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Resonant soft-x-ray emission study in relation to the band structure ofcBN
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The resonant soft-x-ray emission~SXE! and its total photon yield~TPY! spectra were measured at the B
1s and N 1s edges of cubic boron nitride~cBN! using undulator radiation. The band-gap energy was found to
be about 6.2 eV, which is in good agreement with other experiments. It was found that the emission from the
high symmetry point in the SXE spectrum is enhanced when the same high symmetry point in the TPY
spectrum is excited. The line shapes in both the SXE and N 1s TPY spectra were consistent with the calculated
partial density of states, though the total bandwidth was not well reproduced. On the other hand, the exciton
effect was found to be strong in the B 1s TPY spectra.@S0163- 1829~97!08704-3#
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I. INTRODUCTION

Soft-x-ray absorption and emission spectroscop
~SXES! have been used to study the electronic propertie
matters for a long time. Recently, SXES studies have b
performed by means of the inelastic-light-scattering proc
using high-brilliance synchrotron radiation as an excitat
light source.1–8 Using synchrotron radiation, one can utiliz
the excitation energy dependence of the SXES, which p
vides an experimental method to understand the electr
structure of matters in relation to the band structure.

Since the soft x ray has a longer mean free path in ma
than the electron does, the SXE technique has several ad
tages including sensitivity to bulk characteristics. The S
spectra can be measured without the problem of sam
charging, which happens in photoemission measureme
The SXE spectra reflect the partial density of states~PDOS!,
since the emission process is caused by the dipole transi
Furthermore, the spectral features characteristics of spe
atomic species arise, because the core hole is strongly lo
ized.

Very recently, it was found that the SXE process from t
valence band is enhanced at the high symmetry point, wh
the same symmetry as the conduction band was excite1–7

This is the resonant fluorescence or the inelastic lig
scattering process, where the wave vector of the valence
is the same as that of the excited electron. Thus, momen
resolved inelastic light scattering offers a band mapp
technique.2,5

In this study, we used cubic boron nitride~cBN! to mea-
sure boron 1s ~B 1s! and nitrogen 1s ~N 1s! SXES and their
total photon yield~TPY! spectra. Cubic BN is the simples
III-V semiconductor. The crystal structure ofcBN is the
zinc-blend type, which is isostructural to the diamond. Sin
cBN has several interesting physical properties, such a
wide band gap, extreme hardness, and a high melting p
the electronic structure ofcBN has been studied by optica
550163-1829/97/55~4!/2073~6!/$10.00
s
of
n
s
n

o-
ic

er
an-

le
ts.

n.
fic
al-

e
re

t-
le
m-
g

e
a
nt,

reflectivity, absorption, x-ray emission spectroscopy,9–15and
photoemission spectroscopy.33 Many theoretical band calcu
lations have been carried out,16–30because of its simple crys
tal structure and small number of electrons. However,
correspondence between the theoretical calculation and
experiment has not been so good. An indirect gap of ab
6.2 eV was found by ultraviolet reflectivity spectroscopy.12,13

Recently, a weak core exciton~CE! has been found incBN
by photoelectron spectroscopy,33 although hexagonal-type
BN ~hBN! has intense core excitons.31,32

The aim of the present study is to investigate the reson
B 1s and N 1s SXE processes in relation to the electron
structure ofcBN for B 1s and N 1s excitation edges. The B
1s SXES has been carried out on several boron compou
such as B2O3 ~Refs. 6, 34, and 35! andhBN.31,32Cubic BN
is one of the most suitable materials to study the relat
between the band structure and the soft x-ray inelastic-lig
scattering process, becausecBN has the simplest band struc
ture among boron compounds. Results of this work sugg
that inelastic light scattering will be a powerful technique
investigate the site-projected band mapping even in multi
nary materials.

Since the B 1s and N 1s core states have flat band di
persions, the SXES spectra reflect the valence-band PD
and the TPY spectra reflect the conduction-band PDOS.
said that the TPY spectrum corresponds to the absorp
spectra. The 1s SXE and TPY spectra reflect only the 2p
character in the valence and conduction band, respectiv
while the photoemission spectroscopy~PES! spectrum is
similar to the total DOS curve, considering the cross secti
of atomic components, B 2s, B 2p, N 2s, and N 2p, because
they are governed by the dipole selection rules.

