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The bulk band structure of paramagnetic chromium, calculated with use of the linear augmented

plane-wave method, is presented and discussed. The calculated band structure is used for interpret-

ing the data obtained in angle-resolved photoemission experiments carried out on Cr{110). Experi-

mentally determined band locations and dispersions are found to agree fairly well with the theoreti-

cally predicted values. Calculations of the photocurrent-simulating recorded photoemission spectra
have also been made with the use of two different methods, and these results are presented and dis-

cussed.

I. INTRQDUCTION

The electronic structure of some of the 3d transition
metals has been the subject of several studies during the
last few years. ' ' The bulk and surface electronic prop-
erties have been calculated and checked experimentally.
In most cases, electron band-structure calculations based
on the one-electron approximation fairly weil predict the
locations and dispersions of the energy bands. The excep-
tion is Ni with, for example, a measured d-band
width9 "which is about 30% smaller than that theoreti-
cally predicted and a satellite structure which appears'
around 6 eV below the Fermi level. The correlation ef-
fects within the unfilled 3d bands of Ni seem to explain
the discrepancies. ' ' For the other 3d transition metals,
however, the treatment of the electronic exchange and
correlation effects do not appear to be so critical. Cr is
unique among these metals in that an itinerant antifer-
romagnetic state occurs below the Neil temperature
(TN ——312 K for pure Cr). Since the antiferromagnetic
state is critically dependent on the electronic band struc-
ture of Cr, several band-structure calculations have been
initiated. Most of them have been made on the paramag-
netic phase, bcc Cr, but a few have also been performed
on the antiferromagnetic phase. ' ' Only a few experi-
mental investigations of the band structure of Cr have
been reported, ' ' on the other hand, during the last few
years. In the present work we aim primarily at studying
the bulk band structure of paramagnetic chromium. Ef-
forts were also made to reveal the occurrence of surface
states and differences in the electronic structure between
the paramagnetic and antiferromagnetic phases of Cr. A
self-consistent calculation of the bulk band structure of
paramagnetic Cr was made using the linearized augment-
ed plane-wave (LAPW) method. ' The calculation is
based on the one-electron approximation and the local-
density approximation for exchange and correlation. The
band structure was calculated for energies up to about 25
eV above the Fermi level, thus allowing an interpretation
of the results obtained in angle-resolved photoemission
measurements made on Cr(110) using the direct-transition
model. An experimental mapping of the bulk band struc-
ture along the high-symmetry azimuthal directions (001)

and (110) are presented below and compared to the pre-
dictions of the band-structure calculation. Photoemission
spectra from Cr(110} have also been calculated using two
different methods, the tine-reversed low-energy electron
diffraction (LEED)-theory scheme22 and a method 3 based
on the LAPW band-structure calculation. The latter
method models the contribution from bulk (band) emis-
sion while the former also includes contributions from
surface emission. Calculated photoemission spectra from
Cr(110} are presented below and compared with experi-
mental spectra.

II. EXPERIMENTAL

Angle-resolved photoemission experiments were carried
out utilizing a Vacuum Generators ADES400 electron
spectrometer equipped with a resonance lamp producing
unpolarized Hei (21.2 eV} and Ne? (16.8 eV) radiation.
The electron energy analyzer has an acceptance angle of
+2' and was operated at an energy resolution of & 0.2 eV.
The base pressure of the instrument is & I )& 10 'o torr.

Two Cr(110) samples were utilized in these studies, one

pure Cr crystal and one Cr crystal doped with 1.6 at. %
Mn. The samples were cut and oriented to within +1' us-

ing x-ray diffraction and the surfaces were electropolished
in a perchloric and acetic acid mixture prior to mounting.
In situ cleaning of the samples was performed by
sputter-anneal cycles. Ar+ ions of energies between

0.5—2.5 keV were used for sputtering and annealings were
made at temperatures between 600—700'C. During a few
annealings small oxygen exposures were made (=10
torr of oxygen for a few minutes) in order to get a
carbon-free surface. The surface geometry was checked
using LEED, and the pattern characteristics of the clean
(110) surface were obtained.

