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The anisotropy of the valence energy-loss function of hexagonal boron nitride (ABN) is shown
to be largely enhanced by the highly inhomogeneous character of the excitonic states. The energy
loss with momentum transfer parallel to the BN layers is dominated by strongly bound, quasi-2D,
excitons. In contrast, excitations with momentum transfer perpendicular to the layers are influenced
by weakly bound 3D excitons. This striking phenomenon is revealed by a combined study using high
precision non-resonant inelastic x-ray scattering measurements supported by ab-initio calculations.
The results are relevant in general to layered insulating systems.

Layered hexagonal boron nitride is the III-V counter-
part of graphite, but due to the different electronegativ-
ities of boron and nitrogen, it has a large band gap. In
recent work! it was shown that hBN exhibits the poten-
tial for lasing at high energies (5.8 eV) making it an at-
tractive candidate for optoelectronic applications in the
ultraviolet energy range. Despite the relatively simple
crystal structure, hBN appears to be a challenge to both
experiments and theory. On the experimental side, the
challenge is the fabrication of high quality single crystals
which has been achieved only recently?. On the theoret-
ical side, it is well established that the band-structure of
hBN displays an indirect gap®* and the optical absorp-
tion spectrum is dominated by correlation effects leading
to a strong Frenkel-type excitonic peak at 5.8 eV4 % in
agreement with the experimental findings!. However, the
origin of the fine structure of the absorption and lumines-
cence spectra around this peak is still under debate” .
Recent luminescence experiments point towards the role
of defects'®'! in agreement with the theoretical sugges-
tion in ref. 7.

In this article, we study the dynamics (dispersion) of
the valence excitations of hBN using non-resonant in-
elastic x-ray scattering (NRIXS). Compared to electron
energy loss spectroscopy (EELS), NRIXS is better suited
for studying the dispersion of low lying excitations also
beyond the first Brillouin zone (1st BZ). This has been
used numerous times in the past (see e.g.'>!3) and gives
new important information on the properties of excita-
tions at sub-unit-cell length scales'*. When studying lon-
gitudinal excitations one often finds non-parabolic dis-
persions'® and periodicity for low energy plasmons'%17.

We show detailed experimental results of the disper-
sion of various features and plasmons for the momen-
tum transfer q in different crystallographic directions.

The loss features show a strong directional dependence
not only in the comparison in-plane/out-of-plane but also
for the different directions within the plane. The origin
of the different spectral features and their direction and
momentum dependence are analyzed by ab-initio many-
body perturbation theory calculations. Beyond the well-
known anisotropy of the electronic band structure, we
find suprisingly that also the electron-hole interaction has
a strong anisotropy. Taking this anisotropy into account
may be important in layered materials in general.

The sample was a colorless and transparent hexago-
nal single crystal ABN platelet about 700 pm wide and
70 pm thick'®. The T'A direction was found to be very
nearly parallel to the normal of the platelet. We used
single-crystal X-ray diffraction to verify that the sam-
ple exhibited an AB-type stacking, thus ruling out other
stable or metastable stacking sequences!'20.

The NRIXS spectra were measured on ID16 at the
FEuropean Synchrotron Radiation Facility, Grenoble,
France. The experiment was carried out using the eV-
resolution spectrometer21722. An energy resolution of
0.6 eV was determined from the FWHM of the quasi-
elastic line. The measurements were performed using
the inverse scan technique?3. The momentum transfer
resolution was Agq/q ~ 0.17 near the K point.

The valence bands and the lowest conduction bands
of hBN can be understood as combinations of the o and
7w states of the hexagonal boron nitride sheet. At low
momentum transfer the low-energy-transfer structures of
the loss function can be divided into transitions between
states with same parity (o-o%, m-7x) when the momen-
tum transfer is in the plane and different parity (m-o*,
o-m*) for momentum transfer along the c-axis?*. The
strong anisotropy in the electronic response can also be
seen in the difference for the dielectric constants £, par-



allel and perpendicular to the planes (4.40 and 2.53,
respectively?). Theoretical NRIXS spectra have been
calculated at the level of the random-phase approxima-
tion (RPA) starting with the Kohn-Sham DFT wave-
functions in the local-density approximation (LDA)?5.
The dielectric function is obtained through eg g/ (q,w) =
1 —0(q+ G)xg g (Q,w), where v(q) = 4n/|g|* is the
Coulomb potential in reciprocal space and x& o/ (4, w) is
the independent particle polarizability which is obtained
from a sum over transitions from occupied to unoccupied
bands?6. G, G’ denote reciprocal lattice vectors, and ¢
is restricted to the 1st BZ.

