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Exciton spectroscopy of hexagonal boron nitride using nonresonant x-ray Raman scattering
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We report nonresonant x-ray Raman scattering (XRS) measurements on the boron K edge of hexagonal
boron nitride for transferred momentum (q) from 2 to 9 Al along directions both in and out of the basal
plane. A symmetry-based argument, together with real-space full multiple scattering calculations of the pro-
jected density of states in the spherical harmonics basis, reveals that a strong pre-edge feature is a dominantly
Y o-type exciton with no other s, p, or d components. This conclusion is supported by a second, independent
calculation of the q-dependent XRS cross section based on the Bethe-Salpeter equation. This study demon-
strates methods which should be applicable to the determination of final-state symmetries for localized reso-
nances in other q-dependent XRS studies of anisotropic single-crystal systems.
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I. INTRODUCTION

The physics of low-energy photoelectrons in solids is a
complex, many body problem.' All aspects of the electronic
structure of the material must be taken into account,?? in-
cluding the interaction between the photoelectron and the
complementary hole.>-¢ This latter effect allows for similar
long-lived bound states in metals (generally called Fermi-
edge singularities)’ and in insulators (called excitons).® As a
canonical example of a many body problem in condensed
matter physics, core excitons are a topic of continuing
interest.*~¢

The present synergy between steadily progressing ab ini-
tio theoretical treatments>*%!0 and on-going improvements
in instrumentation'' in studies of nonresonant x-ray Raman
scattering (XRS) shows a strong potential for rapid progress
on this old problem.>® XRS is the inelastic scattering of hard
x rays from bound electrons, and XRS studies have seen a
recent explosion in the number and range of appli-
cations.>®!!"18 Tn comparison with q-resolved electron en-
ergy loss spectroscopy (EELS),'” XRS is more suited for
bulk condensed matter systems!? due to the large penetration
length afforded by the relative high-energy incident and scat-
tered photons. The measured q-dependent XRS provides di-
rect information about multipole contributions to the dy-
namic structure factor S(q,w).>®#1% It can be directly
compared with theoretical calculations of S(q,),%'*"'¢ and
can in some cases be inverted to provide an experimental
measure of the perturbed projected density of states
(I-DOS),!'%2% which can again be compared to theory.

XRS has shown itself to be especially suitable for spec-
troscopy of the angular characteristics of core excitons at the
near edge region. For example, XRS studies>® on LiF and
icosahedral B,C convincingly demonstrated s- and p-type
excitons at the F and B K edges, respectively, which can be
attributed to atoms located at a center of inversion symmetry
of the unit cell with parity a good quantum number for the
final states.® Here, we demonstrate that for some systems one
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can learn not only the A/ selection rule for the exciton but
also a full description of its angular characteristics in terms
of spherical harmonics Y,,,.

We present measurements of the q dependent XRS on the
boron K edge of hexagonal boron nitride (A-BN), an aniso-
tropic system with all atoms sitting at positions with reflec-
tion symmetry to the basal plane (Fig. 1, inset).?! The aniso-
tropy of the dipole-limit core excitation spectra for qllc and
qLlc for h-BN is well known from previous EELS,*?
XANES,??* and XRS? studies at the g=0 limit. We extend
on this prior work by measuring the q-dependent boron XRS
for both qllc and q L ¢ out to g=9 A~!, a momentum trans-
fer that is clearly beyond the dipole limit for the B 1s initial
state. By expanding the final state wave function onto the
spherical harmonics basis, we identify a predominantly
Y o-type exciton in the pre-edge region. This qualitative,
symmetry-based approach should be generally applicable
when considering localized resonances in q-dependent XRS
studies of anisotropic single crystal systems. Two indepen-
dent ab initio calculations, one of the perturbed /-DOS and
the other a direct calculation of the q-dependent XRS, con-
firm this identification of the angular dependence of the ex-
citon’s final state wave function.

