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We propose a transient interlayer compression in two-dimensional compound materials by using an
intense IR laser resonant with the out-of-plane optical phonon mode (A2u mode). As a test case, we studied
bilayer hexagonal boron nitride (h-BN), which is one of the compound layered materials. Excited state
molecular dynamics calculations using time-dependent density functional theory show an 11.3% transient
interlayer contraction of h-BN due to an interlayer dipole-dipole attraction of the laser-pumped A2u mode.
These results are applicable to other layered compound materials. Such layered materials are a good
material for nanospace chemistry, e.g., intercalating molecules and acting with them, and IR irradiation to
contract the interlayer distance could provide a new route for chemical reactions under pressure. The
duration of the contraction is at least 1 ps in the current simulation, which is observable by high-speed
electron-beam diffraction measurements.
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The exotic properties of layered materials, such as
graphene [1], hexagonal boron nitride (h-BN) [2], chalcogenide disulfide [3–5], and others [6], and their application
in next-generation electronic devices [7,8] have become a
major focus of scientific research. h-BN has recently
attracted much attention as insulating junctions for graphene tunneling transistors [9] and as an insulating substrate for graphene field effect transistors [10–13], which
show higher performance than those on silicon oxide
substrates. The electronic properties of these layered
materials are very sensitive to the interlayer distance, which
is governed by weak interactions such as the van der Waals
force (VDW) [14]. Therefore, controlling the interlayer
distance of layered materials will allow the material
properties to be controlled in technological applications.
Previously, ultrashort strong laser irradiation has been
shown, experimentally, to induce compression and expansion of graphene layers [15,16] and, theoretically, to induce
the layer-by-layer exfoliation of graphite [17]. These
phenomena are triggered by electronic excitation. In this
Letter, on the other hand, we propose that phonon excitations cause interlayer contraction.
Controlling dynamics of charged particles with a
dynamical or static electric field was a hot topic of
nanoparticle science [18] as well as plasma physics, while
controlling neutral matters is quite challenging as we
propose here using an intense laser that usually causes
structural destruction through fast local heating [19]. The
laser-induced electronic excitation may also cause nonthermal melting [20]. In contrast, laser-induced strengthening of interatomic attraction was theoretically proposed for
0031-9007=15=114(11)=116102(5)

a helium dimer [21]. The mechanism of strengthening was
assigned to dipole-dipole attraction due to the concerted
motion of the electron cloud and nuclei driven by the
optical electric field (E field).
Instead of being a process by electronic excitations, as
in Ref. [21], the attraction mediated by phonon excitations
has been proposed from the first-principles electron-ion
dynamics calculations of the h-BN bilayer under IR
irradiation. When anions and cations move in opposite
out-of-plane directions, an electric dipole normal to each
layer is induced. When the ionic movement is in the same
direction in all layers, parallel dipoles are induced in each
layer causing interlayer attraction. Such out-of-plane lattice
vibration is possible with light with an optical frequency
resonant with the vibration. We expect that our results will
also be applicable to other two-dimensional ionic materials
such as transition metal dichalcogenides.
Figure 1(a) shows bilayer h-BN. Each layer of h-BN has
a honeycomb lattice structure with two sublattices in the
hexagonal unit cell, which are occupied by boron (B)
(cation) and nitrogen (N) (anion) atoms. N(B) atoms in a
layer are located directly above the B(N) atoms of the
neighboring layer. h-BN is a wide-gap insulator and is
transparent to IR laser light. However, IR laser light with a
polarization vector normal to each layer can excite a
phonon mode [Fig. 1(a)] that creates an equal dipole
moment on each layer because of out-of-plane displacement of the B and N atoms in opposite directions. The
phonon is the A2u mode with a wave number around
780 cm−1 (∼23.7 THz) [22,23], with corresponding photon energy around 0.09 eV. Figure 1(b) shows a series of
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FIG. 1 (color online). Part of the periodic structure of
bilayer h-BN. Large (red) and small (blue) hatched circles
denote boron and nitrogen atoms, respectively. (a) Equilibrium
conditions for bilayer h-BN. Atomic displacement in the A2u
phonon mode is denoted by small hatched (green) arrows, under
optical polarization indicated by (red) arrow labeled E.
(b) Time evolution under intense infrared laser irradiation with an
optical E field of 1 V=Å, which corresponds to a laser power
density of 1.327 × 1013 W=cm2 .

