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Nonequilibrium dynamics of TO phonons and low-frequency interlayer shear modes are mapped in fem-
tosecond mid-infrared pump-probe experiments. Time-resolved changes of TO phonon absorption reveal a TO
phonon lifetime of 1.2 ps, while the low-frequency excitations decay with a time constant of approximately 20
ps. The coupling of intralayer TO and interlayer motions manifests in a quasi-instantaneous redshift of the TO
phonon resonance by some 10 cm™!. Theoretical calculations account for the coupling scenario and underline
the relevance of inter-phonon interactions for the nonlinear phonon response of few-layer materials.

The crystal structure of hexagonal boron nitride (hBN) con-
sists of covalently bound 6-rings of boron and nitrogen atoms
arranged in two-dimensional layers [1]. Adjacent layers are
coupled via much weaker van der Waals interactions, mak-
ing the material highly anisotropic. Mono- and few-layer
hBN have received strong interest as a prototypical quasi-two-
dimensional quantum material [2], holding strong potential
for synthesizing van der Waals heterostructures [3] and ap-
plications in optoelectronics [4], nanophotonics, and phonon
polaritonics [5]. The electronic structure [6, 7], the linear and
the nonlinear optical properties [8, 9] of few-layer hBN have
been studied in some detail, whereas insight in carrier and
phonon dynamics has remained very limited [10].

The anisotropic structure of hBN results in distinctly differ-
ent frequencies of phonons connected with intra- and inter-
plane atomic motions. Phonon modes of bulk hBN have
been studied by infrared and Raman spectroscopy [11-15],
inelastic x-ray scattering [13], and theoretical calculations
[16, 17]. At the I" point (g = 0), the infrared-active transverse-
optical (TO) phonon of E;,, symmetry displays a frequency of
1367 cm™! (Ero = 169.5 meV), nearly identical to a Raman-
active phonon of E», symmetry. Both modes are connected
with different in-plane atomic motions, as shown for the TO
phonon in Fig. 1(a) (inset). Second-order Raman spectra sug-
gest a TO phonon anharmonicity on the order of 5 cm™! [13].

Lifetimes of the TO phonon of bulk hBN have been esti-
mated from the damping term in numerical line shape fits of
the reststrahlen band, giving values from 0.8 to 1.3 ps for sam-
ples with the natural isotope variation of boron [5, 15, 18].

An analysis of the Raman line shapes of the E>; mode at
1367 cm™! suggests a similar lifetime of 0.7 to 1 ps. For
both modes, similar decay channels mediated via three- and
four-phonon anharmonic couplings have been proposed [18].

Motions of the stacked BN planes relative to each other give
rise to rigid-plane shear and compression modes at low en-
ergy. In bulk hBN, the Raman-active horizontally-polarized
rigid-plane shear mode arises at 54 cm ™! (Eqy = 6.74 meV).
In hBN with a finite number N of BN layers, the discretiza-
tion of the k-vector perpendicular to the layers results in
an increasing number of optical phonon branches. Theory
[16, 17] predicts a splitting of the bulk rigid-plane modes in
N — 1 compression modes and N — 1 doubly degenerate shear
modes, the latter at energies below Egy. So far, experimental
results on such modes are very limited [19] and couplings of
intra- and interlayer modes unknown.

For a basic physical understanding of the low-frequency di-
electric properties of hBN and applications in phonon polari-
tonics, insight in phonon-phonon interactions and the result-
ing nonequilibrium dynamics is mandatory. Moreover, cou-
pled phonon excitations are relevant for energy relaxation and
heat transport, including the interplay of in-plane and inter-
plane motions. In this Letter, we report the first study of
the nonlinear phonon response of few-layer hBN. Upon fem-
tosecond mid-infrared excitation via the TO phonon absorp-
tion band, the resulting ultrafast dynamics exhibit both a pro-
nounced coupling of inter-layer and TO phonon modes and
population relaxation processes of the coupled modes on dif-
ferent time scales. The anharmonic phonon-phonon coupling



is accounted for by in-depth theoretical calculations.

The few-layer hBN sample studied here was grown di-
rectly on a sapphire substrate and has an average thickness
of 2.5 nm, corresponding to N = 8 to 9 hBN layers. For such
N, the rigid-plane shear phonons are expected at frequencies
below the bulk shear mode at 54 cm™! [17, 19]. A temporally
and spectrally resolved pump-probe approach with femtosec-
ond mid-infrared pulses is employed to map nonequilibrium
phonon dynamics. As depicted schematically in Fig. 1(b) (in-
set), the s-polarized (TE) pump and probe pulses were re-
flected from a gold-coated prism and hit the sample under
slightly different angles of incidence. The probe beam re-
flected from the sample passed the second facet of the prism,
was spectrally dispersed in a monochromator, and detected
with a 64-element HgCdTe detector array (spectral resolution
2 em™!). A reference pulse reflected from an unexcited part
of the sample was detected by a second array. Details of sam-
ple preparation, interaction geometry and mid-infrared pulse
generation are presented in the supplemental material (SM).

