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Angle-resolved photoemission from Cr(110): Observation of a bulk magnetic phase transition
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Normal-emission photoelectron spectra were recorded from Cr(110) at 80 K (below the Néel tem-
perature of Ty =312 K) with photon energies from 20 to 120 eV. Assuming a free-electron final
band, bulk energy-band dispersions along the [110] (M) direction normal to the surface are deter-
mined. The results are compared with previously calculated band structures for the antiferromag-
netic phase. Contrary to earlier claims, we find no evidence for a valence-band satellite in Cr.
Temperature-dependent studies were also presented that reveal the disappearance of an emission
from the 3; initial-state band (corresponding to the G; band in the paramagnetic phase) at tempera-
tures above Ty for a specific k region. This result is discussed in terms of the bulk magnetic phase
transition.

I. INTRODUCTION (a)

The band structure of Cr has been a subject of high in-
terest for experimentall’S and theoretical studies,6_13
since metallic Cr is one of the few known examples of an
itinerant antiferromagnet. Bulk Cr crystallizes in a
body-centered-cubic (bcc) structure and has an antiferro-
magnetic (AF) spin arrangement below the Néel tempera-
ture of T,y =312 K. In a simple AF structure, atoms in
the body-centered positions of the bcc lattice have spins
pointing only in one direction and atoms in the corner
positions have spins in the opposite direction [see Fig.
1(a)]. Thus this AF Cr has a crystallographic bcc lattice
but a magnetic simple-cubic (sc) lattice (CsCl type).
However, the true AF ground state is modulated by a
spin-density wave (SDW),'*!3 which is incommensurate
with the lattice period. This SDW is sinusoidal and runs
along one of the (100) directions with a wavelength of
approximately 21 lattice spacings [i.e., the so-called nest-
ing wave vector Q is (27 /a )( 1+8,0,0), where a is the lat-
tice constant of 2.884 A and § is typically 0.048-0.049].

The band-structure calculation for the true incom-
mensurate (6540) AF SDW ground state of bulk Cr is not
possible. A great number of band-structure calculations
were performed for the paramagnetic (PM) phase.b~!'13
For the commensurate (§=0) AF phase, several calcula- FIG. 1. (a) CsCl structure as magnetic unit cell for commens-
tions have been reported,®!%!>13 where the slight depar-  urate AF Cr. (b) The relation between bcc (solid lines) and sc
ture of the Q vector from 27 /a is ignored. Such an ap-  (dashed lines) Brillouin zones.

(b)
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proach was first taken by Asano and Yamashita.® At
present, theoretically, the principal features of the PM
and commensurate AF Cr band structures are well estab-
lished.

Before showing the calculated AF band structure, it
seems instructive to construct the band structure of com-
mensurate AF Cr with a sc unit cell from the band struc-
ture of PM Cr with a bcc unit cell. The relationship be-
tween the sc and bce Brillouin zones (BZ’s) is shown in
Fig. 1(b). We find that the ranges I' NV (£ axis) and HN (G
axis) coincide and G,,G,,G;,G4 have symmetry proper-
ties identical with 2,2,,3;,3, for the sc case. As shown
in Fig. 2, where the calculated energy bands for PM bcc
Cr of Asano and Yamashita® are plotted, the bands along
the G axis (dashed lines) are folded back over those along
the 2 axis (solid lines) as an approximation to the com-
mensurate AF bands. The accidental degeneracy gives
rise to the hybridization gap (AF energy gap), which is
thought to stabilize the AF state. The most remarkable
AF band gaps appear on the A axis and the 2 axis
(schematically shown by dotted lines in Fig. 2) near the
Fermi energy (Eg). Calculations assuming commensurate
AF Cr show the AF gaps of typically 0.2 eV (Refs. 6 and
12) or 0.5 eV (Refs. 10 and 13). The existence of the AF
gaps has been verified in an optical reflectance experi-
ment,'® but not yet in an angle-resolved photoemission
spectroscopy (ARPES) experiment. The AF energy
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FIG. 2. Energy bands of PM bce Cr along the [110] (T'N)
direction (solid lines) as calculated by Asano and Yamashita
(Ref. 6). The PM bands from N to H (dashed lines) have been
folded back over those from I" to N as an approximation to the
AF bands.
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bands obtained by this folding procedure are found to be
very much like the calculated ones of Refs. 6, 10, 12, and
13, except for the AF gaps.

