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Photon-excited BK fluorescence spectra were measured for hexagonal boron nitride using tu
synchrotron radiation below and above the BK edge. We report Raman-like resonant inelastic scatte
of soft x rays involving excitation of delocalized valence-band electrons. The inelastic scat
features track with the excitation energy below threshold, go through a resonance as the ex
is tuned to the B(1s) core-exciton energy, and evolve into incoherent fluorescence as the exci
is raised further. The energy loss is identified as equivalent to an electronic transition of vales

electrons topp conduction-band states. [S0031-9007(96)00211-6]

PACS numbers: 78.70.Ck, 78.70.En
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Interest in inelastic x-ray scattering has been stim
lated by the development of high-brightness synchrot
radiation sources. Most of the work has examined
scattering of high-energy (keV) x rays by inner-co
electrons, where the systems are left with a locali
core hole in the final state [1–3]. However, rece
resonant-fluorescence studies, where the systems ar
in delocalizedvalence-excitedstates (i.e., valence-hol
final states), have revealed resonant inelastic scatte
processes which conserve crystal momentum in
diamond, and graphite [4–6]. The theory of coher
fluorescence, as put forward for localized atomic syste
by Åberg and Tulkki [7,8], and recently extended
solid-state systems with delocalized electrons by
et al. [5], predicts this crystal momentum conservati
well when the excitation energy isabove the core-level
absorption threshold.

In this Letter, we report the observation of inelas
scattering in hexagonal boron nitride (h-BN) for excitation
below the B K edge. We also show that an extensi
of the theory to below threshold excitation predicts
overall experimental spectra quite well. The disagreem
between theory and experiment is attributed chiefly
core-excitonic effects, which are strong in this syst
and clearly observed. These results demonstrate tha
resonant fluorescence technique can yield element-spe
0031-9007y96y76(21)y4054(4)$10.00
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band structure information on multielement insulatin
materials.

Using x-ray fluorescence detection and a large (1 e
bandpass monochromator, O’Brienet al. [9] observed
large energy shifts in fluorescence spectra ofh-BN and
B2O3 for excitation of B(1s) electrons to form core
excitons. The excitonic electron, bound in a localiz
orbital near the core hole, acted as a “spectator” elect
which changed the screening and caused an energy sh
the “normal” fluorescence spectrum. Substantial chan
in the shape of theh-BN spectrum were noted, bu
not discussed in any detail. In other reports, the la
magnitude of the elastic peaks for resonant-fluoresce
(spectator) emission fromh-BN [10] and B2O3 [11] have
been documented, but little attention was paid to valen
fluorescence (normal) emission.

The soft-x-ray fluorescence (SXF) spectra were o
tained using photons from beam line 8.0 at the Advanc
Light Source (ALS). Traditionally, SXF spectroscopy h
been severely limited by weak excitation sources and l
radiative yields of the emission process. However, w
the development of intense undulator-based synchtro
radiation sources and improved spectrometers, many
experiments are now feasible. A crushed-powder sam
was used for the experiment. The energy resolution of
monochromatic light used for excitation was set at 0.3 e
© 1996 The American Physical Society
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Emitted radiation was measured with a Rowland-circ
type spectrometer [12] utilizing large spherical gratin
and a photon-counting area detector. The spectrom
was operated at a resolution of 0.5 eV for the BK edge.
Incident photon flux was monitored by measuring ph
tocurrent from a gold-coated screen inserted in the be
immediately upstream from the sample.

Figure 1 shows the SXF spectra ofh-BN excited with
photon energies near the BK edge, showing inelastic
scattering and valence-band fluorescence. All spe
shown are normalized to the incident photon flux, a
labeled by the excitation energy. For display purpos
the elastic peaks are reduced, and the spectra for 1
and 192.6 eV excitation are reduced, as indicated.
principal feature of the elastic peak is the very stro
resonance observed at 192.0 eV, when B(1s) electrons are
presumably excited into an exciton state involving the
pp orbital. The intensity of the elastic peak increas
roughly 400-fold as the excitation changes from 186.8
the resonance at 192.0 eV.

