Photoinduced suppression of the ferroelectric instability in PbTe
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The interactions between electrons and phonons
drive a large array of technologically relevant ma-
terial properties including ferroelectricity, ther-
moelectricity, and phase-change behaviour. In the
case of many group IV-VI, V, and related materials,
these interactions are strong and the materials
exist near electronic and structural phase transi-
tions. Their close proximity to phase instability
produces a fragile balance among the various
propertiest%. The prototypical example is PbTe
whose incipient ferroelectric behaviours¢ has
been associated with large phonon anharmonicity
and thermoelectricity. Experimental measure-
ments’1? on PbTe reveal anomalous lattice dy-
namics, especially in the soft transverse optical
phonon branch. This has been interpreted in
terms of both giant anharmonicity?.11-14 and local
symmetry breaking due to off-centering of the Pb
ions89 The observed anomalies have prompted
renewed theoretical and computational interest!!-
20, which has in turn revived focus on the extent
that electron - phonon interactions drive lattice
instabilities in PbTe and related materials. Here,
we use Fourier-transform inelastic x-ray scatter-
ing (FT-1XS)2122 to show that photo-injection of
free carriers stabilizes the paraelectric state. With
support from constrained density functional theo-
ry (CDFT) calculations?3, we find that photoexcita-
tion weakens the long-range forces along the cubic
direction tied to resonant bonding and incipient
ferroelectricity2?. This demonstrates the im-
portance of electronic states near the band edges
in determining the equilibrium structurez-424,

The incipient ferroelectric behavior of the IV-VI
compounds is strongly sensitive to carrier concentra-
tion%5. This implies that the coupling of electronic
states near the band edge with the soft phonon branch
plays a defining role in the equilibrium structure. In
order to gain further insight into these interactions,
we use ultrafast infrared excitation across the direct
band-gap to transiently affect the carrier concentra-
tion at fixed lattice spacing. This modifies the band-
population that in turn affects the phonon frequencies,
while mixing the transverse acoustic and optical
branches. We measure the lattice vibrational response
of the transient photo-excited state through Fourier-
transform inelastic X-ray scattering (FT-1XS)2.22, FT-
IXS is a new time and momentum resolved pump-
probe based method for obtaining lattice dynamics.
Here absorption of the pump pulse produces correlat-
ed pairs of phonons with equal and opposite momenta
that are probed by femtosecond x-ray diffuse scatter-
ing. The femtosecond x-ray diffuse scattering intensity
is proportional to snapshots of these phonon-phonon
correlations as a function of momentum transfer. The
amplitude of the oscillatory component is directly re-
lated to the strength of the interaction of the phonons
with the photo-excited electron density and thus pro-
vides unique information about the nature of the fer-
roelectric instability.

The experiment was performed at the XPP instru-
ment at the Linac Coherent Light Source (LCLS)2¢ free-
electron laser. We excite ~2 x 1020 cm-3 carriers per L-
valley (~0.5% valence excitation) across the direct
band gap of n-type PbTe with 60 fs infrared (IR) pump
pulses with central wavelength of 2 um (see Methods).
Subsequently, we track the x-ray diffuse scattering as a



function of time delay t between the IR pump and x-
ray probe pulses. Figure 1 shows the time-domain da-
ta extracted from relative differential changes in the x-
ray diffuse scattering intensities, 81(t;Q)/Io(Q) along
approximately the A direction (T to X), or q = (0 -qy 0).
Here 1o(Q) represents the diffuse scattering at momen-
tum transfer Q = G+q when the pump arrives after the
x-ray probe. From top to bottom the data in Fig. 1la
span from near zone-center to zone edge in the G = (-1
1 3) Brillouin zone (BZ) and in Fig. 1c from near zone
center to approximately half the distance to zone edge
in the G = (-2 0 4) BZ. All momenta/wavevectors are
given in reciprocal lattice units (rlu) for the conven-
tional face-centered cubic Bravais lattice (and thus
conventional body-centered cubic reciprocal lattice).
In our experimental geometry, the diffuse scattering
along A is sensitive primarily to transverse phonons
polarized along (0 0 1). The data show coherent,
damped oscillatory behavior consisting of multiple
frequencies that disperse with increasing reduced
wavevector q on top of a picosecond-scale overall de-
cay.

