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Angle-resolved-photoemission measurements were performed on the Cr(110) surface at tem-
peratures below and above the Néel temperature. The results are compared with previously cal-
culated band structures, and for the antiferromagnetic phase fairly good agreement is obtained
assuming direct transitions. Differences observed in photoemission spectra recorded below and
above the Néel temperature are discussed in terms of the magnetic phase transition. For the
paramagnetic phase the results could not be fully accounted for by calculated bulk band struc-
tures; possible explanations of the observed discrepancies are discussed.

I. INTRODUCTION

The purpose of the present investigation is twofold.
First we want to investigate the electronic band struc-
ture of chromium, using angle-resolved photoemis-
sion, and compare our results with calculated band
structures. Secondly we want to try to determine ef-
fects on the electron band structure caused by the
antiferro- to paramagnetic phase transition,! which
occurs at a Néel temperature of Ty =312 K.

Rather few photoemission experiments have been
carried out on Cr so far,”~® and none of them has
been an angle-resolved study for mapping out the en-
ergy bands. This is in a way remarkable since Cr ap-
pears to be unique among metals in that an itinerant
electron antiferromagnetic state is formed below the
Néel temperature. More experimental knowledge
about the occupied part of the electron band structure
of Cr is consequently called for at least in order to as-
sess the accuracy of calculated results.®~!* The
angle-resolved-photoemission technique is well suited
for obtaining such information.!" Even more in-
teresting, however, would be to observe effects on
the band structure caused by the magnetic phase
transition. In transforming from the para- to the an-
tiferromagnetic phase, energy gaps appear at the Fer-
mi level, at certain points in the Brillouin zone, due
to band hybridization.® The existence of these gaps
in the antiferromagnetic phase has been verified in
optical experiments.!> !> The gaps are small (<0.2
eV), and the changes in the band structure indicate
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that the effects likely to be seen in photoemission
spectra will be rather small; nevertheless, if observed,
they would be most interesting. For the above rea-
sons we have carried out an angle-resolved-
photoemission study of a Cr(110) surface. Normal
emission from this surface corresponds to the ' = N
direction in K space, along which prominent antifer-
romagnetic gaps are expected. Measurements have
been performed at temperatures both below and
above the Néel temperature.

For the main purpose of revealing emission from
surface induced states, ‘controlled exposures of oxy-
gen to the clean surface were carried out. Some data
on the initial oxidation of the Cr(110) surface is
therefore also presented. M

II. EXPERIMENTAL

The experiments were performed on the 8° line of
Beam Line I at Stanford Synchrotron Radiation La-
boratory. Linearly polarized radiation is obtained
from this line (polarized in the horizontal plane).
The angle resolved photoemission experiments were
carried out utilizing a Vacuum Generators ADES 400
system. It contains an electron energy analyzer that
can be rotated around the sample in the horizontal
plane. Most of our data were collected for normal
electron emission (9, =0°) at incidence angles of the
photon beam of 15° and 75°, relative to the sample
surface normal. The energy resolution of the energy
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analyzer, which has an acceptance angle of +2°, was
kept at 0.18 eV in the present measurements. The

base pressure of the instrument was <8x 107! torr

and the working pressure during the measurements
was <2x1071 torr.

A sample having the desired orientation within 2°
was obtained from a single crystal by cutting with a
diamond saw. After mechanical polishing the surface
was polished electrolytically in a perchloric and acetic
acid solution. The sample was then cleaned in situ by
repeated sputter-anneal cycles. Sputtering was per-
formed using Ar ions of energies between 2.0—0.5
keV. Annealing was performed at 600 °C, which was
the highest temperature at which our sample holder
allowed us to anneal. The cleanliness of the sample
was checked by Auger electron spectroscopy. In or-
der to get a carbon free surface we found that we had
to complement the sputter-anneal cycles with small
oxygen exposures during a few annealings
(~1077 torr of oxygen during annealings of a few
minutes) to burn off the carbon. The surface
geometry was checked using low-energy electron dif-
fraction (LEED). The characteristic pattern was ob-
served although the spots were a little blurry and not
very intense. After the experiment the surface
geometry was checked again in a SEM (scanning elec-
tron microscope) and a good channeling pattern was
observed. From these checks we conclude that the
surface was of sufficient quality to represent clean
and ordered Cr(110).

