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The ionization potentials of magnesium clusters (Mgy, N = 7-56) are determined by doping ultracold
helium nanodroplets (Hey, M ~ 52 000) with Mg atoms. Inspecting the particle size distributions resulting
from non-resonant, short-wavelength, single-photon ionization gives evidence that beyond a certain
ensemble size, the developing foam structure undergoes a spontaneous collapse on the way to the laser
interaction region. As a result, hot Mg clusters form in the relaxation process. The spontaneous collapse
manifests in a substantial change in the size distributions, when recording mass spectra at wavelengths
shorter than 272 nm. Tracing individual Mgy signals as a function of laser photon energy allows extraction
of size-specific ionization potentials, which for small clusters show a good agreement with results
obtained from density functional theory simulations. The further development is compared to calculations
based on the liquid drop model. However, even when quantum effects are included, the simple scaling
law is not able to reproduce the development of the ionization potentials. The results suggest that small
neutral magnesium clusters behave as non-metallic. The comparison to electron affinities and band gaps
obtained from photoemission experiments on Mgy~ provides information on the charge state dependence
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1 Introduction

The studies on nanoscaled systems have attracted considerable
interest due to the various possibilities to modify the physical
and chemical properties of matter nearly at will by simply
changing size and compositions."”® Examples of nanoparticle-
based applications are numerous, e.g., catalysis,” magnetism,®
combustion,’ solar cells,'® and sensor technology." In order to
steer the functionality towards predetermined directions, it is
essential to reduce the complexity and first characterize the
particle properties as far as possible. This bottom-up approach
has been quite successful in different research areas, e.g,
multiply charged anions in the condensed phase’? or plasmonic
materials."® In this context, clusters in a molecular beam repre-
sent a prominent model system to study the evolution of
material properties in the size range between the atom and the
bulk. In view of a versatile application range, the quantum size
regime is extremely interesting since the material response may
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of the non-metal-to-metal transition and properties like the Mulliken electron negativity.

change substantially with the number of atoms.'* Hence, size
selectivity may be crucial for further technological development.

Helium nanodroplets*>™® provide a manifold of opportu-
nities to study model systems built from atoms and molecules
under specific conditions, ie., at 0.37 K temperatures.”® Its
ultracold and superfluid nature allows foreign particles to enter
the droplets®" and effectively cool down. The number of particles
that enter the droplet can be controlled with good precision.
The‘ weakly interacting environment also results in only a
slight perturbation of the electronic structure of the impurity.>>
Accumulation of atoms and molecules in the droplet, therefore,
not only leads to cluster growth but also to the formation of
ensembles far from equilibrium.**** The ultracold conditions
also allow for ultracold chemistry® and the targeted isolation of
clusters from highly reactive species.>®

A corresponding example that is also at the center of this
work is magnesium, which for a small number of atoms in
helium droplets, forms a foam.>” The ensemble consists of a
1 nm spaced network of Mg,”® whereas the atoms are separated
by helium. Up to a certain foam size, the formation is found to
be quite robust with respect to doping level and droplet size.
Moreover, the spectroscopic signature obtained in the vicinity of
the foam resonance Ag,m = 282.5 nim, ie., at wavelengths between
276 and 286 nm, shows that the electronic and optical properties
of the ensembles are almost atom-like, as demonstrated by
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Fig. 1 Mass spectra of magnesium doped droplets for different doping conditions and excitation wavelengths. Left: Distributions recorded using Z¢oam =
282.5 nm (4.39 eV) laser pulses. At low doping (top), ion snowballs and small clusters show up. For high doping conditions (bottom), almost no ionization
signals are detected. Right: As left, but obtained at an excitation wavelength of 7, = 254 nm (4.88 eV). Signals of small Mg clusters are obtained, whereas
N = 15 shows the highest yield (top). With increasing doping, the size distribution shifts to larger clusters. At N = 67, clusters as large as Mgsg are detected,
(bottom). The substructure in the spectrum indicates on the fragmentation of clusters after ionization.

resonant two-photon ionization in the vicinity of the atomic
3'P; « 3'S, transition.>” Pump-probe measurements reveal that
upon optical excitation, the foam collapses on a ps time scale,
resulting in the formation of regular clusters Mgy".>® The devel-
opment of the photoelectron spectra as a function of doping
allows to determine the foam stability limit, ie., the maximum
number of Mg impurities that can be embedded in the droplets
and form a foam on the time scale of the experiment.*

The present work focuses on mass spectroscopy of Mg-
doped droplets beyond the foam stability limit, i.e., at a high
doping level. The characteristic mass spectrometric patterns
indicate that compact magnesium clusters are formed in a
process of spontaneous foam collapse. From the mass distributions
collected at different wavelengths, the ionization potentials of
individual magnesium clusters are extracted and compared to
theory.