The linear reflectivity spectrum [Fig. 1(a)] of the hBN sam-
ple exhibits the TO phonon resonance at 1366 cm™!, in agree-
ment with an attenuated total reflection spectrum of the sam-
ple (Fig. S2 of the SM). The width of the resonance has a
value Avyo =~ 15 cm™!, which is about twice as large as values
derived from the reststrahlen band of high-quality bulk hBN.
We assign this discrepancy to structural imperfections of the
few-layer sample. A more detailed analysis of the reflectivity
spectrum is presented in the SM.

In Figs. 1(b,c), pump-probe spectra measured with pump
energies £, = 70 nJ and E, = 1.0 yJ are summarized (sym-
bols). The change of reflectivity AR/Ry is plotted as a func-
tion of probe frequency v, for the delay times given in panel
(c). From the pump fluence and the TO phonon absorp-
tion of the sample, one estimates an excitation density of
6.5 x 10! cm™ for E, = 70 nJ and 9.5 x 10*” cm ™3 for
E, = 1.0 uJ. Both numbers are much smaller than the TO
phonon density of states of approximately 5 x 10?> cm ™, as
estimated from an Einstein model. Thus, multiple excitations
to higher phonon states are negligible.

All transient spectra display a decrease of reflectivity at
high probe frequencies, corresponding to an absorption de-
crease, and an increase of reflectivity/absorption at low probe
frequencies. The spectra for E, = 70 nJ [Fig. 1(b)] are of
a dispersive shape, which is similar for all time delays and
within the TO phonon line observed in linear reflectivity [thick
solid line in panel (b)]. In contrast, the spectral envelope of the
positive and negative AR and the position of the zero crossing
change with delay time for the higher E, = 1 pJ [Fig. 1(c)].

The time resolved pump-probe traces shown in Fig. 2
were recorded at the probe frequencies marked by arrows
in Fig. 1(c). Around delay zero, the transients show a fast
modulation originating from nonlinear cross-phase modula-
tion of pump and probe pulses. All transients measured with
E, =70 nJ [Fig. 2(a)] exhibit a biphasic decay with relative
amplitudes depending on probe frequency. Such kinetics are
reproduced by fitting two instantly rising contributions with
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FIG. 1. (a) Reflecticity spectrum of the few-layer hBN sample in
the range of the TO phonon resonance at 1366 cm™! (symbols).
Dash-dotted line: experimental reflectivity spectrum of the sap-
phire substrate. Inset: Atomic elongations connected with the TO
phonon of hBN. (b) Transient reflectivity spectra (symbols) mea-
sured with a pump energy E, = 70 nJ. The change of reflectivity
AR/Ry = (R — Rp)/Ry is plotted as a function of probe frequency
for different delay times (R, Ry: reflectivity of the sample with and
without excitation). Solid lines are to guide the eye. The thick solid
line gives the inverted and scaled reflectivity spectrum from panel
(a) after subtraction of the substrate reflectivity. Inset: Pump-probe
geometry applied in the experiments. (c) Same as (b) for a pump en-
ergy E, = 1.0 pJ. The arrows mark the probe frequencies at which
the transients in Fig. 2 were recorded.

decay times of 1.2+0.3 ps and 22+ 5 ps to the data points
[solid lines in Figs. 2(a), (b)]. The long decay time was val-
idated by data extending to delay times of 60 ps (see SM).
The transients recorded with E, = 1 uJ reveal a more com-
plex kinetic behavior. The decays observed at v, = 1342 and
1366 cm~! follow biexponential decays with time constants
close to the data for £, = 70 nJ. In contrast, the reflectivity
changes at v, = 1349 and 1357 cm~! are not accounted for
by rate-like kinetics. This fact reflects the reshaping of the
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FIG. 2. (a) Time resolved pump-probe traces recorded at fixed probe
frequencies v, [cf. arrows in Fig. 1(c)] with a pump energy E, =
70 nJ (symbols). The change of reflectivity AR/Ry is plotted as a
function of pump-probe delay. The solid lines are numerical fits to
the data and represent biexponential decays with time constants of
1.2 ps and 22 ps. (b) Same for £, = 1.0 uJ.

pump-probe spectra [cf. Fig. 1(c)] and the frequency shift of
the zero crossing with delay time.