Photoemission spectra were recorded at different
electron-emission angles, along the two high-symmetry
azimuthal directions (100) and (110). The emission an-

gle 8, and the incident angle of the radiation 8; are given
relative to the sample surface normal. The Fermi level
was used as the reference level in all the spectra presented
below. The Cr(110) samples were found to be fairly reac-
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tive with the residual gases in the spectrometer, and there-
fore the sputter-anneal cleaning cycle was repeated about
every third hour of data accumulation. The clean Cr(110)
surface was also exposed to controlled amounts of pure
oxygen in order to reveal surface-related features in the
photoemission spectra. A cold finger was attached to the
sample holder allowing the sample to be cooled down to
below —100 C, as was measured with a thermocouple
spot welded to the side of the sainple. Photoemission
studies could thus be made at temperatures both well
above and below the Neel temperature, which for pure Cr
1s Tg =312 K.

III. RESULTS AND DISCUSSION

A. Band-structure calculatian

One of the most popular schemes for electronic band-
structure calculations is based on the density-functional
(DF) theory and uses a local ap roximation for the ex-
change and correlation potential. Although the eigen-
values resulting from density-functional calculations usu-

ally give a good approximation to experimental values,
there are some well-known cases where the DF scheme
causes substantial deviations, i.e., the d-band width in Ni
and the band gap in semiconductors. However, in this
calculation no effort was made to include any corrections
of the local-density-functional scheme. Instead, one of
the purposes was to develop a practical tool for solving a
problem often encountered when experimental results are
interpreted, namely, that of identifying the contributions
of the different possible transitions to a photoemission
spectrum.

The linear augmented plane-wave method ' is widely
used for electronic band-structure calculations due to its
simple matrix elements and because all the eigenvalues
and eigenvectors can be rapidly found. It also gives accu-
rate eigenvalues for both the occupied part of the bands as
well as for the higher unoccupied bands. This is impor-
tant if the calculated bands are to be used for interpreting
experimental photoemission results. For this reason we
have used the LAPW method to do a self-consistent
band-structure calculation of paramagnetic chromium.
The calculation was done within the local-density-
functional scheme, and we have used the Hedin-Lundqvist
approximation for the exchange and correlation poten-
tial.

In the LAPW method, the radial wave function is ex-
panded around a chosen energy parameter EI, and the re-
sulting eigenvalues are most accurate close to this value.
An accuracy of a few mRy over an energy range of about
1 Ry can usually be expected.

During the self-consistent iteration we found it con-
venient to take the EI values as follows:

Ei=X's (I) gp(i)
l

where e; are the eigenvalues of the occupied bands and
p;(I) are the integrated partial (I-hke) charge density in-
side the muffin-tin sphere. In Table I we given the final
EI values.

During the self-consistent iteration, both the valence
and the core electrons were recalculated. For the core

TABLE I. Final energy parameters EI for the radial wave
functions (in Ry with respect to the Fermi level).

—0.34
—0.17
—0.15
—0.12
—0.13
—0.14
—0.14
—0.13
—0.17

electrons, only the spherical part of the potential was in-
cluded, while for the valence electrons, non-muffin-tin
terms were included in the following way. The potential
is divided into two parts, a spherical symmetrical part
V(r) valid only inside the muffin-tin spheres and a
Fourier sum gG Voe' ' valid in the entire cell. The
spherical part of the potential and the potential in the in-
terstitial region are included in exact form (the warped
muffin-tin potential). The remaining part of the non-
spherical potential is included in an approximate way.
Since both the amplitude and derivative of the radial wave
function are matched to the plane waves at the muffin-tin
radius, these plane waves can be used to represent the
wave function just inside the muffin-tin radius. Thus the
remaining part of the nonspherical potential is included
by extending the plane waves inside the spheres.

