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ABSTRACT: Transient tuning of material properties by light usually requires intense
laser fields in the nonlinear excitation regime. Here, we report ultrafast ferroelectric
ordering on the surface of a paraelectric topological semimetal 1T’-MoTe, in the linear
excitation regime, with the order parameter directly proportional to the excitation
intensity. The ferroelectric ordering, driven by a transient electric field created by electrons
trapped dngstroms away from the surface in the image potential state (IPS), is evidenced in
two-photon photoemission spectroscopy showing the energy relaxation rate proportional
to IPS electron density, but with negligible change in the free-electron-like parallel

dispersion. First-principles calculations reveal an improper ferroelectric ordering associated
with an anharmonic interlayer shearing mode. Our findings demonstrate an ultrafast charge-based pathway for creating transient

polarization orders.

KEYWORDS: ultrafast ferroelectricity, image potential states, 2D materials, TMD

N onequilibrium states of matter offer unprecedented
insights into structure—property relationships hidden
from the ground state. Prominent examples include transient
ferroelectricity,' * superconductivity,”® and charge density
waves,” all formed under intense laser fields. Here, we focus on
transient ferroelectric polarization. Light-induced transient
ferroelectric ordering has been demonstrated in bulk SrTiO;
with terahertz or mid-IR pulse excitations, but only in the
strongly nonlinear excitation region.' ™ In these examples, the
intense laser fields are needed to transiently drive the
transverse optical (TO) soft phonon mode with sufficient
ionic displacements to the symmetry-breaking ferroelectric
phase from the nominally inversion-symmetric phase.”” The
advent of van der Waals layered ferroelectric semimetals'>""
opens up a new pathway for the creation and control of two-
dimensional (2D) ferroelectricity, while spontaneous polar-
ization usually vanishes for bulk semimetals or metals due to
strong depolarization.'”” The unique 2D property in the
distorted phases of transition metal dichalcogenides has been
attributed to an improper ferroelectric mechanism,"* which is
distinct from conventional soft-mode driven process. Instead of
screening the electrical polarizations, itinerant electrons in
these 2D semimetals give rise to uncompensated charge
distributions associated with an interlayer shearing mode that
drives the structural phase transition,'* leading to spontaneous
surface-normal polarizations.

Transient changes of lattice symmetry in such atomically
thin two-dimensional (2D) ferroelectric semimetals, and thus
the suppression of ferroelectric polarizations, has been realized
in T4+-WTe, and T4-MoTe, on subpicosecond scales via the
excitation of phase-determining interlayer shearing mode by
intense visible to THz pulses.">™"” Ultrafast symmetry
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switching in centrosymmetric 1T’-MoTe, has also been
achieved via excitation of the interlayer shearing mode.'®
Besides promising applications in ultrafast switching,'~" the
corresponding inversion symmetry breaking in these materials
also splits their degenerate Dirac fermions into paired
topologically protected Weyl fermions of opposite chiral-
ity.””** They are effectively separated monopoles of Berry
curvatures that cause exotic physics such as axial magneto-
electric coupling””® and chiral anomaly,”” which can be
precisely controlled via tuning of their lattice symmetry and
thus the ferroelectric polarizations.'” Here, we report a new
pathway to transient ferroelectric ordering of electric polar-
izations on the surface of the paraelectric semimetal 1T’-
MoTe, (Figure la, and see Supporting Information for
detailed discussion of crystal phases) at room temperature:
electrons trapped by the image potential create a surface-
normal electric field on the femtosecond time scale and
transiently induce mesoscopic sheet-like polarization, with the
order parameter scaling linearly with laser field intensity.
Image potential states, Figure 1b, are a series of Rydberg
states/resonances formed in the Coulomb potential between a
transiently excited electron (blue sphere) on the surface of the
material and its image charge (red sphere).”*™*° The electron
is confined by the IP in the surface normal direction, but it is
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Figure 1. Image potential state on 1T"-MoTe,. (a) Crystal structures of layered 1T°-MoTe, in the a—c and a—b plane; purple and green spheres are
Mo and Te atoms, respectively. (b) Upper: Schematic of the IPS formation. An excited electron (blue sphere) is transiently trapped a few
dngstroms away from the material surface by the image potential as represented by a fictitious hole (red sphere). Lower: tr-2PPE experiment, where
a UV pulse (hv,) promotes an electron from the Fermi sea to the IPS (dark and light blue curves for n = 1 and 2, respectively). The temporal
dynamics is established by the probe pulse (hv,) which ionizes the IPS electron detection with energy and parallel momentum resolution after a
controlled time delay. (c) Calculated band structure (referenced to the Fermi level) of a MoTe, monolayer, with contributions from Mo and Te
atoms denoted by green and purple colors. The lowest two IP states are indicated by the black arrows. (d) Pesudo-color plot of angle (parallel
momentum, k;) resolved 2PPE spectra of the n = 1 IPS at At = 0 fs and T = 294 K, with pump and probe hv = 4.59 and 1.54 €V, respectively. The
hollow circles mark the Lorentzian fitted IP peak positions, giving m,; = 0.9 + 0.1 m,, where m, is the free electron mass. Color scale indicates

