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Resonant soft-x-ray emission study in relation to the band structure otBN
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The resonant soft-x-ray emissig8XE) and its total photon yieldTPY) spectra were measured at the B
1s and N X edges of cubic boron nitride€BN) 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 angd WP 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 TPY spectra[S0163- 18207)08704-3

[. INTRODUCTION reflectivity, absorption, x-ray emission spectroscopy,and
photoemission spectroscopyMany theoretical band calcu-
Soft-x-ray absorption and emission spectroscopiedations have been carried oti;*°because of its simple crys-
(SXES have been used to study the electronic properties ofal structure and small number of electrons. However, the
matters for a long time. Recently, SXES studies have beeforrespondence between the theoretical calculation and the
performed by means of the inelastic-light-scattering procesg§xperiment has not been so good. An indirect gap of g\bout
using high-brilliance synchrotron radiation as an excitation8-2 €V was found by ultraviolet reflectivity spectroscdpy’
light source'® Using synchrotron radiation, one can utilize Recently, a weak core excitd€E) has been found ieBN
the excitation energy dependence of the SXES, which proby Photoelectron spectroscoﬁ/_,althgzugh hexagonal-type
vides an experimental method to understand the electron8N (hBN) has intense core excitofis® _
structure of matters in relation to the band structure. The aim of the present study IS to Investigate the resonant
Since the soft x ray has a longer mean free path in mattdp 1s and N 1s SXE processes in relatlo.n to the electronic
than the electron does, the SXE technique has several advaffructure ofcBN for B 1s and N Is excitation edges. The B
tages including sensitivity to bulk characteristics. The SXELS SXES has been carried out on several boron compounds
spectra can be measured without the problem of samplguch as BO; (Refs. 6, 34, and 35andhBN.*"* Cubic BN
charging, which happens in photoemission measurementt® one of the most suitable materials to study the relation
The SXE spectra reflect the partial density of stdRBOS, between the band structure and the soft x-ray inelastic-light-
since the emission process is caused by the dipole transitioficattering process, becau=gN has the simplest band struc-
Furthermore, the spectral features characteristics of speciffife among boron compounds. Results of this work suggest
atomic species arise, because the core hole is strongly locdhat inelastic light scattering will be a powerful technique to
ized. investigate the site-projected band mapping even in multiter-
Very recently, it was found that the SXE process from thenary materials.
valence band is enhanced at the high symmetry point, where Since the B 5 and N Is core states have flat band dis-
the same Symmetry as the conduction band was e)&;‘i]?ed persions, the SXES spectra reflect the valence-band PDOS,
This is the resonant fluorescence or the inelastic ||ght.and the TPY SpeCtra reflect the conduction-band PDOS. It is
scattering process, where the wave vector of the valence hof@id that the TPY spectrum corresponds to the absorption
is the same as that of the excited electron. Thus, momentungPectra. The 4 SXE and TPY spectra reflect only thep 2

resolved inelastic light scattering offers a band mappingeharacter in the valence and conduction band, respectively,
techniquée® while the photoemission spectroscoffES spectrum is

In this study, we used cubic boron nitrigeBN) to mea-  Similar to the total DOS curve, considering the cross sections

sure boron & (B 1s) and nitrogen & (N 1s) SXES and their  of atomic components, B B 2p, N 2s, and N 2, because
total photon yield(TPY) spectra. Cubic BN is the simplest they are governed by the dipole selection rules.