In the band-structure calculation, we have used a basis
set of 87 unsymmetrized plane waves. The expansion in
spherical harmonics was taken up to 1=8. This was
found to give a convergence within a few mRy for the oc-
cupied part of the bands (some symmetry k points were
checked with the symmetrized augmented plane-wave
method). Our criterion for self-consistency was that the
maximum change in the spherical part of the potential
should be less than 0.1 mRy. The charge density was con-
structed from 55 k points uniformly distributed on a cu-
bic grid in the irreducible part of the Brillouin zone. In
Fig. 1 we show the self-consistent band structure along
the symmetry lines. In Table II we compare our results
with some earlier calculations. The agreement is seen to
be good between this calculation and the linear-
combination-of-Gaussian-orbitals calculation done by
Laurent et al using the .von Barth —Hedin (VBH) poten-
tial. They used the same lattice constant a =5.4456 a.u.
and performed calculations both for the VBH and the
Kohn-Sham-Gaspar (KSG) potential.

The charge density is a ground-state property and can
therefore be calculated exactly within the density-
functional formalism. This provides an additional possi-
bility to check the accuracy of the approximation used for
exchange and correlation by comparing experimental and
theoretical x-ray form factors. In Table III we list our
values together with the theoretical values obtained by
Laurent et al. (KSG potential) and some experimental
values. There is excellent agreement between the two cal-
culations, and reasonable agreement between theoretical
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EfeV) which transition Inakes the dominant contribution, and
then one needs to compare with calculated results. The
time-reversed I.EED-theory scheme has proven to be an
extremely useful method for calculating photoemission
spectra. Results for Cr(110) obtained using this method
are presented below. Sometimes, however, it is difficult to
identify which initial-state band makes the dominant con-
tribution to a calculated spectrum since this method is
based on the one-step model. For band mapping pur-
poses, this is a crucial question and therefore we also tried
another method, based on the LAPW program, for calcu-
lating photoemission spectra. Briefly, this is the three-
step model, where the three steps are optical excitation,
transport to the surface, and escape through the surface
out into the vacuum. In this calculation, the optical exci-
tation is approximated by vertical transitions and the
transition strength is given by the dipole matrix elements.

A compact formula for the three-step model is

N(E K~~ RCO) y y d k
~ Mf D(Ef'k)T(Ef' K~~)

fi
FIG. 1. Self-consistent band structure of paramagnetic

chromium, calculated using the LAP% method.

and experimental values, as seen in Table III. To draw
any definite conclusions about the charge density from
this is difficult, however, because of the fairly large
scattering in the experimental data.

B. Photoemission calculation

Symmetry selection rules ' are often used when trying
to interpret spectra since the selection rules usually reduce
the number of possible transitions. However, as soon as
the symmetry lines are left, it is no longer possible to ob-
tain this extra information. Ambiguities may arise about

X5(Ef E; —fm—)5(E—Ef )

II+ Gll

where
~ Mf; ~

stands for the dipole matrix elements,
D(Ef,k) simulates the transport to the surface, and
T(Ef K~

~

) is the transmission factor. Lifetime effects
were simulated by replacing the two first 5 functions with
a Lorenzian broadening,

I (E/)/2 I (E;)/2
(E Ef ) +[I (E—f )/2] (E E( —iris))2+—[I (E; )/2]2

of both the initial and final states. At the surface, the
crystal wave function should be matched to the plane-
wave solution in the vacuum. In the one-step model the
matching at the surface mixes surface states and bulk

TABLE II. Energy differences (in Ry) for paramagnetic chromium.

