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Phonon-Induced Relocation of Valence Charge in Boron Nitride Observed by
Ultrafast X-Ray Diffraction
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The impact of coherent phonon excitations on the valence charge distribution in cubic boron nitride is
mapped by femtosecond x-ray powder diffraction. Zone-edge transverse acoustic (TA) two-phonon
excitations generated by an impulsive Raman process induce a steplike increase of diffracted x-ray
intensity. Charge density maps derived from transient diffraction patterns reveal a spatial transfer of valence
charge from the interstitial region onto boron and nitrogen atoms. This transfer is modulated with a
frequency of 250 GHz due to a coherent superposition of TA phonons related to the '°B and !'B isotopes.
Nuclear and electronic degrees of freedom couple through many-body Coulomb interactions.
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Vibrational excitations of a crystal lattice play a key role
for its thermodynamic equilibrium properties and non-
equilibrium processes such as sound propagation, energy
transport, and dissipation of excess energy. Phonons, which
represent quantized excitations of normal modes of the
crystal, are frequently described in the adiabatic limit by
introducing a harmonic or anharmonic vibrational potential
surface. The shape of this potential surface is determined by
the electronic charge distribution in the particular electronic
state and the resulting interatomic interactions. The adia-
batic approximation has been applied widely for calculat-
ing phonon dispersion relations [1] and for interpreting
nonlinear phonon dynamics [2-6].

The adiabatic limit breaks down whenever phonons
induce electronic motions such as charge transfer between
lattice sites or charge rearrangements in polar covalent
bonds. Such phenomena occur in a wide range of materials
including polar semiconductors and ferroelectrics. The
classical core-shell model introduced by Cochran [7-9]
treats this scenario by solving the mechanical equations of
motion of coupled ions with polarizable electron clouds.
The coupled nuclear and electronic motions account for
basic dielectric properties of ferroelectrics and, in particu-
lar, allow for including local-field effects according to the
Clausius-Mossotti relation [10].

Another manifestation of coupled nuclear-electronic
motions is nonlinearities in the response of phonons to
electromagnetic fields. In apolar semiconductors such as Si
and Ge, one-phonon infrared absorption bands are absent
for symmetry reasons, but absorption due to the simulta-
neous excitation of two phonons exists. Series of multi-
phonon absorption bands have also been observed in polar
semiconductors such as InSb [11]. Their occurrence has
been attributed to a phonon-induced deformation of the
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charge distribution [12,13]. In a similar way, second- and
higher-order Raman excitations of phonons require an
electronic polarizability depending on products of different
phonon coordinates [14].

Femtosecond x-ray powder diffraction experiments
have generated transient electron density maps of polar
crystalline materials, reflecting the impact of coherent low-
frequency lattice motions on charge density. Upon dis-
placive excitation of coherent phonons in an electronically
excited state, electronic charge is shifted on the length scale
of interatomic distances, while the atomic displacements
from their equilibrium positions are orders of magnitude
smaller [15—17]. Qualitatively, this behavior is in line with
the core-shell model. However, an in-depth analysis is
hampered by the limited knowledge on the excited-state
electronic structure and by the potential impact of con-
comitant electronic excitations. Thus, experimental insight
in phonon-induced charge density changes in the electronic
ground state is important and much better accessible for
theoretical analysis. Moreover, electron relocations induced
by thermally excited, in particular acoustic phonons in the
ground state, affect the intensities of Bragg diffraction
peaks directly and may lead to a behavior different from the
Debye-Waller picture [18] in the independent-atom model.

In this Letter, we demonstrate the direct impact of
nonequilibrium acoustic phonon excitations on the valence
charge distribution in the electronic ground state of
crystalline matter. Cubic boron nitride (c-BN) with the
zincblende crystal structure [Fig. 1(a)] is chosen as a
prototypical system, in which the small number of core
electrons allows for mapping relocations of valence elec-
trons by time-resolved x-ray diffraction. Transverse acous-
tic (TA) phonons, impulsively excited at the zone edge
close to the L point by a second-order Raman process,
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induce a pronounced transfer of valence charge from the
interstitial regions onto the B and N atoms, connected with
an increase of diffracted intensity, opposite to a Debye-
Waller scenario. This nonadiabatic behavior is caused by
the coupling of nuclear and electronic degrees of freedom
via local electric fields.

The c-BN powder sample (supplier PlasmaChem) con-
sists of crystallites with diameters of 165 £ 50 nm. The
small crystallite size was chosen to avoid multiple x-ray
scattering events within an individual crystallite, i.e., the
x-ray diffraction experiment is in the kinematic diffraction
limit [18]. To eliminate artifacts from laser-induced damage
in the sample, a fresh sample was prepared every day by
tightly pressing the powder into ~100 um thick pellets. All
measurements were done at ambient temperature (300 K).

