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Photoabsorption of potassium clusters isolated in helium droplets: From discrete electronic
transitions to collective resonances
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Photoabsorption spectra of neutral potassium clusters in helium nanodroplets are recorded by depletion
spectroscopy using a supercontinuum laser source equipped with a variable bandpass filter. The results provide
insight into the evolution of electronic spectra from molecular transitions to localized surface plasmon resonances
in nanometer-sized clusters. Size selected spectra for potassium clusters Kn are acquired from n = 2–110.
Indications for the transition from molecularlike absorption to a collective resonance are already observed below
n = 20. For larger clusters, a splitting of the plasmon mode into two components is observed at around n = 600.
Supported by simulations, this is explained by the presence of nonspherical potassium nanoparticles grown
via multicenter aggregation inside the helium droplets. The presented supercontinuum laser-based experimental
approach provides a new route for the mass-selective spectroscopic characterization of different materials and
material combinations isolated in helium nanodroplets in a size regime ranging from single atoms and molecules
to small sub-10-nm particles.
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I. INTRODUCTION

Metal clusters have attracted strong interest for several
decades. Early measurements of the geometric and electronic
structure of metal clusters aimed at the exploration of an inter-
mediate state of matter between free molecules and solid state.
Questions, such as the transition from a molecular structure to
the formation of a crystal lattice or the convergence of the
cluster size-dependent ionization energy to the work function
of the corresponding solid were addressed, see, for exam-
ple, the book on Clusters of Atoms and Molecules edited by
Haberland [1]. In the past two decades the optical properties
of metallic nanoparticles gained particular interest because of
the size-dependent shift of plasmonic resonances [2] due to
quantum confinement, which becomes particularly important
in the sub-10-nm size regime. Tunability of the optical absorp-
tion may allow for many applications from surface enhanced
Raman spectroscopy [3,4] to plasmon enhanced sensing and
solar energy conversion [5–8]. Localized surface plasmon res-
onances (LSPR), the key feature of plasmonic nanoparticles
[9], originate from collective oscillations of conduction-band
electrons. In this regard, it is important to determine the par-
ticle size from which onward, the optical absorption is no
longer governed by transitions between molecular electronic
states but can be described as LSPR.

Alkali clusters have been an important model system
for first studies of the optical absorption of metal clus-
ters. Photodepletion spectroscopy emerged as the prime
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method for their investigation in the late 1980s [10,11].
Among the investigations of potassium clusters, the focus
was on charged species K+

n . Spectra for selected sizes of
n = 9, 11, 14–21, 500, and 900 [12–14] have been reported.
The corresponding spectra are dominated by a broad feature
that peaks at about 642 nm for K+

9 and that shifts toward the
blue with increasing cluster size where 605 nm is reported for
K+

900. The stability of both neutral and charged K+
n clusters has

been investigated [15–18], and magic numbers were found for
the 8, 20, and 40 electron systems [17]. Experiments on potas-
sium clusters comprising more than 900 atoms are scarce.
Results for nanometer-sized particles have been obtained
by matrix isolation spectroscopy [19,20] and photoelectron
spectroscopy [21,22].

Alkali clusters already as small as trimers exhibit signs
of the delocalization of valence electrons. For example, the
hyperfine structure and electric dipole moment in the elec-
tronic ground state of the sodium trimer [23] showed a strong
agreement with the electronic shell model for alkali clusters
[11,24]. For tetramers features associated with a collective
resonance were observed [10,11].