EF—Er
1

Er -Er
12 1

Er -Er,
12 2S'

Er —Er2S' 1

EH, -EH
2S' l2

Ea -Er
1S 1

EH —Er2S' 2S'

Er —Ea
12 12

Ep —Ep
3 4

E~ -Ew
2 1

3 1

Ex,—Ew, (2)

Ex —Ev

Present

0.5420

0.6220

0.1471

0.4749

0.4714

1.3040

0.2396

0.3789

0.2711

0.1336

0.5061

0.0248
—0.0106

0.1052

Ref. 6
(VBH)

0.5599

0.6364

0.1440

0.4924

0.4801

1.3201

0.2387

0.3854

0.2719

0.1407

0.5156

0.0228
—0.0224

0.1219

Ref. 6
(KSG)

0.5678

0.6454

0.1431

0.5022

0.4877

1.3201

0.2411

0.3897

0.2748

0.1

0.5235

0.0226
—0.0314

0.1340

Ref. 5

0.7143

0.8210

0.1715

0.6495

0.6620

1.3723

0.3166

0.5168

0.3813

0.2089

0.7132

0.0343
—0.1876

0.3303
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TABLE III. X-ray form factors for paramagnetic chromiUm. Present and Ref. 6 are theoretical,
Refs. 29, 30, and 31 are experimental values.

%'ave vecto~

(1,1,0)
(2,0,0)
(2, 1,1)
(2,2,0)
(3,1„0)
(2,2,2)

(3,2, 1)
(4,0,0)
(4, 1,1)

(3,3,0)
(4,2,0)
(3,3,2)
(4,2,2)

16.32
13.44
11.66
10.38
9.42
8.79
8.25
7.82
7.50
7.52
7.24
7.02
6.82

Ref. 6

16.29
13.39
11.66
10.39
9.40
8.82
8.27
7.76
7.48
7.54
7.23
7.06
6.84

15.88
13.14+0.34
11.23+0.34
9.97+0.50
8.9420.30
8.44+0. 16
7.75+0. 10
7.50+0.24
7.05+0.09
7.05 20.09
6.72+0. 15
6.59+0. 19
6.41+0.12

Ref. 34

15.78+0.20
13.13+0.17
11.47+0. 15
10.20+0. 14

Ref. 35

16.30+0.12

states. However, since the goal was to obtain the pure
bulk contribution, a simplified matching was used in this
calculation. At the surface, the bulk wave function can be
written as a two-dimensional Fourier series over surface
reciprocal-lattice vectors. The Bloch state is assumed to
be decoupled into such plane waves, and these are then
matched to the plane-wave solution in the vacuum, one by
one. Thus, the calculation is made in the zero damping
limit, and the transmission factor T(Ef,K~~) is given by
the plane-wave matching. This approximation yields a
very simple but still useful expression for the photo-
current, making it possible to get information not only
about symmetry selection rules but also about the intensi-
ties that can be expected from different transitions, as il-
lustrated below.

C. Band-structure mapping

By using the photoemission technique and the results of
the band-structure calculation, we have performed an ex-
perimental mapping of the bulk band structure by apply-
ing the direct-transition model. At normal electron emis-
sion, only X~ final-state bands can contribute to the emis-
sion according to symmetry selection rules. The possible
direct transitions at a photon energy of 21.2 eV are illus-
trated in Fig. 1 by the intersections between the initial-
state bands and the dashed line which represents the Xt
final-state band displaced downwards in energy by 21.2
eV. Four intersections are observed, but since symmetry
selection rules state that the X2 initial-state band cannot
contribute at normal electron emission„only three remain,
two within 1 eV of the Fermi level, EF, and one about 4.5
eV below EF.