II. EXPERIMENTAL METHOD AND RESULTS

Our sample is highly oriented compression-annealed py-
rolytic ~-BN (Advanced Ceramics Research)?® with dimen-
sions 14 X 5X 0.9 mm?. The crystallite size is of the order of
1000 A with a mosaic spread about 2° to 3° along the ¢
axis.?> The orientation within the basal plane is assumed to
be random. All measurements were performed at the XOR/
PNC-20-ID beamline of the Advanced Photon Source at Ar-
gonne National Laboratory. An 11.4-cm-diameter spherically
bent Si (5, 5, 5) crystal analyzer was mounted in the vertical
scattering plane on the arm of a Huber diffractometer, form-
ing a near-backscattering Bragg diffraction geometry with
the Amptek Si-PIN photodiode detector just above the
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FIG. 1. (Color online) Inset: The crystalline structure of #-BN
has two-dimensional hexagonal sheets stacked directly on top of
each other, with the boron (black) and nitrogen (gray) always being
nearest neighbors (Ref. 21). Main figure: The normalized XRS
spectra from 4-BN for qlic (top panel) and q L ¢ (bottom panel).

sample position. The incident x-ray energy was scanned with
the x-ray analyzer energy fixed at 9890 eV. Henceforth, we
refer to all energies in terms of energy loss with respect to
the elastic scattering peak. Inelastic x-ray scattering spectra
were measured at ¢=2.08, 3.83, 5.01, 6.10, 7.50, and
9.01 A~! for directions parallel and perpendicular to the ¢
axis, with a resolution varying from 0.25 to 0.11 A~'. Fur-
ther details of our apparatus have been reported
elsewhere.®?” All of the elastic peaks are fit well by a Gauss-
ian function, defining the energy resolution to be between
1.32 and 1.66 eV FWHM with the broadening a consequence
of the different effective sample size as a function of scatter-
ing angle. The data were numerically broadened, as neces-
sary, to the maximum resolution of 1.66 eV FWHM for vi-
sual comparison.

The observed energy-loss spectra include inelastic scatter-
ing from both the core and the valence electrons, correspond-
ing to the K edge XRS and the Compton scattering, respec-
tively. The separation of the XRS signal from the larger
Compton background is a key experimental difficulty in all
XRS measurements.'%?® The valence Compton backgrounds
are approximated by fitting the pre-edge data to standard
Compton forms and using the low-g limit XRS form as a
reference.”’

The resulting boron XRS spectra are presented in Fig. 1.
The pre-edge peak position is 191.9£0.1 eV for the ¢ axis
spectra, and the main edge peak position is 198.8 0.1 eV
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along both directions, consistent with prior work using other
experimental methods.?>>> All of the spectra were normal-
ized according to the integrated intensity in the 210 to 250
eV range, mimicking the f-sum rule, and naturally introduc-
ing a ¢ factor.?’ The resulting XRS spectra are shown in Fig.
1 for both qllc (top panel) and q L ¢ (bottom panel).

III. DISCUSSION

Previous experimental studies have suggested that the
physical origin of the pre-edge peak in A-BN is a core
exciton.?*3" Theoretical calculations have confirmed this no-
tion by demonstrating the importance of the interaction be-
tween the core-hole and the photoelectron.®' In the XRS
spectra for qllc (Fig. 1, top panel) this exciton state exhibits
a prominent monotonically decreasing peak intensity with
increasing g. Another less obvious but equally significant
feature is the total absence of the exciton peak in spectra
measured within the basal plane for any ¢ values. Although
the shape and intensity of the main edge peaks along both
directions also display subtle variations, we concentrate on
the behavior of the exciton.

We now present a general formalism for g-dependent
XRS in order to understand the interplay between the final-
state characteristics measured by core-exciton spectroscopy
and the local symmetry at the sites of interest. The dynamic
structure factor S(q, w) is expressed in a single-electron pic-
ture as

S(q,0) = >, [(fle7|0) 2 S(AE - fiw). (1)
S

Following the short-range order theory®? due to the localized
core-hole effect and the general guideline of Doniach et al.,'?
the angular parts of both the electron wave functions and
transition matrix element are expanded in the spherical har-
monics basis as

Yr) = 2 R, (Y1, (6.0) 2)
U'm'
and
eiq'r = 4772 iljl(qr) Ylm(aq’ ‘pq) Y}km( 6’ ()D) 3 (3)
I,m

with R{,m,(r)=<Y v |f). The initial core state is assumed to
be s type, and the final state is usually a mixture of partial
waves because of the ligand-field influence in a solid system.
Substitution of these expansions into Eq. (1) separates the
angular variables of the transferred momentum q from its
magnitude in S(q, w) as

S(q,0) = E E Sﬂm(q)Ylm(Hq,goq) 25(AE— ho), (4)
f | Im
where
Syim(q) = ilVﬂf jl(f]r)R{m(r)Ro(r)r2dr (5)
0

is the magnitude of the Y,,-projected momentum space con-
volution between the initial state |0) and each final state
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|f).62" This approach is very similar to the formalism of
Soininen et al.,'” but without using the muffin-tin approach
employed in that work.