The experiments are based on a femtosecond time-
resolved optical-pump-hard-x-ray-probe scheme. Sub-
100-fs optical pulses centered at 800 nm (E = 1.55 eV)
or 400 nm (E = 3.1 eV), i.e., far below the indirect band
gap of ¢-BN at E, = 6.36 eV [19], generate a coherent
superposition of phonon states by impulsive second-order
Raman scattering within the spectral envelope of the pulses.
The impact of this lattice excitation on the electronic charge
distribution is mapped by recording transient powder
diffraction patterns from the excited sample with 100-fs
hard-x-ray probe pulses. The differential transient charge
density is then derived from the transient and equilibrium
diffraction patterns.

Synchronized optical pump and hard-x-ray probe pulses
are derived from a Ti:sapphire laser system, providing sub-
50-fs pulses of an energy up to 5.2 mJ at a 1 kHz repetition
rate (center wavelength 800 nm). From the pump pulse
energies of 0.75 mJ at 800 nm and 0.18 mJ at 400 nm and
the 500-ym pump spot size on the sample, one calculates
peak intensities of 7.6 TW/cm? and 1.8 TW/cm?, for
which electronic interband excitations and displacively
excited phonons are absent. The pump bandwidth of
AE, = 50 meV (FWHM) allows for impulsive excitation
of TA phonons at the L zone edge, while TA phonons at the
X edge and optical phonons at ¢ = 0 are beyond AE,. Hard
x-ray probe pulses at a photon energy of 8.04 keV (Cu K,)
are generated by focusing 4-mJ, 800-nm pulses onto a
moving copper tape target (thickness 10 um). The x-ray
pulses emitted in transmission through the target have a
duration of some 100 fs and are collected, monochromat-
ized, and focused to a 100 um spot size on the sample by a
Montel multilayer mirror (Incoatec) [20-22]. The resulting
x-ray flux is 5 x 10° photons/s. The x-ray photons dif-
fracted from the sample are recorded by a large-area
detector (Pilatus Dectris 1M), which provides the inten-
sities of multiple Debye-Scherrer rings simultaneously.
Integration over all pixels with identical scattering angle
20 yields the x-ray intensity / as a function of 26 showing
the (111) and (200) reflections [Fig. 1(d)].
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FIG. 1. (a) Unit cell of cubic boron nitride (c-BN) with the

(110) plane shown in light blue. (b) Transverse acoustic (TA)
phonon dispersion along the I'-L direction in k space for
isotopically pure '"B'*N. The arrows show schematically the
Raman transitions. (c) Structure of ¢-BN viewed along the [1 12]
direction. The charge-density wave (red curve) determining the
amplitude of the (111) Bragg reflection gains in intensity for a
charge transfer from the interstitial regions onto the atoms. Blue
arrows: atomic displacements of TA phonons at the L point.
(d) Stationary diffraction intensity of ¢-BN powder, integrated
over the Debye-Scherrer rings, measured with femtosecond x-ray
pulses as a function of 26.

Data for each excitation wavelength were recorded for
some 8000 pump-probe delay times in random order over
approximately 50 experiment days. The x-ray intensity
diffracted from the pumped and unpumped sample for each
delay time # was measured alternately at a chopping rate of
25 Hz. The differential change in x-ray intensity is given by
Al(t7 6)/10 (9> = [Ipumped(t’ 8) - Iunpumped (6)]/Iunpumped (6)
[23]. The statistical uncertainty of Al/I, is only 20 percent
larger than expected for the shot-noise limit [21], allowing
for the detection of very small transient x-ray intensity
changes of Al/I, < 1073,

Upon excitation by the optical pump pulse, one observes
changes of diffracted intensity on both (111) and (200)
reflections. In Figs. 2(a) and 2(b), intensity changes on the
(111) reflection are plotted as a function of pump-probe
delay for the two excitation wavelengths of 800 and
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FIG. 2. (a) Transient intensity change Al /1, of the (111)
reflection after impulsive Raman excitation with femtosecond
800-nm pulses (solid circles, 1 ps temporal binning). Open
symbols: same data with shifted 1-ps binning. Green line: steplike
fit superimposed on oscillations with a frequency of 250 GHz.
(b) Diamonds: same as in (a), but for excitation with 400-nm
pulses. (c) Transient intensity change of the (200) reflection.
(d) Time-resolved transmission change AT/T, = (T —T,)/T,
of a ¢-BN crystallite as observed in an all-optical pump-probe
experiment with femtosecond 800-nm pulses.