Photoemission spectra recorded at normal electron
cllllssloll llslIlg Hc I (21.2 cV) radlatloll arc showI1 lll Flg. 2
for two different incidence angles 8;. Although the radia-
tion is unpolarized, the relative contribution from Xl and
X3 initial-state bands changes when the incidence angle is
varied, as seen in Fig. 2. %'hen increasing the incidence

Cr (140)
hy = 21.2 eV

9, =0

fO.'C
C

40x e;
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~

Z

=45
~ ~

~ ~ ~
~ ~ ~ ~ ~+~

~ ~ ~

~ 4

~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~~ ~ ~IOt ~ ~

~ ~ ~ I ~ 4 ~

~ ~

I I

-2
INIAL ExERGv (OV)

~ ~ ~~ ~ coo ~ ~ ~ ~t

FIG. 2. Angle-resolved photoemission spectra of Cr(110) at
normal electron emission (8, =0 ) and at two different incidence
angles, 8;, in the (001) azimuth, of the unpolarized He I radia-
tion.

angle, the component of the ellx:tric field vector parallel to
the surface normal increases, which shows up in the spec-
trum as an increased relative contribution from initial
band states of X, symmetry, in accordance with symmetry
selection rules. Thus, structures in the normal emissior
spectra originating from the X, and XI initial-state bands
located close to EF can be identified unambiguously.
However, no structure originating from the lower-lying X 1

initial-state band ( =4.5 eV) was observed in these normal
emission spectra.
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An experimental mapping of the bulk band structure
was made by varying the electron emission angle 8, . This
was performed in two different azimuthal directions, the
(001) and the (110) directions. Based on the assump-
tion that the momentum component of the photoelectron
parallel to the surface can be described as

8, ALONG (00&p

20 40' 6O

where m is the free-electron mass and Ek;„ the measured
kinetic energy of the emitted electron, theoretical band
dispersions were calculated as a function of the electron-
emission angle 8, using the earlier described paramagnetic
band-structure results. The experimental and calculated
results are summarized in Figs. 3, 4, and 5. The solid
lines represent the calculated dispersions and the dots
represent experimentally determined locations of the
initial-state bands. The vertical bars indicate the estimat-
ed uncertainty in the determination of peak positions for
cases where it is larger than 0.1 eV. The overall agree-
ment between experimental and calculated results is seen
in Figs. 3, 4, and 5 to be fairly good. The major trends in
the experimentally determined dispersions are in most
cases well reproduced by the calculated dispersions. For
example, the structure around —1 eV originating from
the X, initial-state band in the normal emission spectra is
seen to disperse downward in energy when the emission
angle is increased. Its dispersion with 8, corresponds fair-
ly closely with the calculated results in all three cases, as
seen in Figs. 3, 4, and 5. The predicted splitting of this
structure into two or three structures for Ne 1 radiation at
large emission angles (see Figs. 4 and 5) is also observed
experimentally. Contribution to the emission from the
lower-lying initial-state band around —4 eV is also clearly
identified in the off-normal emission spectra in all three
cases. However, no structure corresponding to emission
from the Xz band at normal emission is observed in the
spectra recorded at small emission angles, 0, & 10'.

e. AL.ONG &oo~&

0' 20' 40' 60
s p t I ) I 1 l

NeI rad.

FIG. 4. Comparison between experimental and calculated
peak positions as functions of polar angle along the (001) az-
imuth for Net radiation, See text for details.

There are some branches of the calculated dispersion
curves for which no corresponding structures are observed
in the recorded spectra. This is most clearly seen in Fig. 3
at emission angles between 30'g8, ~70' and for initial-
state energies between 0 and —2 eV. It should be noticed
that all possible final-state bands were included when the
dispersion was calculated. However, the transition proba-
bility to some of these bands is actually so small that no
corresponding emission is expected to be observed, as will
be illustrated by the calculated photoemission spectra
shown below.

The band-structure mapping made in the (110) direc-
tion using Hel radiation is not summarized in a figure.
Instead, a few spectra recorded at different emission an-

gles along this azimuth are shown in Fig. 6(a). In this
case the two structures observed between 0 and —1 eV in
the normal emission spectrum are seen merely to move to-
wards and above the Fermi level, upon increasing the

e, ALONG &iso&

20' 40 60
I l ) I 1 l

0

LLI

'C -3-
R

FIG. 3. Comparison between experimental and calculated
peak positions as functions of polar angle along the (001) az-
imuth for He I radiation. See text for details.