[lI-V semiconductor. The crystal structure @BN is the

zinc-blend type, Whlch is |_sostructu_ral to the dl_amond. Since Il EXPERIMENT

cBN has several interesting physical properties, such as a

wide band gap, extreme hardness, and a high melting point, The experimental measurementsc&®N were performed
the electronic structure afBN has been studied by optical on two undulator beam lines, BL-2B and BL-19B of the
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Photon FactoryPF located at the National Laboratory for 1 GFE D OAB A
High Energy Physics(KEK). Synchrotron radiation was _ Lk i
monochromatized by a Vorder-type 10-m grazing incidence £ || Bissxes § \
monochromator at BL-28% A variable-spacing plane grat- g hv(eV) ARRY 7
ing monochromator without an entrance slit was used at< [220.75 HA! \
BL-19B.%7 Data collection time was typically 0.5 h for B 3 ;,/\_/j \ \_ L\}\
1s SXES at BL-19B ad 2 h for N 1s SXES at BL-2B. ELER. - .*‘“\ / B1s-TPY
The B 1s SXES were measured at a temperature below 30~ ,>§ JJ‘,’"M —/ Vi~ B2ppDOS|
K in order to suppress the photon effect, using a closed-cycle 170 {: 180 190 . 200 210 . 220
He refrigerator. The base pressure of the analyzer chamber [H GFE D 'C@BA ' LT )
was about X 10 ! Torr. 2 |i AT BN RT.
The cBN single crystal was synthesized by the 3 Nis'sxEs );:’ i oy
temperature-difference method at around 2000 K and under«, I AN 11\.A‘*“‘v~. v
high pressures around 5 GPa in a small molybdenum cru- z hv(sevi) ; -.w'.. I}L~ Y W
cible using a flux or catalytic solvent of LiCaBNor § | 4400 \f/" "1&-_' N15TPY"'" —
LisBN,.% The typical size of the crystal was abouk2 E 53 f W= A NeppDOS
mmZ_ Lisesis l.il..l.f;,.‘l. ..|..f&."l...l....|.{...I....I....
The SXE spectromet&tconsists of an input slit, a spheri- 380 “ 390 "‘*Photg,?OE,{eré; ;/1)0 j 40 430
cal grating, and a Csl-coated microchannel detector. They LH GF ED é B A I WvVy Vi
are placed on a Rowland circle so that the detector is con- ~l / / (©
trolled by three-axes movement. The TPY was measured by r <
collecting all SXE above 4 eV emitted from the sample. X
The photon energy calibration of the beam line mono- ¢ o &
chromator and SXE spectrometer is very important. The PES \\Q \y7
and the SXES can be measured at the same time in this TH—l—t——c.>} /5/ 10
experimental systeril. The photon energy of the beamline valence band 626V conduction

monochromator was calibrated by PES of the Fermi edge or band

4f level of gold on the sample holder. The photon energy of
the SXE spectrometer was calibrated by measuring the re-
flection light of the same light that was used in the PES
measurement.

FIG. 1. (a) Dots show the B & SXE and its TPY spectra of
CBN. The spectra are measured with the excitation energy
v,=220.75 and 194.16 eV, respectively. The solid line is an ex-
ample of the calculated B2 PDOS (Ref. 28. The dashed line
shows the convoluted B®PDOS curves with Lorentzian and the
lIl. RESULTS AND DISCUSSIONS Gaussian functions. The CE means the core excitprDots show
the N 1s SXE and its TPY spectra afBN. The spectra measured
with the excitation energhv,=440.0 and 403.2 eV, respectively.
Figure 1 showsa) B 1s SXE and TPY spectra an@) N The solid line is an example of the calculated |§ PDOS (Ref.
1s SXE and TPY spectra, in comparison witt) the calcu-  28). The dashed line shows the convoluted pIRDOS curves(c)
lated band dispersion curtfeof cBN. The dots in Fig. (a)  The band dispersion curve @BN calculated by Xu and Ching
show the TPY spectrum and two B EXE spectra otBN,  (Ref. 28.
which were measured at the photon excitation energies
hv,=220.75 eV(No. 25 and 194.16 eMNo. 1). Features in bandwidth can be in good agreement with the experimentally
the B 1s SXES are designated with lettess to H. The  observed width if it is expanded by a factor of about 1.12.
vertical bars in the TPY spectrum, which are numbered frontHere, in order to compare with the spectra, the energy posi-
1 to 25, indicate the selected excitation photon energies fation of the calculated spectrum of the filled states is shifted to
the resonant B 4 SXES measurements. fit the top of the valence band of the SXES in Figa)1 On
The solid lines in Fig. (a) show the PDOS of B @ the other hand, the calculated density of empty states is
component, which were calculated by Xu and CHiigon-  shifted to fit the bottom of the conduction band of the TPY
sidering the dipole selection rule of SXES, B $XES hasto spectrum. Itis difficult to determine the location of the top of
be compared with the B2 PDOS curve. The dashed lines the valence band or the bottom of the conduction band ex-
show the B D PDOS convoluted with the Lorentzian and actly. Here, we determined their locations within the uncer-
the Gaussian functions whose widths correspond to the lifetainties of the resolution.
time broadening and the experimental resolution, respec- The prominent B $ SXES structure8 (hvgyeg =185 eV)
tively. The full widths at half maximum(FWHM) of the andG (171.5 eVf and a shouldeDd (178.6 e\f were found in
Gaussians are 1 and 0.05 eV for the valence band and ttdg. 1(a), wherehvgye represents the photon energy of SXE.
conduction band, respectively. The FWHM of the LorentzianThe main features of the experimental spectrum that was
functions are(0.1+0.1Eg|) eV and(0.1+0.1Eg—6.2)) eV measured at 2%hv,=220.75 eV were reproduced by the
for the valence and the conduction bands, respectively. ~ PDOS calculation, though the energy position of structure
The correspondence between the energy positions of the was not in good agreement. The spectrum at 25
band calculation and the experimental spectra is not so goothv,=220.75 eV corresponds to the fluorescence spectrum,
In particular, the calculated total bandwidth is too narrow.so that its line shape becomes similar to the 8 ADOS
Also, the calculated band gap is too narrow. The calculatedurve. The structur€ (hvgyz=187.6 eV} is much stronger