Alkali atoms, dimers, and trimers, are among the best-
studied complexes isolated in helium nanodroplets [25–30].
Time-of-flight mass spectra of potassium clusters in helium
nanodroplets were published in Refs. [31–33]. A peculiarity
of alkali clusters is their location: Whereas molecules and
small clusters reside at the surface, beyond a certain size the
clusters fully submerge into the droplet [34]. For Kn, this
transition occurs at about n = 80 [32]. Whereas the electronic
spectra for alkali complexes in helium nanodroplets beyond
the trimer are hitherto unknown, the plasmon resonance of
small Ag8 clusters in helium nanodroplets has been investi-
gated previously [35,36]. Studies of the plasmon resonance
for broader size distributions have been reported for Ag and
Cu clusters [37,38].
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FIG. 1. Sketch of the experiment: Helium droplets are formed by expanding cold pressurized helium gas through a small orifice.
Subsequently, potassium atoms are added to the droplets where they coagulate and form clusters. The supercontinuum laser (green) is oriented
antiparallel to the droplet beam and scanned from 500 to 840 nm. If the laser frequency is resonant with a transition of the accommodated
complex, the deposited excitation energy is dissipated by the evaporation of helium atoms, which translates into a reduced cross section for
electron impact ionization. This results in a depletion signal, which is either probed directly at the corresponding potassium cluster mass for
Kn with n up to 110 using a TOF mass spectrometer or at the He (m = 4) mass window using a QMS detector.

In this paper, we report absorption spectra for neutral
potassium clusters Kn that provide insight into the size regime
where molecular absorption bands evolve into plasmon res-
onances. Indications for the transition between these two
regimes are identified already below n = 20. Two types of
experiments are presented both based on laser spectroscopy
with a supercontinuum source that can be scanned from 500
to 840 nm: The first part of this paper reports on results
obtained with a time-of-flight mass spectrometer (TOF MS),
which enables the acquisition of beam depletion spectra for
individual mass channels for Kn up to n = 110. The size range
from single atoms up to clusters comprising several thousands
of atoms is the subject of the second part of this paper. In this
case, a quadrupole mass spectrometer (QMS) is used to record
beam depletion spectra for potassium clusters, averaging over
the adjusted size distribution. This approach reveals insight
into the structure of complexes isolated in helium droplets: At
about K600 a bifurcation of the plasmon mode is observed,
owed to the peculiar synthesis environment that favors the
formation of elongated nanoparticles under certain conditions.

II. EXPERIMENTAL DETAILS

A sketch of the experiment is shown in Fig. 1 with the
employed helium droplet apparatus described in detail else-
where [39]. Cold helium gas at a pressure of 20 bars is
expanded through a 5 μm nozzle into high vacuum, which
results in the condensation of helium nanodroplets that pro-
vide a cold, inert, and superfluid matrix (0.4 K) [40,41]. In
the pickup region, potassium is evaporated using a resistively
heated fused-silica crucible. Dopant atoms are collected by
the droplets and agglomerate to clusters [42,43]. The resulting
cluster size distribution is controlled by adjusting the potas-
sium crucible temperature between about 370 and 470 K as
well as the helium pressure and temperature, i.e., the size of
the helium droplets [40,41].

Potassium clusters are probed in situ by beam deple-
tion spectroscopy with the laser aligned antiparallel to the
droplet beam. A novel aspect of the experimental setup is

the employed high power supercontinuum laser (NKT SuperK
Extreme). The laser is equipped with a variable bandpass
filter (NKT SuperK Varia) and can be tuned from 500 to
840 nm with a minimum bandwidth of 6 nm. With an
80-Mhz repetition rate, the laser represents a quasi-cw source.
In contrast to a pulsed optical parametric oscillator or dye
laser system, this enables a straightforward combination with
a TOF MS operated in the electron impact ionization mode
and the implementation of lock-in technology (@62 Hz) for
an improved signal-to-noise ratio in combination with a QMS.
The laser power is stabilized and kept constant over the entire
spectral range up to 30 mW have been employed with a beam
diameter of about 2 mm.

The excitation of potassium clusters results in a deple-
tion of the respective mass channel, which allows for the
recording of mass resolved depletion spectra for Kn clusters
up to n = 110 using the TOF MS. Furthermore, the energy
absorbed by the excited potassium clusters is rapidly dissi-
pated by the evaporation of helium atoms [44]. This process
translates into a decrease in helium flux, which is detected by
the QMS detector set to the He mass (4 u). The helium matrix
is transparent for the laser [40], thus, the depletion signal is
proportional to the photoabsorption of the isolated species.