snapshots of the lattice dynamics of the h-BN bilayer under
the laser E field with an intensity of 1 V=Å, which
corresponds to a power of 1.327 × 1013 W=cm2 . Generation of the parallel dipole moments on each h-BN layer
causes interlayer attraction.
We can also examine the presence of electronic excitation
in addition to the vibrational excitation of the lattice by
calculating the electron-ion dynamics. All calculations
presented here were performed using time-dependent density functional theory (TDDFT) [24] and TDDFT-molecular
dynamics (MD) on a real-time axis within the Ehrenfest
approximation [25] as implemented in the FPSEID code
[26,27]. The split-operator scheme [28,29] was used for time
evolution under an alternating E field mimicking laser
irradiation [30]. To monitor the real-time electron dynamics,
we solved the time-dependent Kohn-Sham (KS) equation
iℏ

∂ψ KS
n ðr; tÞ
¼ ½H KS ðr; tÞ þ V ext ðr; tÞψ KS
n ðr; tÞ; ð1Þ
∂t

here, ψ KS
n ðr; tÞ is the time-dependent Kohn-Sham orbital,
from which the time-dependent charge density, ρðr; tÞ, is
computed. H KS ðr; tÞ expresses the time-dependent KohnSham Hamiltonian, which is uniquely determined as a
functional of ρðr; tÞ [24]. The optical E field is described
in the length gauge as a gradient of the scalar potential, V ext ðr; tÞ.
The application and validation of the Ehrenfest approximation have been discussed in previous works [31–33]. For
the exchange correlation functional, the local density
approximation (LDA) [34] was used for most of the
calculations presented here. Some of the results were
compared with those within the generalized gradient
approximation (GGA) using the Perdew, Burke, and
Ernzerhof (PBE) functional [35] with VDW correction
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[36] (PBE þ VDW). To express the interaction of the
valence electrons with ions, the norm-conserving pseudopotentials [37] were used. Further details of the computational conditions are explained in the Supplemental
Material [38].
We provide the results of the simulation with two optical
E-field intensities of 0.3 and 1 V=Å. These intensities
correspond to laser power densities of 1.194 × 1012 and
1.327 × 1013 W=cm2 , respectively. These values should be
compared with the currently achievable power of IR lasers
that can be tuned to the phonon frequency in this Letter. If
the beam spot can be focused to within a 50 μ diameter, the
power of the all-solid-state laser devices [41] and the freeelectron laser system [42,43] should be sufficient.
To examine the lattice vibration of the A2u mode, we first
performed a classical MD simulation without an optical E
field and with artificial initial velocities on all atoms, such
that the lattice oscillation of the out-of-plane A2u mode was
initiated. The calculated wave number of this vibration was
789.44 cm−1 by LDA, and was 768.32 cm−1 by GGA with
the PBE functional. These values show fairly good agreement with the reported value of the same mode of the bulk
phonon [22,23] from 767 to 783 cm−1 . The interlayer
interaction was modified with this simulation and
PBE þ VDW gave different interaction than LDA, and
we chose LDA in the present simulation. (See details in
section S.II of the Supplemental Material [38].)
Next, we performed the TDDFT-MD simulation with the
LDA functional and an optical E field (0.3 V=Å) with a
frequency that matches the wave number of 789.44 cm−1 .
The interlayer distance of the bilayer h-BN sheet was
initially set as 3.274 Å. We started with a planar h-BN
structure without initial velocities on the ions. The lattice
oscillation of the A2u mode was induced as shown in
Fig. 2(a), which is a plot of the velocities of the B and N
atoms in the upper layer in Fig. 1. The velocities in the
lower layer are identical and are not shown. Within
the displayed time-regime of 1 ps, a persistent increase
in the amplitude of the oscillating velocities was seen,
which means that the frequency with a wave number of
789.44 cm−1 of the optical E field matches the resonance
of the A2u mode precisely.
We then monitored the interlayer distance, which was
defined by the distance between the centers of mass of the
h-BN layers throughout the TDDFT-MD simulation. By
comparing the time evolution of the interlayer distance with
and without the optical E field [Fig. 2(b)], a considerable
contraction of more than 0.17 Å in 1 ps is seen. (See
Sec. III. 1 of the Supplemental Material [38].) After the
simulation, we analyzed the electron polarization on each
layer from stored electron charge densities at several
moments from 21.78 to 972.84 fs. The signs of each
polarization, which was computed by the numerical scheme
shown in the subsection S. IV. 1 of the Supplemental
Material [38], remained the same at all moments indicating
a parallel dipole moment on each h-BN layer, which seems
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FIG. 2 (color online). (a) Time evolution of the velocities of B
and N atoms on the upper layer of h-BN as displayed in Fig. 1
in an alternating E field with a maximum intensity of 0.3 V=Å.
The frequency of the E field corresponds to the optical wave
number 789.44 cm−1. Thin (red) and thick (blue) lines represent
the velocities of the B and N atoms, respectively. The positive
(negative) velocity denotes the upward (downward) direction
normal to the h-BN layer in Fig. 1. (b) Distance between centers
of mass for each h-BN layer as a function of time. The dotted
(black) line shows the result without the optical E field, whereas
the solid (red) line shows the results with the optical E field, as
shown in (a).