FIG. S. Comparison between experimental and calculated
peak positions as functions of polar angle along the (110) az-
imuth for Ne I radiation. See text for details.
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emission angle. This dispersion, when the emission angle
is increased up to about 35', closely follows the calculated
bulk band dispersions. For emission angles larger than
about 35, no sharp prominent structure appears in the ex-

perimental spectra between 0 and —4 eV, while several
branches appear in the calculated results. These branches
originate from final-state bands for which the calculated
transition probabilities are so small that no corresponding
structures are expected in the recorded spectra. The spec-
tra recorded in this azimuth agree well with the experi-
mental results recently published by another group. '

l3. Photoemission spectra

In addition to the changes in peak positions, strong
modulations of peak intensities are also observed in the
photoemission spectrum when the electron-emission angle
is varied. This is illustrated in Figs. 6(a), 7(a), 8(a), and
9(a), where spectra recorded at different emission angles
using HeI and Net radiation are shown. %'e have tried to
simulate the modulations of relative peak intensities by
performing two different types of calculations of the pho-
tocurrent. Photoemission spectra calculated using the
time-reversed LEED-theory scheme are presented in
Figs. 6(b), 7(b), 8(b), and 9(b). The results obtained using
the method based on the LAP% program are presented in
Figs. 6(c), 7(c), 8(c), and 9(c). Both types of calculations
are based on the self-consistent potential generated for the
LAPW band-structure calculation. The broadening pa-

rameters introduced which determine the widths of the
spectral features were for the low- and high-energy states,
0.0150 and 0.150 Ry, respectively. Since the parameters
enter in somewhat different ways into the two types of
calculations they do not have to be equal. It should be
pointed out that the chosen values are not optimized but
instead are merely reasonable values based on experience
gained from calculations made on other materials. The
calculations were made assuming linearly polarized radia-
tion incident at 8; along the specified azimuthal direction
but with the electric field vector at an angle of 45' relative
to the plane of incidence. Although this does not correct-
ly describe the distribution of the electromagnetic field in-

side the solid we have resorted to this simple distribution
in the calculations.

Calculated spectra long the (T10) azimuth for Her ra-
diation are presented in Figs. 6(b) and 6(c). At normal
emission there are two partly overlapping peaks, one aris-
ing from the X3 initial state at about —0.3 eV, and a X~

peak located around —0.9 eV. When the emission angle
is increased the two structures disperse up through the
Fermi level and disappear at 9, =40'. These calculated
intensity modulations fairly well reproduce the relative
peak intensities in the recorded spectra, shown in Fig.
6(a). A weak structure, located between —3 and —4 eV
and arising from the lowest X) band, is also observed in
the calculated spectra, most clearly at off-normal emis-
sion. It explains the origin of the weak and broad struc-
ture located around —3.5 eV in the experimental spectra.

Theor y Theor y

40'

30

20

10

0

0 0 2 0

INITIAL ENERGY (e V)

FIG. {j. (a) Ang&e-reso&ved He i spectra of Cr(110) recorded at different emission angles in the (110) azimuth and at &; =4& . (~)

Theoretical spectra calculated using the tilde reversed LFFD scheme (Ref. 22), and (c) theoretical spectra calculated using a method

I,'Ref. 23) based on the LAP%' program and described in the text.
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FIG. 9, (a) Ang)e-reso)ved He i spectra of Cr(110) recorded at different emission angles in the (001) azimuth and at 8; = 15'. (b)

Theoretical spectra calculated using the time-reversed I,BED scheme (Ref. 22), and 4,
'c) theoretical spectra calculated using a method

(Ref. 23) based on the LAP' program and described in the text.