For the first three orders of spherical harmonics expansion
(7 up to 2), partial waves of Yy, Y| -1, Yo, and Y, ., could
all have nonvanishing contributions to S(q,w) for q_Lc.
Hence, the nonexistence of the exciton peak for S(q, w) mea-
sured along q L ¢ for any magnitude of ¢ indicates the ab-
sence of these partial waves. Also the Y, .; do not have
contributions to the XRS spectra along either direction. This
leaves Y, the only spherical harmonic component for /<3
to contribute to the qllc spectra.

This identification of a Yy-type exciton is consistent with
the fact that boron atoms sit only at sites with reflection
symmetry about the a-b basal plane, which demands that
each final state be an eigenstate of the corresponding reflec-
tion parity.> For a predominantly Y, ,-type exciton, other
possible higher-order Y;,, components must possess the same
reflection parity. This symmetry argument puts stringent re-
strictions on other possible spherical-harmonic components
to the final state wave function. Note that Y, Y +, Y5, and
Y, +, all have even reflection parity about the a-b plane,
while only Yy and Y, ., have odd reflection parity. Given
the additional reflection symmetry about the a-c plane for
boron sites (Fig. 1, inset), Y, . could also be excluded from
the final state wave function, because of the different a-c
plane reflection parity in comparison with Y. Thus for /
<3, the exciton state has a purely Y, type of wave function.
This is our central result.

Compared to previous anisotropy studies by XANES and
EELS that only excluded Y, . contributions because of the
dipole selection rule,? the present q-dependent XRS study
provides a more complete picture of the exciton state char-
acteristics as of dominantly p_-type (Yyo), with no s, p, ,, or
d components. The above analysis, in which the q-dependent
XRS spectra may be qualitatively interpreted in the context
of the constraints imposed by the crystal symmetry, should
be generically applicable to the analysis of the angular char-
acteristics of excitons in other high-symmetry single crystals.

IV. THEORETICAL CALCULATIONS

Seeking independent verification and further insight into
the exciton’s q dependence, we performed two independent
first principles theoretical calculations. First, we modified the
FEFF8 code®* to calculate the density of final states pro-
jected onto the individual spherical harmonics as
(Y;lG(r,r,)|Y,,), with the core-hole effect included (Fig.
2). The calculation confirms our symmetry argument by
showing no contribution from even reflection parity Y,,’s
and also indicates the [-DOS for other odd Y;,,’s with [ up to
3 are negligibly small. This includes Y3, which is the only
other possible contributor to the qllc spectra for [ up to 3.
Note that the single Y, characteristic of the wave function
indicates the exciton state is localized at the scattering atom.

Second, we calculated the frequency and wave dependent
dielectric response function €(q,w) for ~-BN near the boron
K edge and over the measured momentum transfer range.
The calculation used a computational Bethe-Salpeter equa-
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FIG. 2. (Color online) Ab initio FEFF8 calculation of the [-DOS
onto different spherical harmonics with odd (top panel) and even
(bottom panel) reflection parity about the basal plane for an #-BN
cluster of 329 atoms.

tion (BSE) method for modeling core-excited states,> while
including calculation of the GW self-energy! for both the
energy-dependent quasiparticle shifts and the quasiparticle
lifetime broadening. Convergence was checked with respect
to the numerical cutoffs.>> The calculated absolute values of
Im[ e(q, )] along both ¢ and a axes are plotted in Fig. 3. For
a core edge, Re[e(q,w)] is very near to 1. The dynamical
structure factor S(q, w) is thus directly related to Im[ e(q, )]
as

2 2
Im|[1/e(q, w)] =
m{Ve(q.0)] =~ 7

S(quw) =- 4q Im[e(q,)]. (6)