A cold finger had been attached to the system in
such a way that the sample could be cooled as well as
heated. The temperature was measured with a ther-
mocouple that was spot welded to the side of the
crystal.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Electron energy distribution curves (EDC’s) ob-
tained at normal electron emission for different pho-
ton energies from Cr(110) are shown in Fig. 1. For
the spectra in Fig. 1(a) the photon beam was incident
at an angle of 15°, relative to the surface normal
while for the spectra in Fig. 1(b) the angle was 75°.
The spectra are plotted against the initial electron en-
ergy with the Fermi level chosen as £=0 eV.

These spectra were recorded at a temperature of 230
K and represent consequently the antiferromagnetic
phase of Cr. _

The characteristic features of these spectra are:

(1) A structure just below the Fermi level which is

clearly observed in the spectra taken at «=15°.

(2) A main peak at about 1 eV below Er which
shows some dispersion especially at the low photon
energies.

(3) and (4) Two broad structures, around 3 and 6
eV below Ef, respectively, which do not show appre-
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FIG. 1. EDC’s recorded at normal electron emission

from Cr(110) and at a temperature of 230 K for (a) a=15°
and (b) a=75°.

ciable dispersion but becomes weaker at the higher
photon energies.

In the comparison with calculated band structures
we will concentrate on the first three spectral features
and the 6-eV peak will be discussed later.

The electron band structure of Cr in the antifer-
romagnetic phase was first calculated by Asano and
Yamashita® (YA). They applied a Green’s-function
method and calculated the band structure for the per-
fect antiferromagnetic state; i.e., they assumed a spin
superstructure determined by a spin-density wave
commensurate with the lattice. In pure Cr the spin-
density wave has a wave vector that is 0.95 (27/a),
which is fairly close to the assumed commensurate
value of (27/a), where a is the lattice constant. The
crystal structure for the antiferromagnetic state is the
CsCl structure. This means that the crystal symmetry
is lower in the antiferromagnetic than in the
paramagnetic phase, which has a bcc crystal structure.
The calculated results® for the antiferromagnetic
phase along the (110) direction are shown in Fig. 2.
Also shown in Fig. 2 are our experimental results, as-
suming a final state with a free-electronlike disper-
sion of E =#%?/2m + Vy+ ®, where V, is the inner
potential, ® the work function, and E the energy
above Er. As discussed below a value of
Vo+®=—5.2 eV has been used in this analysis. The
dots represent data taken at a=15° and the crosses
data taken at a« =75°. The vertical bars indicate the
estimated uncertainty in the determination of the
peak positions for the cases where it is larger than 0.1
eV.

The structure just below the Fermi level in the
spectra taken at o =15° is interpreted as originating
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FIG. 2. Calculated (Ref. 6) band structure for the antifer-
romagnetic phase along the (110) direction and our experi-
mental results when assuming direct transitions and a free-
electronlike final state. The dots represent data obtained at
a=15° and the crosses, data obtained at a =75°.

from transitions from the X; band. The main peak in
the spectra taken at a =75° we associate with transi-
tions from the X, band while the main peak in the
spectra taken at a = 15° is associated with transitions
predominantly from the X, band. The broad struc-
ture between 3 and 4 eV below Er, for which the un-
certainty in peak position determipation is quite large,
is interpreted as arising from the X, and possibly the
34 band. Most of the structure observed can, as seen
in Fig. 2, be accounted for by direct transitions to a
free-electronlike final state. With these assignments,
the polarization effects observed are consistent with
symmetry selection rules.!* At normal electron emis-
sion and pure p-polarized light (a«=90°) only 2, ini-
tial states are allowed. The X3 band close to the Fer-
mi level should thus not be observed in spectra taken
at such a geometry. For purely s-polarized light
(a=0°) only initial states of X3 symmetry would be
allowed if the electric field vector were along the
(100) axis, and only X, initial states would be al-
lowed if it were along the (110) axis. Unfortunately,
experimental circumstances precluded aligning the
crystal so that the electric field vector was along the
(100) axis at normal light incidence (¢ =0°). From

our LEED pattern we estimate an angle of about 35°
between the electric vector and the (100) axis.
Although we consequently were not aligned for ob-
taining maximal sensitivity for ; initial states we do,
however, observe an enhanced emission from 33 ini-
tial states when decreasing « from 75° to 15° as ex-
pected. We note that no emission should be ob-
served!* from the 3, band a1 normal electron emis-
sion. The symmetry selection rules'* apply, however,
strictly only when using an analyzer with a vanishing-
ly small acceptance solid angle. The acceptance angle
of +£2° of the analyzer used therefore permits elec-
trons excited from the X, band to be observed.