A. Band structure of cBN
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in the spectrum that was measured around the lowest con- TABLE |. Measured band gap and bandwidths a8N. VB

duction band at 1hv,=194.16 eV. represents valence band.

On the other hand, the features of the TPY spectrum are
quite different from the calculation. A sharp structy@f) ~ Band gap 6.2 eV
was found arountive=192 eV in the B 5 TPY spectrumin  ganquidths Upper VB 13.0 eV
Fig. 1(a). Because this structure is located below the other Lower VB 55 eV

conduction band and was not observed in the band calcula-
tion, the structure was assigned to be the core-exciton struc-
ture. The core exciton has been already observed by Fo-

michevet al® in TPY and by Shiret al.in the total electron It is clear from these SXES measurements that the upper
yield (TEY) spectra® Shinet al. measured the resonant PES valence bands fronA to E structures are mainly composed
and ClIS(constant initial statespectra around CE region, and of both B 2p and N 2 components. This fact is consistent
found the strong resonance enhancement of the valence banith the band calculatior®. The main structure€ on B
structure at the CE structure. This fact also suggests that thes and N 1s SXES are due to the substantial orbital hybrid-
CE is a core exciton structure. However, the intensity of thezation between B @ and N 2 states. The band calculation

CE structure in this experiment is much higher and its widthsuggests that the lower valence bands fi&no H structures

is much sharper than that observed by Fomickeal. and  are mainly composed of N<2components. In fact, N &

Shin et al. Its intensity has a strong incidence angle depenSXES shows that the N2 PDOS is negligible and B 4
dence, which will be discussed in a separate pé‘bléurther- SXES shows that the B2 PDOS is rather strong in the
more, the calculated DOS curve at the conduction-bantbwer valence bands. The Bp2components are mixed
minimum was not well reproduced by the band calculationacross the whole valence band, while the N @nd N X

The spectrum had a clear band edge at the conduction-baménds are localized in upper and lower valence bands, re-
minimum, while the calculated B2 PDOS curve increases spectively.

gradually. The difference between the DOS curve and the Because SXE and TPY spectra are plotted with the same
TPY spectrum was also ascribed to core exciton effects. Ongbscissa, one can find that the band gap between the valence
could consider the core exciton structure BN as a and conduction band is about 6.2 eV, if we neglect the sharp
Wannier-type exciton. That is, the CE and the featureCE structure. This value is consistent with other experimen-
around 1 may be assigned to bs dnd 2 structures of the tal results. However, the band calculations, which were car-
Wannier-type exciton. ried out by means of local density approximati@®DA ) and

Figure 1b) shows the TPY spectrum and two ¥ BXE  other methods, indicate smaller band g&ps® On the other
spectra, which were measurednat,=440 eV and 403.2 eV  hand, a quasiparticle band calculation is in good agreement
(No. ) of cBN. The dotted spectra are the experimental datavith our result. ThecBN band gap and valence bandwidths
and the solid lines are the calculated ¥ PDOS curveé®  obtained by the present study are listed in Table I.

The dashed line shows the No2PDOS convoluted with

Lorentzian and Gaussian functions. The widths of Gaussians B. Excitation energy dependence of SXE spectra

that correspond to the resolution of SXES and TPY were Figure 2a) shows the B $ SXE spectra oEBN, which
about 1.5 and 0.1 eV, respectively. The linewidths of theare excited at various photon energies. The intensities of
Lorentzian are the same as in the case of BRDOS. The SXES are normalized by the excitation photon intensity and
energy positions of both calculated conduction and valencgata collection time. The selected excitation energies are in-
bands were shifted in the same way as for Fig).1Features dicated by the numbers in the TPY spectrum in Fig).1

in N 1s SXES were designated with letters fromto H  The spectra have a clear excitation energy dependence. The
whose energy positions are the same as those ia BXES.  SXE spectrum measured around the conduction band mini-
The several photon energies, which are numbered | to VIl omnum 1 has a rather sharp pe@k The top of the valence-
the N 1s TPY spectrum, were selected to examine the exciband increase at the SXE spectrum measured at 10
tation energy dependence of the N $XES. (hv,=198.99 eV. The SXE spectra do not show any promi-