II. EXPERIMENT

The experimental measurements ofcBN were performed
on two undulator beam lines, BL-2B and BL-19B of th
2073 © 1997 The American Physical Society
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2074 55A. AGUI et al.
Photon Factory~PF! located at the National Laboratory fo
High Energy Physics~KEK!. Synchrotron radiation was
monochromatized by a Vorder-type 10-m grazing inciden
monochromator at BL-2B.36 A variable-spacing plane grat
ing monochromator without an entrance slit was used
BL-19B.37 Data collection time was typically 0.5 h for B
1s SXES at BL-19B and 2 h for N 1s SXES at BL-2B.

The B 1s SXES were measured at a temperature below
K in order to suppress the photon effect, using a closed-c
He refrigerator. The base pressure of the analyzer cham
was about 3310211 Torr.

The cBN single crystal was synthesized by th
temperature-difference method at around 2000 K and un
high pressures around 5 GPa in a small molybdenum
cible using a flux or catalytic solvent of LiCaBN2 or
Li3BN2.

38 The typical size of the crystal was about 232
mm2.

The SXE spectrometer39 consists of an input slit, a spher
cal grating, and a CsI-coated microchannel detector. T
are placed on a Rowland circle so that the detector is c
trolled by three-axes movement. The TPY was measured
collecting all SXE above 4 eV emitted from the sample.

The photon energy calibration of the beam line mon
chromator and SXE spectrometer is very important. The P
and the SXES can be measured at the same time in
experimental system.37 The photon energy of the beamlin
monochromator was calibrated by PES of the Fermi edg
4f level of gold on the sample holder. The photon energy
the SXE spectrometer was calibrated by measuring the
flection light of the same light that was used in the P
measurement.

III. RESULTS AND DISCUSSIONS

A. Band structure of cBN

Figure 1 shows~a! B 1s SXE and TPY spectra and~b! N
1s SXE and TPY spectra, in comparison with~c! the calcu-
lated band dispersion curve28 of cBN. The dots in Fig. 1~a!
show the TPY spectrum and two B 1s SXE spectra ofcBN,
which were measured at the photon excitation energ
hne5220.75 eV~No. 25! and 194.16 eV~No. 1!. Features in
the B 1s SXES are designated with lettersA to H. The
vertical bars in the TPY spectrum, which are numbered fr
1 to 25, indicate the selected excitation photon energies
the resonant B 1s SXES measurements.

The solid lines in Fig. 1~a! show the PDOS of B 2p
component, which were calculated by Xu and Ching.28 Con-
sidering the dipole selection rule of SXES, B 1s SXES has to
be compared with the B 2p PDOS curve. The dashed line
show the B 2p PDOS convoluted with the Lorentzian an
the Gaussian functions whose widths correspond to the
time broadening and the experimental resolution, resp
tively. The full widths at half maximum~FWHM! of the
Gaussians are 1 and 0.05 eV for the valence band and
conduction band, respectively. The FWHM of the Lorentz
functions are~0.110.1uEBu) eV and~0.110.1uEB26.2u! eV
for the valence and the conduction bands, respectively.

The correspondence between the energy positions of
band calculation and the experimental spectra is not so g
In particular, the calculated total bandwidth is too narro
Also, the calculated band gap is too narrow. The calcula
e

t

0
le
er

er
u-

y
n-
by

-
S
is

or
f
e-

s

or

e-
c-

he

he
d.
.
d

bandwidth can be in good agreement with the experiment
observed width if it is expanded by a factor of about 1.1
Here, in order to compare with the spectra, the energy p
tion of the calculated spectrum of the filled states is shifted
fit the top of the valence band of the SXES in Fig. 1~a!. On
the other hand, the calculated density of empty state
shifted to fit the bottom of the conduction band of the TP
spectrum. It is difficult to determine the location of the top
the valence band or the bottom of the conduction band
actly. Here, we determined their locations within the unc
tainties of the resolution.

The prominent B 1s SXES structuresB ~hnSXE 5185 eV!
andG ~171.5 eV! and a shoulderD ~178.6 eV! were found in
Fig. 1~a!, wherehnSXE represents the photon energy of SX
The main features of the experimental spectrum that w
measured at 25~hne5220.75 eV! were reproduced by the
PDOS calculation, though the energy position of struct
G was not in good agreement. The spectrum at
~hne5220.75 eV! corresponds to the fluorescence spectru
so that its line shape becomes similar to the B 1s PDOS
curve. The structureC ~hnSXE5187.6 eV! is much stronger