photoelectron counts from low (L) to high (H).

free in the surface plane, giving rise to a series of free-electron-
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where n = 1, 2, ... is the quantum number of the IPS, 7 is the
reduced Planck’s constant, k| is the parallel momentum vector,
and m, is the electron effective mass, usually the same as the
free electron mass, m,. f = (¢ — 1)/(& + 1), wherw € is the
relative permittivity of the material; a is the so-called quantum
defect and accounts for the coupling of the IPS to bulk states at
the material/vacuum interface; and E,, is the vacuum level.
Using a reported & ~ 19 in the THz region’” and assuming a =
0, we estimate E; ~ 0.69 eV below E,,, in close agreement
with the reported IPS energy on the surface of the semimetal
bismuth.>’ Density functional theory (DFT) calculation on
monolayer MoTe, also revealed the presence of the IPS
(arrows in Figure 1c) with free electron-like parallel
dispersions. Because IPS electrons are transiently trapped in
the vacuum, angstroms away from the material as seen in their
probability densities lyl* in Figure 1b, they are sensitive probes
of the surface dielectric environment, e.g., in the screening of
an IPS electron bzr molecular adsorbates in solvation or
polaron formation.> ¢

To probe the transient polarization ordering driven by the
IPS electrons, we directly measure the lowest (n = 1) IPS using
time-resolved two-photon photoemission (tr-2PPE) spectros-
copy;”’ a UV pump pulse of hv; = 4.59 eV with pulse duration
<100 fs (Figure 1b and Figure S1) excites an electron from the
Fermi level of an in situ cleaved 1T’-MoTe, to its n = 1 IPS,
with a near-IR probe pulse (<50 fs) of hv, = 1.54 eV ionizing
the IPS electron at a precisely controlled time delay (At) for
spectroscopic detection with angular (k;) resolution (see the
Supporting Information for experimental details). Figure 1d
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plots the room temperature (T = 294 K) angle-resolved 2PPE
spectra at At = 0 fs. At k;; = 0, the electron kinetic energy E; =
0.79 #+ 0.01 eV corresponds to a binding energy of E, = 0.75 +
0.01 eV, which is close to the estimated value of 0.69 eV. The
free-electron-like dispersion is marked by the hollow-circles
(center-of-mass), which gives m,;= 0.9 + 0.1 m, by a quadratic
fitting.

The IPS relaxes in energy with increasing At, as shown by
the kj-integrated tr-2PPE spectra in Figure 2a. The peak
energy (white circles) relaxes by AE ~ —50 meV for At ~ 200
fs, after which there is negligible signal, likely due to eflicient
scattering into near resonant conduction bands (see DFT band
structure in Figure 1c). Since 1T"-MoTe, is a semimetal, not a
semiconductor, the energy relaxation mechanism specific for a
semiconductor due to the surface photovoltage effect’™*”
cannot be responsible here. Also, the excitation laser pulse
energy used here is over 2 orders of magnitude lower that
required for the observation of space charge effect as reported
for photoemission from metal surfaces.*” The observed ~100
fs time scale for energy relaxation is characteristic of phonon
responses.