On the experimental side, only a few ARPES investiga-
tions of the bulk band structure of Cr have been report-
ed.""»*5 Johansson et al.! measured normal-emission
spectra of Cr(110) with photons from 15 to 31 eV to
study the energy bands along the [110] (I'M) direction
and to observe the spectroscopic effects of the AF-PM
magnetic-phase transition. However, good agreement
with the AF bands of Asano and Yamashita® was not ob-
tained and no drastic temperature dependence was ob-
served. Gewinner et al.? carried out off-normal ARPES
experiments on Cr(100) using He I radiation to probe the
energy bands along I'-H-N-P. They found no evidence of
the AF band properties. Klebanoff et al.* investigated
the surface and near-surface electronic structures of
Cr(100) and presented photoemission evidence for a fer-
romagnetic phase transition in the surface layer, and for
an AF phase in the near-surface region (see also Refs. 17
and 18). From their data, they concluded that a spectral
feature unique to the near-surface AF phase disappeared
by ~3.3Ty, in contrast to the behavior of electronic
states present in both the AF and PM phases. To explain
this, they thought that the presence of Cr(100) surface
ferromagnetism produces a Cr(100) near-surface AF re-
gion with an enhanced magnetization. However, the re-
sults might better be reexamined in detail. Persson and
Johansson® used off-normal ARPES with Hel and Nel
radiation to study the energy bands of Cr(110) along the
[001] and [T10] directions, but they found no differences
in the photoemission spectra recorded below and above
Ty.

The purpose of this paper is to present the results of
our recent normal-emission ARPES measurements of a
clean Cr(110) surface at temperatures below and above
Ty in the photon energy range of 20—120 eV. Particular
emphasis is placed upon the investigations of the band
structure of AF Cr along the [110] (T M) direction normal
to the surface and the changes in the band structure
caused by the magnetic-phase transition. Our results
demonstrate that an emission from the =; band unique to
the AF phase (corresponding to the G; band in the PM
phase as shown in Fig. 2) disappears above Ty .

II. EXPERIMENT

The ARPES measurements using synchrotron radia-
tion were conducted on Beam Line 11D of Photon Facto-
ry, National Laboratory for High Energy Physics, using a
150° spherical-sector-type electron-energy analyzer with
an acceptance angle of +1° as described elsewhere.!>20
Total experimental resolution was dependent on photon
energy (hv); it varied smoothly from 0.1 eV for Av=20
eV t0 0.6 eV for hv=120 eV, but was less than 0.2 eV for
hv <60 eV. Throughout the whole experiment, the sur-
face component of the vector potential (A) of the in-
cident light was in the [001] azimuth (A4, along [001]).
Only photoelectrons emitted normally to the surface were
collected. Data were normalized to the relative flux of in-
cident photons. The working pressure of the instrument
during the measurements was 1 10~ !° Torr.
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The Cr(110) single crystal which was oriented to within
+0.5° was the same one used in our previous experi-
ments.?! =2 As reported previously, the sample was
cleaned by repeated cycles of Ar™-ion sputtering (0.6-1.5
kV) and annealing (870-1150 K). The sample then
displayed a very sharp, low-background (1X1) low-
energy electron-diffraction (LEED) pattern. No impuri-
ties were detectable by Auger electron spectroscopy (es-
timated to be less than ~0.01 monolayer). Frequent
flashing of the sample was made (~1150 K for a few
minutes) in order to remove contamination of residual
CO, and/or carbon and oxygen by decomposition of CO.
The standard cleaning cycle (Ar*-ion sputtering and an-
nealing) was repeated every 1-2 h, typically 1 h. The
sample geometry was checked using LEED. With
liquid-N, cooling, the sample could be cooled to ~80 K
(within ~5 min from the annealing temperature of
~1150 K).

