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Surface electronic structure of the NdB6„110… clean surface studied by angle-resolved
photoemission spectroscopy
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An angle-resolved photoemission study of the NdB6(110) clean surface has been done in order to investigate
in detail the surface electronic structure. From the dependence of the valence-band photoemission spectra on
the surface condition and the exciting photon energy, we found additional peaks corresponding to the surface
states on the NdB6(110) surface. These surface states are located at around 1.8 eV in binding energy. The
dispersion relations of these surface states were determined along theḠ-M̄ symmetry line in the surface
Brillouin zone and it is found that the energy dispersion for the present surface state is about 250 meV. From
the photon energy dependence and the analogy of these observations with previous results for the LaB6(110)
clean surface, it is concluded that the present surface states have the same specifications as those of the
LaB6(110) surface and are ascribed to the B 2p dangling bonds of the surface B framework.
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I. INTRODUCTION

The surface electronic states of the rare-earth compou
recently have been attracting much interest because the
expected to differ from the bulk electronic states. For e
ample,a-like Ce compounds show a strong change of thef
electronic structure toward a more localizedg-like behavior
with increasing the degrees of surface sensitivity for pho
emission spectroscopy.1,2 The heavy rare-earth metals su
as Sm, Eu, Tm, and Yb show the surface valen
transitions.3–5 On the other hand, the surface electronic str
ture is characterized mainly by the specification of the s
face states. Such surface states on the clean surface of
conductors and elemental metals have been studied f
well both experimentally and theoretically. Regarding t
rare-earth compounds, to our knowledge, surface state
the LaB6 ~100!, ~110!, ~111!,6 and ~001! ~Ref. 7! clean sur-
face and CeNi~010! ~Ref. 8! clean surface have been o
served by angle-resolved photoemission spectroscopy
Ce 4d-4 f resonant photoemission spectroscopy, resp
tively. Since almost all previous photoemission studies of
rare-earth compounds have been done against the clean
face prepared by scraping, reports of the existence of
surface state and the difference between the surface and
electronic states are very few to date for the rare-earth c
pounds.

The present NdB6, as well as other rare-eart
hexaborides, has a simple cubic CsCl crystal structure wh
a rare-earth atom~Nd atom! is located at the center and eig
regular octahedrons consisting of six B atoms are locate
the corners surrounding a rare-earth atom~Nd atom!. In
NdB6, the spins align antiferromagnetically in thez direction
at TN58.6 K and the antiferromagnetic phase has a sim
tetragonal magnetic structure.9 The self-consistent electroni
560163-1829/97/56~12!/7660~5!/$10.00
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structures of both paramagnetic and antiferromagn
phases for NdB6 using the linearized muffin-tin orbital ban
method within the local-density approximation~LDA ! have
been reported.10 In addition, the energy band calculation h
been performed recently by the Korringa-Kohn-Rostok
method based on the LDA and the calculated Fermi surf
reproduces the results of de Haas–van Alphen measurem
fairly well.11

In this work, we carried out the angle-resolved pho
emission study of a single-crystalline NdB6(110) clean sur-
face so as to elucidate the surface electronic structure
NdB6. The angle-resolved photoemission spectroscopy
been used to determine the specification of the surface s
on the clean surface, but, to our knowledge, there is no re
of an angle-resolved photoemission study to date that h
lights the surface electronic structure of NdB6. Since the
band calculations of NdB6 ~Refs. 10 and 11! have been re-
ported already and the angle-resolved photoemission s
of the LaB6 clean surface6,7 has been carried out already, w
pay attention to the single-crystalline NdB6(110) clean sur-
face and carry out a comparative angle-resolved photoe
sion study with LaB6. From these results, we discuss t
surface states that characterize the surface electronic s
on the NdB6(110) clean surface.

II. EXPERIMENT

The angle-resolved photoemission measurements w
carried out with a ultrahigh vacuum~UHV! photoelectron
spectrometer that consists of a hemispherical electron
lyzer, a He discharge lamp, an Auger electron spectrom
with a double cylindrical mirror analyzer, and low-energ
electron diffraction~LEED! optics. A hemispherical electron
analyzer could be rotated around a sample in an UHV ch
ber. The base pressure of the spectrometer was better
7660 © 1997 The American Physical Society
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56 7661SURFACE ELECTRONIC STRUCTURE OF THE NdB6(110) . . .
about 231028 Pa. The total energy resolution for the me
surement excited by HeI resonance radiation (hn
521.2 eV) was about 200 meV and the angle resolution w
about61.5°.

