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Resonant Inelastic X-Ray Scattering in Hexagonal Boron Nitride Observed
by Soft-X-Ray Fluorescence Spectroscopy
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Photon-excited BK fluorescence spectra were measured for hexagonal boron nitride using tunable
synchrotron radiation below and above th&Bdge. We report Raman-like resonant inelastic scattering
of soft x rays involving excitation of delocalized valence-band electrons. The inelastic scattering
features track with the excitation energy below threshold, go through a resonance as the excitation
is tuned to the B(§) core-exciton energy, and evolve into incoherent fluorescence as the excitation
is raised further. The energy loss is identified as equivalent to an electronic transition of valence
electrons tor* conduction-band states. [S0031-9007(96)00211-6]

PACS numbers: 78.70.Ck, 78.70.En

Interest in inelastic x-ray scattering has been stimuband structure information on multielement insulating
lated by the development of high-brightness synchrotromaterials.
radiation sources. Most of the work has examined the Using x-ray fluorescence detection and a large (1 eV)
scattering of high-energy (keV) x rays by inner-corebandpass monochromator, O'Briegt al.[9] observed
electrons, where the systems are left with a localizedarge energy shifts in fluorescence spectrah8N and
core hole in the final state [1-3]. However, recentB,O; for excitation of B(X) electrons to form core
resonant-fluorescence studies, where the systems are leftcitons. The excitonic electron, bound in a localized
in delocalizedvalence-excitedstates (i.e., valence-hole orbital near the core hole, acted as a “spectator” electron
final states), have revealed resonant inelastic scatteringhich changed the screening and caused an energy shift of
processes which conserve crystal momentum in Sithe “normal” fluorescence spectrum. Substantial changes
diamond, and graphite [4—6]. The theory of coherenin the shape of theh-BN spectrum were noted, but
fluorescence, as put forward for localized atomic systemnot discussed in any detail. In other reports, the large
by Aberg and Tulkki [7,8], and recently extended tomagnitude of the elastic peaks for resonant-fluorescence
solid-state systems with delocalized electrons by Mgspectator) emission from-BN [10] and B,O; [11] have
et al.[5], predicts this crystal momentum conservationbeen documented, but little attention was paid to valence-
well when the excitation energy bovethe core-level fluorescence (normal) emission.
absorption threshold. The soft-x-ray fluorescence (SXF) spectra were ob-

In this Letter, we report the observation of inelastictained using photons from beam line 8.0 at the Advanced
scattering in hexagonal boron nitrideBN) for excitation  Light Source (ALS). Traditionally, SXF spectroscopy has
below the B K edge. We also show that an extensionbeen severely limited by weak excitation sources and low
of the theory to below threshold excitation predicts theradiative yields of the emission process. However, with
overall experimental spectra quite well. The disagreemerthe development of intense undulator-based synchtrotron
between theory and experiment is attributed chiefly taadiation sources and improved spectrometers, many new
core-excitonic effects, which are strong in this systemexperiments are now feasible. A crushed-powder sample
and clearly observed. These results demonstrate that theas used for the experiment. The energy resolution of the
resonant fluorescence technique can yield element-specifisonochromatic light used for excitation was set at 0.3 eV.

4054 0031-900796/76(21)/4054(4)$10.00 © 1996 The American Physical Society



VOLUME 76, NUMBER 21 PHYSICAL REVIEW LETTERS 20 My 1996

Emitted radiation was measured with a Rowland-circle-and higher excitation energies, fluorescence features are
type spectrometer [12] utilizing large spherical gratingsbroadened and become fixed in energy position. These
and a photon-counting area detector. The spectrometspectra are characteristic of incoherent spectra generated
was operated at a resolution of 0.5 eV for the&KkRedge. when the excitation and emission processes are decoupled.
Incident photon flux was monitored by measuring pho- A layered structure similar to graphité;-BN [13],
tocurrent from a gold-coated screen inserted in the beamas sp> o bonds in planes of atoms ang bonds
immediately upstream from the sample. normal to the plane. The quasiparticle band structure
Figure 1 shows the SXF spectra BN excited with  is shown in Fig. 2. The many-body corrections to our
photon energies near the B edge, showing inelastic density-functional band energies were taken from Blase
scattering and valence-band fluorescence. All spectrat al. [14]. It displays an indirect band gap of 5.5 eV with
shown are normalized to the incident photon flux, andhe valence band maximum &t and conduction band
labeled by the excitation energy. For display purposesninimum atM. The band separation &t (6.1 eV) agrees
the elastic peaks are reduced, and the spectra for 192vell with optical absorption data [15], which indicates
and 192.6 eV excitation are reduced, as indicated. Thstrong intrinsic interband transitions at 6.2 eV. Previous
principal feature of the elastic peak is the very strongcalculations by Catellani, Posternak, and Baldereschi [16]
resonance observed at 192.0 eV, whendBélectrons are and by Maet al. [17] yielded very similar bands foin-
presumably excited into an exciton state involving the BBN, but underestimate the band gap significantly.
7" orbital. The intensity of the elastic peak increases Figure 3 shows a schematic of the inelastic scattering
roughly 400-fold as the excitation changes from 186.8 tqrocesses at the B edge. The physics of the scattering
the resonance at 192.0 eV. is given by the Kramers-Heisenberg formula, which re-
For all excitation energies below 192.0 eV (resonance)sults from the application of time-dependent perturbation
the inelastic spectra show two peaksand B separated theory in second order [18]:
by 5eV, and the much more intense elastic pé&ak .
These spectral features exactly track the excitation energy, 4% « Sy <f|pA|m><m|pA!’>
so that the upper peak of the inelastic spectrum (peak 4@ G| % Em — Ei = hvin — il'y/2
B) maintgins a constant separation .efl_l eV from X S(E; + hvow — Ei — hvpn). 1)
the elastic peak. At resonance excitation (192.0 eV),
a new feature appears in the inelastic spectrum, 1.e., & this expression|i) is the initial (ground state) of the
shoulder (pealC), about 2.5 eV above pedk Athigher  gystem with energyg;, |m) is one of an ensemble of
excitation energies, peak disappears. For 193.7 €V jntermediate states to be summed over, which have a
core hole in the B(§ core level and an electron in a
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FIG. 1. The BK-edge soft-x-ray fluorescence spectraheéBN K
for excitation near threshold. Labeled features are discussed A L M A H K
in the text. The elastic peaks of all spectra are reduced

