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Formation of Two-Dimensional Polarons that are Absent in Three-Dimensional Crystals
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We report the direct time domain observation of a many-body process in a two-dimensional system:
small polaron formation from the localization of a conduction band electron in NaCl thin films of unit cell
thickness. Contrary to theoretical prediction for bulk NaCl crystal where an electron polaron does not
exist, time-resolved two-photon photoemission reveals small polaron formation from delocalized con-
duction band electrons in crystalline NaCl thin films. The increased deformability and the reduced
electronic bandwidth of a crystalline lattice in the thin film format are both responsible for the formation

of small polarons that are absent in bulk solids.
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Electrons confined in two-dimensional systems, such as
interfaces and ultrathin films, are central to low dimen-
sional physics. The electronic structures of these materials
are controlled by quantum confinement (in one direction)
and are well known from extensive experimental and theo-
retical studies. In contrast, little is known about many-body
processes, such as polaron formation, as a solid material
reduces to a two-dimensional ultrathin film. Conceptually
introduced decades ago [1,2], a small polaron, i.e., an elec-
tron or hole trapped in a distorted atomic structure, still
challenges current theoretical models [3,4]. Exemplary
cases are alkali halides which are used to illustrate electron
polaron formation in standard textbooks, although theo-
retical studies predict that an electron polaron does not
exist in crystalline alkali halides but a hole polaron does
[3,4]. Here we show that, contrary to these predictions for a
bulk crystal, localized polarons readily form from delocal-
ized conduction band electrons in crystalline NaCl thin
films supported on a metal surface. We use femtosecond
time-resolved two-photon photoemission (TR-2PPE) spec-
troscopy to follow the formation and decay of small polar-
ons by recording the energy and parallel dispersion of the
transient electron en route to localization in real time. The
present study establishes that the increased deformability
and the reduced electronic band width of a crystalline
lattice in the thin film format can lead to the formation of
small polarons that are absent in bulk solids.

TR-2PPE is a pump-probe technique particularly useful
for tracking interfacial electron dynamics [5]. In this ap-
proach, the first photon excites an electron from an occu-
pied state (typically an occupied substrate band) into an
unoccupied interfacial state. After a variable time delay,
the second photon ionizes the electron for detection, as
shown schematically in Fig. 1. In addition to monitoring
the electron energy and population as a function of time,
TR-2PPE also allows one to measure the parallel disper-
sion which is a measure of the extent of delocalization or
localization of the electron wave function in the surface
plane. TR-2PPE has been successfully applied in the past
to probing localization dynamics of image states on adsor-
bate covered metal surfaces [6] and the solvation of elec-
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trons in thin polar films [7,8]. The present study applies the
technique for the first time to directly probe the dynamics
of polaron formation in crystalline solid thin films from
conduction band electrons.

All experiments are carried out in an ultrahigh vacuum
system described elsewhere [9]. NaCl thin films are depos-
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FIG. 1 (color). (a) Two-dimensional pseudocolor representa-
tion of 2PPE spectra as a function of pump-probe delay for 3 ML
NaCl/Cu(111). The energy scale corresponds to intermediate
state energy referenced to the Fermi level. Peak positions are
shown as white circles. (b) Two vertical cuts in (a) at the
indicated pump-probe delay times. The spectra are offset with
background removed for clarity. Dots are experimental data and
the solid lines are overall fits from the individual Gaussian
components (dashed curves). (c) Energy-integrated peak inten-
sities as a function of pump-probe delay. Solid lines are fits to a
rate equation model which yields the indicated lifetimes. A
schematic of the 2PPE experiment is also shown.
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ited on a clean Cu(111) surface heated to 335 K from a
Knudsen cell. Film thickness is calibrated by thermal
desorption spectroscopy and low energy electron diffrac-
tion. NaCl vapor deposited on Cu(111) forms a crystalline
cubic lattice, with (100) orientation, which is incommen-
surate with the substrate [10,11]. There are three rotational
domains due to substrate symmetry; each single crystal
domain has lateral sizes up to ~1 pwm. We study NaCl film
thicknesses of 2—5 monolayers (ML). All TR-2PPE ex-
periments are carried out at a sample temperature of 105 K.
In the experiment, the third harmonic (hv; = 4.180 eV)
and the fundamental (hv, = 1.393 eV) output of a femto-
second Ti:sapphire oscillator are used as pump and probe
pulses, respectively, and photoemitted electrons are de-
tected by a hemispherical electron energy analyzer. A laser
pulse width of ~100 fs is determined from cross-
correlation measurement on the occupied surface state on
clean Cu(111). Except for dispersion measurements where
the angle of detection is varied, all TR-2PPE measure-
ments were carried out with the sample surface normal to
the electron detector.