FIG. 1. ~a! Dots show the B 1s SXE and its TPY spectra of
cBN. The spectra are measured with the excitation ene
hne5220.75 and 194.16 eV, respectively. The solid line is an
ample of the calculated B 2p PDOS ~Ref. 28!. The dashed line
shows the convoluted B 2p PDOS curves with Lorentzian and th
Gaussian functions. The CE means the core exciton.~b! Dots show
the N 1s SXE and its TPY spectra ofcBN. The spectra measure
with the excitation energyhne5440.0 and 403.2 eV, respectively
The solid line is an example of the calculated N 2p PDOS ~Ref.
28!. The dashed line shows the convoluted N 2p PDOS curves.~c!
The band dispersion curve ofcBN calculated by Xu and Ching
~Ref. 28!.
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in the spectrum that was measured around the lowest
duction band at 1~hne5194.16 eV!.

On the other hand, the features of the TPY spectrum
quite different from the calculation. A sharp structure~CE!
was found aroundhne5192 eV in the B 1s TPY spectrum in
Fig. 1~a!. Because this structure is located below the ot
conduction band and was not observed in the band calc
tion, the structure was assigned to be the core-exciton st
ture. The core exciton has been already observed by
michevet al.9 in TPY and by Shinet al. in the total electron
yield ~TEY! spectra.33 Shinet al.measured the resonant PE
and CIS~constant initial state! spectra around CE region, an
found the strong resonance enhancement of the valence
structure at the CE structure. This fact also suggests tha
CE is a core exciton structure. However, the intensity of
CE structure in this experiment is much higher and its wi
is much sharper than that observed by Fomichevet al. and
Shin et al. Its intensity has a strong incidence angle dep
dence, which will be discussed in a separate paper.40 Further-
more, the calculated DOS curve at the conduction-b
minimum was not well reproduced by the band calculati
The spectrum had a clear band edge at the conduction-
minimum, while the calculated B 2p PDOS curve increase
gradually. The difference between the DOS curve and
TPY spectrum was also ascribed to core exciton effects.
could consider the core exciton structure ofcBN as a
Wannier-type exciton. That is, the CE and the featu
around 1 may be assigned to be 1s and 2s structures of the
Wannier-type exciton.

Figure 1~b! shows the TPY spectrum and two N 1s SXE
spectra, which were measured athne5440 eV and 403.2 eV
~No. I! of cBN. The dotted spectra are the experimental d
and the solid lines are the calculated N 2p PDOS curve.28

The dashed line shows the N 2p PDOS convoluted with
Lorentzian and Gaussian functions. The widths of Gauss
that correspond to the resolution of SXES and TPY w
about 1.5 and 0.1 eV, respectively. The linewidths of
Lorentzian are the same as in the case of B 2p PDOS. The
energy positions of both calculated conduction and vale
bands were shifted in the same way as for Fig. 1~a!. Features
in N 1s SXES were designated with letters fromA to H
whose energy positions are the same as those in B 1s SXES.
The several photon energies, which are numbered I to VI
the N 1s TPY spectrum, were selected to examine the ex
tation energy dependence of the N 1s SXES.

A prominent spectral feature was found atB ~hnSXE
5394 eV!, and a shoulder atD ~387.6 eV! in Fig. 1~b!. The
lower valence band aroundG ~hnSXE5381.6 eV!, which is
weak in the calculated spectrum, is very weak in the S
spectrum. The SXES spectrum measured athne5440 eV is
well in accord with the N 2p PDOS curve, while the struc
tureC ~hnSXE5391.6 eV! is emphasized for that measured
I ~hne5403.2 eV!. This photon-energy dependence is ve
similar to that in B 1s SXES.

The spectral features of experimental N 1s TPY are re-
producible by the calculated conduction-band structu
though those of B 1s TPY are different from the calculation
No CE structure is observed in the N 1s TPY spectrum. This
fact shows that the conduction-band minimum mainly co
sists of the B 2p component and the contribution from
2p is small.
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It is clear from these SXES measurements that the up
valence bands fromA to E structures are mainly compose
of both B 2p and N 2p components. This fact is consiste
with the band calculations.26 The main structuresC on B
1s and N 1s SXES are due to the substantial orbital hybri
ization between B 2p and N 2p states. The band calculatio
suggests that the lower valence bands fromE toH structures
are mainly composed of N 2s components. In fact, N 1s
SXES shows that the N 2p PDOS is negligible and B 1s
SXES shows that the B 2p PDOS is rather strong in the
lower valence bands. The B 2p components are mixed
across the whole valence band, while the N 2p and N 2s
bands are localized in upper and lower valence bands,
spectively.