For all excitation energies below 192.0 eV (resonanc
the inelastic spectra show two peaksA and B separated
by 5 eV, and the much more intense elastic peakD.
These spectral features exactly track the excitation ene
so that the upper peak of the inelastic spectrum (p
B) maintains a constant separation of,11 eV from
the elastic peak. At resonance excitation (192.0 e
a new feature appears in the inelastic spectrum, i.e
shoulder (peakC), about 2.5 eV above peakB. At higher
excitation energies, peakC disappears. For 193.7 eV

FIG. 1. The BK-edge soft-x-ray fluorescence spectra ofh-BN
for excitation near threshold. Labeled features are discus
in the text. The elastic peaks of all spectra are redu
as indicated, and the valence spectra excited by 192.0
192.6 eV photons are reduced as indicated.
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and higher excitation energies, fluorescence features
broadened and become fixed in energy position. Th
spectra are characteristic of incoherent spectra gener
when the excitation and emission processes are decou

A layered structure similar to graphite,h-BN [13],
has sp2 s bonds in planes of atoms andp bonds
normal to the plane. The quasiparticle band struct
is shown in Fig. 2. The many-body corrections to o
density-functional band energies were taken from Bl
et al. [14]. It displays an indirect band gap of 5.5 eV wi
the valence band maximum atH and conduction band
minimum atM. The band separation atM (6.1 eV) agrees
well with optical absorption data [15], which indicate
strong intrinsic interband transitions at 6.2 eV. Previo
calculations by Catellani, Posternak, and Baldereschi [
and by Maet al. [17] yielded very similar bands forh-
BN, but underestimate the band gap significantly.

Figure 3 shows a schematic of the inelastic scatter
processes at the BK edge. The physics of the scatterin
is given by the Kramers-Heisenberg formula, which
sults from the application of time-dependent perturbat
theory in second order [18]:

ds

dV
~

X
f

É X
m

k fjpAjml kmjpAjil
Em 2 Ei 2 hnin 2 iGmy2

É2
3 dsEf 1 hnout 2 Ei 2 hnind . (1)

In this expression,jil is the initial (ground state) of the
system with energyEi , jml is one of an ensemble o
intermediate states to be summed over, which hav
core hole in the B(1s) core level and an electron in

FIG. 2. The h-BN quasiparticle band structure. Transitio
proposed for peaksA andB (cf. Fig. 1) are indicated.
4055
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FIG. 3. Illustration of the absorption-emission process us
a “three step” picture. Steps are (1) absorption, (2) core-h
excitonic effects, causing core hole and promoted electron
migrate together in Brillouin zone, and (3) emission. Sta
or transitions between states associated with these steps
Fermi level indicated. The notion of “steps” is used only f
illustration and conceptual purposes.

conduction-band state, andj fl is the final state, which
consists of an electron in a conduction band state
a hole in a valence-band state (Fig. 3). The ener
conserving delta function requires that the energies of
incident and emitted photons be related to the energie
the electron and hole by

hnin 2 hnout > Eesked 2 Ehskhd . (2)

If the appropriate wave functions (Bloch functions) a
substituted into the Kramers-Heisenburg formula abo
a crystal-momentum conservation rule follows, involvin
momenta of photons, electron, and hole [5]:

qin 2 qout  ke 2 kh 1 G . (3)

While fluorescence may be described by Eq. (1) for b
above and below threshold excitation, below-thresh
scattering involving delocalized intermediate and fin
states has not been reported. In the more familiar c
i.e., above-threshold excitation, the energy denominato
Eq. (1) resonantly enhances intermediate states which h
energies satisfying the conditionEm > Ei 1 hnin. En-
ergy is approximately conserved in the virtual transiti
of the core electron to the conduction band. This ene
selectivity in the intermediate state allows Eq. (2) to be
coupled into two equations, leading in general to crys
momentum selectivity for final electron and hole momen
and the mapping of band structure [6]. Incoherent p
cesses (i.e., the normal two-step absorption followed
emission process) also compete with the coherent fluo
4056
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cence process in the above-threshold excitation regime
that spectra obtained above threshold have a finite in
herent fractions.10%d, which increases rapidly with the
excitation energy.