The dispersion of the main peaks in Fig. | reflects
fairly well the trends of the calculated bands shown
in Fig. 2, although the experimental values are some-
what smaller than the calculated ones about 0.1-0.2
eV. The position of the structure observed close to
Er agrees fairly well with the position of the calculat-
ed 3; bulk band for photon energies between 15 and
23 eV, but for larger photon energies a discrepancy is
observed. This may be due to that spin-orbit interac-
tions were neglected in the band-structure calculation.
Spin-orbit interactions would have the effect of creat-
ing a gap, of the order of a few tenths of an eV,
between the X; band and the degenerate X, and 3,
bands at I (at the I'js point shown in Fig. 3).
Although this might explain the discrepancy we
prefer in the following to rely on the calculated band
structure and to look for other explanations. The
other alternatives then are that this structure is due
to a surface state (or resonance) or due to a more
complicated final-state band. The latter alternative
will be discussed first.

The result of a Hartree band-structure calculation®
along the (110) direction I' — N, for paramagnetic Cr
is shown in Fig. 3 (solid lines). At energies above Ef
only bands of X, symmetry are shown since they con-
stitute the only allowed final-state bands at normal
electron emission. A gross picture of the band struc-
ture for the antiferromagnetic state in Cr is obtained
when the calculated bands along the N — H direction
are folded back into the band structure along the
(110) direction (dashed lines). The correspondence
between directions in the first Brillouin zone of a bec
structure with that of a CsCl structure are shown in
Fig. 4. The hybridization giving rise to the energy
gap at the Fermi level occurs between the two X,
bands (the solid and dashed bands crossing £z). The
dotted curve represents our assumed free-electronlike
final-state band, £ =#%k2/2m — 5.2 eV. The value
Vo+®=-5.2 eV that has been used was the result
of a fit of this band to the calculated X, band for en-
ergies between 15 and 25 eV. This seemed to us the
most reasonable choice since neither a band structure
for the antiferromagnetic phase describing final states
with energies between 15 and 35 eV nor accurate
values for V; and ® has been published. The free-
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FIG. 3. Calculated (Ref. 8) band structure for the
paramagnetic phase along the (110) direction (solid lines).
The dashed lines represent calculated bands along the
N — H direction which have been folded back along the
(110) direction. Above Er only bands of X, symmetry per-
tinent to our interpretation are shown. The dotted curve
represents our assumed free-electronlike final-state band.
The dashed-dotted line represents a translation of the dotted
band downwards by 19 eV.

electron final-state band follows closely the calculated
band, between 15 and 25 eV. Differences occur for
higher energies and while the free-electron band
reaches I' around an energy of 31 eV the calculated
band has at the I'|; point a value of 27 eV. The two
other calculated final-state bands shown, H, — N,
and I'ys — N, should contribute to emission in the
(110) direction only via umklapp processes. What
we do see though in Figs. 1(a) and 1(b) is that the
main peak appears most intense at 23 eV photon en-
ergy. This value corresponds closely to the separa-
tion between the two critical points I'ys below Er and
H, above Er. This is taken as an indication that
more than one final state actually seems to contribute
for photon energies above about 23 eV. The struc-
ture observed at the Fermi level for photon energies
above 23 eV is therefore interpreted as originating
from a more complex final-state band structure. The
actual shape of the final-state bands for the antifer-

FIG. 4. The first Brillouin zone for a bce structure (solid
lines) and of a CsCl (magnetic) structure (dashed lines).

romagnetic phase is not known since they must differ
from those in Fig. 3 because bands of the same sym-
metry cannot cross. The assumption of a free-
electronlike final state does in our case look very rea-
sonable up to a photon energy of about 23 eV. At
higher energies the structures observed in the pho-
toemission spectra may critically depend on details in
the shape of the final-state band structure which can-
not be assessed without carrying out a detailed calcu-
lation.

Before discussing the question of surface states (or
resonances), it is appropriate, in connection with Fig.
3, to illustrate the difference observed between the
photoemission spectra recorded at temperatures
below and above the Néel temperature Ty. Ideally a
transition from the perfect antiferromagnetic phase to
the pure paramagnetic phase should occur at 7Ty. For
photoemission spectra taken at normal emission in
the (110) direction this would mean that at tempera-
tures higher than Ty only the bands shown as solid
lines in Fig. 3 could contribute. Concentrating of the
33 bands we see in comparing Figs. 3 and 2 that this
magnetic phase transition should introduce a signifi-
cant effect on photoemission spectra especially when
recorded at photon energies of 21 eV and below.
Spectra taken below and above Ty and at photon en-
ergies of 19 and 21 eV are shown in Fig. 5. Signifi-