as indicated, and the valence spectra excited by 192.0 arfelG. 2. Theh-BN quasiparticle band structure. Transitions
192.6 eV photons are reduced as indicated. proposed for peakd andB (cf. Fig. 1) are indicated.
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A cence process in the above-threshold excitation regime, so
@ E’f‘f?c‘:gi("m) that spectra obtained above threshold have a finite inco-
RN herent fraction>10%), which increases rapidly with the

excitation energy.
For excitation below the core threshold, the scattering
________________ Er should be very different. Firstly, the scattering must
be purely coherent. Note that no trace of the normal
Y B K valence emission is present fdrv;,, = 192 eV.
hvu Secondly, the energy denominators in Eq. (1) possess no
minima for below threshold excitations. This is simply
o due to the minimum energy needed to create a core-
Emission hole state|m), i.e., the B(%¥) binding energy (or core
(m->1) exciton binding energy, see below). Crystal momentum
is still conserved, but no selectivity takes place as it does
for above threshold excitation. Equation (2) cannot be
decoupled in the manner described above, so that the
B1s allowed emission energies are obtained by simply solving
Eq. (2) forhvgy,:
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Crystal Momentum (k) hvow = hvin — [E.(k.) — En(ky)]. (4)

FIG. 3. lllustration of the absorption-emission process usin%onsequently, for a given final stake,,. will track Avi,

a “three step” picture. Steps are (1) absorption, (2) core-holdinearly, and the magnitude of the energy loss is constant
excitonic effects, causing core hole and promoted electron t§independent ofzv;,) and equivalent to an interband
migrate together in Brillouin zone, and (3) emission. Statesransition energy. It is a soft-x-ray form of Raman
or transitions between states associated with these steps ag attering. Since crystal momentum is still conserved, the

Fermi level indicated. The notion of “steps” is used only for . . S .
illustration and conceptual purposes. magnitude of the energy loss is the partial joint density of
states -JDOS).

conduction-band state, arlgf) is the final state, whicn ~ With the quasiparticle band structure and Eg. (1),

consists of an electron in a conduction band state an§€¢ have simulated fluorescence spectra in an indepen-
a hole in a valence-band state (Fig. 3). The energydent, quasiparticle model, using a detailed description of
conserving delta function requires that the energies of thguasiparticle wave functions and energies. The Born-
incident and emitted photons be related to the energies ¢f€isenberg formula was used, and the matrix elements

the electron and hole by between initial, intermediate,_and final states were approx-
imated as one-electron matrix elements. The energies of
hvi — hvew = E.(k,) — En(ky). (2) the excited states were based on quasiparticle energies.

We have not included excitonic or other complicating ef-
If the appropriate wave functions (Bloch functions) arefects in this model, but their inclusion at the same level of
substituted into the Kramers-Heisenburg formula abovegletail as the quasiparticle description of electrons would
a crystal-momentum conservation rule follows, involving be profitable.

momenta of photons, electron, and hole [5]: The calculated, purely coherent fluorescence spectra
B are shown in Fig. 4, as well as an incoherent spec-
gin — qout = ke — kp +G. 3) trum, which is a summation of the recombination matrix-

While fluorescence may be described by Eq. (1) for botrelement-weighted density of states. Within our simple
above and below threshold excitation, below-thresholdnodel, there is general agreement between experimen-
scattering involving delocalized intermediate and finaltal and calculated spectra regarding energy position, en-
states has not been reported. In the more familiar casergy dispersion, and intensity variation of peaksand
i.e., above-threshold excitation, the energy denominator iB. The simulations indicate a dominance dofiB) — #*

Eqg. (1) resonantly enhances intermediate states which haemd o — B(1s) channels in the absorption and emission
energies satisfying the conditiai,, = E; + hv;,. En-  processes, respectively. Transitions associated with peaks
ergy is approximately conserved in the virtual transitionA and B correspond well witho (valence)— #* (con-

of the core electron to the conduction band. This energguction) separations ned in the band structure shown
selectivity in the intermediate state allows Eq. (2) to be dein Fig. 2. Experimentally, these features are greatly en-
coupled into two equations, leading in general to crystalhanced compared to the independent quasiparticle pic-
momentum selectivity for final electron and hole momentature, presumably because of excitonic effects. Fedjre
and the mapping of band structure [6]. Incoherent prowhich appears at an excitation energy of 192.0 eV, is not
cesses (i.e., the normal two-step absorption followed byletected in the simulations. It may result purely from ex-
emission process) also compete with the coherent fluoresitonic or other mechanisms.
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