In Figures 1b and 1d, we plot the Fourier transform
of the time-domain data for the (-1 1 3) and (-2 0 4)
zones as a function of |gqy| (on a logarithmic color
scale). Several dispersive features are immediately
apparent in the spectra on top of a broadband and rel-
atively featureless signal originating from the overall
decay of differential diffuse scattering over time. The
dispersive features in Figure 1b match the first trans-
verse acoustic overtone (2TA) and transverse optical
and acoustic combination modes (TO+TA), extracted
from the INS data in Cochran?? (overlaid in red). The
overtone is due to phonon-phonon correlations be-
tween modes at +q and -q within the same branch??,
while the combination modes originate from correla-
tions between different branches. These mixed terms
were not observed in previous FT-IXS measurements
[ref. 21, 22] but are expected in general where photex-
citation differentially changes various elements of the
dynamical matrix. The absence of a signal at 2TO is
likely due to its expected short lifetime (half of the
already short TO) leading to a broad frequency signal
that is below our detection limit. The predominance of
the combination modes indicates that photoexcitation
couples the TO and TA eigenvectors in the nonequilib-
rium state and does not just renormalize the phonon
frequencies, as would results from a simple scaling of
the dynamical matrix. This is consistent with a picture
where photoexcitation primarily affects the long-range
interactions that have been linked to the ferroelectric
instability through resonant bonding?0. As shown be-
low, our constrained density functional theory calcula-
tions support this picture.

In the (-2 0 4) BZ, the sensitivity to optical phonons
is low and we therefore only expect to see overtones
of the acoustic modes, consistent with the results
shown in Figure 1d. Here, we attribute the dispersion

to 2TA. The deviation from the neutron results (red
line) is likely due to small deviations from the A-line
for this zone in our geometry (see Methods).

To simulate the effects of the pump pulse, we per-
form constrained density functional theory (CDFT)
calculations in which 1% of valence electrons are sud-
denly promoted into the conduction band (see Meth-
ods). In Figure 2a, we juxtapose the results for the ex-
cited state dispersion from our CDFT calculations for
the overtone and combination modes along A in the (-
1 1 3) BZ (orange traces) with the background-
subtracted FT-IXS data from Fig. 1b. The dispersion of
the electronically unexcited state is obtained from DFT
(red traces) is also displayed for reference. The exper-
imental data qualitatively matches the CDFT traces,
reflecting the closeness of the model in depicting the
effects of ultrafast photoexcitation on the material. To
further emphasize the correspondence, we use the
excited state force constants to derive the resultant
dynamics of the phonon squared displacements due to
a sudden photoexcitation of carriers, and extract the
FT-IXS spectrum as shown in Figure 2b (on the same
color scale). As with Fig. 2a, we overlay the overtone
and combination mode dispersions from CDFT and
DFT for comparison. It is clear from comparing Figs.
2a and 2b that the simulated spectrum captures the
general features of the experimental results closely.

Figure 2c shows a time-domain comparison be-
tween experimental (black lines) and calculated (or-
ange lines) dynamics at select coordinates along A in
the (-1 1 3) BZ. Note that the model calculations do not
account for relaxation of the photoexcited carriers or
the heating of the lattice, which could explain the pico-
second rise seen in the data but not the model. Im-
portantly, the strong initial dip and phase of the oscil-
lation in the experimental intensity is well reproduced
by the model. In the calculations, this coincides with
substantial hardening of the TO phonon branch of up
to ~48% at I', driven by a distinctive weakening of
long-range interactions involving both 4th and 8t
nearest neighbors as illustrated in Figure 31. Here, Fig.
3a shows the calculated ground state and photoexcited
harmonic force constants as blue dots and red crosses
respectively. The differential force constants for each
nearest neighbor interaction are also conveniently
shown in Fig. 3b. Photoexcitation notably reduces the
absolute magnitudes of the 4th and 8t nearest neigh-
bor force constants. Equivalently, these particular
force constants correspond to interactions with the 2nd
and 3rd neighbors along the <100> direction in the
cubic crystal structure of PbTe. The calculations re-
produce the anomalously strong long-range interac-
tions that are expected along this direction, and at-

1 The appearance of a sizable interaction with the 8t nearest neigh-
bor can be observed in computations on 216-atom supercells. This
differs from the calculations displayed in Figure 2, which are only on
64-atom supercells. However, the phonon dispersions derived from
either supercell size show no prominent differences.



tributed to resonant bonding involving p-band valence
electrons?0. It is further observed that the experi-
mental lifetimes are comparable, but perhaps shorter
than those predicted in the simulations based on CDFT
calculations, where we used the 34 order anharmonic
interactions for the ground state.