III. RESULTS AND DISCUSSION

Figure 2 presents absorption spectra obtained for small
potassium clusters Kn up to n = 110, recorded with the TOF
MS. The bottom panel shows a two-dimensional (2D) rep-
resentation of individual spectra, providing an overview of
the data set, whereas selected spectra between n = 2 and
20 are shown in the top panel. For each spectrum, a TOF
mass window corresponding to a single cluster size has been
selected, i.e., the windows are separated by �m = 39 (see
Appendix A). The recorded ion yield as a function of the
wavelength is plotted, divided by the ion yield obtained for
each mass window in the absence of the depletion laser.
The mean diameter of the employed helium nanodroplets
HeN corresponds to about 20 nm (source conditions: 9.5 K
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FIG. 2. Compilation of absorption spectra recorded for potas-
sium clusters isolated in helium nanodroplets with 20 nm mean
diameter, obtained by beam depletion spectroscopy using the TOF
mass spectrometer. The laser is power-stabilized (30 mW) over the
shown wavelength range with a bandwidth of 20 nm. Bottom panel:
2D representation of the recorded spectra for Kn clusters with sizes
up to n = 110, yellow regions correspond to maximum absorption
(i.e., depletion). The black dashed line represents the calculated
plasmon peak position using the Kresin model described in Ref. [10].
The solid blue line marks the position of the peak maximum for
each cluster size, obtained from a Gaussian fit. Top panel: Individual
spectra of the recorded data set are shown for Kn from n = 2 up
to n = 20, each line style and color combination corresponds to a
certain cluster size (see the legend). The positions of known K2 and
K3 transitions are marked by diamonds and squares, respectively
[26,27,29,30,45,46].

and 20 bars). Features in the dimer and trimer spectra can
be readily assigned based on comparison to literature, the
corresponding band positions are marked in the fig-
ure (top panel) and listed in Table I in Appendix B
[26,27,29,30,45,46]. At the chosen doping conditions only
very few singly doped HeN are present and the potassium
D lines (4 2P ← 4 2S) at around 765 nm were not ob-
served unless low doping was intentionally chosen (see below
Fig. 3). The strongest observed peak corresponds to the sin-
glet K2 1 1�u ← 1 1�+

g transition at about 635 nm. Note that
trimer transitions can also be observed in the dimer spectrum,
as best seen for the K3 1 4A′′

1 ← 1 4A′
2 transition. This suggests

that fragmentation of clusters can affect the recorded spectra
as discussed in more detail below. Furthermore, it is known
that alkali dimers and trimers can dissociate and desorb from
the droplet surface upon photoexcitation [27]. With increasing
cluster size, a broad structure that spans from 550 to 750 nm
becomes dominant, attributed to the emerging collective res-
onance. However, structured moleculelike features on top can
be identified up to around n = 9.

The main depletion feature visible in Fig. 2 (yellow—
maximum absorption), bottom panel, corresponds to a broad
structure that peaks at 650 nm for small clusters and which
shifts toward shorter wavelength with increasing cluster size.
The position of the peak maximum as a function of cluster
size, obtained from a Gaussian fit, is represented by the blue
line (see also Fig. 6 in Appendix C). The same feature is
observed over an even larger size range shown in Fig. 3,
vide infra, in the data set recorded with the QMS detector.
In Fig. 2, which shows the mass selected TOF MS spectra, the
position of this feature remains fairly constant beyond K50,
in particular, no anomaly is observed around K80 where the
transition between surface and bulk location of the clusters
occurs.