400 nm. One observes a steplike increase of diffracted
intensity superimposed by oscillations. In spite of their
small amplitudes of Al/I, < 1073, the oscillations with a
period of 4 ps can be followed for some 20 ps, underlining
the very high experimental sensitivity. On the (200)
reflection [Fig. 2(c)] for excitation with 400 nm, the
oscillations display the same period with a larger ampli-
tude, dominating over the steplike signal.

In additional femtosecond experiments, an 800 nm pump
pulse induces coherent lattice motions in an individual
larger c-BN crystallite via impulsive stimulated Raman
scattering [24,25] and the resulting transmission change of
the sample is recorded with an 800-nm probe pulse [23].
The time-resolved transmission change [Fig. 2(d)] exhibits
oscillations with the same frequency as the x-ray transients.

Transient differential charge-density maps Ap(r,t) =
p(r, 1) — po(r) are derived from the changes of diffracted
x-ray intensity Al/I by analyzing the underlying changes
of the x-ray structure factors with the maximum entropy
method adapted to the conditions of the femtosecond

experiment [16,17,23,26-28]. Here, p(r, t) represents the
electron density in the excited crystallite at delay time ¢,
while py(r) is the equilibrium electron density. For the
small intensity changes shown in Fig. 2, Ap(r, ) depends
linearly on intensity changes of the (111) and (200) Bragg
reflections. The intensity change of the (111) reflection is
connected with the charge transfer between the atoms and
the interstitial region, whereas the (200) reflection results
from the difference of electron densities on B and N atoms.
Since only valence electrons are influenced by phonon
excitations, it is not necessary to consider higher-indexed
reflections, which depend predominantly on the density of
spatially more localized core electrons [23,27,29].

In Fig. 3(a) we show p(r) in the (110) plane of the unit
cell [Fig. 1(a)], with local maxima of py(r) on the B and N
atoms. As a consequence of the limited spatial resolution,
the charge density on the atoms and in the bond region
between the atoms is not fully separated. There is a low
quasicontinuous charge density throughout the (110)
plane, in line with high-resolution charge density maps
[30] and theoretical results [31]. In Figs. 3(b) and 3(c),
Ap(r, 1) induced by 400-nm excitation is shown for delay
times of + = 2.28 ps and 5.46 ps. At t = 2.28 ps, charge
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FIG. 3. (a) Stationary electron density p,(r) of ¢-BN in the

(110) plane [linear scale, maximum 5340 e~/nm?]. (b), (c) Tran-
sient differential charge-density maps Ap(r, r) measured at delay
times of r=12.28 ps (b) and 7= 5.46 ps (c) after 400 nm
excitation. The scale in (b) and (c) is £6 e~ /nm>. (d)—(f)
Spatially integrated charge on the B and N atoms and in the
remaining volume as a function of delay time. The vertical lines
show the delay times for (b) and (c).
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density is transferred from the interatomic regions of the
unit cell almost equally to both boron (B) and nitrogen (IN)
atoms, reducing the difference in charge density on such
two atoms and, thus, the intensity of the (200) reflection
[Fig. 2(c)]. At t =5.46 ps charge transfer towards the
N atoms prevails, resulting in a maximum of (200) inten-
sity. To illustrate charge dynamics within the c-BN unit
cell, we integrated the differential electronic charge over
spherical volumes around the B and N atoms and in the
remaining volume of the unit cell. The transients in
Figs. 3(d)-3(f) demonstrate an accumulation of charge
on the atoms and a depletion in the rest of the unit cell. On
top of a steplike kinetics, the charge density displays
oscillatory components with opposite signs on the atoms
and in the remaining volume.

We first discuss the phonon excitation process and the
origin of the changes of diffracted intensity. In the
electronic ground state of ¢c-BN, impulsive Raman scatter-
ing within the bandwidth AE, of the pump pulses generates
a superposition of phonon quantum states. For AE, =
50 meV, excitation of an optical phonon with energies
higher than 130 meV [31] is absent. However, TA phonons
along the I'-L direction in k space, which cover an energy
range up to Ep, = 56 meV at the L point [Fig. 1(b)], are
accessible via a second-order Raman process [32] within
AE,. While this excitation scheme covers the full Brillouin
zone, TA phonons are predominantly generated close to the
L point because of the very high density of phonon states
there. The relevant excitation scheme is depicted in
Fig. 1(b). It starts from thermally excited TA states at
the L edge [33]. Figure 1(c) illustrates the related atomic
displacements. A similar excitation of X-edge TA phonons
is negligible because of limited AE),, smaller thermal
occupation and much smaller electronic polarizability [9].