The identifications of the two-phonon dispersion
for the transient state combined with the CDFT calcu-
lations indicate that photoexcitation of PbTe stabilizes
the paraelectric phase. The specific observation of all-
transverse combination modes along the A direction is
consistent with differential changes in the real-space
force constants, as obtained in the CDFT calculations.
Furthermore, the initial rise of the oscillation after t =
0 in the (-2 0 4) BZ (Fig. 1c) is consistent with a sud-
den softening of the TA branch frequency upon photo-
excitation. This conclusion can be drawn independent-
ly from the calculations (which show the same effect,
see Fig. 2a) since the square of the phonon displace-
ments, and thus the diffuse scattering, is inversely
proportional to the phonon frequency?!. In contrast,
the initial dip of the response in the (-1 1 3) BZ (Fig.
1a) likely originates from a hardening of the TO
branch after photoexcitation, as predicted by CDFT
calculations (see Fig. 2a). We conclude that the impul-
sive redistribution of the electronic states near the
Fermi energy is consistent with a weakening of the
long-range interactions along the <100> cubic direc-
tion found in the CDFT calculations. This stems from
photo-excitation of delocalized carriers from p-like
resonant bonding states to anti-bonding states, thus
reducing the propensity for a ferroelectric distortion24.
This immediately softens the TA branch while harden-
ing the TO branch near zone center. These frequency
shifts arise in the CDFT calculation of harmonic force
constants, independent of anharmonic effects, indicat-
ing that the soft mode behavior is a consequence of the
strong electron-phonon coupling.

Our results demonstrate the considerable role that
electronic states near the Fermi level play in the lattice
dynamics of PbTe. The experimental data is consistent
with a strong hardening of the soft TO mode frequency
following ultrafast photoexcitation that disrupts the
resonant bonds in the material. Essentially, this moves
PbTe further from its incipient ferroelectric state, sta-
bilizing the paraelectric phase. Based on this, the soft
character of the TO phonon can evidently be linked to
its coupling with the electronic states near the band
edges in the system.
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METHODS

Experimental details. The reported measurements
were performed at the X-ray pump probe (XPP) in-
strument of the Linac Coherent Light Source (LCLS) X-
ray free-electron laser (FEL) using infrared pump
pulses (60 fs, 350 pJ, 0.6 eV) generated from an optical
parametric amplifier laser and x-ray probe pulses (50
fs, 8.7 keV) with energies selected using a diamond
(111) monochromator?® leading to a bandwidth of
~0.5 eV. Both beams approached the sample at a graz-
ing incidence angle (< 5°) and the entire sample space
was contained within a He-filled chamber to minimize
background air scattering. Preliminary measurements
were also taken at the Stanford Synchrotron Radiation
Lightsource (SSRL) (X-ray only) and the Spring-8 Ang-
strom Compact Free Electron Laser (SACLA) (time-
resolved, 1.5 eV optical pump / 9 keV x-ray probe). A
large area, 2.3 Mpixel Cornell-SLAC Pixel Array Detec-
tor (CSPAD) with 110 x 110 pm? pixels and a 120 Hz
readout rate captured the resulting x-ray diffuse scat-
tering.

Diffuse scattering patterns were recorded at a repe-
tition rate of 120 Hz and filtered on a shot-by-shot
basis according to fluctuations in both the electron
beam energy and x-ray intensity. Images passing the
filter constraints were subsequently sorted into 100
fs-wide time delay bins according to the per-shot out-
put of a timing diagnostic tool accurately tracking the
relative arrival time between pump and probe2°. The
resulting images in each bin are summed and normal-
ized by the sum of x-ray intensities of the shots corre-
sponding to those images. The reported results stem
from the analysis of an average of ~10,000 shots per
time delay bin, which accounting for unused, filtered-
out shots, overhead in mechanical movement speeds,
and FEL machine downtime, is collected in a matter of
several hours in real-time.

Sets of room temperature (RT) measurements were
taken at two infrared pump fluences, differing by a
factor of approximately two. Considering uncertainties
in the incidence angle and size of the focused beam,
the estimated photoexcited carrier density of the high-
er pump fluence (the reported data) is 2 x 1020 cm-3.
Other than differences in the amplitude of the differen-
tial intensity time-domain responses linear with the



pump fluence, no notable variations are seen in a
comparison of data from the two fluences. Further-
more, the damage limit of the PbTe samples, from ex-
posure to the combined fluence of both infrared and x-
ray laser beams, was assessed at both SACLA and
LCLS. The chosen aggregate pump and probe fluence
for the measurements was thus kept below this limit.
No evidence of sample damage was observed during
the experiment.

