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Complexity at simple interfaces: Dynamically generated deep trap states at the
noble-metal/alkali-halide interface
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The trapping of delocalized electrons at ultrathin layers of NaCl on Ag(100) is investigated in real time using
two-photon photoemission. Above 79 K, electrons localize to deep trap states assigned to low-coordinated sites
on the NaCl surface. Below 79 K, these low-coordinated trap states serve as precursors for a new deep trap
state at increased binding energies. The observation that the emerging trap state requires a localized precursor
state suggests that a dynamic polarization of the NaCl lattice may be required for its formation. This behavior is
consistent with the expectations for the formation of a interfacial (electron) small polaron which is theoretically
unstable in bulk NaCl. The alkali-halide/noble-metal interface shows the sequential population of multiple
metastable deep trap states in two dimensions in real time.
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I. INTRODUCTION

The design of molecular and nanoelectronic devices, such as
transistors, memory storage, sensors, and molecular switches,
requires that the active components and electrode are con-
nected by tunneling barriers, necessitating the need for thin
layer dielectrics on the nanometer scale [1]. Ultrathin layers
of alkali halides have been actively studied due their strong
ability to decouple molecular properties from metal electrodes.
This decoupling property has been demonstrated in a variety of
systems. Deposition of molecules and atoms on bilayer NaCl
insulating films has allowed scanning probe measurements of
neutral and metastable anionic and cationic Au states [2,3], the
isomerization of azobenzene [4], the tautomerization of naph-
thalocyanine [5], and the imaging of molecular orbitals [6,7].

As the length scale of future electronics is reduced to
the nanoregime, electron transport across the tunneling
barrier will be dominated by single electron effects [1],
and carrier localization will lead to charging effects in
electron transport [8]. Therefore, the identification and
characterization of trap states present at the dielectric interface
becomes increasingly important.

The excited-state dynamics of NaCl/Ag(100) are investi-
gated using angle- and time-resolved two-photon photoemis-
sion (TPPE). TPPE is an ultrafast pump-probe technique that
measures photoemitted electrons as a function of time, energy,
and momentum [Fig. 1(b), the inset]. This study builds upon
our previous publication on NaCl/Ag(100) where the initial
excited states observed were the delocalized image potential
states (IPS) of the NaCl/Ag(100) interface [9]. Image potential
states are a well-known class of surface states and arise from a
free electron in the vacuum inducing an attractive polarization
of charges in the sample [10,11]. In our paper, the initially
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delocalized electrons were observed to undergo localization
by trapping at defect sites on the NaCl surface. Presently, we
identify a new trap state emerging at low temperatures and
characterize the time scales and energetics of the cascade of
electron localization through multiple trap states. The NaCl-
noble-metal interface is the first to show electron migration
between multiple distinct metastable deep trap states at two-
dimensional (2D) interfaces in real time. The possibility that
the emerging trap state observed at low temperatures is a small
polaron formed via trap state intermediates is discussed.

II. EXPERIMENTAL

All experiments were performed in an ultrahigh vacuum
(UHV) chamber with a base pressure of �5 × 10−10 torr.
The Ag(100) surface was cleaned by standard Ar+ sputtering
for 20 min at 500 K and annealing for 60 min at 700 K for
all experiments. Three monolayer equivalents (MLEs) of
high-purity (99.999%-purity) anhydrous NaCl were degassed
and dosed from a commercial Knudsen cell setup with the Ag
substrate held at a temperature of 400 K to induce large island
growth of NaCl [12] at a rate of ∼0.3 MLE/min as described
previously [9]. Supporting data of NaCl on Cu(111) are also
provided. The Cu(111) substrate was held at 400 K during
NaCl deposition, and low-energy electron-diffraction (LEED)
images confirm the growth of high-quality NaCl crystalline
films [Fig. 4, the inset]. The sample could be resistively
heated or cooled with liquid nitrogen or liquid helium. TPPE
experiments were performed using a commercial Ti:sapphire
oscillator and a regenerative amplifier operating at 297 kHz,
which was used to pump an optical parametric amplifier
(OPA). The output of the OPA provided the probe pulse, and
a portion of this was frequency doubled to provide the pump
with a combined cross correlation of ∼100 fs. The energy
and parallel momentum of the photoemitted electrons was
detected by a time-of-flight detector.
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FIG. 1. (a) False color contour plot of 3-MLE NaCl on Ag(100)
taken at 125 K. (b) Three-MLE NaCl at 52 K. Note the different
time scales of the two plots. The inset: TPPE schematic. Pump pulse
hν1 excites an electron to an unoccupied image potential state (IPS).
After a variable delay, the electron can transfer to deep trap states, and
the probe pulse hν2 photoemits the electron, whose kinetic energy is
measured via the time of flight.