A prominent spectral feature was found Bt (hvsxe  nent photon energy dependence at photon energies higher
=394 e\), and a shoulder d (387.6 eV in Fig. 1(b). The  than hv,=220.75 eV (not shown, where the fluorescence
lower valence band around (hvsxe=381.6 eV}, which is  component seems to be dominant compared with the inelas-
weak in the calculated spectrum, is very weak in the SXHic light scattering component.
spectrum. The SXES spectrum measuretiai=440 eV is Figure Zb) shows the difference spectra where each spec-
well in accord with the N p PDOS curve, while the struc- trum of Fig. Za) is subtracted by the factordty, =220.75
tureC (hvsxe=391.6 eV is emphasized for that measured ateV spectrum. The multiplying factors are shown by the fig-

I (hve=403.2 eV). This photon-energy dependence is veryures in the parentheses. We determine the factors so that the
similar to that in B 5 SXES. difference spectrum enhances the excitation-energy depen-
The spectral features of experimental N TPY are re- dence. Since thbv,=220.75 eV spectrum is thought to be
producible by the calculated conduction-band structurethe fluorescence spectrum, the differences mainly correspond
though those of B 4 TPY are different from the calculation. to the inelastic-light-scattering spectra. In Figb2 a sharp
No CE structure is observed in the 8 TPY spectrum. This structureC is enhanced by the excitation atiiv,=194.16
fact shows that the conduction-band minimum mainly con-eV), 8 (197.75 eV, 17 (205.88 eV, 19(207.42 eV, and 23
sists of the B » component and the contribution from N (214.48 eV. A broad structure arounB is enhanced at 13

2p is small. (hve=201.25 eV and 22(213.06 eV.

Total VB 20 eV
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Photon Energy (eV) FIG. 3. (a) The N 1s SXE spectra excited at various photon

energies numbered in Fig(d), which are indicated on the left-hand
FIG. 2. (a) The B 1s SXE spectra excited at various photon sides of the each spectfh) Difference spectra that were subtracted
energies numbered in Fig(a), which are indicated on the left-hand by the spectrum measured lat,=440.0 eV. The multiplying fac-
sides of the spectrdb) Difference spectra that were subtracted by tors of thehv,=440.0 eV spectrum are shown in the parentheses.
the spectrum measuredlat,=220.75 eV. The multiplying factors
of the hv,=220.75 eV spectrum are shown in the parentheses. | (404.3 eV}, and 111 (405.2 eV were subtracted by the Vil
spectrum multiplied by 0.3, 0.6, and 0.8, respectively. In Fig.

The N 1s SXE spectra in Fig. &) were measured by the 3(b), structures a€ andD are enhanced by the excitation at
various photon energies indicated by the numbers in Figl, IV, and VI. A sharp SXES structure & is enhanced by
1(b). Figure 3b) shows the difference spectra obtained bythe excitation at V(h»,=410.0 eVJ. A small hump atA is
subtracting the VIII(hv,=440.0 eV} spectrum from each enhanced by the excitation at IlI.
spectrum in Fig. @). Since the excited photon energy at  Figure Xc) is an example of the calculated band disper-
VIl is high above the N & threshold by about 37 eV, itis sion curve$® The high symmetry points are designated by
thought to be the fluorescence spectrum as in the case of tBe letters and numbers in Fig(al and Fig. 1b). In Fig.
1s SXES spectra. The spectra excited &h1.=403.2 eV}, 1(c), dashed line€ andD correspond to the high-symmetry
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TABLE Il. The relative energies from the valence-band maximum. The calculated energies are taken
from Ref. 30. All energies are in eV.