In Ref. [32], the location of potassium clusters was in-
ferred based on the prevailing ionization mechanism: Whereas
Penning ionization is important for species close to the sur-
face, ionization of species inside the droplet is governed by a
charge hopping mechanism. The latter requires the presence
of He ions in the droplet, which can only be created if the
kinetic energy of the ionizing electrons is beyond 24 eV. In
contrast, Penning ionization is mediated by metastable He
atoms, which are already formed below 24 eV. However, in
our setup 89 eV are used as ionization energy and, conse-
quently, the electron impact ionization scheme is insensitive
to the cluster location. We note that, a priori, it is not clear if
a surface location would give rise to a significantly different
absorption spectrum: Clusters are considered to reside in a
dimple structure at the surface [47], i.e., also at the surface
they are surrounded by the liquid helium, and a matrix shift
applies. Thus, differences in the absorption spectra between
both cases may be not as dramatic as expected from ion impact
ionization experiments. Here, density functional theory calcu-
lations could provide insight into the structure of a potassium
cluster and the surrounding helium at the droplet surface and
the expected absorption spectrum [48].

The black dashed line in the bottom panel of Fig. 2 rep-
resents the predicted position of the collective resonance for
neutral potassium clusters as a function of their size based on
the theoretical model presented by Kresin in Ref. [10]. Here,
the bulk parameters listed in Ref. [10] are used, which dictate
the value of the plasmon peak position towards which large
clusters converge. The redshift with decreasing cluster size
is explained by the spill out of electrons. The measurements
confirm the peak shift qualitatively, which can be seen by
comparing the Kresin model result (dashed black line) with
the peak maximum as a function of cluster size (solid blue
line) in the bottom panel of Fig. 2 (see also Appendix C,
Fig. 6).

It is important to emphasize that although the TOF MS
detects charged clusters, it is the neutral clusters that are
excited and depleted prior to ionization. This plays a role
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FIG. 3. Compilation of normalized absorption spectra recorded with the QMS detector for Kn cluster sizes ranging from single atoms
to elongated nanostructures. Helium nanodroplets with diameters dHe of 20, 50, and 90 nm have been employed, which provide access to
different Kn size regimes. The black dashed line marks the position of the absorption maximum. Artistic impressions of possible particle forms
in different size regimes are indicated in the figure. Vertical dashed green lines mark the position of selected spectra shown in the three panels
at the bottom, and white horizontal lines mark the identified atomic and molecular absorption bands. Simulated absorption spectra for ∼K1000

and ∼K3500 are labeled as “sim.”

for small clusters and can be estimated by the model in
Ref. [10]: For example, the peak positions for the 20 electron
systems, K20 and K+

21 correspond to 1.96 eV (633 nm) and
2.00 eV (620 nm), respectively, i.e., a difference of 13 nm.
The maximum for K20 in the spectrum in Fig. 2 is at 645 nm,
redshifted by 19 nm with respect to the charged cluster,
in reasonable agreement with the value expected from the
calculation.

In mass spectroscopic detection of clusters, fragmentation
of the original clusters may distort the measured size dis-
tribution due to excess energy provided by the ionization
source. For molecules and clusters inside helium droplets,
ionization has been shown to occur via both a charge hopping
process or Penning ionization with helium as intermediate
rather than direct electron impact [49]. Helium droplets are
known to alter fragmentation patterns observed for isolated
molecules [50]. For some species, it has been shown that the
low-temperature environment can suppress certain fragmenta-
tion channels [51]. However, typically, in the case of electron
impact ionization fragmentation cannot be neglected, even
for fully submerged clusters as the example of Ag8 shows
[36]. Thus, also for potassium it can be expected that frag-
mentation affects the recorded absorption spectra obtained
with the TOF MS [32]. This could explain the absence of
additional structures for Kn between n = 8 and 20, which
may be expected from geometry and symmetry considerations
in the cold helium droplet environment [11]. Furthermore,
it cannot be excluded that fragmentation contributes to a
broadening of the observed absorption peak features. How-
ever, effects, such as the redshift with decreasing cluster

size, are not obscured by fragmentation and are still well
captured.

Absorption spectra of potassium clusters starting from sin-
gle atoms up to clusters Kn comprising several thousands of
atoms, i.e., far beyond n = 110, are recorded using the QMS.
As the detector is set to the 4He mass window, information
about individual mass channels is lost and the spectra are com-
posed of the accumulated absorption of all clusters within the
adjusted size distribution [37]. Note that in this case fragmen-
tation processes that occur during electron impact ionization
do not affect the measurements.