III. RESULTS AND DISCUSSION

A. Emerging low-temperature trap state

Deposition of 3 MLE of NaCl on Ag(100) resulted in a
work-function decrease in �� = −0.58 eV and a global work
function of 3.85 eV. For temperatures of �125 K, the initial
excitation resulted in the population of the n = 1–3 IPS. The
delocalized n = 1 IPS electrons, as indicated by their light
effective-massm∗ of 0.7me (relative to a free-electronm∗ = 1),
were shown to undergo a high probability of trapping due to
electron transfer to the final localized state B [Fig. 1(a)]. The
effective mass and binding energy (BE) we reported for the
n = 1 IPS deviate from that typically expected for IPS (m∗ ≈ 1
and BE � 0.85 eV) which is due to mixing of the n = 1 IPS
and conduction band (CB) of NaCl [9,13]. At 125 K, electron
trapping to state B resulted in a BE gain of 0.34 ± 0.03 eV
and an increased decay time τd of 780 fs.

The excited electron dynamics of the system significantly
changes when the sample is cooled to ∼50 K. Shown in
Fig. 1(b), a new state, labeled C, appears at long time
delays and higher BEs. For 3-MLE NaCl, n = 1 has a BE
of 0.88 ± 0.02 eV relative to Evac. Electron trapping to state
B results in a BE gain of 0.24 ± 0.02 eV and is located at
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FIG. 2. (a) Time slices of Fig. 1(b). The gray boxes are
100-meV integration windows for population dynamics. (b) Popula-
tion dynamics for states B and C. State B is fit to a single exponential
decay, whereas state C shows a delayed exponential rise and decay.
(c) Summary of electron trapping and decay lifetimes at 125 and
52 K.

a BE of 1.12 eV. This is in good agreement with the linear
temperature-dependent trapping energy of 1 meV/K between
n = 1 IPS and B observed for 125–350 K [9]. Further trapping
to state C leads to an additional energy gain of 0.38 ± 0.02 eV
to a final BE of 1.5 eV and a combined final trapping energy
of 0.62 eV. Angle-resolved measurements for state C at time
delays of 0.5 and 1 ps show the state to have a flatband
indicating its localized character.

Having established the trap state energetics, we now turn to
the time scales of electron trapping at ∼50 K (Fig. 2). Electrons
initially excited into the delocalized n = 1 IPS decay on the
∼100-fs time scale and localize due to population transfer to
state B. Electrons trapped in state B, stabilized by 240 meV,
have an increased decay time of τd = 480 ± 180 fs. At longer
time scales (∼500 fs), state C becomes observable but shows
a nearly order of magnitude increased τd = 3600 ± 700 fs
compared to state B. The population dynamics of state C were
fit to an exponential rise and decay as reported in Ref. [21].
The observed rise time is not intrinsic to the formation and
population of state C but rather depends on the film thickness
and dosing conditions as evidence by comparing Figs. 2(b)
and 7(d). A summary of the trap state energetics and decay
lifetimes is presented in Fig. 2(c).

Next, we quantify the transition temperature for observing
state C. Figure 3(a) shows the energetic region of states B

and C at �t = 2 ps for various temperatures. At this time
delay, all IPS electrons have decayed, and only B and C are
observed. At 90 K, the majority of trapped electrons reside
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FIG. 3. (a) Three MLE of NaCl on Ag(100) grown at a decreased
dosing rate of 0.02 MLE/min. Zoom in on the region of states B

and C at a time delay of 2 ps for temperatures of 70, 80, and 90 K.
(b) Sigmoid fit of the Voigt amplitude difference between B and C for
�t = 2 ps versus temperature. (c) Sigmoid fit to state B’s τd versus
the same temperature range.

in state B. Cooling to 80 K results in approximately equal
intensity in states C and B. Finally, at 70 K, the majority of
trapped electrons now reside in state C. Taking the Voigt fitted
amplitude difference between states B and C at �t = 2 ps
from 60 to 110 K, we find steplike behavior [Fig. 3(b)].
Fitting these data to a sigmoid function, we extract a transition
temperature TC of 81 ± 8 K.