Sample growth. Single crystals of PbTe were grown
by a modified Bridgman technique with {100} crystal-
lographic orientation at Oak Ridge National Laborato-
ry with n-type carrier concentration of 4 x 1017 cm-3.

Geometry and data extraction. We tuned the geo-
metric configuration of the experimental setup to sim-
ultaneously capture the approximate projection of the
high-symmetry A (T to X) wavevector direction on the
detector in both an all-even (-2 0 4) and an all-odd (-1
1 3) Brillouin zone (BZ), with select sensitivity to
transverse phonon polarization scattering contribu-
tions. Moreover, the approximate zone center (I') peak
of the (-1 1 3) BZ was captured by the detector in this
configuration, adjusted 1% away from the exact scat-
tering conditions to prevent damage to the detector.

We evaluate diffuse scattering intensity dynamics
along reduced wavevectors away from zone center
(towards zone edge). In order to characterize the ac-
tivity away from zone center with sufficient signal-to-
noise contrast, multiple neighboring pixels are binned
and averaged together to represent specific coordi-
nates along the subsequent reduced wavevector direc-
tions. The A direction of the (-1 1 3) BZ navigates from
q~1[0-0.10]toq~[0-10]in [0-0.05 0] steps, with
each coordinate represented by the closest (in recip-
rocal space) 50 neighboring pixels, while the A direc-
tion of the (-2 0 4) BZ moves from q ~ [0 -0.05 0] to q
~ [0 -0.425 0] in [0 -0.025 0] steps, with each coordi-
nate represented by the closest 10 neighboring pixels.
It should be noted that while the vast majority of the
distribution of qx and g, coordinate values along the A
direction of the (-1 1 3) BZ remain close to zero
throughout the entire reduced wavevector, the same
coordinate values diverge slightly traversing the A
direction of the (-2 0 4) BZ. This is due to how the de-
tector cuts the BZ in projecting it into a two-
dimensional plane. The deviation from zero for qx is ~
-0.003 rlu for each q coordinate (segment of binned
pixels) moving away from I" and for q, is ~ -0.002 rlu.
This divergence explains the mismatch with the over-
laid A direction INS data in Figure 1d.

To produce the FT-IXS dispersion plots depicting
the data simultaneously in frequency and momentum
space in Figures 1b and 1d, we perform a Fourier
transform (FT)-based analysis to translate the time-
domain data into the frequency-domain. Specifically,
we apply a Fast Fourier transform (FFT) algorithm to

the time-domain data extracted at each q coordinate of
a reduced wavevector under investigation. Prior to
employing the algorithm, additional points are padded
to each time-domain trace, effectively extending the
time delay range to artificially increase the frequency-
domain resolution for visual clarity. The padded
points in each trace take on the value of the last rec-
orded point in the experimental data. For the reported
data, 175 padded points are used for the away from
zone center A direction traces. The resulting magni-
tudes of the outputted complex Fourier coefficients
are illustrated in false coloring in both momentum and
frequency space on a base-10 logarithmic scale (FT-
IXS dispersion figures).

Constrained DFT calculations. The harmonic (2
order) and anharmonic (34 order) force constants
were calculated using the constrained density func-
tional theory (CDFT) approach described in Murray et
al?3 and DFT calculations respectively. The absorbed
photon energy was assumed to be 1.5 eV and carriers
were assumed to (separately) thermalize within the
valence and conduction bands, keeping the total carri-
er density in the conduction band fixed at 1% of the
valence electrons (1.5 x 1021 cm-3). Thus, carrier re-
combination between conduction and valence bands
was assumed to be negligible in the timescale of the
experiments. The 2nd and 3™ order force constants
were calculated from atomic forces using a real-space
finite difference supercell approach3® and the Pho-
no3py code3l. All CDFT ad DFT calculations were car-
ried out using the Abinit code3? and employing the
local density approximation and Hartwigsen-
Goedecker-Hutter norm-conserving pseudopotentials.
Forces were computed on 64 (216) atom supercells,
using an energy cut-off of 15 Ha and 4-shifted 4x4x4
(2x2x2) reciprocal space grids for electronic states.
Phonon frequencies, mode eigenvectors and phonon
decay rates were calculated for reduced wavevectors
throughout the Brillouin zoneas described in He et
alds.