The corresponding absorption spectra are presented in
Fig. 3, recorded for three different droplet sizes with a mean
diameters of about 20, 50, and 90 nm, created at source con-
ditions of 20 bars and 9.5, 9, and 8 K, respectively [52]. The
shown 2D plots are composed of individual spectra recorded
for different potassium pickup temperatures, the cluster size
increases from left to right. Each spectrum has been normal-
ized to the peak maximum. By arranging the panels for each
droplet size next to each other, the evolution from molecular
transitions to collective plasmon modes can be followed over
a wide range of cluster sizes. Selected slices of the 2D plot are
shown below with the mean estimated cluster sizes annotated
in green on top. As described in Appendix D, the cluster size
estimation is based on the decrease in the He signal caused by
the release of binding energy during cluster formation.

For small helium nanodroplets and low potassium pickup
temperatures, the spectrum (a) is dominated by molecular
absorption features with the D lines of potassium atoms
(760 nm) as the most prominent structure. With increasing
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potassium doping level (b), a broad structured band emerges,
which is attributed to the LSPR. The dashed black line marks
the position of the peak maximum of this feature. The tran-
sition from the molecular to the plasmon regime proceeds
abrupt with increasing pickup level and occurs already for
small mean potassium cluster sizes Kn, below n = 20, in good
agreement with the TOF MS measurements.

Another notable feature in the small cluster region, vis-
ible in spectrum (b), is the presence of dips in the broad
absorption feature at the position of dimer and trimer tran-
sitions. Considering the geometry of the experiment (Fig. 1),
this is tentatively attributed to molecules that desorb during
the cluster formation process upon excitation. The additional
feature at the monomer transition in this spectrum may be an
indication for the presence of isolated atoms in addition to
clusters, similar to observations reported in Refs. [27,53].

For larger helium nanodroplets the maximum size of the
potassium clusters that can be accommodated is increased. At
a droplet diameter of 50 nm a regime is reached where pre-
dominantly nanoparticles are formed and a single LSPR peak
is prevailing. For potassium clusters Kn with a mean size of
n = 300 (c) the peak maximum is located at 600 nm. This is in
good agreement with previous results that report an absorption
band maximum at 611 and 605 nm for K+

500 and K+
900 [14],

respectively. Note that although the peak position remains
fairly constant around K300 (c), with only a slight shift to
the blue with increasing particle size, the absolute absorption
increases considerably (not visible in the normalized spectra).

At highest doping levels a surprising behavior is observed:
With increasing cluster size, a bifurcation occurs (e). The
splitting of the plasmon band into two components, which
sets in at around K600 (d), is interpreted as a transition from
spherical to elongated potassium clusters. With increasing
cluster size [(f) and (g)] the separation of the two peaks in-
creases. Eventually, the low-energy band moves out of range
for the employed laser, the high photon energy band settles
slightly below 500 nm. Note that due to the normalization of
the spectra to the maximum depletion value, i.e., to the wing
of the plasmon peak in (g) and (h), the low-energy feature
appears to increase with cluster size in the right panel.

The presence of multiple plasmon modes is typical for non-
spherical elongated particles [54–58]. For nanorods, for exam-
ple, a high-energy transversal mode and a longitudinal mode
at low energy emerge with their separation depending strongly
on the aspect ratio [59]. In helium nanodroplets, the prevailing
multicenter aggregation picture [37] suggests the presence of
elongated particles at the employed helium droplet sizes, com-
prising two (or more) coagulated clusters. Partial melting may
occur when two particles are fused together and, in the case
of high doping rates, doping material may still be added to
coagulated particles [60,61]. Consequently, the exact shape of
the particles inside the helium droplet is unknown. However,
in order to support the interpretation of the double-peak fea-
tures, spectra for different particle shapes have been simulated
using a boundary element method [62] as implemented in the
MATLAB toolbox MNPBEM [63]. Values for the (bulk) dielectric
function of potassium have been taken from Refs. [64–66].
Elliptical and rodlike shapes as well as particles that con-
sist of two merged spheres have been considered assuming
diameters of 3 nm; the results are included in Appendix E,