The additional resonant photoemission measurements
ing synchrotron radiation were carried out at BL-18A of t
Photon Factory, National Laboratory for High Energy Phy
ics ~KEK!, Tsukuba, Japan. The exciting photon energ
used in this experiment were 128 and 120 eV, which co
sponded to Nd 4d-4 f on and off resonance, respectively.12

We used a CLAM~VG Scientific Co. Ltd.! angle-integrated
electron analyzer with an acceptable angle of624° for these
resonant photoemission measurements. The base press
the spectrometer was better than about 531029 Pa. The to-
tal energy resolution in these photon energies was about
meV.

The single-crystalline NdB6 used in our experiment wa
synthesized by the floating zone method. The thin sam
disk with a thickness of about 0.8 mm parallel to the~110!
plane was cut from the single-crystal rod. The sample surf
was mirror polished by a suspension of carborundum
alumina powder. The crystal structure and the crystal ori
tation were checked by x-ray-diffraction measurement. T
prepared sample was cleaned in organic solution before
troducing it to the UHV photoemission spectrometer. Und
the ultrahigh vacuum in the photoemission spectrometer,
sample surface was cleaned by repeated cycles of anne
around 900 °C and flashing to around 1200 °C by electr
beam bombardment. The cleanliness and structure of
sample surface were checked by Auger signals and LE
patterns. By the above method, we observed a clear LE
pattern and succeeded in getting the uncontaminated c
surface. Nishitaniet al.6 have reported that the clean surfa
of single-crystalline LaB6(110) prepared by a method simila
to our present experiment has shown the surface recons
tion, that is, thec(232) structure. However, it is found tha
the present NdB6(110) surface shows a clear (131) LEED
pattern, indicative of no surface reconstruction.

From the orientation of the LEED pattern, we decided
photoelectron detection plane for the angle-resolved ph
emission measurements. All photoemission measurem
reported here were recorded at room temperature. The
toemission spectra showed no change in the course of
measurements. The contamination of the sample surface
monitored by the presence of O and CKLL Auger signals,
which were negligible throughout the measurements. T
surfaces were kept clean during the measurements by o
sionally repeating the annealing and flashingin situ de-
scribed above. The Fermi level of the sample was de
mined by comparison with a gold film deposited on t
sample surface.

III. RESULTS AND DISCUSSION

Figure 1~a! ~bottom! shows the angle-resolved valenc
band photoemission spectrum at normal emission meas
at room temperature for the single-crystalline NdB6~110!
clean surface excited by the HeI resonance line (hn
521.2 eV) and Fig. 1~b! ~bottom! shows the derivative Au-
ger electron spectrum corresponding to the valence-b
photoemission spectrum shown in Fig. 1~a!. As shown in
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Fig. 1~b!, the Auger electron spectrum for the present sing
crystalline NdB6~110! clean surface shows no traces of co
tamination. This indicates that the present method for prep
ing the clean surface is effective for the NdB6~110! surface.
As shown in Fig. 1~a!, the valence-band photoemission spe
trum of the NdB6~110! clean surface shows small structur
around 3–5 eV binding energy. From a comparison with
band calculation for NdB6,

10,11 it is considered that thes
structures correspond to the B 2s and 2p derived states. In
addition to these B 2s and 2p derived states, the spectrum
shows a sharp peak with higher intensity around 1.8 eV bi
ing energy. In order to check the contamination effect on
surface for this peak, the spectrum after exposure of
NdB6(110) clean surface to a worse vacuum is shown in
upper part of Fig. 1~a! and the derivative Auger electro
spectrum corresponding to this contaminated surface
shown in the upper part of Fig. 1~b!. As shown in Fig. 1~b!,
the surface after exposure of the clean surface to a w
vacuum is mainly contaminated with oxygen and carb
The structures around 3–5 eV binding energy in the valen
band spectrum for the thus contaminated surface bec
much broader and additional intensity appears around
eV binding energy. This additional intensity around 5–6 e
is due to the oxygen derived states, as is well known. T
prominent change by contaminating the surface is
gradual disappearance of the intense peak observed ar
1.8 eV binding energy. It is found that this intense sha
peak around 1.8 eV observed for the NdB6(110) clean sur-
face depends on the surface condition; this indicates that
peak is related to the NdB6(110) surface.