Calculated results for Nei radiation along the (T10)
azimuth are shown in Figs. 7(b) and 7(c). At this energy
only the X& initial-state band contributes to the normal
emission spectrum, as shown by the I.APW result in Fig.
7(c). The structure appearing just below the Fermi level
at normal emission in the experimental and calculated
one-step model spectrum therefore is not interpreted as
arising from the X3 initial-state band. Instead, it is inter-
preted as originating mainly from a surface state. At
off-normal emission the Xi peak disperses downwards in

energy with increasing emission angle and another peak is
seen to be split off at 8, & 10' and to disperse up towards
the Fermi level. The overall agreement between calculat-
ed and experimental spectra is fairly good. The same is
true also along the (001) azimuth for NeI radiation, as
shown in Fig. 8. Here the major structure, arising from
X& initial states at normal emission, is seen to disperse
downwards in energy with increasing emission angle.
Again the near-normal emission LAP% spectra do not
show any structure just below the Fermi level, while the
experimental and one-step model spectra do, indicating
surface-state contribution.

In Fig. 9, the results along the (001) azimuth for Hei
radiation are presented. At normal emission and an in-
cidence angle of 8; =15' the dominant contribution arises
from X3 initial states in both the calculated and experi-
mental spectra. This is expected since symmetry selection
rules state that at 8, =0 and the A vector parallel to the
surface only X3 initial states can contribute, while only Xi

initial states contribute when the A vector is perpendicu-
lar to the surface. Emission from the Xi initial-state band
appears at off-normal emission and actually gives the ma-
jor contribution to the spectra at emission angles between
about 15' and 40. The X3 peak disperses up through the
Fermi level and disappears around 8, =15'. At emission
angles above 50' a splitting of the major structure into two
peaks is observed in both the theoretical and experimental
spectra. The calculated spectra are seen to simulate the
recorded spectra surprisingly well. It should be noted that
no contribution from the X2 initial-state band has been
identified in the spectra. At normal emission, however,
the X2 band cannot contribute to the emission for any po-
larization direction. The calculated emission at small
emission angles was found to be so small that it always
was drowned by stronger emission from nearby located in-
itial states.

Measurements on the clean Cr(110) surface were also
performed at temperatures below the Neel temperature in
an attempt to observe changes induced by the magnetic
phase transition. For pure Cr the itinerant antifer-
romagnetisrn below the Neel temperature is associated
with a spin-density wave incommensurate with the crystal
lattice. The spin-density wave becomes comrnensur-
able with the crystal lattice and the Neel temperature
increases if Cr is doped with, for example, ~ 1 at. % Mn.

For this reason, we carried out measurements both on
pure and a doped Cr crystal. However, the results were
negative in that no significant differences were observed
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in the He1 and Ne1 photoemission spectra recorded at an-

gles close to normal emission at temperatures below and
above the Neel temperature. A comparison between cal-
culated photoemission spectra for the paramagnetic and
antiferromagnetic phases was also made using Skriver's
potentials and the time-reversed LEED-theory scheme.
Only very small differences were found in the calculated
near-normal emission spectra, when utilizing the broaden-
ing parameters applied earlier. Larger differences were
observed in the unoccupied part above the Fermi and if
the broadening parameters were decreased considerably.

IV. SUMMARY

Using the LAP W method the band structure of
paramagnetic Cr was calculated up to energies of about 25
eV above the Fermi level. For the occupied part the re-
sults agree very well with earlier published band struc-
tures. Our calculated band structure allover a direct inter-
pretation of angle-resolved photoemission experiments
performed on Cr(110) using He 1 and Ne1 radiation. By
applying the direct transition model a mapping of the

bulk band structure was made along two azimuths, the
(001) and ( 110) directions. A fairly good overall agree-
ment between experimental and calculated band locations
and dispersions was obtained. Most of the structures ob-
served in the photoemission spectra could be accounted
for by direct bulk transitions. No significant changes
mere observed in the photoemission spectra recorded close
to normal emission at temperatures well above and below
the Neel temperature.

Photocurrent calculations were performed using two
different methods. How well these calculated results
reproduce experimental spectra and observed modulations
of peak intensities for different emission angles has been
exemplified.
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