~ cant differences for the two different temperatures

are actually observed in the structure just below Er.
At the temperature below Ty a clear peak is observed
while at the temperature above Ty the structure ap-
pears only as a shoulder and not as a peak. This ef-
fect was reproduced several times and found to be re-
versible as it should be; i.e., the temperature could
be cycled back and forth and the same effect was al-
ways observed. Precautions were taken to exclude
any spurious effects caused by the sample heatirig
probe. Data collected at the higher temperature with
and without current flowing through the heater yield-
ed identical results. The effect is too large to be ex-
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FIG. 5. EDC’s recorded at normal electron emission
from Cr(110), for @« =15°, and at temperatures below and
above the Néel temperature Ty =312 K.

plained by pure temperature broadening effects.'’
Therefore we interpret the results shown in Fig. 5 as
a direct spectroscopic observation of changes induced
in the electronic band structure by the magnetic
phase transition.

In order to visualize the changes induced in the
density of states by the magnetic phase transition,
model bands were generated and the one-dimensional
density of states calculated for simulated para- and
antiferromagnetic band structures. The results are
shown in Fig. 6 where, for the simulated antifer-
romagnetic band structure, a distinct peak is seen to
appear in the density of states between £ and the
main peak.

In comparing Figs. 2 and 3 there are some differ-
ences that we so far have not mentioned. The N|
point is in Fig. 3 located below E (at about —1 eV)
while this point is about 1 eV above Er in all other
calculations®™'? and is moreover shown to be very lit-
tle affected by the phase transition in the YA calcula-
tion. The width of the occupied bands (Er—TI'; ener-
gy separation) does vary among the different calculat-
ed results by as much as 40%. YA (Fig. 2) gives the
smallest width (~7 eV) while Fry et al.?® (Fig. 3)
give the largest width (~9.7 eV). These variations
probably depend on the way exchange effects are
treated in the calculations. Our experimental results
agree best with the YA results. '

Ideally the structure at the Fermi level should
disappear completely in the spectra recorded at pho-
ton energies below about 20 eV (see Figs. 2 and 3)
when going from the antiferromagnetic to the
paramagnetic phase. That it does not disappear may
be due to several reasons. The Néel temperature of
the surface layer may be different than that of the
bulk.'® One may also speculate that dynamic magnet-
ic fluctuations giving rise to short-range ordering ef-
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FIG. 6. In the lower part of the figure model bands gen-
erated to simulate the electronic band structure of the
paramagnetic phase (band | +2+3 para) and of the antifer-
romagnetic phase (band 142+ 3 anti) are shown. Assuming
the same degeneracy in the four bands the one-dimensional
density of states (DOS) shown by the histograms are ob-
tained for the two phases. If the effect discussed in the text
of spin-orbit interactions was simulated, the DOS of the
paramagnetic phase would also show some more weight
close to the Fermi level.

fects may occur above the Néel temperature so that a
simple paramagnetic state is not immediately created
at temperatures higher than the Néel point. Earlier
measurements'’ using inelastic magnetic scattering of
neutrons have been interpreted in terms of spin-
wavelike excitations, which persist far into the
paramagnetic phase, i.e., upto 7 ~1.5Ty. Also
resistive anomalies'® indicate the appearance of an
additional scattering mechanism in the form of spin
correlations long before the actual magnetic transition
is reached from above (also here 7 < 1.5Ty). This
type of fluctuation phenomenon is also consistent
with more recent discussions of (ferro)magnetism.'?
Finally surface induced states®® may also appear and
interfere with the contribution from bulk states.
Investigations of other transition-metal surfaces?'" 2
have provided strong evidence of surface effects and
calculations have been carried out?®?* verifying the
existence of localized surface states or resonances on
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such surfaces. In the antiferromagnetic phase, where
hybridization gaps are opened up at the Fermi level,
surface states are likely to be created.?>2® The as-
signment of surface induced states to structures in a
photoemission spectrum is commonly inferred from
their sensitity to surface contamination and their in-
sensitivity to variations of photon energy. The struc-
ture observed just below Ey in the spectra taken at
temperatures above 7Ty but also in the spectra record-
ed for the antiferromagnetic phase at photon energies
greater than 25 eV meets the second criterion.
Therefore the first criterion was also tested by study-
ing the effects of controlled exposures of oxygen.
The result of this test was negative in the sense that
the structure was not found to be sensitive to surface
contamination. The typical effects observed are illus-
trated in Fig. 7 where EDC’s recorded at room tem-
perature and at oxygen exposures of 0, 1,

and 2 L (1 L=107% torrsec) are shown. The
structure at the Fermi level is not found to be at-
tenuated more than the structure assigned to direct
band transitions. The main effect observed is the ap-
pearance of a broad peak around 5.5 eV below Ef
which originates from O 2p states. None of the struc-
tures discussed previously can conclusively be attri-
buted to surface induced states.