The pseudocolor plot in Fig. 1(a) shows 2PPE intensity
versus electron energy and pump-probe delay for 3 ML
NaCl on Cu(111). Each vertical cut corresponds to a 2PPE
spectrum at a particular pump-probe delay A¢, as shown for
At =0, and 150 fs in 1(b). Each horizontal cut is a cross-
correlation curve at a particular electron energy and gives
the relaxation of an electron due to energy and population
decays. For At = 0 fs, the 2PPE spectrum shows three
peaks above 3.7 eV. The highest one (A) at 4.10 eV is the
image state due to small patches of clean Cu(111) [12]. It
has a short lifetime (<20 fs) and disappears at higher NaCl
coverages. The two peaks (B and C) at lower energies
(~3.98 and ~3.78 eV) show clearly measurable lifetimes.
We assign them to the conduction band of the NaCl thin
film for the following reasons: (i) These are not commonly
seen image-potential states because the adsorption of an
insulating overlayer has little effect, indicating the electron
wave function is predominantly confined to the NaCl thin
film (see Fig. 2); (ii) the band gap of NaCl is 8.5-9 eV
[13,14]. Since there is little chemical interaction between
NaCl and the Cu(111) substrate [11], we can assume a
midgap alignment as found for NaCl on Ge [15], which
puts the NaCl conduction band minimum at ~4.3 eV
above the Fermi level. This estimated position is further
stabilized on the metal surface by the image potential. It is
known that a surface-related band within 1 eV below the
conduction band minimum (CBM) splits off the bulk con-
duction band in NaCl crystal [16,17]. Thus, we can assign
peak B to the conduction band of the NaCl thin film and
peak C to its split-off, i.e., a surface conduction band.
(iii) At At = 0 fs, the two states show free-electron-like
parallel dispersions with effective electron masses close to
those of the bulk and surface NaCl conduction bands (see
Fig. 3). (iv) We find that deliberately increasing the defect
density in NaCl by using lower substrate temperature dur-
ing thin film growth or by electron irradiation leads to a
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FIG. 2 (color). A comparison of time-resolved 2PPE spectra
(shown in pseudocolor representation) for NaCl/Cu(111) (left)
and the same surface with one monolayer of nonane adsorbed on
top. The thickness of the NaCl film is between 2 and 3 ML. Peak
positions are shown as open circles in the left panel.

disappearance of peaks B and C. This likely results from
the decreased probability of photoexcitation from occupied
metal bands into the NaCl conduction band as crystallinity
of the NaCl thin film degrades.

To identify the spatial localization (inside or outside of
the NaCl film) of the states observed in 2PPE spectra, we
compare measurements on NaCl thin films with and with-
out a dielectric overlayer, Fig. 2. Peaks B and C are not
affected by the adsorption of the overlayer, indicating that
the electron wave function is confined to the NaCl film or
the NaCl/Cu interface. In contrast, image state wave func-
tions would be significantly modified by an overlayer with
negative electron affinity [6]. This is evident for peak A
which disappears. On the other hand, a new and intense
peak D appears which is likely an imagelike state associ-
ated with the nonane overlayer or the nonane-NaCl inter-
face. Its energetic position may be explained by coupling
to the surface or conduction band of NaCl, as implied by
the dielectric continuum model [18]. It is stabilized by
30 meV in 200 fs due to small polaron formation in the
alkane layer, as observed before for alkane/Ag(111) [6].