Fig. 8. The results obtained for the ellipsoidal shape are in
best agreement with the experimental spectra. Based on these
simulations, it is concluded that the maximum aspect ratio
of the formed particles is about 2. In particular, the peak
separation observed for potassium clusters in spectra (e) and
(g) can be explained by particle shapes with aspect ratios of
1.5 and 1.7, respectively, as can be seen from comparison
with the corresponding simulated absorption spectrum (Sim)
in Fig. 3. The intensity ratio between the plasmon modes is not
captured by the simulation, which is explained by the particle
size distribution and the higher sensitivity of the longitudinal
mode to the aspect ratio, which results in a spreading of the
intensity over a broad spectral range.

The results support an interpretation of the double-peak
structure as transversal and longitudinal plasmon modes, in-
dicating that the aspect ratio of the nanoparticle changes
gradually from spherical particles to elongated structures. For
the employed helium droplet size, this suggests a multicenter
aggregation process involving two or three seeds from which
a nanoparticle is formed by coagulation. Note that in helium
droplets, the formation of elongated structures is facilitated by
the attraction of dopants to quantum vortices [67].

IV. CONCLUSIONS

To summarize, potassium clusters isolated in helium nan-
odroplets are investigated using supercontinuum laser-based
beam depletion spectroscopy. The use of this stable turnkey
laser system for spectroscopy enables a rapid exploration of
large spectral ranges for many different cluster sizes. Tak-
ing advantage of this light source, the approach provides
insight into the spectra of species ranging from single atoms
and molecules to spherical clusters and elongated sub-10-nm
nanoparticles. For small clusters indications for an emerg-
ing plasmon mode are already found below n = 20. With
increasing size the plasmon resonance shifts from about 650
toward 600 nm. Size-averaged spectra for larger clusters and
nanoparticles reveal a splitting of the plasmon mode beyond
n = 600. Simulations indicate that the maximum aspect ratio
of the formed particles is about 2, suggesting a multicenter
aggregation process by which the nanoparticles are formed
starting with two to three seeds in the case of helium nan-
odroplets with mean diameters of about 90 nm.

In the future, the presented approach may be employed to
investigate the optical properties of many different materials
and material combinations [61] in the core@shell [61] or even
the core@shell@shell [68] configuration synthesized in the
inert and solvent-free helium droplet environment.
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FIG. 4. Top panel: Time-of-flight mass spectrum of potassium doped helium nanodroplets created at 9.5 K and 20 bars stagnation
conditions (≈20 nm diameter). Helium nanodroplets are ionized via electron impact ionization. The selected potassium mass windows,
separated by �m = 39 are represented in red. The inset plot shows the abundance of individual potassium clusters, particularly, stable cluster
sizes are marked by arrows. Bottom panel: Time-of-flight mass spectrum for the region from 500 to 1000 amu. Potassium clusters are marked
in red, multiple peaks originate from the isotope distribution of 39K (93%) and 40K (7%). The features between the potassium cluster mass
peaks are related to helium complexes, potassium clusters with attached water molecules or helium atoms as well as double ionized potassium
clusters.

APPENDIX A: TIME-OF-FLIGHT MASS SPECTRUM
OF POTASSIUM-DOPED HELIUM NANODROPLETS

Figure 4 shows a typical time-of-flight mass spec-
trum obtained for potassium-doped helium nanodroplets. An
overview spectrum is depicted in the top panel; a zoom into
the region from 500 to 1000 amu is presented in the bottom
panel. The selected helium droplet source conditions corre-
spond to 9.5 K and 20 bars (≈20 nm mean droplet diameter),
an intermediate doping level was adjusted. Ions are created
via electron impact ionization at 89 eV electron energy, the
electron source has a repetition frequency of 10 kHz. Mass
windows corresponding to potassium cluster ions are colored
in red. The inset (top panel) shows the integrated ion yield
for each marked region. The resulting distribution agrees well
with previous results for potassium clusters in helium nan-
odroplets [32]. For certain Kn cluster sizes, most prominent
at n = 9, 21, and 41, abrupt drops in the ion yield can be
noted. Within the jellium model [11], these magic numbers are
explained by electronic shell closures at 9, 21, 41, 59, and 93

potassium atoms for singly ionized clusters, which comprise
8, 20, 40, 58, and 92 valence electrons, respectively. Thus, the
recorded spectrum reflects the stability of cluster ions [17].