Experiments with pump pulses of a reduced bandwidth Av,,
give additional insight in the nonlinear phonon response. The
pump energy E, was adjusted to implement a similar exci-
tation level for Av, = 20, 32, 54, and 200 cm™! (FWHM).
Pump-probe spectra for a delay time tp = 3 ps after the fast
signal decay [Fig. 3(a)] display identical envelopes for the
different Av,. The time evolution of reflectivity changes
at a fixed probe frequency (not shown) is independent from
Av, as well. In Fig. 3(b), the frequency positions of the
positive and negative peaks in the spectra for 1p = 3 ps are
plotted vs Av,. Figure 3(c) shows the frequency position
of the positive peak (solid symbols) and the first moment
M = ([vg(v)dv)/ [g(v)dv of the redshifted positive com-
ponent g(v) of the pump-probe spectra as a function of E,
(open symbols). Both quantities exhibit a redshift increasing
roughly linearly with E,.

We now discuss the mechanisms behind the ultrafast non-
linear phonon response with the support of first principles
evaluations [23-25] of phonon lifetimes, anharmonic fre-
quency shifts and inter-phonon anharmonic couplings [26, 32,
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FIG. 3. Pump-probe spectra at a delay tp = 3 ps recorded with pump
bandwidths Av,,. The spectra are normalized to the maximum posi-
tive AR/Ry. The pump energy was E,, =400 nJ for Av,, =200 em™ !,
For a reduced Av,, E, was adjusted to make the amount of absorbed
pump energy identical to the data for E,, = 400 nJ. (b) Frequency
positions of the maximum negative (1) and positive (2) reflectivity
changes as a function of Av,,. (c) Peak position and first moment of
the positive reflectivity change as a function of E,, for excitation with
Av, =200 cm~! (d) Schematic of the anharmonic TO phonon po-
tential along the coordinate g7 with optical transitions relevant for
excitation (blue arrow) and probing (red arrows). (e¢) Anharmonic TO
phonon potential along g7 and vibrational levels of low-frequency
shear modes i with a Raman excitation process (blue arrows). The
TO phonon and shear modes are anharmonically coupled via V.

33]. The theoretical methods are accounted for in the SM. We
recall that the TO phonon potential energy surface shows a
small anharmonicity along the g7 coordinate of 5 cm~ ! [13].
As schematically shown in Fig. 3(d), this anharmonicity leads
to a redshift of the v =1 to 2 compared to the fundamental
v =0to 1 transition. Resonant excitation by the pump pulses
[blue arrow in Fig. 3(d)] results in a population decrease in the
v = 0 and an increase in the v = 1 TO phonon state. Concomi-
tantly, the absorption/reflectivity on the v =0 to 1 transition
decreases, due to depopulation of the v = 0 state and stimu-
lated emission from the v = 1 state. In parallel, a redshifted
absorption/reflectivity increase arises on the v = 1 to 2 tran-
sition. The probe pulse [red arrows in Fig. 3(d)] maps such



changes.

The dispersive shape of the transient spectra in Figs. 1(b,c)
is in line with this picture. For a pump energy E, = 70 nJ, all
reflectivity changes occur within the steady-state TO phonon
peak [thick solid line in Fig. 1(b)], reflecting the small diago-
nal anharmonicity. The time resolved transients in Fig. 2(a)
display a first decay time of 1.2 ps, which we assign to
the population decay of the v = 1 state of the TO phonon.
The 1.2-ps decay measured here directly supports indirect
lifetime estimates from vibrational linewidths [5, 18]. For
E, =1 puJ, one observes a similar 1.2-ps decay at v,,, = 1342
and 1366 cm™!.

Relaxation of the v =1 TO phonon population is connected
with a population transfer to anharmonically coupled phonons
at lower frequency [14,15,18]. The theoretical calculations of
Ref. 18 suggest a predominant 4-phonon decay channel, in-
voking the zone-center A, phonon at 820 cm~! and ZO/ZA
phonons at the M, K points of the Brillouin zone with frequen-
cies around 300 cm~!. A relaxation scheme and more detailed
discussion based on our calculations is presented in the SM.
The calculated TO-phonon lifetimes of 1 ps [18] and 1.78 ps
(SM) are close to the experimental value of 1.2 ps.