The shift in the majority of the trapped electron population
from states B to C as the sample is cooled from 100 to 60 K
is coupled to the change in state B’s observed decay time
[Fig. 3(c)]. As the sample is cooled, state B’s τd shows a
steplike decrease, and an additional fitting of this trend to
a sigmoid extracts TC = 77 ± 8 K. The decreasing lifetime
versus decreasing temperature from 60 to 100 K contrasts the
behavior reported previously [9] from 125 to 350 K. Over
that range, state B’s τd exhibited Arrhenius-like behavior
where τd increased as temperature decreased due to thermally
activated tunneling back to the metal substrate. The reversed
behavior of τd arises from state C opening a new pathway
for decay of state B in addition to decay back to the metal
substrate. The two analyses of the transition temperature are
in good agreement with one another and combined define
TC = 79 ± 8 K. It is important to note the two measurements
of the transition temperature are directly linked to each other,
i.e., as the lifetime changes, the intensity at long time delays
will change. However, if state C were not populated from state
B, there is no reason for this redundancy to exist. Electron
transfer from states B to C is also supported by the delayed
observation of C after state B’s intensity maximum and after
the majority of the IPS electron population has decayed.

We note neither of the deep trap states observed herein
have been previously identified in numerous scanning probe
measurements of the NaCl/metal interface [14–19], which is
likely due to the fact that population of the trap states B and
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FIG. 4. (a) Time slices of ∼2 MLE of NaCl on Cu(111) at a
sample temperature of 130 K and pump-probe energies of 4.13 and
2.06 eV. The Shockley surface state (SS) and n = 1 IPS of clean
Cu(111) are identified as well as the states arising from the NaCl
adsorbate. The inset: LEED image of a sample at 130 K and beam
energy of 62 eV. (b) Spectra of (a) at long time delay = 3.3 ps and
long integration showing peaks for n � 4 IPSs.

C in our experiments are dynamical in nature and occur on
ultrafast time scales making them inaccessible to scanning
probe measurements that have poor time resolution. Previous
reported cases of electron localization in two dimensions, such
as trapping at preexisting surface defect sites on amorphous
ice [20], small polaron formation in alkane overlayers [21],
and solvation in thin films of acetonitrile [22], observe an
initially delocalized electron’s wave function collapsing to a
single localized state. Presently, we observe the cascade of
electron transfer between multiple distinct trap states.

B. Comparison to previous studies

Trap state B is assigned to low-coordinated defect sites,
such as step edges, kinks, corner sites, and NaCl pair vacancies
on the NaCl surface [9] and further supported by dynamic
force microscopy experiments which observed an increased
negative tip-sample interaction at step edges and kinks relative
to terrace sites [14]. However, assigning state C proves more
difficult. Previous TPPE studies of 2–5-ML NaCl/Cu(111)
by Muntwiler and Zhu in Ref. [23] assigned an electron
excited into the delocalized CB and surface CB formed a small
polaron, evidenced by a dynamic and continuous increase in the
electron’s effective mass, i.e., moving from a delocalized state
to a localized state. Localization coincided with a continuous
energy relaxation of 60 and 85 meV for the CB and surface CB,
respectively, and occurred on the 100-fs time scale [23]. The
results in Ref. [23] are in stark contrast to ours, which show
localization to be a discrete process, i.e., distinct delocalized
and localized states exist simultaneously after early time
delays [9]. Additionally, localization in our experiment occurs
through multiple localized states and experiences a much
greater energy gain and an enhanced lifetime.