The presented spectrum was taken using 20 s acqui-
sition time, accumulating 2 × 105 ionization/measurement
cycles. This setting was found as best trade-off between
signal yield and stability during the wavelength scans
because the measurements with the TOF MS are very sensitive
to the environmental conditions, such as room temperature
or the provided helium gas pressure. Note that during an
experimental run a full TOF mass spectrum is recorded for
each wavelength step.

APPENDIX B: ELECTRONIC TRANSITIONS
OF POTASSIUM ATOMS AND MOLECULES

Electronic transitions of potassium monomers, dimers, and
trimers on the surface of helium nanodroplets have been stud-
ied in detail previously [25–30,45,46]. This section provides
a short summary of investigated transitions and their respec-
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TABLE I. List of previously investigated transitions of
potassium-doped helium nanodroplets [25–30,45,46].

λ (nm) Species Transition

570 K2 2 3�g ← 1 3�+
u

617 K3 3 4E ′ ← 1 4A′
2

635 K2 1 1�u ← 1 1�+
g

674 K3 1 4A′′
1 ← 1 4A′

2

715 K2 1 3�g ← 1 3�+
u

760 K1 4 2P 1/2
3/2

← 4 2S1/2

836 K3 2 4E ′ ← 1 4A′

tive positions, which are listed in Table I. A compilation
of excitation spectra, adapted from Ref. [46], recorded by
laser-induced fluorescence (LIF) spectroscopy, is displayed in
Fig. 5. It becomes evident that molecules in their electronic
ground state but with different spin configurations are present
on helium nanodroplets. An interesting aspect of the spectra
presented in the main paper is that a typical wavelength scan
from 500 to 840 nm takes about 45 min, much faster than
long-range LIF spectroscopy scans with dye lasers.

APPENDIX C: ADDITIONAL INFORMATION
ON THE CLUSTER SIZE DEPENDENCE
OF THE ABSORPTION PEAK POSITION

Figure 6 shows the position of the absorption band max-
imum as a function of cluster size for Kn n = 1–110 as
obtained with the TOF MS (cf. Fig. 2 in the main paper).
Individual spectra have been fitted with a Gaussian function,
the peak maximum is plotted for each cluster Kn in the figure.
A shift towards the blue for increasing cluster size can be iden-
tified, in agreement with the prediction of the model described
by Kresin [10] (black dashed line). The difference between
experiment and model for large clusters is explained by the
employed bulk parameters in Ref. [10], which dictate the
value towards which the plasmon peak maximum converges.
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FIG. 5. Compilation of atomic and molecular transitions for
potassium-doped helium nanodroplets, recorded by LIF spec-
troscopy for the monomer (black), dimer (blue), and trimer (red).
Adapted from Ref. [46].

FIG. 6. Position of the absorption maximum as a function of the
potassium cluster size. The peak position is obtained from a Gaussian
fit to the TOF MS spectra (cf. Fig. 2 in the main paper). The dashed
black line represents the results obtained with the Kresin model (Ref.
[10]).