The most significant finding from TR-2PPE is the time-
dependent energy relaxation of peaks B and C. The ener-
getic positions of the two bands decrease by 60 = 10 and
85 = 10 meV, respectively, with increasing pump-probe
delay time, as shown in Figs. 1(a) and 1(b). Fitting the
time-dependent decay in peak positions to single exponen-
tials gives energy relaxation lifetimes of 7, = 75 = 11 and
95 = 11 fs for peaks B and C, respectively. We attribute
the observed energy relaxation to the formation of small
polarons from conduction and surface bands of the NaCl
thin film. This interpretation is verified by dispersion mea-
surements: a delocalized band electron should show free-
electron-like dispersion while a localized polaron appears
as a flat band. Figure 3 shows parallel dispersions mea-
sured at At =0, 125, 400 fs pump-probe delays. For
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At =0 fs, we also present a monochromatic measure-
ment, Fig. 3(a), in which the conduction band is well
resolved from the image state. Parallel dispersions from
the conduction and the surface bands at At = 0 fs, 3(a) and
3(b), are indeed free-electron-like with fits to

ki
2megy

h2

E=E,+ ()
giving effective electron masses of mey = 0.8 = 0.1m,
and 0.6 = 0.1m, for the conduction band and the surface
band, respectively. Here, E, is the band bottom and m, is
the free-electron mass. The observed effective electron
masses are slightly higher than those of conduction and
surface bands of bulk crystalline NaCl(100) [13,17,19], as
expected from the reduced bandwidth in the thin film
format. When At is increased to 125 fs, both bands sig-
nificantly flatten with effective electron masses of mqy =
3.2 £ 1.5m, and 3.9 = 1.5m,, for the conduction band and
the surface band, respectively. At Ar = 400 fs, Fig. 3(d),
both bands are essentially flat, as expected for localized
small polarons.

The energy of charge carrier self-trapping (Egt) in a
crystalline solid can be estimated from three factors [4]:

2

where E, is the energy gain from polarization of the
lattice surrounding the charge carrier, E), is the energetic
penalty associated with going from a delocalized band
state to a localized trap state and can be approximated by
half of the band width (E),. = 0.5AE), E},q is specific to
some crystalline solids, such as alkali halides, where local
lattice deformation leads directly to chemical bond forma-
tion, e.g., CI-CI~ for a self-trapped hole or Na-Na™ for a
self-trapped electron in NaCl. The valence and conduction
bandwidths of NaCl are AEyg = 2.4 eV and AEcg =
5.0 eV [13], respectively, and the bond energies are
Epong = —1.2eV for CI-CI- [20] and —1.0eV for
Na-Na* [21]. The hole polaron is stable in NaCl and the

EST = Epol + Eloc + Ebond’

hole self-trapping energy Egt is estimated from the hole
diffusion barrier [22] to be —0.4 eV or lower [23]. Taking
the limiting value and Eq. (2) gives a hole polarization
energy of E,,; = —0.4 eV; for comparison, E; for a hole
in KClis —0.5 eV [4]. The electron polarization energy is
believed to be similar to that of the hole. Thus, we can
estimate an electron self-trapping energy of Eqp = 1.1 eV,
which means that the electron polaron is unstable in the
bulk NaCl crystal. For comparison, a positronium polaron
in bulk NaCl or other alkali halides is metastable, with the
self-trapping energy slightly positive (0.01-0.1 eV) [24].

Why does an electron polaron become stable in thin
NaCl films? We believe the main reason is the increase
in the magnitude of E,; in the thin film format because it is
more deformable than the bulk crystal. A recent scanning
tunneling microscopy study shows that an anionic Au™
adatom can be stabilized on the NaCl/Cu(111) surface;
density functional calculation attributes this to the defor-
mation of the local ionic lattice which stabilizes the adatom
by as much as 1.0 eV [25]. An additional contribution is the
narrower bandwidth. Within the tight-binding approxima-
tion, the bandwidth of a cubic NaCl film with thickness on
the order of the unit cell is 2/3 of that of the bulk due to the
reduced number of neighboring sites. If we approximate
E,, by that calculated for Au™ on NaCl [25], we can
estimate an electron polaron self-trapping energy in the
NaCl thin film: Eqr = —0.3 eV. Thus an electron polaron
becomes stable in a NaCl thin film. The magnitude of this
estimate is a factor 3—4 larger than the values observed in
our TR-2PPE measurements. However, a more accurate
calculation is hampered by limitations of current theoreti-
cal methods [23]. Note that for an ultrathin NaCl film on a
metal surface, a conduction band electron or a polaron also
experiences stabilization due to the image potential, but
this has little effect on localization due to the delocalized
nature of the image potential in the surface plane.