2 Experimental setup

Details on the experimental setup to conduct ion®® and electron®"
spectroscopy on doped helium nandroplets are described
elsewhere.** Briefly, helium nanodroplets are produced by super-
sonic expansion of cold helium gas through a 5 pm diameter
nozzle into the vacuum. The chosen temperature 7, = 9.8 K and
stagnation pressure Ps = 20 bar correspond to a mean droplet size
of M =5.2 x 10* atoms. After formation and passing a differential
pumping stage, the droplet beam enters the pick-up chamber,
which houses a resistively heated oven filled with magnesium.
The partial pressure of Mg vapor varies with temperature and
allows to control the average number of atoms N captured by the
droplets. Downstream, the molecular beam transverses the inter-
action region of a reflectron time-of-flight mass spectrometer,
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where the droplets are exposed to pulses from a tunable laser
system. The tuning range allows to select wavelengths down to
/1, =221 nm (photon energy E; = 5.61 eV). The system operates at a
repetition rate of 1 kHz with a pulse length of 10 ns and pulse
energies up to 5 1J depending on wavelength.

3 Results

The foam resonance have been identified to center at a wave-
length of Agpam = 282.5 nm.>” For a droplet size of M= 5.2 x 10°,
the characteristic photoelectron emission from the foam*°
(not shown here) maximizes at a mean doping of*° N = 26.
This comes along with a corresponding characteristic ion
signal, i.e., the corresponding mass spectrum (Fig. 1, top left
panel) shows signals of Mg" ions, Mgy clusters with N up to 12,
as well as a Mg'He,, snowball progression. The resulting
distributions agree well with ref. 27 and represent a signature
of foam being present before ionization occurs. At higher
doping, the total ion yields decrease. In addition, the maximum
in the Mgy distribution shifts to smaller sizes. At doping levels
far beyond the foam stability limit, e.g., Nyy = 67 (bottom),
almost no signals from clusters are detected. Only a weak
monomer signal is present, which can be attributed to the
presence of a small number of droplets still housing a foam.
The decrease in the ion signals correlates with the absence of a
characteristic signature in the electron spectrum.*’

In contrast to the distributions recorded at A¢,am, the spectra
obtained at shorter wavelengths show a different pattern. Fig. 1
(right) exemplarily shows results obtained at /;, = 254 nm. For a
doping level of Ny, = 26, larger clusters with N up to 30 are
detected. With further increase of the doping, the progression
extends to larger sizes. For example, at N = 67, clusters as large
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Fig. 2 Total ion yields as function of average doping for wavelengths as
indicated. The development of the signals indicates that at the different
wavelengths, different targets are probed. The dotted lines are used to
guide the eyes.

as N = 56 are present. Notably, the mass spectra show features,
which have been obtained previously in laser and electron
impact ionization experiments on MgyHe,, (ref. 26), e.g., a
considerable drop in the yield of Mg,,". At the same time,
snowball complexes are no longer observed. Obviously, a dif-
ferent target is probed.

In order to verify whether different target systems are
actually excited, the total yields of Mgy" have been extracted
as a function of average doping for different laser wavelengths,
see Fig. 2. The ion yield Yfoam (4foam) increases with N, maximizes
at N =12 and drops beyond. In contrast, the yield at A;, = 254 nm
starts to rise at N = 10, i.e., near Yioam, and gradually increases
with N. At the highest doping, only signals resulting from
excitation with 254 nm laser pulses are observed. This indicates
that different targets are probed upon short wavelength irradiation.
Hence, the recorded distributions are assigned to signals of regular
magnesium clusters formed upon spontaneous foam collapse.
Under these conditions, mass spectra are recorded for laser
wavelengths between 221 and 272 nm (4.56 eV< E;, < 5.61 eV).
This procedure allows us to extract size-specific ion yields from the
corresponding spectra, ie., ionization efficiency curves. Exemplary
findings for Mg,," and Mg,," are presented in Fig. 3. Generally, one
finds that the signals first gradually increase with photon energy
and then level off at a size-dependent certain level.

4 Discussion

Assuming that cluster ions are only produced through a
single-photon absorption process, the ionization efficiency
dependence (Fig. 3) can be used to determine the ionization
potentials IP. The corresponding values can be extracted by
applying a method based on a fit procedure utilizing an error
function:**3°

Y(e) = —JDO e Vdx (1)
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Fig. 3 lonization efficiency curves for selected cluster sizes (black e:
experimental data; red lines: fit curve), see text for details. The ion
yields are normalized with respect to the laser pulse energy. Note the
logarithmic scale.

where b and E are fit parameters. The value of E corresponds
to the maximum of the first derivative of Y(¢), whereas the
parameter b is inversely proportional to its half-width. Under
the assumption that the widths of the ionization thresholds
only depend on an electron-vibronic interaction between neu-
tral and ionized cluster, the resulting value of E can be assigned
to the vertical ionization potential.>* Corresponding fit exam-
ples are shown in Fig. 3 (red lines).