The x-ray diffuse scattering signal arising from pure
phonon squeezing for reduced wave vectors q along
symmetry lines in the Brillouin zone was calculated by
taking the overlap u;_AAD_lu_qylf of the change,
AD™' = Dgter(q) — Dporore(q), in the inverse dynam-
ical matrix before and after photoexcitation with mode
eigenvectors, U, ; and u_g ; of the photoexcited sys-
tem. This determines the cross-correlation between
modes A and A’ immediately following photoexcitation,
which then gives rise to damped oscillations at the
sum and difference frequencies, wgt W_g2'» the

damping rate being the average of the damping rates
of the two modes involved. These damped oscillations
of the cross-correlation contribute to the x-ray diffuse
scattering signal for momentum transfer, Ak = q + G,
scaled by the polarization factor Ak-u,, of each



mode. Details of this method are in Fahy et al.3%.
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Figure 1 | FT-IXS spectra away from zone-center in both an all-odd and an all-even Brillouin zone. a,c, Time-
domain traces tracking relative differential x-ray diffuse scattering intensities at various q coordinates along the ap-
proximate I" to X (A) high-symmetry reduced wavevector direction in both the (-1 1 3) Brillouin zone (BZ) and the (-2
0 4) BZ respectively. Changes in the x-ray diffuse scattering intensity are instigated by an ultrafast infrared pump
pulse of central wavelength 2 um and the observed modulations stem from temporal coherences in the momentum-
dependent phonon-phonon correlations. b,d, Simultaneous frequency and momentum representations of the time-
domain data in Figs. 1a and 1c respectively, with extracted INS data from ref. 27 overlaid. Clear matches with first
overtone and combination transverse polarized phonon states are seen. Note that broadband behavior seen near
|gy|~0.2 in panel d is due to noisier statistics that arise from an average over a smaller solid angle, in comparison with
data at other q coordinates.
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Figure 2 | Comparison of (-1 1 3) BZ A direction results with constrained density functional theory (CDFT) cal-
culations. a, Background-subtracted version of the FT-IXS spectrum along the A direction in the (-1 1 3) BZ seen in
Fig. 1b with both CDFT (orange traces) and DFT (red traces) calculations overlaid for comparison. Satisfactory match-
es are found with the CDFT overtone and combination mode calculations. b, Simulated FT-IXS spectrum along the
same high-symmetry direction in the (-1 1 3) BZ using CDFT. The CDFT and DFT traces are again overlaid for compar-
ison. The spectrum qualitatively matches the experimental data in Fig. 2a. ¢, Comparison of experimental time-domain
traces (black traces) at select wavevector coordinates along A as taken from Fig. 1a with traces calculated via CDFT
(orange traces). There is a good qualitative match between experimental and model results, notably in the strong ini-
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tial dip seen at T = 0, connected to a considerable hardening of the TO branch frequencies in CDFT calculations.



4
(a) ' ?
& []
ot X
> :
Z 0 5 L . + -+
2 _—_— _———— 3 — % —— — 8 — — — %
< ° § L4 .
b7 ° :
=
o
Q
8 X ; :
Z 4t . | | -
2 3 ‘
= :
=) :
g X
=] : : —
= 9 9 e equilibrium
-8 3 3 x  photoexcited, 1% []
| | | | T
2nd 4th 6th 8th 10th
: Nearest neighbor :
0.5 3 3
_ lm ?
<t % ‘
= * : :
5 0————&———%——}———?——— —— ———%—— ——*———*—
s i ¥ * * i *
Z £ s ‘
S * | |
o 051 : * 7]
2 : :
S * §
b :
a *
_1 5 | X | 1 |
2nd 4th 6th 8th 10th

Nearest neighbor

Figure 3 | Comparison of calculated harmonic interatomic force constants for PbTe at equilibrium (using DFT)
and under 1% photoexcitation (using CDFT). a, Nonzero harmonic interatomic force constants (IFCs) calculated
for both equilibrium (blue dots) and 1% photoexcited PbTe (red crosses) on 216-atom supercells. The IFCs for the
first eleven nearest neighboring atoms are displayed. Particularly large IFCs are observed between 1st, 4th, and 8th
nearest neighbors, which correspond to interactions along the <100> cubic direction responsible for PbTe’s incipient
ferroelectricity. The absolute values of these large IFCs notably decrease with photoexcitation, driving PbTe further
away from the ferroelectric phase. b, Differences between the absolute values of the equilibrium and photoexcited
IFCs in Fig. 3a. Notably large differences in the IFCs are seen for the 4th and 8t nearest neighbors.



