoemission work which places this critical
point at* —3.5 eV rather than at the calculated po-
sition about —4.2 eV. Actually, previous work has
shown that the free-electron final-state band approx-
imation is applicable near the zone boundaries as
well as at general points, mainly because of lifetime
broadening in the final state.’” Nevertheless, it ap-
pears that further investigations are necessary to
substantiate (or disprove) the free-electron final-state
band hypothesis in the vicinity of H, for Cr. For
instance, either accurate calculated final-state bands
are used once they become available or a method in-
dependent of any assumption about the final states
is employed.

We show now that a similar deficiency cannot be
invoked to explain the data concerning the critical
points N; and N, where similar discrepancies are
encountered and conclude that at least in that case
the observed binding energies are actually lower
than calculated. The following independent mea-
surements strongly support both the data around N
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FIG. 5. Off-normal emission spectra from Cr(100).
Dashed lines are spectra with f,” |[010], probing the sym-
metry point N: The lower spectrum is from clean Cr(100)
and the upper spectrum from Cr(100)-(1X1)-N. Solid
lines represent spectra from Cr(100)-(1X1)-N with
K)||[011] and with k| held fixed at point #. The photon
energy and polar emission angle are indicated. Dotted
lines indicate peaks due to emission from bulk states. The
other features in the spectra from Cr(100)-(1X1)-N are
due to nitrogen-induceg surface states at the X (for
k)[|[010]) or M (for k;||[[011]) points of the surface
Brillouin zone and are not discussed here (see Ref. 32).

and the validity of the free-electron final-state band
approximation in this region of k space.

The lower dashed spectrum in Fig. 5 is collected
from the clean surface at #iw=40.8 eV and 6=21°
in the (001) or 'HN plane. It can be seen from Fig.
1(b) that it probes points very close to N. Two peaks
at —2.0 and —4.0 eV can be seen which agree very
well with the binding energies of the N, and N,
states determined previously from emission in the
(011) plane. Further evidence that these peaks
represent indeed emission from bulk rather than sur-
face states comes from the upper dashed spectrum
in Fig. 5 which is collected from a Cr(100)-(1x 1)-N
surface at #iw =40 eV and =22’ in the (001) mirror
plane. Again this spectrum probes N and in addi-
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tion to peaks derived from the nitrogen orbitals it
shows clearly the emission from the N, and N, bulk
states at —2.0 and —4.0 eV, respectively. These
and a few similar results at other points of k space
are shown in Fig. 3 as diamonds. Data coming
from independent measurements always agree very
well. An important observation is that weak peaks
at —2.0 and —4.0 eV are generally present in any
spectrum corresponding to the X point of the sur-
face Brillouin zone, i.e., with k|| at the middle of the
symmetry line I'H. These spectra are obtained by
varying the photon energy and polar angle in such a
way that k| remains constant. Both features be-
come stronger when the direct-transition condition
is fulfilled as in the case of the dashed spectra in
Fig. 5. This implies that both weak peaks corre-
spond to maxima in the one-dimensional density of
states corresponding to the critical points N; and
N,. These peaks are the result of either indirect
transitions or secondary cone—surface umklapp pro-
cesses.’® Thus, this result determines the critical
points N; and N, independent of any assumption
about the final states.

Finally we discuss spectra which determine the
dispersion of the D, band along PN. Figure 5 shows
as solid lines, typical EDC’s collected in the (011)
plane from a Cr(100)-(1X 1)-N surface using syn-
chrotron radiation. The photon energy is varied
from 30 to 70 eV and the polar angle is adjusted ac-
cording to Eq. (1) such that with k|| at point M it
can be seen from Fig. 1(a) that the possible bulk
transitions originate from the PN symmetry line.
On the basis of previous studies,*? it appears that the
prominant peak at —2.0 eV which shows essentially
no dispersion cannot be assigned to emission from
adsorbate-induced surface states. Therefore, inter-
preting it as the result of direct transitions from
bulk states yields the experimental E (k) shown as

crosses in Fig. 3. Excellent agreement is found with
the binding energy of N, already determined in-
dependently. Clearly, we observe here emission
from the flat D, band connecting N, and P,. Emis-
sion from D, can also be seen in the spectra probing
points close to N where interference with the emis-
sion from N2p—derived surface states does not
occur. Again the measured bands are shifted up-
wards in comparison with the calculations. Let us
point out that since the D, band is quite flat the
determination of k,, which is the main difficulty in
the interpretation of the photoemission data con-
cerning the bulk band structure, is not a problem in
the present case. In other words the results concern-
ing the D, band are again independent of any as-
sumption about the final bands and the discrepancy
between theory and experiment must be a true ef-
fect.

A further interesting observation confirming the
shift of the flat D, band comes from the dashed
spectrum in Fig. 2. This EDC is collected from a
nitrogen-contaminated surface. At these coverages
(% of a monolayer) the surface structure is ¢ (2 X 2)-
N.3* A comparison with the clean spectrum shows
that distinct peaks appear at —2.0 and —4.5 eV as
a result of nitrogen adsorption. Yet, the feature at
—2.0 eV is not characteristic of nitrogen since we
also observed it on Cr(100)-c(2X%2)-C and Cr(100)-
¢(2X2)-S surfaces. We give a simple interpretation
of the appearance of this structure in terms of sur-
face umklapp processes: For a c¢(2X2) surface the
M and T points of the (1X 1) surface Brillouin zone
become equivalent. Therefore, it can be seen from
Fig. 1(a) that in normal photoemission bulk transi-
tions may now be seen from the 'H and PN sym-
metry lines which project on T and M, respectively.
The relevant surface umklapp process involves a
surface reciprocal vector Gy at point M. It explains

TABLE 1. Occupied Cr band critical-point energies (eV) referred to the Fermi level.