B 1s SXES N Is SXES GW

Assignment No. Relative No. Relative Calculation Component
X 23 26.5
LC 22 25.1
X© 21 21.8
xC 19 19.4 VI 19.8
X 17 17.9
LS 13 13.3
LS 12 12.8 \Y 13.0 12.4
ry 10 11 12.6
X§ 8 9.8 v 9.1 11.3
IS 6 8.2 1] 8.2 11.4
x§ 1 6.2 [ 6.2 6.3 B 2 dominant
I'Ys A 0 A 0 0 B 2p dominant
Ly B -3.0 B -3 -2.2 N 2p dominant
Xy C -5.4 C —5.4 -55 B 2p dominant
Xy D -9.4 D -9.4 -10.2
LY E -13.0 E -13 —-12.2
Xy F -145 -16.9
LY G -16.5 -18.5 N 2 dominant
ry H -20.0 -23.1

Xy andXy points, and the structurd@ andG correspond to  normal fluorescent process. In this process, the wave vectors
the |_\3/ and |_\1/ points in the band calculation. The top of the of the excitation electron and the created core hole become
valence bandh corresponds to thEYs point. the same. It was also found in this study that each atomic

The experimental results show that the energy positions gfomponent in the compound has a photon energy depen-

high symmetry points are consistent with each other in Bience by the momentum conservation. ,
1s and N 1s SXE spectra. The intensity ratio of each struc- The PDOS calculation of the conduction band was carried

ture is different, because the composition of ¥ and B out only up to 5 eV above the conduction-band minimum.

2p components is different. That is, tH&; and XY bands BY USing SXES ‘enhancement from an inelastic-light-

have a stronger B2 component than N @ component. The scattering process, one can determine the high symmetry at

main component of theY band is N higher energies without knowing the band calculations. In
3 .

: the case of B p PDOS, structures 17, 19, 21, 22, and 23
On the other hand, structures 1 and 8 in the 8TPY S c we ¢ e
spectra correspond %S andX$ points, and structures near correspond to the high symmeti, X%, X%, L%, andX

. . o ¢ points, respectively.
12 and 13 consist mainly of emission from th§ andLg The vacuum ultraviolet reflectance spectra was

points. Structures at 6 and 10 are related toltheand';  measured. The assighments for high symmetry points are
points, wherel'{ is indistinguishable from the{ point. I consistent with our results. The energy positions obtained are
the case of the N4 TPY spectrum, the structures labeled |, tabulated in Table Il in comparison with the rec&W band
I, IV, and V correspond to the high symmet¥?, I'fs,  calculations® For the LDA, the bandwidths were too narrow
xS, andl“f points. compared with our experimental result. It was also found
It is clear that the featur€ at the symmetry poinXy  that calculation by th&sW approximation accounts for the
becomes evident when the core electron is excited to th&agnitude of the band gap. However, tB&V approximation
X§$ point at 1. Similarly, when thé.$ point is excited, a Shows much greater bandwidth. Surh, Louie, and Cthen
valence hole is created preferentially at thepoint to keep ~ Pointed out that they cannot determine the other high sym-
momentum conservation. Similar enhancement was found if"etry points because there had been no experimental data
the emission spectrum in the region of t}ié point. At the gvallable fo_r the banc_i calculation. H_ere, using an inelastic-
excitation energies around 17, the emission from ¥ light-scattering technique, we can find the high symmetry

point C is enhanced again. One can find that high SymmemFo_ints without theoretical calculations. Detailed band galcu—
points of the valence bands become prominent, when thigtions that reproduce the experimental results will be
electron is excited to the same symmetry in the conductioﬁeeded'

band. Recently, Ma&t _al.fond the S|mllar excitation-photon- IV. CONCLUSION

energy dependence in GBXES of diamond:® They elu-

cidated the excitation energy dependence in the SXES spec- The B 1s and N 1s SXES studies oftBN have been
tra by the inelastic-light-scattering process rather than thearried out. The line shapes of the calculated B @&xd N
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2p PDOS in the valence band are in good agreement witlscattering method is a powerful tool to investigate the site-
both experimental SXE spectra. The total bandwidth of therojected DOS in the compounds.

band calculation is much narrower than the experimental re-
sults. However, the calculated BB DOS of the conduction
band is very different from the BSLTPY spectrum. The
intense core-exciton structure was found in the 8 TPY This work was supported by grants-in-aid for Scientific
spectrum while it was not found in the NsTTPY spectrum. Research the Ministry of Education, Science and Culture of
We observed that the line shapes change insBadd N 1s  Japan. The authors would like to thank Professors E. Hana-
SXES ofcBN as the photon energy varies. The resonancenura, K. Terakura, and K. Nasu for their helpful discussions.
enhancements are due to the momentum-conserved inelastisppreciation is due to Professor A. Yagishita and Dr. E.
light-scattering process. It was found that the inelastic-light-Shigemasa for their excellent suport.
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