The pump-probe spectra (Fig. 1) display a redshift of the
fundamental (v =0 to 1) TO phonon absorption even after the
decay of the TO v = 1 population, i.e., with the TO phonons
in their v = O state. The non-exponential time-resolved tran-
sients measured with £, = 1 uJ at v, = 1349 and 1357 cm™!
[Fig. 2(b)] demonstrate the onset of this redshift at early de-
lays during the decay of the v = 1 state, and, together with all
other transients in Fig. 2, their decay with a time constant of
22 ps. The redshift of the TO phonon transition is due to the
intermode anharmonic coupling to a subset of low-frequency
phonons excited by the pump pulse. As sketched in Fig. 3(e), a
Raman process which is resonantly enhanced by the TO tran-
sition dipole, excites low-frequency Raman active phonons
qsu,i- This excitation mechanism is nonselective and gener-
ates excess populations of all Raman-active modes within the
pump bandwidth. The nonequilibrium populations of low-
frequency modes redshift the TO phonon transition via the
anharmonic coupling V,,;;,. The redshift at a delay 7p = 3 ps
after the TO phonon decay scales with the pump energy E),
[Fig. 3(c)], i.e., the generated excess population, and decays
with a time constant of 22 ps by population relaxation of the
low-frequency phonon states.

The experiments with reduced pump bandwidth Av,
(Fig. 3) show that the redshift at p = 3 ps scales with E,, but
not with Av,. The data for Av, =20 cm~' (FWHM), how-
ever, set an upper limit of 30-40 cm~! for the frequency of
the phonons inducing the redshift. While optically accessi-
ble phonons below 50 cm~! are absent in bulk hBN, a sub-
set of Raman active interlayer shear modes i and 1-2 com-
pression modes of few-layer hBN shows sub-40 cm™! fre-
quencies [cf. SM, [17]]. The observed TO redshift is as-
signed to a coupling with such low-frequency phonons in
which nonequilibrium populations are generated by the Ra-
man pump mechanism. Independent evidence for the exis-

tence of low-frequency shear and compression modes comes
from the Raman spectra of Ref. 19, displaying a broad low-
frequency phonon signal superimposed by a sharp line due to
the strongest Raman line at the highest shear-mode frequency
[34].

This picture relies on the concept that due to optical se-
lection rule the pump pulse excites only phonons with zero
wavevector, i.e., in an infinitesimally small volume in the Bril-
louin zone (BZ). If we indicate the phonon population as n(q),
where q is the wavevector, immediately after the pump exci-
tation we have n(q) = no(q) +Ad(q) where no(Q) is the ther-
mal (T = 300 K) population and § is the Dirac distribution
[35]. Such a distribution does not alter the phonon lifetimes,
which are determined by the population distribution over all
the BZ (and not by what happens only at q = 0). However,
it can induce a frequency shift of the TO mode through an-
harmonic coupling with the low-energy shear modes at the
BZ center. Interestingly, in bulk hBN the TO and the low-
energy shear modes are weakly coupled, with a predominant
contribution of 4-phonon processes and a coupling term of
the order of —0.02 cm~!. With this weak coupling in order
to experimentally observe a TO shift Avyp = 10 cm™!, we
should assume A ~ Avyo/(0.02 cm™!) ~ 500. For the bulk
Esy = 6.7 meV, this value of A corresponds to an effective
energy per unit cell of ~ 1 eV to be provided by the pump
pulse, a value prohibitively high under the present experimen-
tal conditions.

On the contrary, the generation of a TO shift Avyp = 10
cm™! becomes possible when passing from bulk to few-layer
hBN. Our calculations show that the coupling term displays
a strong dispersion along the z-axis and increases up to two
orders of magnitude. For a maximum shear-mode frequency
of 30 cm ™! (cf. Fig. 3), such strong coupling shrinks the exci-
tation energy required per unit cell to roughly 20 meV, well in
the range of the experiment. Our picture is further supported
by the calculated lifetime of the low-energy shear modes of
Tsy = 25.81 ps, close to the experimental decay time of 22 ps.
The large difference between Tsy and the 1.2-ps TO phonon
lifetime assures, as experimentally observed, that the TO non-
linear signal decreases while the redshift remains the same
during the TO decay time.

In conclusion, the ultrafast nonlinear phonon response of
few-layer hexagonal boron nitride reveals a TO phonon life-
time of 1.2 ps and a 22-ps decay time of low-frequency
phonons. Nonequilibrium populations of rigid-plane shear
modes below 30 cm~! induce a transient redshift of the TO
phonon resonance, a direct manifestation of the anharmonic
coupling between the TO-intralayer and interlayer degrees of
freedom. This coupling is highly relevant for future exten-
sions of phonon polaritonics into the nonlinear regime.
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