We consider two dynamic processes. The first dynamic
process is small polaron formation following electron in-
jection into the conduction and surface bands of the NaCl
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FIG. 3 (color).

Angle-resolved 2PPE spectra (shown in pseudocolor representation) for 3—4 ML NaCl on Cu(111) at pump-probe

delay times of (a) Ar=0fs, (b) Ar=0fs, (c) At=125fs, and (d) Ar=400fs. (a) was from monochromatic measurement (hv, =
hv, =4.18eV) while (b)—(d) were from bichromatic measurements (hv; = 4.16 eV; hv, = 1.39 eV). The peak positions (white dots)
versus k| give parallel dispersions. The dashed white curves are fits to the free-electron-like dispersion in Eq. (1).
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thin film. The time-dependent decay in electron energies
[peak positions in Fig. 1(a)] gives small polaron formation
rate constants of 1/7, = (1.3 =0.2) X 10" and (1.1 *
0.2) X 103 57! for the conduction and surface band, re-
spectively. These rate constants are within the frequency
ranges defined by the phonon dispersions ((0-5) X
103 s71) in NaCl crystals [26]. Thus, the rate of small
polaron formation is determined by the rate of lattice
distortion. The second dynamic process is the relaxation
of the excited electron. For an ultrathin film of NaCl on the
metal surface, the most efficient relaxation pathway is
electron transfer from NaCl to the metal substrate. This
is reflected in the time-dependent decrease in electron
population. To focus on the interfacial electron transfer
process, we have integrated the 2PPE intensity within an
energy window encompassing the energy relaxation. The
results are shown as a function of pump-probe delay in
Fig. 1(c). The solid lines are fits to a rate equation model
[9] which gives the indicated lifetimes. Note that the image
state lifetime (curve A) is too short to be resolved and the
symmetric cross-correlation curve essentially reflects the
laser pulses used. For the conduction and surface bands,
the asymmetric cross-correlation curves, B and C, can be
well described by rate equation fits corresponding to life-
times of 7, = 110 = 20 and 170 * 20 fs for the conduc-
tion band and the surface band, respectively. The longer
lifetime in the surface band than that in the conduction
band can be accounted for by the following argument. Both
the CBM and the surface band minimum (SBM) of the
NaCl(100) film are located within the projected band gap
of the Cu(111) surface, but the CBM is closer to the upper
band edge (4.2 eV above the Fermi level) [12] than is the
SBM. As a result, the electron wave function of the former
couples more strongly to the metal substrate, leading to a
shorter lifetime.

We have carried out TR-2PPE measurements for film
thicknesses of 2—5 ML. Results similar to those in Fig. 1
are found in all cases. We do not see significant differences
in the dynamics of small polarons for different film thick-
nesses. The probability density of an electron wave func-
tion in the conduction or surface band of the NaCl thin film
is attracted to the Cu(111) surface due to the presence of
the metal image potential, thus minimizing the effect of
increased film thickness. In addition, NaCI(100) is known
to grow in the form of large domains (approximately
micrometers) of bilayers [11,25] but growth beyond the
bilayer leads to small islands. Photoemission from the
bilayer in contact with the Cu(111) surface is expected to
dominate the 2PPE signal because the rate of photoinduced
electron injection from the metal surface into the adsorbate
layer is determined by electronic coupling at the interface
[27].

The results presented here establish the formation in thin
films of small polarons that are absent in bulk crystalline
solids. This is another manifestation of new physical prop-
erties that emerge as physical sizes (in one of the three

dimensions in the present case) decrease to the nanometer
scale.
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