The loss function o(q,w), which is the experimentally
probed quantity is obtained from the inverse of the di-
electric matrix o(q + G,w) = —Im(ea%G(q, w)), where
q = q + G. Crystal local-field effects are automatically
included by taking into account the off-diagonal elements
of €g.g/ in the matrix inversion?”?8. In order to com-
pare with the experimental loss function, we have used
a broadening n = 0.6 eV. We have checked that the use
of time dependent LDA does not give any substantial
improvement.

The experimental and theoretical NRIXS spectra along
three crystallographic directions for low values of ¢ are
depicted in Fig. 1. The experimental spectra were nor-
malized to the same area as the calculated ones. Over-
all, the calculations reproduce the experimental spectra
well. The ab-initio calculations match the experimen-
tal feature positions, their relative weights as well as the
momentum transfer dependence. From the figure it is
evident that the spectral features along the I'A direc-
tion do not exhibit any significant dispersion. The high
anisotropy of hBN is clearly reflected in the differences
between the spectra in the hexagonal plane ('K, I'M) and
the spectrum perpendicular to it (T'A). For ¢ S 0.6A1,
the spectra along 'K and I'M are nearly identical. How-
ever, as the value of ¢ is increased an anisotropy also
within the hexagonal plane is clearly observed. In the
high-energy range this anisotropy shows up mainly as a
different rate of relative spectral weight increase for the
feature between 35 eV-40 eV. The in-plane anisotropy is
most evident in the behavior of the w plasmon. Its en-
ergy disperses from 9 eV at small values of momentum
transfer to about 12 eV when ¢ is near the boundary of
the 1st BZ. Along I'M an additional peak around 8 eV
develops for ¢ > 0.87 A~ while in the 'K direction only
a weak shoulder is detected. The double-peak structure
along I'M is also visible in Im(e(q)). This indicates that
the directional anisotropy can be interpreted in terms of
interband transitions. Fig. 2 (a) shows the band struc-
ture of hBN. For q = 'K, the transitions that dominate
the plasmon at 12 eV are the ones from the 7 band at
A/H to the 7* band at H/A, respectively (red arrows).
For q = I"M, the dominant transitions are the ones from
the 7 band at A/L to the 7* band at L/A (blue arrows).
The observed 8 eV transition at g = I'M originates from
a m — 7" interband transition from L to a neighboring
high symmetry point L’. This is marked by the vertical

green arrow in Fig. 2 (a) even though it is not a vertical
transition but one with with a momentum difference of
q=TM. At q = 'K the plasmon peak around 8 eV is
missing because the joint-density of states displays only
a minor peak there.

In order to align with the low energy experimental
features the I'M and T'K theoretical spectra have been
blueshifted by 0.8 eV whereas for the T'A spectra a
blueshift of 1.5 eV was used. These shifts reflect the
well-known fact that the DFT band-structure usually
underestimates the transition energies between occupied
and unoccupied bands. For hBN it was shown®%*7 that
electron-electron correlation, calculated on the level of
the GW-approximation, increases the transition energies
by about 2 eV with respect to DFT-LDA calculations.
At the same time, the attractive electron-hole interac-
tion reduces the transition energy such that the differ-
ence between experimental and theoretical NRIXS spec-
tra is less than 2 eV. We note that the GW-correction
alone cannot explain the observed anisotropic shift since
m and o bands are renormalized in the same way. There-
fore the experimental NRIXS data cannot be explained
with single particle theories and the explicit inclusion of
electron-hole interaction is necessary.