To address the differences in the conclusions in our previous
paper in Ref. [9] and this paper with those in Ref. [23],
we performed measurements of ultrathin layers of NaCl on
Cu(111), which are shown in Figs. 4 and 5. Much of spectra
at early time delays are dominated by the surface states of
clean Cu(111). However, after their rapid decay, the image
potential state series of the NaCl interface are observed, and
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FIG. 5. (a) Log-scale false color contour plots of ∼2 MLE of
NaCl on Cu(111) at a sample temperature of 130 K and pump-probe
wavelengths of 4.18 and 2.09 eV. (b) The same as (a) but with pump-
probe energies of 4.03 and 2.02 eV. The white dotted lines serve to
guide the eye to the apparent blueshift or redshift of the n = 2 IPS due
to its overlap with the SS of clean Cu(111). (c)–(e) Angle-resolved
measurements of ∼3-MLE NaCl on Cu(111) at pump/probe energies
of 4.03/2.01 eV. The Cu substrate was held at 335 K during dosing,
and the spectra are at sample temperatures of 130 K. Dispersions are
taken at time delays of (c) 0, (d) 107, and (e) 400 fs. The dotted lines
guide the eye to the delocalized n = 1 and localized states A and B.

at longer delays a broad long-lived state at higher binding
energies is observed. This is in good qualitative agreement
with the electron dynamics observed for NaCl on Ag(100).
Additionally, at long time delays and long integration times,
the n � 4 IPSs are observed [Fig. 4(b)], which demonstrate
that the initial excited states of the NaCl/metal interface
are predominately IPSs in character rather than purely the
conduction bands of NaCl. This is also in good agreement with
theoretical calculations of 1–4-ML NaCl on Cu(111), which
found the lowest excited states correspond to the n = 1–3 IPSs
mixed with the conduction band [13].

For the study of NaCl on Cu(111) in Ref. [23], although
the n = 1 IPS of clean Cu(111) was observed, the occupied
Shockley state (SS) of Cu(111) was not assigned despite being
energetically accessible in the experiments. Our measurements
of NaCl on Cu(111) find strong energetic overlap between
the SS of Cu(111) and the n = 2 IPSs of NaCl [Figs. 5(a)
and 5(b)]. Furthermore, the choice of pump wavelength, and
therefore the energetic location of the virtual intermediate state
of the SS, can result in an observed blueshift or redshift of
the overlapping SS/n = 2 spectral region. Thus, part of the
energetic relaxation of the surface CB is likely due to the
overlapping features. This would have additional implications
for the observed continuous increase in effective mass. The
Shockley state of Cu(111) has an m∗ = 0.41me [24]. This
feature would have the effect of causing a light effective
mass observed at early time delays, which would subsequently
increase as the SS decays. This partially explains the reported

m∗ = 0.6me for the surface CB and increase in effective mass
in Ref. [23]. Finally, we note the localization mechanism is the
same for our results of NaCl on Ag(100) and on Cu(111) where
delocalized and localized states are observed simultaneously
as shown in Figs. 5(c) and 5(d).

The electron dynamics and localization show the same
qualitative behavior for NaCl/Ag(100), KCl/Ag(100), and
NaF/Ag(100) reported by our group previously [9] and for
NaCl/Cu(111), which establishes these results are generaliz-
able. Our results for NaCl/Cu(111) and theoretical calculations
serve to support the assignment of the CB and surface CB in
Ref. [23] as being predominantly IPS in character and more
accurately assigned to the n = 2 and n = 3 IPSs. Although
localization was observed, this is consistent with our results
that the delocalized IPS localizes due to disorder in the
surface potential and is accompanied by an increased BE of
<100 meV. Due to insufficient probe energy, the observation
of the n = 1 and deep trap states were prevented in Ref. [23].
The lowered substrate temperature during dosing would also
likely result in a greater heterogeneous surface and the broader
peak shapes observed. This establishes the initial electron
localization observed in Ref. [23] most likely arises due to
a disordered energetic landscape rather than small polaron
formation.

C. Assigning the emerging trap state

One possibility for the existence of state C is a different
preexisting defect site in which case the population of this
state should be competitive with and on the same time scale as
electron trapping to state B. Instead, we observe that state C

forms sequentially from prelocalized electrons in state B and
after the initial delocalized electrons have decayed. Charged
defects, such as F centers, require high energies to form and
are not present in sufficient concentration to account for the
observation of state C [25,26].

Another possibility is that state C arises from residual gases,
such as water that might adsorb to the surface at low tempera-
tures. This is highly unlikely, however, as the chamber pressure
was <5 × 10−10 torr during these experiments and thus such
a process should be observable on the minutes to hours time
scale. Instead, we observed state C immediately upon cooling,
and its intensity did not grow as a function of experiment time.
The reversibility of the emergence (disappearance) of state C

upon cooling (heating) is shown in Fig. 6 in which a 3-MLE
sample of NaCl on Ag(100) is cooled to 60 K, subsequently
heated to 170 K, and then cooled sequentially to 110 and 60 K.
The heating from 60 K and subsequent cooling to 60 K had
no impact on state C’s observed intensity. Additionally, after
cooling to ca. 50 K the sample was flashed to temperatures
>175 K and immediately cooled, which had no effect on
observing state C at low temperatures. This is strong evidence
that state C is not the result of adsorption of residual gases.