The coupling of TA phonon excitations of the polar
lattice and electronic degrees of freedom results in a change
of valence charge density, by which the electrostatic energy
in the unit cell is minimized. The deformation of charge
density by nuclear motion has been a subject of early
theoretical work, representing both nuclear and electronic
degrees of freedom in the phonon [7-9,12]. The local-field
and umklapp corrections in the microscopic electronic
susceptibility of a crystal are essential for the coupling
between nuclear and electronic degrees of freedom, which
are most pronounced at the L point of the Brillouin zone
(see also Fig. 2 of [9]).

The change in valence charge density gives rise to a
change of x-ray structure factors governing the intensity of
Bragg peaks. Both the steplike and oscillatory x-ray
intensity changes observed in our experiments reflect the
phonon-induced change of charge distribution, which is
schematically illustrated for the (111) Bragg peak in
Fig. 1(c). The oscillatory intensity changes are due to a
quantum-coherent superposition of TA phonon states of
different energies Et,. The observed frequency of

250 GHz corresponds to an energy difference AET, =
1 meV. The c¢-BN studied here contains the two stable
isotopes of boron, !'B and !°B, in the natural ratio of 4:1
[34]. Acoustic phonons in isotopically pure '°B!*N have a
\/25/24 — 1 ~ 2% higher frequency than those in isotopi-
cally pure '"B!N. This results, for TA phonons at the L
point, in an energy difference of 1.2 meV, which matches
the experimental AEy,. We thus assign the oscillatory
signals to a coherent superposition of isotopically separated
TA phonon states, see also [[23], Sec. V] and [35-37].

This picture is independently supported by the impulsive
stimulated Raman data [Fig. 2(d)], which display coherent
oscillations with the same frequency, due to the coherent
superposition of zone-edge TA phonon states. The weak
damping of the oscillations on a time scale of tens of
picoseconds points to a comparably long decoherence of
this coherent superposition, requiring a long lifetime, but
not a long decoherence time, of the TA phonons.

The intensity increase on the (111) and (200) diffraction
peaks upon phonon excitation is in clear contrast to a
Debye-Waller scenario. In the latter, the change of atomic
positions connected with a phonon excitation results in a
spatial smearing of electronic charge in the unit cell and a
concomitant decrease of diffracted x-ray intensity. The
intensity increase observed here requires a less broad
distribution of valence electron density, which is accom-
plished by a charge transfer from the interatomic bond and
other regions of the unit cell onto the B and N atoms.

For the small amounts of charge shifted upon TA phonon
excitation [cf. Figs. 3(d)-3(f)], the modified valence
structure of the crystal can be described by perturbation
theory, i.e., by admixing wave functions of higher bands. In
an elementary description of charge shift, we consider the
microscopic interband current density j(r) = p(r) - v(r)
[v(r): electron velocity] calculated with the coherent
superposition  cos(1) s s + sin(n) exp(ich) ws)  of
heavy-hole (HH) or light hole (LH) valence band states
and a conduction band (CB) state. The wave functions are
taken from pseudopotential calculations [38,39] for ¢-BN.
The corresponding HH, LH, and CB charge densities in the
(111) plane are shown in Fig. 4. The arrows show the
irrotational charge-transfer contribution to the microscopic
j(r) for a small admixture # =0.1 and a phase ¢
corresponding to the maximum interband polarization
current. The charge-transfer contribution to the strongest
interband currents around the I' point is spatially very
localized and flows predominantly between the bond
region and the atoms. The nuclear-displacement dipoles
and the microscopic interband dipoles, i.e., the time
integrals of interband currents, are localized at different
positions in real space and couple via local electric fields as
described by the Clausius-Mossotti relation [10]. Here, the
zone edge at the L point plays a crucial role, because there
hybrid phonon modes with nuclear and electronic degrees
of freedom can form [7-9].
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FIG. 4. Arrows: irrotational charge-transfer contribution to the
microscopic current density j(r) connected to a coherent super-
position of (a) a heavy-hole (HH) valence band state (bluish
charge density) or of (b) a light-hole (LH) valence state and a
conduction band state (reddish charge density). The lattice plane
shown and k are chosen such that the P orbitals of the HH state
have there their maximum electron density.

In conclusion, nonequilibrium zone-edge TA phonons
induce a relocation of valence electronic charge in cubic
boron nitride, a behavior well beyond adiabatic phonon
dynamics. A transfer of charge onto the boron and nitrogen
atoms leads to a stronger charge localization and an
increase of x-ray structure factors, in striking contrast to
the usual Debye-Waller behavior. The pronounced cou-
pling of zone-edge phonon excitations to electronic degrees
of freedom is caused by local electric fields, the charge
relocations serve to minimize the electrostatic energy of the
excited crystal. Such behavior is relevant for a broad range
of polar crystalline materials.
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