Limited by the maximum laser photon energy of Ef** =
5.61 eV, ionization signals leading to convincing ionization
efficiency curves can be obtained for N > 7. For Mgs and Mg,
an increase of the yields close to Ef'** is observed. However, the
number of data points is not sufficient to extract the corres-
ponding IP. We assume that these clusters have an IP of about
5.6 eV. The resulting IP values of the larger cluster up to Mgss
are shown in Fig. 4 (black circles). The values of IPy decrease
with size. Between 7< N <18, IPy exhibits a marked change
and drops from IP, = 5.38 eV to IP;g = 5.00 eV. Beyond, IPy
levels out and achieves a value of 4.87 eV for Mgs.. We notice
substantial differences in the values of the IP as a function of
size, e.g., comparatively high ionization potentials for N =
16, 17.

The ionization potentials of magnesium clusters (N < 22)
have been studied by density functional theory (DFT), and a
reasonably good agreement is found.**™*° Specific details,
however are not reproduced, see Fig. 4. For example, the
experiment provides no evidence for exceptional high IPs of
N =7, 9, and 11. Such an oscillatory behavior of IPy was
assigned to the interplay between electronic and geometrical
effects,”® meaning that the cluster geometry could play a
significant role. For example, the calculated lowest energy
geometries differ between ref. 36-38 which leads to a difference
in the corresponding IP of N = 7, 9, 11. In the spontaneous
collapse of the foam, a high energy release is expected. Therefore,
several scenarios are feasible. Helium cooling is (i) effective and
there is a high probability that the systems find their way to the
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Fig. 4 lonization potentials of Mgy in the size range N = 7-56 (black e) extracted from the ionization efficiency curves. DFT-calculations on Mgy have
been conducted by Akola et al.*® (blue [), Jellinek et al*” (red °) and Lyalin et al.*® (green ©). Lines are used to guide the eyes.

ground state. (ii) ineffective and the resulting structures are
different from the lowest energy geometries. Hence, different
isomers contribute to the ion signals (iii) There is a smooth
transition between (i) and (ii) since the energy release is size-
dependent. An exceptional high IP of Mg;, has been obtained in
early calculations on metallic Mgy.* It was found that due to the
two valence electrons, the high IP of N = 10, 17, 20, 29, 34, and 46
result from electronic shell closings. Indeed, the corresponding

6.0

values of the IPs are higher compared to neighboring clusters.
However, when taking into account the error margins, the
development of ionization potentials is smooth. Hence, presently
one cannot draw conclusions on electronic shell closures in Mg
clusters.

Ionization potentials have also been determined for clusters
larger than treated by DFT, forcing us to study a possible
nonmetal-to-metal transition as a function of size at a lower

o
)

5.0

lonization potential [eV]
N
»

W,=3.66 eV

0.0 0.1 0.2

0.3 0.4 0.5 0.6

Inverse cluster size N

Fig. 5 Magnesium cluster ionization potentials (IP, black e) as function of N~*'3. For comparison, results of the liquid drop model based on different fit
parameter settings are included. Solid lines: Fit of the IPs by applying eqn (2), and « = 1/2 (blue) and « = 3/8 (red). Dashed line: Adjustment of egn (2) to the
data without any restrictions, giving values of Wr = 4.28 eV and « = 0.26. The dotted line represents the magnesium bulk work function.**
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of N™Y3. Lines corresponds to the liquid drop model (LDM) based on eqn (2) and (3) with o = 8 = 1/2. The black dotted line shows the bulk work function.

The EAs have been taken from. 4248

theoretical level. Experimentally, this transition takes place
around N = 18-20, whereas evidence is based on cluster
size distributions®® and size-specific band gaps of anionic
clusters.”” Alternatively, the development of the ionization
potentials can be analyzed in the context of the liquid drop
model (LDM).*® The ionization potential is given by**