For excitation below the core threshold, the scatter
should be very different. Firstly, the scattering mu
be purely coherent. Note that no trace of the norm
B K valence emission is present forhnin # 192 eV.
Secondly, the energy denominators in Eq. (1) posses
minima for below threshold excitations. This is simp
due to the minimum energy needed to create a co
hole statejml, i.e., the B(1s) binding energy (or core
exciton binding energy, see below). Crystal moment
is still conserved, but no selectivity takes place as it d
for above threshold excitation. Equation (2) cannot
decoupled in the manner described above, so that
allowed emission energies are obtained by simply solv
Eq. (2) forhnout:

hnout  hnin 2 fEesked 2 Ehskhdg . (4)

Consequently, for a given final statehnout will track hnin

linearly, and the magnitude of the energy loss is cons
(independent ofhnin) and equivalent to an interban
transition energy. It is a soft-x-ray form of Rama
scattering. Since crystal momentum is still conserved,
magnitude of the energy loss is the partial joint density
states (p-JDOS).

With the quasiparticle band structure and Eq. (
we have simulated fluorescence spectra in an indep
dent, quasiparticle model, using a detailed description
quasiparticle wave functions and energies. The Bo
Heisenberg formula was used, and the matrix eleme
between initial, intermediate, and final states were appr
imated as one-electron matrix elements. The energie
the excited states were based on quasiparticle ener
We have not included excitonic or other complicating
fects in this model, but their inclusion at the same leve
detail as the quasiparticle description of electrons wo
be profitable.

The calculated, purely coherent fluorescence spe
are shown in Fig. 4, as well as an incoherent sp
trum, which is a summation of the recombination matr
element-weighted density of states. Within our simp
model, there is general agreement between experim
tal and calculated spectra regarding energy position,
ergy dispersion, and intensity variation of peaksA and
B. The simulations indicate a dominance of Bs1sd ! pp

and s ! Bs1sd channels in the absorption and emissi
processes, respectively. Transitions associated with p
A and B correspond well withs (valence)! pp (con-
duction) separations nearM in the band structure show
in Fig. 2. Experimentally, these features are greatly
hanced compared to the independent quasiparticle
ture, presumably because of excitonic effects. FeaturC,
which appears at an excitation energy of 192.0 eV, is
detected in the simulations. It may result purely from e
citonic or other mechanisms.
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FIG. 4. Simulated fluorescence spectra forh-BN for different
excitation energies, plus incoherent spectrum. Quasiela
features were not included in the theory.

There are also obvious differences between the the
and experiment, probably because of neglect of excito
effects in our theory. Thepp states at the conductio
band minimum should dominate the intermediate sta
near threshold, but interactions between the core h
and the excited electron have yet to be incorpora
into the theory. The resemblance of the spectra ab
threshold to the calculated incoherent spectrum indic
that incoherent processes dominate coherent ones w
the core electron is excited above the conduction b
minimum. The calculated incoherent spectrum has v
sharp peaks, indicating broadening mechanisms w
are not included in the theory, since the instrumen
resolution is only 0.5 eV. Earlier work onh-BN suggests
phonon broadening effects may play an important role
core-level spectra [19]. Enhancement of the incohe
signal is a possible by-product of such mechanisms.

To summarize, we have reported the observation
Raman-like loss features inh-BN fluorescence measure
ments for excitation energies below the BK edge. We
have shown that a simple extension of the theory of
herent fluorescence to below-threshold excitation, ba
on the quasiparticle band structure, accounts for muc
the experimental data. The disagreement between th
and experiment is thought to arise from excitonic effe
in the resonant scattering process. We are currently w
ing to extend the theory to include excitonic effects.