In order to check if the combined effect of electron-
electron and electron-hole interaction does indeed explain
the (anisotropic) shift of the RPA-spectra, we carried out
parameter-free calculations at selected momentum trans-
fers including excitonic effects on the level of the Bethe-
Salpeter Equation (BSE)?°. We used the approach of
Refs. 15,30 and converged all the relevant parameters®!.
To approximate the quasi-particle band energies of Ref. 7,
we used a “scissor” of 1.92 eV to shift the LDA con-
duction bands energies and a small stretch of 5% was
applied to the valence bands. As shown in Fig. 3 the
BSE results agree well with the experimental and the
blueshifted RPA spectra. The slight differences between
the two calculations seem to originate mainly from differ-
ent weights of various spectral features. Also, it should be
noted, that (except for the energy shift) no extra features
seem to arise in the BSE results in comparison with the
RPA calculations. This confirms that the RPA success-
fully describes long-range excitations even in strongly
anisotropic and layered materials like hBN, with the BSE
leading only to minor corrections. Electron-hole effects
can alter extended excitations only when the attraction
is very strong, like in a wide-gap insulators such as LiF2°.

Thus we find that due to the the layered structure of
hBN not only the electronic structure but importantly
also the electron-hole interaction is highly anisotropic.
This is elaborated in Fig. 2 b) and ¢) where we show
the excitonic “wave functions” for the lowest visible ex-
citations in the optical absorption spectrum. For ¢ par-
allel to the planes (g;), electron and hole are localized
within one plane forming a strongly bound quasi-two di-
mensional compound*7. For ¢ perpendicular (¢, ), elec-
tron and hole are localized on different layers and form a
more weakly bound three-dimensional compound. This
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FIG. 1: (Color online) The experimental (black dots) and theoretical (red lines) NRIXS spectra for low values of momentum

transfer along three crystallographic directions.

The distance from I' to the border of the 1st BZ along each direction is

indicated in the titles. The ¢*-weighed spectra are vertically displaced proportionally to the value of momentum transfer,
which is indicated on the vertical axis. The dashed lines are guides for the eye for features discussed in the text. The inset

shows the 1st BZ of hABN with the irreducible part shaded.
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FIG. 2: (Color online) a) DFT-LDA band-structure of hBN.
On the right the 2D projections of the electron probability
density |W*(rp,re)|? for the lowest bright exciton in the op-
tical absorption spectrum are shown with q — 0 b) parallel
and c¢) perpendicular to the hBN planes. The hole position
rr (marked by white circle and arrow) is fixed 0.4 a.u. above
a nitrogen atom. Balls and sticks indicate the atomic lay-
ers. Calculations of the excitonic wave functions have been
performed using BSE.

leads to a larger exciton binding energy for g than for ¢,
and thus explains why the upshift due to the combined
electron-electron and electron-hole interaction is lower for
q than for ¢ .

The NRIXS spectra with a larger range of momentum
transfers directed along I'K are displayed in Fig. 4. For
most parts the calculated spectra agree well with the ex-
perimental ones. The prominent peak dispersing between
25-30 eV in the experimental spectra is reproduced very
well by the calculations throughout the measured range
of momentum transfers. At high momentum transfer
(> 2 A1) a new peak showing a small dispersion ap-
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FIG. 3: (Color online) The comparison of the current RPA
calculations (black solid curve) with a BSE calculation (red
dashed curve) at selected momentum transfers. The RPA
spectra are blueshifted as discussed in the text. Experimental
data is also shown (black dots).

pears just above 20 eV. Its appearance and dispersion is
reproduced well by the calculation. In the same momen-
tum transfer range calculation shows a peak at around
15 eV which in the experiments appears to be less well
pronounced and at a few eVs higher in energy. Around
7 €V in the high momentum transfer experimental spec-
tra a sharp peak is observed, which is not reproduced by
our RPA and BSE calculations. The origin of this peak
is still to be understood.

In conclusion, we have observed an anisotropic
electron-hole interaction in hBN. For g the electron and
hole tend to form a strongly bound quasi-two dimensional
compound while for ¢, the electron and hole tend to be
localized on different layers and form a weakly bound
three-dimensional compound. This co-existence of 2D
and 3D excitons is the reason for the anisotropy of 0.7
eV in the energy shift of loss-function calculations on the
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FIG. 4: (Color online) The theoretical RPA (left) and ex-
perimental (right) NRIXS spectra with the momentum trans-
fer directed along the I'K direction using several values of
q. Spectra for which q lies outside the 1st BZ are drawn by
dashed lines.

level of many-body perturbation theory (including exci-
tonic effects) as compared to standard calculations on
the level of the independent-particle model. Addition-
ally, the observed anisotropic splitting of the m-plasmon
and has been explained as a band structure effect arising
from the anisotropic dispersion of the 7w-bands.
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