Symmetry? Experiment GF° LCGO¢ LCGO* MTB!
s (T3s) —0.95+0.01° —0.98 (—0.96) —1.05 —0.90 —1.05
H, (T'y;) —3.401+0.2 —4.39 (—4.36) —4.00 —4.25 —-3.30
N, (M,) —4.0 0.2 —4.26 (—4.24) —4.27 —4.35 —3.90
N, (Ms) —2.0 0.1 —2.46 (—2.42) —2.60 —2.40 —2.45
P, (R3s) —2.0 0.1 —2.18 (—2.28) —2.28 —2.28 —2.05

“In parentheses is the symmetry of critical points for the perfect antiferromagnetic phase con-

sidered in Ref. 24.
®This value is extrapolated.

°Green’s function (GF) method, Ref. 24. The values in parentheses correspond to the antifer-
romagnetic bands with the symmetry indicated in parentheses in the first column.

9Linear combination of Gaussian orbitals (LCGO), Ref. 29.

‘Linear combination of Gaussian orbitals (Kohn-Sham-Gaspar exchange potential), Ref. 31.
Modified tight-binding (MTB) and orthogonalized plane wave, Ref. 27.
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the appearance of a peak at —2.0 eV in connection
with the ¢ (2X2) surface structure, as emission from
the flat D, band.

Table I summarizes our experimentally deter-
mined critical-point energies obtained from E (k) in
Fig. 3. These measurements are compared to four
different, self-consistent band calculations for
paramagnetic Cr.2%272%3! Values from the antifer-
romagnetic bands of Asano and Yamashita® are
also shown for the relevant symmetry points in
parentheses. The discrepancy with theory is typical-
ly 20% for N, and H,. The calculations of Yasui
et al.?’” are an exception since very good agreement
is observed at H,, and P,. Yet, similar discrepan-
cies are observed in this case at N, and around the
middle point of TH. Even larger d-band widths are
reported from other calculations for either paramag-
netic?®* or antiferromagnetic Cr.>> The experimen-
tal energy of the I';s point is the result of an extra-
polation of our data concerning As. Good agree-
ment is found here with the calculations as well as
with the measurements of Johansson et al.® Actu-
ally, the narrowing of the d bands observed in
photoemission gets support from optical-conduc-
tivity measurements.*>* Optical-conductivity cal-
culations show peaks which correlate with experi-
mental peaks, but which are shifted up in energy by
almost 1 eV.3! Since these features involve transi-
tions between d-band states, it would also appear
that the band calculations predict a too-large d-band
width.

Finally, as to the magnetic-phase transition, let us
point out that, excepting the surface-related features,
the prominant peaks in the EDC’s collected at room
temperature can be interpreted as the result of direct
transitions in the bcc Brillouin zone. In principle,
since chromium is antiferromagnetic at room tem-
perature, umklapp processes involving the wave vec-
tor Q of the spin-density wave should be visible in
the form of additional structure in the spectra. In
the approximation of perfect (commensurate) anti-
ferromagnetism the Brillouin zone becomes thdt of a
CsCl-type lattice. Thus, the I" and H points become
equivalent and, for instance, the bands along HN are
folded back along T'N. In particular, this signifies
that in the spectra which probe points near H, struc-
tures should be seen which reflect emission from
Bloch states near I'. These features are apparently
weak and therefore difficult to identify with certain-
ty in our spectra. Possibly experiments at lower

temperature might show them. In fact, since the
perturbing spin-dependent potential which lowers
the symmetry of the system in the magnetic state is
quite small, these effects should be weak at most
points of the Brillouin zone excepting the small re-
gions where gaps are formed. Effects due to the
magnetic-phase transition have been observed in
photoemission? along the I'M symmetry line where
a gap is created in the antiferromagnetic phase.

IV. CONCLUSION

The experimentally determined band dispersions
show a discrepancy with band calculations which in-
creases with increasing binding energy. Whereas the
agreement in good around —1 eV, the calculated
binding energies are larger than measured at the bot-
tom of the d band. At least for N, N,, D4, and P,
this disagreement is not an artifact connected with
the method used to interpret the photoemission data,
based on the assumption of direct transitions to a
free-electron-like final-state band. The observed
discrepancies seem closely related to the d character
of the bands. For instance, this can be seen in Fig. 3
for the D, band. The agreement with the calcula-
tions is better in the region where this band has not
pure d character, i.e., near P, where p-d hybridiza-
tion may occur than near N, which is a d-type z (x-
y) state. A similar statement holds for the lower A,
band whose character changes from s to d because
of s-d hybridization as one moves from I' to H
along I'H. Notice also the better agreement at N,
apparently because this state has non-negligible s
character.

The present results again raise the question as to
what extent the band-structure calculations properly
include the exchange and correlation effects in met-
als with unfilled d bands. The similar compression
of the d bands of Ni and Co has been explained by
invoking correlation effects.”~%° Possibly such ef-
fects are important in Cr too, though it is generally
believed that the band (as opposed to quasiatomic)
character of the d electrons is more pronounced in
Cr than in Ni.***’ Note that evidence for the pres-
ence of a multielectron satellite has been report-
ed 2342
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