This research was partially supported by NSF Gra
No. DMR-9017996 and No. DMR-9017997, by the S
ic

ry
ic

s
le
d
e
s
en
d
y
h
l

n
t

f

-
d

of
ry

s
k-

s

ence Alliance Tennessee Center of Excellence at
University of Tennessee, by DOE Contract No. W-740
ENG-48 at Lawrence Livermore National Laborato
and by the Louisiana Educational Quality Support Fu
and DOE-EPSCOR Grant No. LEQSF (93-95)-03 at T
lane University. The experiment was performed at
Advanced Light Source at Lawrence Berkeley Natio
Laboratory, which is supported by DOE Contract No. D
AC03-76SF00098.

[1] C. J. Sparks, Phys. Rev. Lett.33, 262 (1974).
[2] P. Eisenberger, P. M. Platzman, and H. Winick, Phys. R

Lett. 36, 623 (1976).
[3] J. P. Briand, D. Girard, V. O. Kostroun, P. Chevalie

K. Wohrer, and J. P. Mosse, Phys. Rev. Lett.46, 1625
(1981).

[4] J-E. Rubensson, D. R. Mueller, R. Shuker, D. L. Eder
C. H. Zhang, J. J. Jia, and T. A. Callcott, Phys. R
Lett. 64, 1047 (1990); K. E. Miyano, D. L. Ederer, T. A
Callcott, W. L. O’Brien, J. J. Jia, L. Zhou, Q.-Y. Dong
Y. Ma, J. C. Woicik, and D. R. Mueller, Phys. Rev. B48,
1918 (1993).

[5] Y. Ma, N. Wassadahl, P. Skytt, J. Guo, J. Nordgren, P
Johnson, J. E. Rubensson, T. Boske, W. Eberhardt,
S. D. Kevan, Phys. Rev. Lett.69, 2598 (1992); Y. Ma,
Phys. Rev. B49, 5799 (1994).

[6] J. A. Carlisle, E. L. Shirley, E. A. Hudson, L. J. Terminell
T. A. Callcott, J. J. Jia, D. L. Ederer, R. C. C. Perera, a
F. J. Himpsel, Phys. Rev. Lett.74, 1234 (1995).

[7] T. Åberg and J. Tulkki, inAtomic Inner-shell Physics
edited by B. Crasemann (Plenum, New York, 198
Chap. 10, pp. 419–463, and references therein.

[8] J. Tulkki and T. Åberg, J. Phys. B15, L435 (1982);
J. Tulkki, Phys. Rev. A27, 3375 (1983).

[9] W. L. O’Brien, J. J. Jia, Q.-Y. Dong, T. A. Callcott, K. E
Miyano, D. L. Ederer, D. R. Mueller, and C.-C. Kao, Phy
Rev. Lett.70, 238 (1993).

[10] J. A. Carlisle, R. C. C. Perera, J. H. Underwood, L
Terminello, E. A. Hudson, T. A. Callcott, J. J. Jia, and F
Himpsel, Appl. Phys. Lett.67, 34 (1995).

[11] Y. Muramatsu, M. Oshima, and H. Kato, Phys. Rev. Le
71, 448 (1993).

[12] J. J. Jia, T. A. Callcott, J. Yurkas, A. W. Ellis, F.
Himpsel, M. G. Samant, J. Stohr, D. L. Ederer, J.
Carlisle, E. A. Hudson, L. J. Terminello, D. K. Shuh, a
R. C. C. Perera, Rev. Sci. Instrum.66, 1394 (1995).

[13] R. S. Pease, Acta. Crystallogr.5, 356 (1952).
[14] X. Blase, A. Rubio, S. G. Louie, and M. L. Cohen, Phy

Rev. B 51, 6868 (1995).
[15] A. Zunger, A. Katzir, and A. Halperin, Phys. Rev. B13,

5560 (1976).
[16] A. Catellani, M. Posternak, and A. Baldereschi, Phys. R

B 36, 6105 (1987).
[17] H. Ma, S. H. Lin, R. W. Carpenter, P. Rice, and O.

Sankey, J. Appl. Phys.73, 7422 (1993).
[18] See, for example, J. J. Sakurai,Advanced Quantum Me

chanics(Addison-Wesley, Reading, Massachusetts, 196
Chap. 2.

[19] A. Mansour and S. E. Schnatterly, Phys. Rev. Lett.59, 567
(1987).
4057