III. RESULTS AND DISCUSSION

Figure 3 shows normal-emission photoelectron spectra
of the clean Cr(110) surface measured at 80 K (below Ty)
and at a light incidence angle of 6, =25° (predominant 4,
along [001] and small 4, along [110], parallel and nor-
mal to the surface) for 25 <hv <80 eV. The binding en-
ergy (E,) is referred to Er. The inset of this figure shows
normal-emission spectra of Cr(110) taken at 80 K and
6;=60" (both 4, and 4 ) for various Av. The prominent
features between Er and ~2 eV in these spectra are due
to emission from the upper 3d bands as will be discussed
later in detail. For hv>44 eV, ordinary (incoherent)
M, VV super Coster-Kronig (SCK) emission is observed
as broad peaks marked by arrows at E, =hv—37 eV, i.e.,
at a fixed kinetic energy of E, =37 eV as referenced to
Ep.?* Two features marked by tic marks, around 3 and 6
eV below E, respectively, show small dispersion of
0.5-1 eV with Av and are increased in intensity when in-
creasing 6; from 25° to 60°. These peaks are distinguish-
able from an emission, centered at ~6.2 eV, characteris-
tic of the chemisorbed oxygen on Cr(110), which stays at
the same location when hv is changed.” For the
normal-emission spectrum taken with 4, along the [001]
azimuth, in principle only initial states of 2, and X3 sym-
metry would be allowed according to symmetry selection
rules for direct transition.?® That is, an enhanced (re-
duced) emission from X, (2,) initial states is expected
when increasing 6; from 25° to 60°. Therefore the two
structures at ~3 and ~6 eV can be ascribed to the emis-
sion from the 2, bulk bands.

The point to be stressed here is that, in contrast to the
majority of the previous claims,%27? we found no evi-
dence for the existence of a valence-band satellite (two-
bound-hole final state) in Cr in agreement with the results
of Ref. 29. Reference 29 concluded the absence of a
valence-band satellite in Cr based on the 3s core-level
spectra reported therein, and the valence-band spectra
for hv=16-24 and 90-120 eV (away from the 3p reso-
nance region) in Refs. 4 and 18. As seen in Fig. 3, the
main 3d-band emission intensity shows a resonant reduc-
tion at the 3p-3d excitation threshold of ~42 eV, but a

1133

T
clean

Ty .
Cr(110)

Po
( L emission y N

6;=25" ) |
1
v 1D (eV)=80 uewamaa—aans ™’

60

Intensity

Photoelectron
T
<

[ N U U T U T U N U W O T A A Y
30 25 20 15 10 5 Ep
Binding Energy (ev)

FIG. 3. Normal-emission spectra of clean Cr(110) measured
at 80 K and 6,=25" (4 along [001]) as a function of hv. The
arrows indicate the expected position of the M,; ¥V SCK line.

The inset shows the 6; =60° normal-emission spectra for various
hwv.

feature staying at a fixed binding energy around 6 eV
(Refs. 1 and 28) or 7-7.3 eV (Refs. 2 and 27) is not found
in the spectra measured for the clean Cr(110). Also, such
a satellite would accompany 3p photoionization. Figure
4 shows the 3p core-level spectrum for Cr(110) measured
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FIG. 4. Cr(110) 3p core-level spectrum measured at hv=120
eV.
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at hv=120 eV. We do not observe a satellite feature at
6-7 eV from the main 3p emission line with E, =42.0
eV. We have demonstrated in the previous 4 v-dependent
ARPES experiments for clean Fe(110) (Ref. 19) and
Ni(110) (Ref. 20) that a valence-band satellite exists in Ni,
but not in Fe. The occurrence of the two-d-hole bound
state does not appear to be realistic in transition metals
with less than nine 3d electrons per atom (see Ref. 19).
The normal-emission spectra of Cr(110) in the low-E,
region between Ep and ~2 eV are shown in more detail
in Fig. § (;,=60°) and Fig. 6 (0, =25°). These spectra
were measured at 80 K. From detailed comparison with
the 6,=60° and 6, =25 spectra, we find the 2;-band
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FIG. 5. Details of normal-emission spectra of clean Cr(110)
for energies between Er and ~2 eV, measured at 80 K and
0, =60 (A along [001]) as a function of hv.

emission peak, which is marked by triangles in Fig. 6. If
we assume primary-cone emission and a free-electron-like
final-state band with £, symmetry and with an inner po-
tential ¥;=9.8 eV (Ref. 1) for the case of Cr(110), we can
map the binding energies of all the observed peaks (e.g.,
Figs. 3, S, and 6) onto points along the [110] (I'-2-M)
direction in the AF bulk BZ. All the experimental points
plotted over the calculated bulk band structure of AF sc
Cr by Asano and Yamashita®* along I'-2-M are shown
in Fig. 7 (circles except for the Z; peak marked by
crosses). With a few exceptions (~60 < hv < ~90 eV and
a peak at ~0.25 eV originating from a surface resonance,
see below), each of the observed features has a theoretical
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FIG. 6. As Fig. 5 but for §;=25°. Triangles indicate the po-
sition of the =;-band emission peak.
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counterpart and the major trends in the experimentally
determined dispersions are in most cases well reproduced
by the calculated dispersions. For the upper bands be-
tween Ep and ~2 eV, the overall agreement between ex-
perimental and calculated results is good, though no
emission should be observed from the 2, band at normal
emission. Johansson et al.! also observed the X,-band
emission peaks in their normal-emission spectra of
Cr(110). The possible explanation for this discrepancy
will be described later. For the lower two 2, bands, sub-
stantial discrepancies between measured and calculated
dispersions exist. Firstly, the measured binding energies
of the 2, band originating from I';, are always lower
than calculated. Similar results have been obtained by
Johansson et al.! The binding energy of the critical
point ', is estimated to be ~3.4 eV, in agreement with
the value reported by Gewinner et al.? Secondly, our
data show that there exists a large gap (~2 eV) between
M, and M;. On this point, the recent band calculations
for AF Cr indicate that the degeneracies at the zone
boundary are lifted and therefore the energy gaps appear
at M, R, and X.'>!3 However, the energy separation be-
tween M, and M; is calculated to be ~0.5 eV, which is
considerably smaller than measured.