to be increased in further long time simulations that require
computationally expensive tasks. (See, Sec. III. 2 of the
Supplemental Material [38].) To make this effect visible
over time scales shorter than 1 ps, we performed the same
simulations in a higher intensity laser field.
We increased the value of the optical E field to 1 V=Å
with the same optical frequency of the A2u lattice vibration
(789.44 cm−1 ), and performed the TDDFT-MD simulation,
as displayed as snapshots in Fig. 1(b). The dependence on
the frequency of the optical E field was also examined. The
interlayer distance is displayed in Fig. 3(a). For the optical
frequency resonant with the A2u lattice vibration, the
contraction was large; up to 0.37 Å (11.3% of the original
interlayer distance). After t ¼ 430 fs, the interlayer distance showed rapid growth toward dissociation of the h-BN
sheets [Fig. 3(a), γ].
For slightly off-resonance (10%) excitation, the interlayer distance increases toward dissociation of the bilayers
after oscillation at higher frequencies [Fig. 3(a), α], but
shows faster contraction at lower frequencies [Fig. 3(a), β].
The frequency dependence of the dynamics of the interlayer distance can be quantified by the electron dynamics,
which are represented by the electron polarization in the z
direction, defined as
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FIG. 3 (color online). Lattice dynamics in bilayer h-BN under
an optical field with a maximum intensity of 1 V=Å. (a) Time
variation of the interlayer distance under an optical E field
with a frequency 10% higher than the resonant frequency
(868.38 cm−1 ) of the A2u mode (dashed violet line labeled α),
with a frequency 10% lower (710.50 cm−1 ; dotted-dashed green
line labeled β), and at the resonant frequency (789.44 cm−1 ; solid
red line labeled γ). The results without irradiation are shown for
comparison (dotted black line). Panels (b)–(d) show the time
evolution of the heights of the B and N atoms of bilayer h-BN
measured from the central position of the two h-BN sheets under
an optical E field. (b)–(d) correspond to conditions α, β, and γ in
(a), respectively. In these panels, the electron polarization from
equation (2) are also shown by arrows labeled Pz ðtÞ with an
arbitrary common scale.

Z
Pz ðtÞ ¼

ðz − z0 Þρðr; tÞdr:

ð2Þ

Here, the integral was performed for the entire unit cell, and
z0 was set at midpoint between the two h-BN sheets. The z
component (normal to the h-BN sheets) of the time
difference of the electron polarization is shown in
Figs. 3(b)–3(d) combined with the calculated heights of
the B and N atoms of the bilayer h-BN, corresponding to
cases α to γ, respectively. For α [868.38 cm−1 , Fig. 3(b)],
the change in the electron polarization is not large,
indicating a minor contribution from the dipole-dipole
attraction. However, for β [710.50 cm−1 , Fig. 3(c)] and γ
[789.44 cm−1 , Fig. 3(d)], the electron polarization is larger,
which triggers an initial interlayer contraction. To achieve
the interlayer contraction over 10%, the conditions for
tuning the optical frequency seem to be narrow. However,
current experimental technology does not require this
amount of contraction; ultrafast electron-beam diffraction
[15,16] can observe contractions of 0.02 Å (less than 1%).
The lattice dynamics under an optical resonant E field of
0.3 V=Å show synchronization between the lattice vibration and the applied laser for long simulation times of up to
1 ps [Fig. 2(a)]. However, the lattice dynamics with a
stronger optical E field of 1 V=Å show the phase deviation
of the lattice oscillation above 300 fs [Fig. 3(d)], later than
this time, the contraction turned to expansion. The electron
polarization shows noisy behavior faster than lattice motion
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during expansion [Fig. 3(d)], which is associated with
electronic excitation as discussed below.
Figure 4 shows a plot of the total energy (solid line)
throughout the TDDFT-MD simulation calculated with the
same density functional theory (DFT) formalisms [44] as
for γ with a conserved quantity obtained by the formalisms
in Ref. [45] (dashed horizontal line) that justifies the
numerical stability of the current simulation. Meanwhile,
the series of the static DFT total energies with atomic
coordinates at the moments when the optical E field is zero,
the vertical lines in Fig. 4(a), are computed as shown by
(blue) dots. Up to 350 fs, the (blue) dots are on solid (red)
line, indicating that the TDDFT-MD simulation follows the
Born-Oppenheimer surface of the electronic ground state.
Thus, the increase in the series of the static DFT total
energy up to 350 fs is an increase in the amplitude of
the lattice vibration, namely, the classical representation of
the phonon excitation. Further analysis is explained in the
Supplemental Material [38], see subsection S. III. 3.
After 350 fs, the static DFT total energies are smaller
than the total energies obtained by the TDDFT-MD
simulation with the same atomic coordinates. The deviation
of the TDDFT total energies compared with those calculated by static DFT means the electronic excitation,
During electronic excitation, the opposite dipole inside
the h-BN layers was induced that reduced the interlayer
attraction, see subsection S. IV. 2 in the Supplemental
Material [38]. Because the photon energy of 0.09 eV is
much smaller than the intrinsic band gap of h-BN (∼4.0 eV
TDDFT total energy −1
with light (789.44cm )
DFT total energy
conserved quantity
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FIG. 4 (color online). The solid (red) line shows a calculated
total energy for the TDDFT-MD simulation with the conditions
shown in Fig. 3(a) γ and Fig. 3(d). The origin of the energy is set
to the value at the beginning of the simulation. The horizontal
dashed (black) line shows the conserved quantity, which was
obtained using the scheme shown in Ref. [45]. The vertical dotted
lines show the moments when the optical E field is zero,
corresponding to half of the period of the A2u mode oscillation.
The blue dots are the total energy of the static DFT calculation at
moments denoted by the vertical dotted lines.
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by LDA calculations), the origin of the electronic excitation can either be due to multiphoton excitation [46]
or to narrowing of the band gap, see section S. V. of
the Supplemental Material [38], during the increase in the
amplitude of the lattice vibration. Here, we note that the
decreasing of the gap can reduce excitonic binding energy
due to an increase of the screening. Beside optical excitation, an excitation by the large amplitude of phonon should
also be taken into account for increase of the total energy by
the amount of band gap. The electronic excitation by ionic
motion was reported by TDDFT calculations [47–49].
The electron beam diffraction under femtosecond laser
illumination [15,16] detected a subpicometer (0.01 Å)
contraction of graphite in the time range of 0.2–2.5 ps.
These experiments suggest the feasibility of observing a
contraction of 0.17 Å within 1 ps [Fig. 2(b)]. Then the
retention time of the contracted geometry after turning off
the IR laser should be an experimental question. To answer
this, performing the simulation after turning off the IR laser
irradiation requires a new technique to avoid artificial
high-frequency excitation [50]. However, we estimated
the retention time as 190 fs from the simulation giving
ions’ velocities comparable to those shown in Fig. 2(a)
without an optical E field, see, again, section S. II of the
Supplemental Material [38].
From current simulations, we know that too strong an E
field shows a rapid change from contraction to expansion,
which was also the case for femtosecond laser illumination [15,16]. To avoid expansion, tuning the intensity
of the E field to less than 1 V=Å (with power less than
1.327 × 1013 W=cm2 ) would be required. Otherwise, we
should lower the frequency of the IR laser like the chirp
technique [51], since the lattice dynamics in Fig. 3(a) show
the decreases its vibrational frequency after 350 fs. The
lowering IR frequency would maintain the contraction over
a longer time.
Finally, we note that the interlayer distance could be
modified after intercalating. So far, for h-BN, possible
experiment with use of the same equipment as Ref. [52]
seems to be promising. This is common in other layered
material such as transition metal dichalcogenides, yet the
functional of DFT is a matter for proper interlayer interactions as well as long-time simulation suitable for a heavier
mass of elements. Instead of using mechanical devices for
compression, the laser-induced interlayer contraction
could produce high-pressure conditions between the atomic
layers and induce new phases of intercalated molecules.
All calculations were performed by using the Parallel
Computing System in AIST. Y. M. and T. M. thank M.
Kakehata, D. Yoshitomi, and K. Torizuka for fruitful
discussions on accessibility of the studied conditions by
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