In conventional centrosymmetric semimetals, such as
graphene, no energy relaxation of the IP electron has been
reported,”" because there lacks an efficient phonon or phonon-
induced charge response in screening the IP electron on the
~100 fs scale. Instead, the IP energy is dominantly determined
by the electronic polarization nearly instantaneously (<10
fs)."” In the case of strongly polarizable molecular adsorbates,
polar molecular dipoles can screen an IP electron via local
reordering to form a small polaron, as reflected in the time-
dependent decreases in IP electron energy and disappearance
of dispersion.”” ™ In stark contrast to these previous reports
where image electron energy relaxation is always accompanied
by wave function localization (m,; increases on femtosecond
time scales),”>™® no change in m,q is observed with time in
the present case. This is evidenced by the rigid downward shift
of the free-electron-like dispersion from At = 50 fs (Figure 2b)
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Because ferroelectric polarizations are well established at 116
K, only an electric field that is on the order of its coercive field
can switch or realign the polarization domains. Therefore, we
conclude that the electric field from the transient IPS electrons
is insufficient to change the intrinsic ferroelectric order
originating from spontaneous symmetry breaking, thus giving
negligible change in the IP dynamics. Interestingly, however,
the IPS on the T4-MoTe, surface shows measurably higher
effective mass, m.z ~ 1.6 + 0.2 m, which we attribute to
deviation from the free electron landscape in the surface plane
due to existing domains of opposite polarizations*® that induce
lateral confinement to the IPS wave function.”’

Strong evidence for the collective screening of IPS electrons
in 1T-MoTe, comes from the pump pulse fluence (p)
dependence. Within the pump fluences (p < 3 uJ/cm?*) used
the 2PPE intensity scales linearly with p, Figure 3a, establishing
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Figure 2. Relaxation of IPS electron on 1T’- and T4MoTe,. (a)
Pseudocolor plots of kj-integrated tr-2PPE spectra as a function of
pump—probe delays (At), taken at a sample temperature of T = 294
K. White circles indicate the IP state peak positions obtained by
Lorentzian fitting. (b, c) Angle resolved 2PPE spectra showing the
free electron like dispersion of the IPS at At = 50 fs (b) and 150 fs
(c). IPS peaks positions are marked by blue circles in part b
(reproduced in part c), and black circles in part c. (d—f) IPS electron
relaxation dynamics on T4-MoTe, at 116 K. (d) k;-integrated tr-2PPE
spectra as a function of pump—probe delay; (e, f) parallel dispersions
of the IPS at At = 50 and 150 fs, respectively. IPS peaks positions are
marked by blue circles in part e (reproduced in part f), and black
circles in part f. In both parts a and d, photoelectron signal near zero
kinetic energy is assigned to secondary electrons (for At > 0 fs) and
hot electrons photoexcited by the near-IR pulse and probed by the
UV pulse (for At < 0 fs).

to At = 150 fs (Figure 2c). Therefore, instead of localized
screening as in solvation or polaron formation,™ *® the
polarization field which screens the IPS electrons on the
paraelectric 1T’-MoTe, surface is in the surface normal
direction only and not in the 2D surface plane. Thus, we call
this kind of collective and 2D sheet-like dielectric response
ferroelectric ordering, where the polarization order originates
from the directional redistribution of fluctuating charge
distributions associated with an anharmonic phonon mode,
as detailed in DFT calculations below. We note that, unlike
conventional ferroelectricity which reverses under certain
coercive field, the occupation of the IPS creates a transient
normal electric field only in one direction, and the symmetry of
1T-MoTe, dictates that the ferroelectric ordering on the
surface should be reversible if the IP electric field is reversed, as
we show below in DFT calculations, although the electric field
from the IP electrons cannot be reversed experimentally.”* The
terroelectric ordering on the surface of 1T’-MoTe, by IPS
electrons resembles the ferroelectric polarons proposed for
charge carrier screening in lead halide perovskites.*"*
Consistent with the interpretation of transient ferroelectric
ordering on the paraelectric 1T-MoTe, surface, we show
negligible screening in response to IPS occupation on the
surface of the ferroelectric T4-MoTe, at T = 116 K; the
structural phase transition from 1T’ to T4 phase occurs at
~250 K.*® There is no measurable energy relaxation of the IPS
within its lifetime, Figure 2d, and the dispersions at At = 50 fs
(Figure 2e) and 150 fs (Figure 2f) are superimposable.
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Figure 3. Fluence-dependent IP state dynamics. (a) 2PPE intensity as
a function of pump fluence (open circles) at room temperature. The
solid line is a linear fit. (b) IPS energy as a function of pump—probe
delay for three selected excitation fluences (0.9, 2.1, 2.7 uJ/cm?). The
solid lines are linear fits to the data. (c) IPS energy relaxation rate
(triangles) as a function of laser pump fluence. The solid line is a
linear fit.