Let us consider possible explanations of the discrepan-
cies between the experimental band structure and one-
electron band calculations, i.e., observation of emission
from the 2, bulk band at normal emission and substantial
disagreement between the measured and calculated bind-
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ing energies for the lower =, bands.

(1) As suggested in Ref. 1, the acceptance angle of +1°
of the analyzer used may permit electrons excited from
the 2, band to be observed.

(2) For the range ~60<hv< ~90 eV, the free-
electron-like final-state band hypothesis may not be valid.
That is, there may be no Bloch states of 2, symmetry for
~60-~90 eV above Er. Unfortunately, the band struc-
ture of Cr at energies higher than ~30 eV above E has
not been calculated yet.

(3) The spin-orbit interaction (relativistic effect) which
was neglected in the band-structure calculations might be
important, since it mixes bands of different parity and
gives rise to a gap.

(4) The difference between commensurate and incom-
mensurate AF band dispersions may be responsible for
such discrepancies, though it is believed to be small.*

(5) The final possible explanation is the deficiencies in
the local approximation for exchange and correlation
which the current band theory employs.

The physical origin of the observed discrepancies is not
well understood at present and will hopefully be elucidat-
ed in future theoretical work.

Figure 5 shows the existence of a feature staying at a
fixed binding energy of ~0.25 eV for various A v, indicat-
ing that this feature originates from a surface-induced
state. This interpretation must be tested by studying its
sensitivity to surface contamination. The typical effects
observed are illustrated in Fig. 8, where the 6,=60°
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FIG. 7. Portions of the band structure of AF Cr along the [110] (' M) direction in the bulk BZ (the repeated-zone scheme). The
binding energies of the peaks obtained by normal-emission measurements are represented by circles and crosses. The open circles
and small crosses correspond to weak features. The solid curves denote the energy bands for the commensurate AF phase, calculated

by Asano and Yamashita (Ref. 6).
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normal-emission spectra of Cr(110) exposed to 1 L of ox-
ygen [hv=25 eV, Fig. 8(a)] and to 20 L of hydrogen
[hv=30 eV, Fig. 8(b)] are shown (1 L=10"% Torr sec).
The feature at 0.25 eV is much affected by these expo-
sures as compared with the feature located around 1 eV,
originating from the bulk bands. A similar feature has
been observed at 0.2-0.3 eV by Wincott et al.> and
Persson and Johansson.’ Since no absolute gap exists for
k“ =0 (T, the observed feature at 0.25 eV in the normal-
emission spectra is ascribed to the surface resonance.
Our data indicate that this surface resonance possesses X,
symmetry at T, as suggested experimentally® and theoret-
ically.!” A weak shoulder is seen near Ej in the spectra
of gas-covered surfaces (Fig. 8). This feature might be
due to the truncation of a surface state by the Fermi level
which is predicted to exist just above Ep.'’