Because SXE and TPY spectra are plotted with the sa
abscissa, one can find that the band gap between the va
and conduction band is about 6.2 eV, if we neglect the sh
CE structure. This value is consistent with other experim
tal results. However, the band calculations, which were c
ried out by means of local density approximation~LDA ! and
other methods, indicate smaller band gaps.27–36On the other
hand, a quasiparticle band calculation is in good agreem
with our result. ThecBN band gap and valence bandwidth
obtained by the present study are listed in Table I.

B. Excitation energy dependence of SXE spectra
Figure 2~a! shows the B 1s SXE spectra ofcBN, which

are excited at various photon energies. The intensities
SXES are normalized by the excitation photon intensity a
data collection time. The selected excitation energies are
dicated by the numbers in the TPY spectrum in Fig. 1~a!.
The spectra have a clear excitation energy dependence.
SXE spectrum measured around the conduction band m
mum 1 has a rather sharp peakC. The top of the valence-
band increase at the SXE spectrum measured at
~hne5198.99 eV!. The SXE spectra do not show any prom
nent photon energy dependence at photon energies hi
than hne5220.75 eV~not shown!, where the fluorescenc
component seems to be dominant compared with the ine
tic light scattering component.

Figure 2~b! shows the difference spectra where each sp
trum of Fig. 2~a! is subtracted by the factoredhne 5220.75
eV spectrum. The multiplying factors are shown by the fi
ures in the parentheses. We determine the factors so tha
difference spectrum enhances the excitation-energy de
dence. Since thehne5220.75 eV spectrum is thought to b
the fluorescence spectrum, the differences mainly corresp
to the inelastic-light-scattering spectra. In Fig. 2~b!, a sharp
structureC is enhanced by the excitation at 1~hne5194.16
eV!, 8 ~197.75 eV!, 17 ~205.88 eV!, 19 ~207.42 eV!, and 23
~214.48 eV!. A broad structure aroundB is enhanced at 13
~hne5201.25 eV! and 22~213.06 eV!.

TABLE I. Measured band gap and bandwidths ofcBN. VB
represents valence band.

Band gap 6.2 eV

Bandwidths Upper VB 13.0 eV
Lower VB 5.5 eV
Total VB 20 eV
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The N 1s SXE spectra in Fig. 3~a! were measured by th
various photon energies indicated by the numbers in F
1~b!. Figure 3~b! shows the difference spectra obtained
subtracting the VIII~hne5440.0 eV! spectrum from each
spectrum in Fig. 3~a!. Since the excited photon energy
VIII is high above the N 1s threshold by about 37 eV, it is
thought to be the fluorescence spectrum as in the case
1s SXES spectra. The spectra excited at I~hne5403.2 eV!,

FIG. 2. ~a! The B 1s SXE spectra excited at various photo
energies numbered in Fig. 1~a!, which are indicated on the left-han
sides of the spectra.~b! Difference spectra that were subtracted
the spectrum measured athne5220.75 eV. The multiplying factors
of thehne5220.75 eV spectrum are shown in the parentheses.
g.

B

II ~404.3 eV!, and III ~405.2 eV! were subtracted by the VIII
spectrum multiplied by 0.3, 0.6, and 0.8, respectively. In F
3~b!, structures atC andD are enhanced by the excitation
I, IV, and VI. A sharp SXES structure atB is enhanced by
the excitation at V~hne5410.0 eV!. A small hump atA is
enhanced by the excitation at III.

Figure 1~c! is an example of the calculated band disp
sion curves.28 The high symmetry points are designated
the letters and numbers in Fig. 1~a! and Fig. 1~b!. In Fig.
1~c!, dashed linesC andD correspond to the high-symmetr

FIG. 3. ~a! The N 1s SXE spectra excited at various photo
energies numbered in Fig. 1~b!, which are indicated on the left-han
sides of the each spectra.~b! Difference spectra that were subtracte
by the spectrum measured athne5440.0 eV. The multiplying fac-
tors of thehne5440.0 eV spectrum are shown in the parenthes
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TABLE II. The relative energies from the valence-band maximum. The calculated energies are
from Ref. 30. All energies are in eV.