7T€2

We plot in Fig. 4 the integrated exciton intensity for energies
below 194 eV from the BSE calculations and from the ex-
perimental data, normalized by the theoretical spectral
weight as from the integration of Im[e(q, )] from 210 to
245 eV in Fig. 3. This combination of the experimental result
and theoretical simulation represents our best estimation of
the exciton g-dependence, considering the atomic back-
ground bears a ¢ dependence!® away from the ¢ trend if
summed only over a finite spectral range. The estimated rela-
tive standard uncertainty of the integrated intensity is 4%
from a combination of statistical and estimated systematic
background errors applying to each independent measure-
ment. Since the theory has no lattice motion (phonon) in-
cluded, the Frank-Condon effect from electron-phonon
coupling*3® is not critical and the momentum is largely con-
served during scattering.’’
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FIG. 3. (Color online) First-principles calculation of the abso-

lute values of Im[e(q, w)] over the experimentally measured ¢ and
w ranges along both q L ¢ and qllc directions.

Given the simple nature of the exciton state, it is interest-
ing to calculate the ¢ dependence of the dynamical structure
factor S(g)/¢* from purely atomic models. For example, a
crude model of transition between an ls and a hydrogenlike
2p, final state for a semiquantitative explanation can be con-
sidered as a first approximation. The S;,_,,.(¢) is analytically
expressed as®

Slx—sz(q) o

0 2
f J1lgr)Ry, (DR (NrPdr | o< g*1(kP + ¢*)°.
0

™)

Here k=(Z+Z'/2¢€)/ay, Z'=Z+1 is the equivalent atomic
number for the core-hole potential, and € is the dielectric
constant representing the effect of screening. For #-BN, the
static dielectric constant e=7 represents a fully screened core
hole, while e=1 represents a nonscreened core hole. We plot
Eq. (7) with these two limits in Fig. 4, which should provide
the boundary of the ¢ dependence for the exciton state.
Significant improvements follow from more a advanced
approach wusing sphericalized, self-consistent, density-
functional calculations using the local-density approximation
with the Vosko-Wilk-Nusair exchange-correlation function-
al*® and an atomic program developed by Shirley.> Calcula-
tions were performed with the 1s orbital computed in the
initial state 1s5%2s*2p', and with the 2p orbital computed in
either the 15'2s22p! or 15'25*2p? final state. The former rep-
resents a fully delocalized state for the excited core electron,
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—Eq. 7 full screening
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1s’ 2522p2 final state
= Im[e(g,w)] (<194eV)
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Normalized S(q)/q
o
(6]

00 o v v e T
0 2 4 6 8 10

Transferred momentum g (A'1)

FIG. 4. (Color online) Normalized ¢ dependence of the exciton
intensity S(g)/g?. Thick solid lines: Simple calculations of S(q)/q>
[Eq. (7)] using the boron 1s core state and a hydrogenlike 2p. final
state with a Zy,on+1 core hole, and €=7 and 1, respectively (Ref.
6). Thin lines: Theoretically calculated S(g)/ ¢ for the exciton state,
with either a delocalized final state 15'2s*2p' (dashed thin line) or
a bound final state 1s5'25?2p? (solid thin line). Solid squares: Inte-
grated exciton intensity from BSE calculation (Fig. 3) from 190-
194 eV. (Filled circles with error bars): Integrated exciton intensi-
ties from the experimental XRS data (Fig. 1, for energies below 194
eV), weighted by the calculated absolute values of Im[ e(q, w)] (Fig.
3) integrated over the 210-245 eV range. All curves are normalized
to unity at g=0.

while the latter case represents the excited electron being
totally bound to its original site as in an isolated atom. These
curves are plotted in Fig. 4, providing good agreement with
the experimental results.

V. CONCLUSION

In conclusion, we have used nonresonant x-ray Raman
scattering (XRS) to perform exciton spectroscopy on A-BN,
and find a Yy-type exciton at the pre-edge position of the
boron K shell spectra for qllc. This conclusion is supported
by independent first principles calculations of the XRS and
of the projected density of states. The existence of a pure-
type exciton is strongly related to the presence of reflection
symmetry in the system. This work illustrates the role of
symmetry-based arguments in the interpretation of single-
crystal q dependent XRS studies and more broadly illumi-
nates the interplay between local atomic symmetry and final-
state effects in core-shell spectroscopies.
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