Finally, we show the observations of spectroscopic
effects of AF to PM magnetic-phase transition. We mea-
sured the 6; =25° normal-emission spectra of Cr(110) at
temperatures below and above Ty (i.e., 80 and 470 K) for
various hv, as shown in Fig. 9. The positions of the 2;-
band emission peak observed in the T=80-K spectra are
indicated by triangles (see also Fig. 6). For hv=40 eV
[Fig. 9(a)], no essential difference is observed in the spec-
tra recorded at 80 K (below T) and 470 K (above Ty,
T=1.5Ty). Similar results were obtained for
~20<hv < ~45 eV. On the other hand, for hv=52.5
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FIG. 8. (a) Normal-emission spectra of clean Cr(110) (line)
and after exposure to 1 L of oxygen (dots), measured at 6, =60°
and hv=25 eV. (b) Normal-emission spectra of clean Cr(110)
(line) and after exposure to 20 L of hydrogen (dots), measured at
6;,=60°and hv=30¢eV.

eV [Fig. 9(®)] and hv=55 eV [Fig. 9(c)], significant
differences for the two different temperatures are ob-
served in the feature corresponding to emission from the
2, band. That is, the 2;-band emission peak is observed
below T (80 K), while this feature disappears above Ty
(470 K). This phenomenon was found to be reversible.
Such changes in the spectra cannot be explained by pure
temperature broadening and smearing effects, since for
Cr an increase in temperature from 80 to 470 K yields an
energy broadening of only 0.006 eV (detailed discussion
on the temperature effects was given in Ref. 1). Further-
more, according to Refs. 4 and 31, for Cr near Ty, the
degree of BZ averaging due to phonon-assisted nondirect
transitions could be only a few percent for /v=40-100
eV. These findings seen in Fig. 9, i.e., the spectral
changes does not occur for Av=40 eV but for hv=>52.5
and 55 eV, can be understood in terms of the folded band
structure of Fig. 2. As seen in Fig. 7, if assuming the
free-electron-like final-state band with V;=9.8 eV, the
hv=40-eV normal-emission spectrum probes the initial
states for the k| region between the I" point and the point
corresponding to the AF 2;-band extreme (i.e., the point
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FIG. 9. Normal-emission spectra of clean Cr(110) measured
at temperatures below and above Ty for (a) hv=40 eV, (b)
hv=52.5¢eV, and (c) hv=55eV.
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where the 3; and G; bands cross in the folded band
structure shown in Fig. 2). Figure 2 shows that for such
a k, region the 3; band in the AF phase is essentially the
same as the 3, band in the PM phase, and therefore no
significant spectral changes induced by the magnetic-
phase transition can be expected. Thus, in this case
(~20 < hv < ~45 eV), the existence of the Z;-band emis-
sion peak is possible for both the AF and PM phases. In
contrast, for hv=>52.5 and 55 eV, the normal-emission
spectra probe the initial states for the k, region between
the M point and the AF 3;-band extreme point, where
the 2, band in the AF phase corresponds to the G; band
along HN in the PM phase which should disappear in the
PM band structure along I'N. Therefore, for these pho-
ton energies, we can expect the disappearance of the 2 ;-
band emission peak above T,. Thus, we consider that
these results shown in Fig. 9 are spectroscopic observa-
tions of changes in the band structure caused by the bulk
AF-PM magnetic-phase transition.

The ARPES work of Ref. 1 also reports a
temperature-induced change in the Cr(110) Z; band ob-
served at —0.2 eV, and also assigns it to an AF-PM
phase transition in Cr(110). However, the feature in
question is still observed above Ty, though its intensity is
somewhat reduced from that observed below Ty. Furth-
ermore, according to our above discussion and Fig. 2 of
Ref. 1, their normal-emission spectra recorded at hv=19
and 21 eV probe the 2; band essentially unique to the
PM phase. Thus, their observation has very little to do
with the AF-PM phase transition.

IV. CONCLUSION

Most of the features observed in the hv-dependent
normal-emission spectra of the Cr(110) surface can be in-

terpreted in terms of direct transitions from bulk bands
to a free-electron final band, though there exist some
discrepancies between experiment and band theory which
are poorly understood at present. A surface resonance
with E, =0.25 eV at T (k; =0) is found for clean Cr(110).
In contrast to the case of Cr(100),* a Cr(110) surface is ex-
pected to be AF since the simple AF bcc structure
demands that the (110) plane contains an equal number of
up and down spins. Our data are consistent with the
near-surface AF periodicity normal to the surface.

The temperature dependence of the AF 2;-band emis-
sion intensity was investigated and prominent effects on
the bulk band structure caused by the AF-PM magnetic-
phase transition have been observed near Ty. The
present work clearly demonstrates this phenomenon in
Cr by means of ARPES.

Note that we found no evidence for a valence-band sa-
tellite in Cr. From this result and our previous ARPES
data for Fe(110) (Ref. 19) and Ni(110) (Ref. 20), we can
say that the occurrence of a multielectron valence-band
satellite does not appear to be realistic in transition met-
als with less than nine 3d electrons per atom.
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