Assignment

B 1s SXES N 1s SXES GW

ComponentNo. Relative No. Relative Calculation

XC 23 26.5
LC 22 25.1
XC 21 21.8
XC 19 19.4 VI 19.8
XC 17 17.9
L3
C 13 13.3

L1
C 12 12.8 V 13.0 12.4

G1
C 10 11 12.6

X3
C 8 9.8 IV 9.1 11.3

G15
C 6 8.2 III 8.2 11.4

X1
C 1 6.2 I 6.2 6.3 B 2p dominant

G15
V A 0 A 0 0 B 2p dominant

L3
V B 23.0 B 23 22.2 N 2p dominant

X5
V C 25.4 C 25.4 25.5 B 2p dominant

X3
V D 29.4 D 29.4 210.2

L1
V E 213.0 E 213 212.2

X1
V F 214.5 216.9

L1
V G 216.5 218.5 N 2s dominant

G1
V H 220.0 223.1
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X5
V andX3

V points, and the structuresB andG correspond to
theL3

V andL1
V points in the band calculation. The top of th

valence bandA corresponds to theG15
V point.

The experimental results show that the energy position
high symmetry points are consistent with each other in
1s and N 1s SXE spectra. The intensity ratio of each stru
ture is different, because the composition of N 2p and B
2p components is different. That is, theG15

V andX5
V bands

have a stronger B 2p component than N 2p component. The
main component of theL3

V band is N 2p.
On the other hand, structures 1 and 8 in the B 1s TPY

spectra correspond toX1
C andX3

C points, and structures nea
12 and 13 consist mainly of emission from theL1

C andL3
C

points. Structures at 6 and 10 are related to theG15
C andG1

C

points, whereG1
C is indistinguishable from theL1

C point. In
the case of the N 1s TPY spectrum, the structures labeled
III, IV, and V correspond to the high symmetryX1

C , G15
C ,

X3
C , andG1

C points.
It is clear that the featureC at the symmetry pointX5

V

becomes evident when the core electron is excited to
X1
C point at 1. Similarly, when theL3

C point is excited, a
valence hole is created preferentially at theL3

V point to keep
momentum conservation. Similar enhancement was foun
the emission spectrum in the region of theX3

V point. At the
excitation energies around 17, the emission from theX5

V

pointC is enhanced again. One can find that high symme
points of the valence bands become prominent, when
electron is excited to the same symmetry in the conduc
band. Recently, Maet al. fond the similar excitation-photon
energy dependence in C 1s SXES of diamond.2,5 They elu-
cidated the excitation energy dependence in the SXES s
tra by the inelastic-light-scattering process rather than
of

-
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in

y
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e

normal fluorescent process. In this process, the wave vec
of the excitation electron and the created core hole beco
the same. It was also found in this study that each ato
component in the compound has a photon energy dep
dence by the momentum conservation.

The PDOS calculation of the conduction band was carr
out only up to 5 eV above the conduction-band minimu
By using SXES enhancement from an inelastic-lig
scattering process, one can determine the high symmet
higher energies without knowing the band calculations.
the case of B 2p PDOS, structures 17, 19, 21, 22, and
correspond to the high symmetryXC, XC, XC, LC, andXC

points, respectively.
The vacuum ultraviolet reflectance spectra w

measured.9 The assignments for high symmetry points a
consistent with our results. The energy positions obtained
tabulated in Table II in comparison with the recentGW band
calculations.30 For the LDA, the bandwidths were too narro
compared with our experimental result. It was also fou
that calculation by theGW approximation accounts for th
magnitude of the band gap. However, theGWapproximation
shows much greater bandwidth. Surh, Louie, and Cohe30

pointed out that they cannot determine the other high sy
metry points because there had been no experimental
available for the band calculation. Here, using an inelas
light-scattering technique, we can find the high symme
points without theoretical calculations. Detailed band cal
lations that reproduce the experimental results will
needed.

IV. CONCLUSION

The B 1s and N 1s SXES studies ofcBN have been
carried out. The line shapes of the calculated B 2p and N
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2p PDOS in the valence band are in good agreement wi
both experimental SXE spectra. The total bandwidth of th
band calculation is much narrower than the experimental r
sults. However, the calculated B 2p PDOS of the conduction
band is very different from the B 1s TPY spectrum. The
intense core-exciton structure was found in the B 1s TPY
spectrum while it was not found in the N 1s TPY spectrum.
We observed that the line shapes change in B 1s and N 1s
SXES of cBN as the photon energy varies. The resonanc
enhancements are due to the momentum-conserved inelas
light-scattering process. It was found that the inelastic-ligh
th
e
e-

e
tic-
t-

scattering method is a powerful tool to investigate the si
projected DOS in the compounds.
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