the single particle nature of excitation. In this linear and low
excitation region, the energy relaxation dynamics of each
excited single particle should be independent of p, as is the
case in all previous reports on IPS electron energy relaxation
due to polaron formation or solvation.**™*° In contrast, we find
that the IPS electron energy relaxation rate strongly depends
on the pump fluence, as shown by the extracted IPS peak
positions at selected excitation densities in Figure 3b. The
energy relaxation rate (I'), obtained from linear fits to the data
in Figure 3b, depends linearly on p, Figure 3c. This result
supports the collective nature of the screening mechanism, i.e.,
transient ferroelectric ordering. The order parameter is given
by the collective polarization, P, which is directly proportional
to the transient electric field, Epg, in the linear response region.
Moreover, E;ps, determined from the population of the IPS,
linearly scales with the electron excitation density in a simple
capacitor model. The magnitude of the transient polarization
orders can be directly tuned via photoexcitation densities. The
maximum effective electric field associated with the IP electron
is estimated to be E.g ~ 7 mV-A™! based on a capacitor model
(Supporting Information),”® with the excitation density of
~3.6 X 10" cm™ at an UV pump pulse fluence of 2.7 yJ/cm?
used in Figure 2a—c. Note that the field estimated from IP
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polarization is of the same order as the spontaneous
polarization density of Tq-MoTe,.”

To understand how transiently induced ferroelectric order-
ing collectively screens electrons in the IPS, we carry out DFT
calculations for 1T’-MoTe, subjected to an effective surface-
normal electric field E, associated with the population of IPS
(see Supporting Information for details). We plot in Figure 4a

a
= 10
o
E 05
2
E 0.0
—=-05
>
[
o -1.0
[
s
Cc
20
>
“E’ 1.5
210
3 zerofield1
5mV-A"
405 0 10mv-A"
g 2 0 O 20 mV:
0.0 | e 1 sl -15 [T R T B
-40 20 0 20 40 -20-10 0 10 20
Q (pm) Q (pm)

Figure 4. Calculated polarization response of 1T’-MoTe, to transient
electric field from IPS electrons. (A) Total energy per unit cell along
the bulk 1T to T4-phase transition in the presence of an effective
normal electric field (0—100 mV-A™"). (B) Net differential charge
distribution (yellow, positive; blue, negative) due to the interlayer
shearing mode, showing the charge redistribution when the system is
subjected to E,; = 20 mV-A~! from that at zero field. The red arrows
on the lattice indicate the interlayer shearing mode. (C) Free energy
surfaces associated with the anharmonic A;; mode in bilayer MoTe,,
in the presence of increasing effective electric field. The inset shows
the enlarged view of the flat bottom, and the magnitude of the energy
surface the tilting. (D) Relaxation of IPS energy with respect to Ej for
selected E,; = 0—20 mV-A~%