The structure seen around 6 eV below Er in all our
Cr(110) spectra (see Fig. 2) is not ascribed to residu-
al surface contamination. This structure was recently
also observed* for evaporated Cr films and a similar
structure has been observed in photoemission spectra
from other transition metals?’ and has been interpret-
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FIG. 7. EDC’s recorded at normal emission and at
a=15° from Cr(110) after different oxygen exposures at
room temperature.

ed as arising from photoionization processes involv-
ing more than one electron.

The broad structureless oxygen-derived peak ob-
tained after oxygen exposures performed at room
temperature has previously been interpreted,’” when
combined with other experimental data, as indicating
formation of an amorphous oxide layer. Heat treat-
ments after oxygen exposures at room temperature
have previously been found, in LEED experi-
ments, 2328 to produce an ordered structure, probably
corresponding to a crystalline chromium oxide phase.
The effect on the oxygen-derived peak upon heating
is illustrated by the spectra shown in Fig. 8 which
were recorded at room temperature. Curve 1
represents the clean surface while curve 2 is recorded
after an oxygen exposure of 2 L performed at room
temperature. Heating to 500 °C for 3 min then pro-
duced curve 3 where the O 2p-derived structure is
seen to be split into two peaks, located around 5 and
7 eV below Er, respectively. Curves 1, 2, and 3 were
recorded at normal electron emission (6, =0°), while
curves 4 and S were recorded at a polar-angle of 15°.
Curve 5 was collected before and curve 4 after the
heating but both at an exposure of 2L. No change
with polar angle of the O 2p structure is observed be-
fore the heating (compare 2 and 5) which is con-
sistent with a disordered oxygen configuration as in
an amorphous layer. Upon heating the O 2p peak
splits into two peaks which indicates the formation of
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FIG. 8. EDC’s recorded at « =75° from Cr(110) after
different oxygen exposures performed at room temperature.
Curve 1 represents 0 L and §, =0°; curve 2 2 L and 6, =0°;
curve 3 2 L plus heating to 500°C for 3 min and 8, =0°;
curve 4 2 L plus heating to 500 °C for 3 min and 6, =15°
and curve 52 L and 9, =15°.



3300 JOHANSSON, PETERSSON, BERGGREN, AND ALLEN 22

definite oxide bonds. A distinct change in the rela-
tive strength of these two O 2p peaks is observed
upon a polar angle variation of 15° (compare curves
3 and 4) which indicates the presence of an ordered
oxygen configuration. The sensitivity of the peak at
about 5 eV below Er to a polar angle change of 15°
suggests that this peak originates predominantly from
O 2p states of p, character.

IV. SUMMARY

Most of the structures observed in the photoemis-
sion spectra recorded on the Cr(110) surface can be
interpreted in terms of direct transitions from bulk
bands to a free-electronlike final state. Our experi-
mental results agree fairly well with Asano and
Yamashita’s® calculated band structure for the anti-
ferromagnetic phase. Effects interpreted as induced
by the antiferro- to paramagnetic phase transition on
the electron band structure have been observed. The
results obtained for the paramagnetic phase, i.e., at a
temperature of 390 K, cannot, however, be fully ac-
counted for by bulk band transitions using the calcu-
lated band structure for the paramagnetic phase.
None of the observed structures could, using the
commonly applied criteria, be attributed to emission
from surface induced states. Our results suggest ei-
ther that the Néel temperature of the surface is larger
than the bulk value or that short-range ordering ef-

_ fects (spin correlations) remain above the Néel point,
i.e., at the temperature of 390 K for which the exper-
iments were carried out. The.latter conjecture is con-

sistent with strong dynamic fluctuation phenomena
observed previously in connection with inelastic
scattering of neutrons'” and with resistive
anomalies.'® In particular, the neutron scattering ex-
periments have shown that there is no dramatic
change in passing through T, which is in obvious
agreement with present results. The interpretation
involving fluctuations or, equivalently, short-range
spin ordering above Ty is consequently a very strong
candidate. If correct, the present work is the first
demonstration of this phenomenon in an itinerant
antiferromagnet by means of angle resolved pho-
toemission. Finally this investigation has shown the
feasibility of exploring effects on the band structure
caused by the antiferro- to paramagnetic phase transi-
tion in Cr and by optimizing the experimental
geometry these effects could be explored in more de-
tail.
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