The emerging trap state, observed for thermal energies of
<7 meV (79 K), is not likely the result of any bulk physical
change in structure as no significant change in surface structure
was observed from low-energy electron diffraction studies over
the range of 25–230 K [27]. Since state C is populated from a
localized state (state B) it follows that state C exists spatially
in close proximity to state B. But since state C does not appear
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FIG. 6. Spectra of 3 MLE of NaCl on Ag(100) grown at 0.02
MLE/min at �t = 2 ps. (i) (red) Sample cooled to 60 K immediately
after dosing. (ii) (blue, dash-dot) After sample in (i), the sample was
flashed to 170 K for 4 min and cooled to 110 K. (iii) (black, dashed)
Sample sequentially cooled to 60 K after (ii). Spectra are normalized
to a maximum intensity of n = 1 at t = 0 ps.

to be populated directly following excitation it is likely not a
preexisting defect (see above). Consequently, we conclude a
local dynamic change occurs in the system allowing electrons
in trap state B to evolve into state C, which can be described
as the formation of a small polaron.

A small polaron arises from a charge carrier in a solid
inducing a polarization and displacement of the lattice atoms
resulting in an attractive potential well [28]. Forming a small
polaron involves the competition between delocalization and
localization energies and can be expressed as

Est = Eloc − Erel,

where Est is the self-trapping energy, Eloc is the localization
energy, and Erel is the lattice relaxation energy [Fig. 7(a)] [29].
Localizing an electron residing in its lowest kinetic-energy
state at the bottom of a free band without lattice distortion,
point F , requires the mixing of all Bloch states to form a
localized wave packet, point C. The cost of localization Eloc

can be approximated from half the bandwidth �E. Due to the
large conduction bandwidth of NaCl, electron small polaron
formation is unstable in bulk NaCl [23,30]. Localization is
favored by an attractive potential well created by electron-
induced lattice distortion, termed Erel at point S in Fig. 7. Only
when Est is �0 is a small polaron formation stable. The rate
of polaron formation will also depend on energy barriers Ea

and transfer-matrix elements between localized states.
We propose state C corresponds to the formation of a small

polaron, however, we note a critical distinction from TPPE
studies of polaron formation reported for alkanes [21]. Rather
than direct formation of a small polaron from an initially delo-
calized state, state C only forms after electron transfer through
intermediate localized states. Polaron formation in alkane thin
films was supported by an analysis of the temperature and
driving force-dependent localization rates. The present system
prevents a similar analysis because the assigned polaron is only
stable at low temperatures and the precursor state is localized
rather than delocalized. Theoretical calculations of an electron
in a deformable medium is often treated adiabatically using the
the model of Emin and Holstein [31]. In this model, polaronic
states are localized stationary states of the Hamiltonian, which
can be written as Htot = Hel + Hlat + Hint, where Hel

describes an electron in a tight-binding picture, Hlat describes
the phonons as independent oscillators, and Hint describes the
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FIG. 7. (a) Adiabatic curves for electron self-trapping along
lattice coordinate Q. Vfree(k‖,Q) and Vpol(Q) represent the free and
polaron states, respectively. The light gray shaded curve represents
distribution of free states of different k‖’s. �E represents the band-
width, Est is the self-trapping energy, Eloc is the localization energy,
Erel is the lattice relaxation energy, and Ea is the activation energy.
(b) Formation of small polaron Vpol(Q) directly from free-electron
state Vfree(k‖,Q) can involve large energetic barriers. (c) Small polaron
formation via localized precursor states Vdefect(Q) can reduce the
barriers to localization and form a small polaron. (d) False color
contour plots of 3 MLE of NaCl on Ag(100) grown at a dosing rate
of 0.02 MLE/min. The inset: The 100-meV integration normalized
windows (the white boxes) for trap state cross correlations and time
fits.