the total energy per unit cell along the paraelectric (1T”) to
ferroelectric (T,) phase transition pathway for MoTe, for
selected E. Increasing E, favors the downward-polarized T4
over the 1T phase, suggesting that the IP electron can
preferably modify the materials potential energy. Without loss
of generality, we model the lattice screening of IPS electrons,
ie, Eyy by the induced polarizations in the thinnest MoTe,
structure possessing surface normal polarizations, i.e., a bilayer
(see Supporting Information for details); a similar collective
response is expected for thicker crystals. We focus on analyzing
the responses of the anharmonic phonon modes to the
presence of E; because harmonic phonon modes respond
little to applied E,. Among the modes contributing to the
polarization response in screening the field, we find that the
mode at 11 cm™" plays dominant role in IPS energy relaxation
(Figure S3d). This mode corresponds to the interlayer shear
motion along the b-axis (arrows in Figure 4b) and is known to
govern the surface normal polarizations and the ferroelectric
phase transition in bulk crystals."*"'® In the employed bilayer
model, however, such a shearing mode only affects the
magnitude of the pre-existing surface-normal polarization
without leading to a phase transition into Ty phase.
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The calculated potential energy surface along this shear
mode coordinate (Q), Figure 4c, reveals the double well
character representing up and down surface polarizations, and
this double well is titled to the polarized configuration in
response to the normal electric field up to a nearly saturation
field of ~20 mV-A~". However, the magnitude of the energy
stabilization (Figure 4c inset) is ~10* smaller than the
experimentally observed energy relaxation of the IPS. This is
understood from the semimetallic MoTe, being an improper
ferroelectric'™'**” and the electron density redistribution
associated with displacement in Q of the shear mode is
expected to dominate the polarization response. This is
confirmed in Figure 4b, which shows the differential charge
distribution solely resulting from lattice distortion for the
preferred downward polarization, before and after the
application of E, = 20 mV-A™!. The interlayer shearing
mode thus induces an out-of-plane charge redistribution, with
positive (green) charge concentrating on the top surface where
IPS electrons reside and negative charge (blue) on the bottom
surface. Note that an effective IP field-reversal can be
considered by analyzing the redistributed charge from the
bottom layer, thus giving rise to an opposite polarization
compared to the top layer. The induced polarization occurs
faster than the associated vibrational period as E, may stabilize
pre-existing charge fluctuations and the collective motion
involved is only a fraction of the vibrational period. Therefore,
despite the pure ionic displacement due to the shear mode
contributing negligibly to screening the IPS, the associated
charge redistribution, which determines the improper
ferroelectricity in MoTe,, amplifies the screening effect by
~10%, shifting the IP state energy by ~15 meV (Figure 4d), as
well as the local vacuum level,”” schematically shown in Figure
S4. Such large electronic polarization associated with a small
lattice, unlike conventional displacive ferroelectrics described
in Landau theory,” is unique to the MoTe,/WTe, systems.
This collective screening response to the presence of an
external electric field is nearly identical with the improper
ferroelectric mechanism in MoTe,,"”'*** and thus we call this
response ferroelectric ordering. Charge-induced lattice motion
has been reported in 1T"-MoTe, where an excited electron in
the bulk initiates the anharmonic low frequency shearing mode
as observed in transient reflectivity changes.'® Our experiment
determines the transient surface ferroelectric polarization,
which may be attributed to the response of this phonon
mode to transient electric field.

We note that the calculated IP energy relaxation due to the
shear mode is smaller than that observed in tr-2PPE
experiments. This can be understood by two factors: (1)
There is an underestimation of the energy barrier and
polarization energy of ferroelectric MoTe, by the approx-
imations in DFT calculations which may lead to under-
estimation of the magnitude of the screening field."”* (2) A
number of other anharmonic phonon modes also respond to
Eyand contribute to the total polarization response. Note that
the calculation above explores the electric field in one
direction, and the symmetry of the system dictates that the
polarization response is reversed when the applied electric field
is reversed.

The findings presented above demonstrate a new pathway
for transient ferroelectric ordering of sheet-like surface
polarization fields by IPS electrons on 10* fs time scale and
with the order parameter (polarization) scaling linearly with
pump pulse fluence. Moreover, such ferroelectric ordering is a
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direct consequence of a novel form of dielectric screening, with
its geometry resembling ferroelectric large polaron screen-
ing"** proposed to account for the remarkable charge carrier
screening and optoelectronic properties of lead halide
perovskites. Finally, because the electronic band structure
topology of MoTe, at the Fermi level is sensitive to the
material inversion symmetry, the effective surface electric field
of IPS electrons, which can transiently modify the local lattice
and electronic polarizations, may serve to control the nontrivial
electronic band topology, such as Lifshitz transition,”’ Weyl
point separation,ls’52 and magnetoelectric gyrotropic re-
sponse,”” as well as inducing magnetic monopoles and
fractional anion excitations for quantum cornputations.25 via
coupling to axial current between Weyl nodes™ on ultrafast
time scales.
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