Figure 2 shows the angle-resolved valence-band ph
emission spectra at normal emission for the single-crystal
NdB6(110) clean surface taken with HeI (hn521.2 eV)
~bottom! and HeII (hn540.8 eV) ~top! resonance lines a
the exciting light. Each structure observed in the valen

FIG. 1. ~a! Angle-resolved valence-band photoemission spec
at normal emission for the clean surface~bottom! and the contami-
nated surface~top! of single-crystalline NdB6(110) measured with
He I resonance radiation (hn521.2 eV) at room temperature.~b!
Derivative Auger electron spectra of the NdB6(110) surface corre-
sponding to the valence-band photoemission spectrum as show
~a!.
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7662 56AKINORI TANAKA et al.
band spectrum with the HeII resonance line is slightly
broader than that with HeI resonance line due to the wors
energy resolution. In the inset of Fig. 2, we plot the Ndf
derived spectrum for the single-crystalline NdB6(110) clean
surface, which is derived by taking the difference betwe
the Nd 4d-4 f on-resonance spectrum withhn5128 eV and
the off-resonance spectrum withhn5120 eV.12 In the
valence-band spectrum taken with the HeII resonance line,
an additional feature at about 6 eV binding energy is
served and is ascribed to the Nd 4f states, as is also seen
the Nd 4f derived photoemission spectrum shown in t
inset of Fig. 2. This is because the relative photoionizat
cross section of Nd 4f electrons to B 2s and 2p electrons is
large at the photon energy of HeII resonance line (hn
540.8 eV) and thus the result clearly appears in the valen
band spectrum. Using this variation of the photoionizat
cross section of rare-earth 4f electrons, rare-earth 4f states
often have been manifested by the difference between
photoemission spectra measured with the HeI and HeII reso-
nance lines in many previous photoemission studies. Th
2s and 2p derived structures around 3–5 eV in the valen
band spectrum taken with the HeI resonance line shift to the
lower-binding-energy side in the spectrum taken with
He II resonance line. Since the changes of exciting pho
energy at normal emission correspond to the change of
corresponding wave vector perpendicular to sample surf
it shows that the B 2s and 2p derived bands have a energ
dispersion along the direction perpendicular to sample
face.

An important point to note is that the sharp structu
around 1.8 eV binding energy in the valence-band spect
with the HeI resonance line exhibits no energy shift wi
changing exciting photon energy, as denoted by the das
line in Fig. 2. This means that the electronic states co
sponding to this sharp structure around 1.8 eV binding
ergy have no energy dispersion along the direction perp

FIG. 2. Angle-resolved valence-band photoemission spectr
normal emission for the single-crystalline NdB6(110) clean surface
measured with the HeI resonance line (hn521.2 eV) ~bottom! and
He II resonance line (hn540.8 eV) ~top! at room temperature. The
inset shows the difference of the photoemission spectrum betw
the Nd 4d-4 f on-resonance spectrum taken athn5128 eV and the
off-resonance spectrum taken byhn5120 eV at room temperature
n

-

n

e-
n

he

B
-

e
n

he
e,

r-

m

ed
-
-

n-

dicular to sample surface and are two-dimensional electro
states. From the comparison between the valence-band s
tra for clean and contaminated surfaces, it is found that
sharp intense peak around 1.8 eV depends on the sur
condition, as described above. In addition, it is found th
this peak exhibits no three-dimensional energy dispersio
present. Furthermore, compared to the band calculation
NdB6,