electron-lattice interaction [32]. Interestingly, our results are
in qualitative agreement with simulations using the model of
Emin and Holstein [31] to describe electron dynamics in a 2D
system which predicted self-trapping occurred through a series
of intermediate localized states rather than directly from a free-
electron state. Localization through intermediate states was
found to lower the energetic barriers to localization creating
the fastest path to polaron formation [33]. The combination of
defect trapping and self-trapping is well established [30,34–37]
where energetic disorder can reduce electron-phonon coupling
needed to result in stable small polaron formation [34]. Further
results from the model of Emin and Holstein [31] suggest lower
coordination sites, as proposed herein, facilitate the lattice
deformation in electron trapping [32]. Thus, in the two-state
Marcus picture for direct electron localization via electron
self-trapping, the energetic barriers (Ea) prevent the formation
of a small polaron [Fig. 7(b)]. However, the presence of a
third intermediate localized state (low-coordinated defects) can
lower the barriers and enable the small polaron to be formed
[Fig. 7(c)]. Although we cannot directly assign the observed
transition temperature (TC) to a specific activation barrier, one
possible explanation is that, as temperature increases, phonon
population increases but can result in a decreased electron-
phonon interaction that might prevent polaron formation [38].
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The ability of the NaCl lattice to polarize and stabilize
a negative charge has been demonstrated by the scanning
tunneling microscopic observation of stable Au−1 on a bilayer
NaCl substrate and explained due to the NaCl lattice polarizing
about the anion [2]. Supporting density functional theory
calculations found a lowering of the Au−1/relaxed NaCl
lattice potential-energy curve of 0.53 eV relative to the neutral
Au0/NaCl geometry [39], which is of a similar magnitude to
our observed electron self-trapping energy of 0.38 eV. The
distortion from the NaCl lattice in response to the presence of
an excess electron is also supported by gas phase photoelectron
studies of stable (NaCl)−n clusters (n = 2–13) [40]. Modeling
of these systems found the excess localized at corner Na+

ions, F -center-like states, or states spread over the cluster
surface. However, one important feature was that all possible
modes resulted in significant deformation of the lattice to
accommodate the excess electron. Although these clusters are
too small to make detailed comparisons to the present paper,
we note that they found that the theoretical electron binding
energies for the unrelaxed clusters were spread from 0.06 to
1.0 eV (an average of 0.38 eV) depending on the cluster, which
is on the same scale as the present results [41].

The mechanism of small polaron formation remains an
ongoing debate as to whether: (i) carrier self-trapping occurs at
“preexisting precusor states” or (ii) the initially excited carrier
induces its own potential well in a perfect lattice [42]. Dosing
3 MLE at an order of magnitude decreased dosing rate of
0.02 MLE/min results in a loss of a pronounced rise and
an overall intensity loss of state C’s population [Fig. 7(d)]
compared with 3 MLE at a dosing rate of 0.3 MLE/min
[Fig. 2(b)]. Reduction in dosing rate should result in a decrease
in defect density, which results in a loss of defect precursor
sites for small polaron formation. If the emerging trap state
corresponded to the formation of a small polaron, this would
serve to strongly support a polaron formation mechanism that
only occurs at preexisting precursor states for the NaCl/noble-
metal interface.

We note the assignment of state C as the formation of
small polaron is not definitive. Other mechanisms could exist,
such as state C existing as a distinct preexisting trap from
state B, but which can only be populated at low temperatures
due to an increased transfer-matrix element between states
B and C. Although we believe our assignment of small
polaron formation is the most plausible and supported from our
data, ultimately, further detailed experimental and theoretical
studies are needed to provide further insight into the nature of
the emerging trap state at low temperatures.

IV. CONCLUSION

In conclusion, we used time-resolved TPPE to identify and
characterize the excited-state dynamics of excess electrons
at the NaCl/Ag(100) interface. After initial excitation to the
delocalized IPS, electrons are observed to go through a series of
deep trap states. The first deep trap state is assigned to electrons
trapped at low-coordinated sites on the NaCl surface, such as
step edges and island kinks. Below the transition temperature
of 79 K, a new trap state emerges and is tentatively assigned
to small polaron formation. Unlike previous theoretical calcu-
lations that predict a delocalized conduction-band electron in
bulk NaCl undergoing self-trapping to be unstable, we identify
a potential stable route to small polaron formation in two
dimensions. The initially delocalized n = 1 IPS is first trapped
at defects and then is able to form a small polaron.
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