2

IP = W
F+ OC4TES()R

(2)

where R = r,N' is the cluster radius, r, the Wigner-Seitz radius
of magnesium,*® W;, the bulk work function (3.66 eV),"" ¢, the
electric constant and o the slope parameter. In the classical
model o = 1/2. In general, the value of « can vary and it depends
on the material.*® However, values of « are typically in a range
[3/8:1/2]. The deviation from the of o from 1/2 stems from
quantum effects, e.g., correlation and exchange energies.”’
Fig. 5 shows a comparison of the experimental findings to
ionization potentials calculated according to eqn (2). The
experimental IPs follow a 1/R dependence. The values of « =
0.28 and Wr = 4.28 €V, resulting from the fit procedure
(magenta dashed line), deviate largely from the accepted values,
ie., a=1/2 and Wr = 3.66 eV.*! However, using these numbers
(blue line) does not yield a convincing result either. Notably,
already at N = 7, the IP is found to be lower than expected by the
LDM. This finding suggests a substantial drop in the ionization
potential from the atomic value of 7.65 eV already at small
clusters. The observation that eqn (2) does not reflect the
development of the IPs resembles results obtained on, e.g,
transition metal clusters.**" In order to explain the differences
to the LDM, the impact of quantum effects has been discussed
on different levels of theory: (i) deviations of « within a range of

23354 | Phys. Chem. Chem. Phys., 2022, 24, 23350-23356

[1/3 : 3/8].%¢°*33 (ii) modifying R by including a possible electron
spill-out.*>>* (iii) changes in the value of the bulk Wigner-Seitz
radius.>® Considering these suggestions, e.g., « = 3/8 (red line),
the agreement with the experimental data is still not satisfactory.
The liquid drop approach thus fails and there is no evidence of
metallic behavior Mgy with N < 56. One can assume that
geometry plays a crucial role in this size range, which results
in a substantial shift of the ionization potentials. Indeed,
structure calculations®®”” reveal that Mgy tends to arrange in
an icosahedral geometry which differs from the bulk hcp
structure.’® In fact, the actual structure as well as the tempera-
ture of the clusters, which are formed in the foam collapse, are
currently unknown. It remains a challenging task to characterize
the resulting structures in the experiment in order to make a
direct comparison between theory and measurement.

In order to clarify, we compare our results to electron
affinities (EA) obtained by photoelectron spectroscopy on
Mgy~ .*>*® Within the LDM, the EA can be calculated as

1 &

EA = Wp — p——
¥ ﬁ4TES()R

(3)

where f is the slope parameter. The values of f§ are typically
within a range [1/2: 5/8],>° whereas the difference o~f is small
for a given element. Fig. 6 shows a comparison of IP and EA as
function of N~*3, together with LDM calculations (2 = 1/2),
i.e. eqn (2) and (3). In contrast to the ionization potentials, the
development of the electron affinities agrees well with the
liquid drop model. This suggests that the nonmetal-to-metal
transition in Mg cluster anions has already taken place. The
findings on the EA are backed by an analysis of the band gap
closure.*? Apparently, the charge state of the cluster plays a vital
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role in the development of electronic properties from the atom
to the bulk.*” The trend in the development of the IPs gives a
value of 4.28 eV for the bulk work function, i.e., far above the
expected value of*! 3.66 eV, see Fig. 5. Possibly, a clear metallic
behavior only occurs in the case of significantly larger clusters.

In order to relate the IPs and EAs to properties being
relevant for chemical purposes and applications, it is appealing
to inspect parameters, which in first order can be derived from
the potentials,****®° j.e., global hardness S, global softness 1,
chemical potential yx, and the Mulliken electronegativity y = —pu.

IP + EA 1 e
A_T_ WF+(¢_B)4T[8()R

4

The electronegativity indicates the electron transfer direction
between systems. The inset of Fig. 6 (green <) shows the resulting
values. For small clusters, the y values are initially low but
gradually increase with size. Notably, the value of ; exceeds the
Wr at about N = 40. Hence, larger clusters show the enhanced
ability to draw electrons toward themselves in bonding.

5 Conclusions

In conclusion, mass spectrometry studies on helium droplets,
doped with magnesium atoms to ensemble sizes beyond the
foam stability limit, reveal the formation of hot regular Mgy
clusters. Related ionization potentials of clusters have been
determined by an analysis of the ionization efficiency curves.
The development of the IPs as function of of N first shows a
rapid drop for small clusters and then a smooth gradual
decrease. The trend, however, shows deviations from predic-
tions based on the liquid drop approach. The findings suggest
that in contrast to Mgy, the IPs of Mgy up to N = 56 cannot
be described by the model, even when taking into account
quantum effects like the electron spill-out. Increasing the size
of the droplets will allow to extend the measurements to larger
N, in order to pursuit the further development of ionization
potentials and to identify trends in the electronic properties.
Moreover, it will be an appealing task to investigate whether
foams are still present in pm-sized helium droplets. Clarifying
studies along this direction would open perspectives for single-
shot X-ray diffraction experiments'® on these exotic ensembles.
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