10,11 there is no bulk electronic band states around t
energy region. Therefore, it is concluded that this sh
structure around 1.8 eV binding energy is ascribed to
surface states on the NdB6(110) clean surface. Nishitan
et al.6 reported similar surface states around 1.8 eV bind
energy for the LaB6(110) clean surface. Furthermore, the
found the symmetry of the wave functions of these surfa
states and thereby concluded that these surface states o
LaB6(110) clean surface were ascribed to the dangling bo
of the surface boron framework, which is mainly B 2p in
character. In the present case of the NdB6(110) clean sur-
face, the binding energies of the observed surface states
almost the same as those of the LaB6(110) clean surface
reported by Nishitaniet al. In addition, the intensity of the
present surface states decreases with increasing photo
ergy from hn521.2 eV ~He I resonance line! to 40.8 eV
~He II resonance line!. This systematic change as a functio
of the photon energy is due to the photon energy depende
of the photoionization cross section of the constituent ato
orbitals. The photoionization cross section of B 2p electrons
decreases with increasing photon energy. Therefore, we
clude that the present surface states have the same spec
tions as those of the LaB6(110) surface and may be ascribe
to the B 2p electrons. Nishitaniet al.6 also reported that the
LaB6(110) clean surface showed thec(232) surface recon-
struction structure caused by a displacement of the sur
La atoms6,13 and concluded that these surface states on
LaB6(110) clean surface were associated with the occurre
of the c(232) surface structure. However, it is found th
the present surface states are observed on the NdB6(110),
131 clean surface and have a 131 structure. On the othe
hand, from the result of the Nd 4d-4 f photoemission spec
trum as shown in the inset of Fig. 2, the Nd 4f derived
spectrum has no prominent peak structure around 1.8
binding energy, indicating that the present surface sta
have no 4f character such as the surface states observe
CeNi~010! clean surface.8

In order to study the two-dimensional energy dispersio
of these surface states on the NdB6(110) surface, we mea
sured the angle-resolved photoemission spectra at var
photoelectron emission angle in the~11̄0! plane. This detec-
tion plane corresponds to trace of theḠ-M̄ symmetry line in
the surface Brillouin zone~SBZ! and the normal emission i
associated with the photoemission from the center of SBZ
Ḡ symmetry point. Figure 3 shows the angle-resolved pho
emission spectra at various detection angles in the~11̄0!
plane for the single-crystalline NdB6(110) clean surface
measured with the HeI resonance line (hn521.2 eV). The
detection angles are with respect to the surface normal di
tion. As shown in Fig. 3, the overall spectral features o
served in the~11̄0! plane for the present NdB6(110) are al-
most the same as those for LaB6(110). This means that the
valence-band electronic structure for NdB6(110) is almost
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the same as that for LaB6(110), and this result is consisten
with the similarity of band calculation for NdB6 ~Refs. 10
and 11! and LaB6(110).14,15 This is because the valenc
bands of the rare-earth hexaborides consist mainly of Bs
and 2p electrons. However, it is difficult to discuss the bu
electronic band structures from each observed structure
the angle-resolved photoemission spectra due to the e
tence of many electronic bands within the valence-band
gion according with the band calculations and it is beyo
the scope of this paper. Hence we will not discuss the b
band electronic structures in more detail and will discu
below the angle-resolved photoemission spectra from sur
states in particular. As shown in Fig. 3, we can see the
face states denoted by solid triangles even changing the
toelectron detection angle up to aroundu540°. The intensi-
ties of the surface state peaks decrease and increase on
the photoelectron detection angle increases from the no
emission ofu50° up to aboutu532° and then the intensi
ties decrease again. These changes of the intensities re
that u50° and about 32°, compared to the binding energ
of these surface states, correspond to the center of SB~Ḡ
symmetry points! and the zone boundary of SB
~M̄ symmetry point!, respectively. From this result it i
found again that the periodicity of the present surface st
has a 131 structure and is determined by the 131 SBZ.
Furthermore, it is found that the binding energies of the
surface states change as a function of photoelectron emis
angle. This means that these surface states have the
dimensional energy dispersion along theḠ-M̄ symmetry line
on SBZ. These energy dispersions are discussed below.

In order to clarify the dispersion relations of these surfa
states on the NdB6(110) clean surface, we plot the bindin
energiesEB of these surface states versus the wave ve
parallel to the sample surfaceki along theḠ-M̄ symmetry