APPENDIX D: SIZE ESTIMATION FOR POTASSIUM
CLUSTERS

The formation of clusters inside the helium droplet goes
along with a release of binding energy EK(n), which is dissi-
pated by the evaporation of helium atoms. From the number
of evaporated helium atoms �N , estimated based on the ratio
of initial and the attenuated (after doping) helium flux, the ap-
proximate number of potassium atoms n constituting a cluster
can be calculated by [37]

n ≈ �N[EHe/EK(n)]. (D1)

The energy carried away by a single He atom (HeN →
HeN−1 + He) is assumed as EHe = 0.6 meV [61]. The
deviation of the binding energy EK(n) per potassium atom
from the bulk value for small n is accounted for by interpo-
lating the calculated binding energy of small clusters [69,70]
(n � 20), which converges towards the bulk cohesive energy
EK(∞) ≈ 0.9 eV, assuming that EK(n) is proportional to
n−1/3. This model is chosen because it reproduces the increas-
ing surface to volume ratio for decreasing cluster sizes. The
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FIG. 7. Employed function (red line) used for the estimation
of the binding energy per potassium atom, which accounts for the
reduction of binding energy with decreasing cluster size. Calculated
values for selected small clusters are represented by black circles,
taken from Refs. [69,70]. The function converges toward the bulk
cohesive energy EK(∞) ≈ 0.9 eV.
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FIG. 8. Calculated absorption spectra of a spherical and several elongated particles with different morphologies and for various aspect
ratios (AR)s. The smaller diameter is always 3 nm for all three cases. The red spectrum corresponds to the transversal mode, i.e., when the
electric field is aligned perpendicular to the longer particle axis. The blue spectrum corresponds to the longitudinal mode, i.e., the absorption
spectrum for the case of the electric field parallel to the longer axis. The black spectrum represents the sum of both contributions. The projected
particle shapes are sketched for each calculation, the relative orientation of the electric field is indicated by blue (transversal mode) and red
(longitudinal mode) arrows.

employed function used for the estimation of the potassium
cluster size is shown in Fig. 7.

APPENDIX E: ADDITIONAL INFORMATION
ON THE SIMULATION OF POTASSIUM NANOPARTICLE

SPECTRA

To estimate the aspect ratio of potassium nanoparticles
created in helium nanodroplets, a series of calculations has
been performed using the MNPBEM toolbox [63]. The results
are shown in Fig. 8. Three different shapes are considered:
A cylindrical nanorod, an ellipsoid and a particle consisting
of two merged spheres. For each morphology the calculation
has been carried out for different ARs, the result for a sphere
(AR = 1) is shown in Fig. 8 (top). The diameter of the
particles corresponds to 3 nm. Note that the absolute po-
sition of spectral features is not captured accurately by the
model, which is based on the macroscopic dielectric function
of potassium [64–66]. Size effects, such as the spill out of
electrons, are not accounted for. However, the calculation pro-
vides qualitative insight into the evolution of the absorption
spectrum for different particle shapes at constant diameter, in
particular, for varying aspect ratio.

The results show that as soon as the spherical symmetry is
lifted, a longitudinal mode at shorter wavelength (higher en-
ergy) and a transversal mode at longer wavelengths emerges.
With increasing AR, the longitudinal mode shifts to the red
whereas the transversal mode shifts towards the blue. The
shift is more pronounced for the longitudinal mode, which is,
thus, more sensitive to the aspect ratio [59]. A projection of
the particle shape assumed in the calculation is shown in each
subplot in Fig. 8, together with the relative orientation of the
electric field, which is represented by arrows. The results are
very similar for all three assumed particle shapes. However,
the separation of the two modes in the spectra for nanorods
and ellipsoids is virtually indistinguishable. A splitting of the
dipolar longitudinal mode as predicted for the rodlike shaped
particles (top row) is experimentally not observed. However,
this effect may be obscured by the cluster size distribution.
The redshift of the longitudinal mode in the merged sphere
model is slightly larger, in particular, when approaching an
aspect ratio of 2, in the case of which the two spheres barely
touch.

Even though the results are very similar for all three
cases, the ellipsoidal shape appears to best match the ex-
perimental spectra. Consequently, these spectra are presented
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in the main paper. However, considering the experimental
results as well as the calculations, an aspect ratio beyond 2
is unlikely. Thus, the results suggest the presence of slightly

elongated structures at the employed helium droplet sizes
and adjusted doping levels, presumably in an ellipsoidal
form.
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