FIG. 3. Angle-resolved valence-band photoemission spectr
various photoelectron emission angles in the~11̄0! plane for the
single-crystalline NdB6(110) clean surface measured with the HI
resonance line (hn521.2 eV) at room temperature. Solid triangl
indicate the peaks from the surface states. The emission p
angles with respect to the surface normal are indicated on the r
hand side.
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line in the SBZ in Fig. 4. To derive the wave vectorki from
the binding energies and the photoelectron detection ang
we use f53.16 eV for the work function of the
NdB6(110) clean surface, which is experimentally dete
mined from the leading edge of the secondary electrons
the photoemission spectrum. It is found that this work fun
tion of f53.16 eV for NdB6(110) is fairly larger than that
of f52.5 eV for LaB6(110), which is known well as an
electron-beam source of high brightness.16,17 The EB versus
ki diagram as shown in Fig. 4 is expressed by the follow
method. The secondary derivative of each angle-resol
photoemission spectrum with respect toEB is taken at first.
After that, each differentiated spectrum is converted to
gray-scale bar and then the gray-scale bars of a set of an
resolved photoemission spectra are arranged to the co
sponding coordinates in theEB-ki plane, where the absciss
is ki and the ordinate isEB . In this diagram, the darkness i
the bar roughly corresponds to the intensity of the peak. T
is, this diagram shows both the energy position and the
tensity of each observed electronic state. As shown in Fig
it is recognized that the intensities increase aroundḠ and
M̄ symmetry points as described above. It is clear that
dispersion relation of the surface states is symmetric to
M̄ symmetry point of the SBZ, indicating that these surfa
states have a 131 structure. Furthermore, it is clear that th
surface states on the NdB6(110) surface has an energy di
persion along theḠ-M̄ symmetry line of the SBZ as de
scribed above and the dispersion relation of these sur
states was definitely determined in the SBZ. This dispers
relation is indicated by the white dashed line in Fig. 4. It
found that the energy dispersion of these surface state
quite small, of the order of about 250 meV. This ener
dispersion is almost the same as that along theḠ-M̄ 8 sym-
metry line of LaB6(110), where theM̄ 8 symmetry point is
the zone boundary of the SBZ for thec(232) reconstructed
surface and the direction ofḠ-M̄ 8 symmetry line is the same
as that of the presentḠ-M̄ symmetry point. It is indicated
again that the specification of these surface states on
NdB6(110) surface is the same as that on the LaB6(110)
surface. Namely, these surface states are associated wit
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FIG. 4. Energy dispersion relation of the surface states along
Ḡ-M̄ symmetry line of the surface Brillouin zone for the singl
crystalline NdB6(110) clean surface. ThisEB versuski diagram is
expressed by the gray scale of the secondary derivative of
angle-resolved photoemission spectra. The white dashed lin
drawn to guide the eyes for the energy dispersion relation of
surface states.
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7664 56AKINORI TANAKA et al.
dangling bonds of the surface B framework, which is co
structed by strong covalent bonding in regular octahedr
consisting of six B atoms. Since thec(232) reconstructed
surface on the LaB6(110) surface is caused by a displac
ment of the surface La atoms,13 the B framework is not
greatly affected by the surface reconstruction of thec(2
32) structure. Therefore, the specifications of the surf
states, which are derived from the dangling bonds of th
framework, are also not greatly affected by the surface
construction. This may be the reason why the surface st
having specifications similar to those of the LaB6(110),
c(232) clean surface are observed on the NdB6(110), 1
31 clean surface. These results lead to the speculation
the surface states having the same specifications will als
observed even for other rare-earth hexaborides. Accordin
the analysis of the symmetry of the wave function from t
polarization-dependent photoemission study for
LaB6(110) surface,6 the wave functions of these surfac
states are mainly made up of B 2p orbitals which make an
angle of 45° with the~110! surface. Since the dangling bond
of B atoms on the NdB6(110) surface are attributed to th
present surface state at an incline at 45° to the~110! surface,
the wave function may overlap with neighboring wave fun
tions of the surface states fairly small. Therefore, the pres
small dispersion of about 250 meV for the surface states
the NdB6(110) clean surface considered to originate from
quite small overlapping of the wave function of the surfa
state.
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IV. CONCLUSION

We have performed an angle-resolved photoemiss
study for the single-crystalline NdB6(110) clean surface. In
the valence-band photoemission spectrum, we observed
additional intense peak around 1.8 eV binding energy. Fr
a comparison of the valence-band spectra for clean and
taminated surfaces and the photon energy dependence, i
found that this additional peak originated from the surfa
states on the NdB6(110) surface. Through detailed angl
resolved photoemission measurements along theḠ-M̄ sym-
metry line in the surface Brillouin zone, it is found that th
energy dispersion of the present surface states is quite sm
of the order of about 250 meV. From the photon ener
dependence and the analogy of these observations with
vious results for the LaB6(110) clean surface, the prese
surface states are considered to have the same specifica
as those of the LaB6(110) surface and are ascribed to the
2p dangling bonds of the surface B framework.
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