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Sputtered molecular fluoride anions: HfF,~
and WF,~

Hubert Gnaser,?* and Robin Golser<

The emission of negatively charged HfF,~ (n < 5) and WF,,~ (n < 7) molecular ions sputtered from a mixed Hf -W-PbF, fluoride
sample by a 13 keV Cs* ion beam was studied. The emitted ions were detected in a high-sensitivity double-focusing secondary
ion mass spectrometer. In the HfF,~ and WF,~ series, HfFs~ and WF¢~ are the anions formed most abundantly, with their
ratio amounting to HfFs~/WF¢~ ~6, whereas HfFs~/WFs~ ~18. In particular, the rather high yield of the HfFs~ anion could be
essential for the sensitive detection of live '82Hf, a radionuclide (half-live ~9 million years) that might originate from stellar
events in the vicinity of the Earth. Generally, these high ion yields appear to correspond with a high electron affinity of the
respective molecule. In addition, their formation may be affected by the atomic composition at the sputtering site. Because their
constituents originate from (initially) separated sources (the individual Hf, W and PbF, particles), the production of the HfF,~
and WF,,~ molecular anions is envisaged to require an extensive mixing between these different reservoirs during sputtering.
Furthermore, the energy distributions of these molecular anion species indicate that they are released from the surface via a
collision cascade that also leads to the occurrence of fragmentation processes in the emission event. Copyright (©) 2010 John

Wiley & Sons, Ltd.
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Introduction

lon bombardment of solids results in the removal of atoms
and molecules from the topmost surface layer(s), a process
usually called sputtering."! This sputtered flux often contains
an appreciable number of atomic and molecular ions. Although
the mechanisms leading to ion formation in sputtering are not
completely understood,??! these secondary ions form the basis
of powerful analytical techniques such as SIMS* and accelerator
mass spectrometry (AMS).’! In AMS, the production of an abundant
flux of stable anions by sputtering the target with Cs™ ions is a
prerequisite for the ultrahigh sensitivity achievable. While the
emission of sputtered molecular ions!®”! is often not appreciated
in mass spectrometry as they may cause problems due to mass
interferences, thereby limiting the detection sensitivity, some
molecular ions were found to be emitted in sputtering with
(much) higher abundances than the corresponding atomic ions.
This appears to be particularly prominent in the case of negatively
charged ions; noteworthy is the very abundant formation of some
anionic fluoride molecules from many samples®~" and their use
for analytical purposes. (An extensive review on molecular anions
can be found in Ref. [16]).

An interesting application is the detection of a specific Hf
isotope ('82Hf) by monitoring molecular Hf-fluoride anions. '82Hf
isalong-lived radionuclide of particular interest for the early history
of the solar system. Its half-life of 8.90 £ 0.09 million years!'”! is
apparently long enough to survive the time interval between
production through stellar nucleosynthesis and the formation of
the solar system. However, it can clearly not survive the 4.6 billion
years of the solar system. Therefore, it existed as an extinct
radionuclide and can be detected by an isotopic anomaly of its
stable daughter product '8W. This '82Hf-182W system forms a
very powerful chronometer for the timing of the formation of
various early objects of the solar system.!8!

In addition, '82Hf may also complement a few other radionu-
clides in the million-year half-life range to trace relatively recent
stellar events with high neutron fluxes in the vicinity of the Earth.
This may be accomplished by finding measurable traces of live
'82Hf in suitable terrestrial archives. Thus, finding live '82Hf on
Earth today would be a strong indication for introduction of ma-
terial from recent nucleosynthesis, e.g. from nearby supernovae.
Generally, '8Hf plays an important role for the understanding of
nucleosynthesis of heavy elements in stellar environments, since
both r-and s-processes can be responsible for the high abundance
in the early solar system.'” Given its high sensitivity, it should be
possible to detect minute amounts of '82Hf by AMS. Indeed, it has
been shown?? that the main interference for the detection, the
stable isobar '82W, can be significantly reduced by using HfFs~
ions and '82Hf/'8°Hf ratios down to 10" could be measured.
However, the detection limit depends on the W content in the
sample material. The status of the detection of '82Hf by AMS has
been described recently.2'22

The aim of the present work was to investigate the emission
of sputtered Hf and W fluoride anions, in order to provide an
estimate for the possible magnitude of such a W contribution. A
sample containing nominally equal amounts of Hf and W was used.
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Bombardment was carried out by a Cs™ ion beam. Generally, this
leads to the incorporation of cesium into the near-surface region
due to implantation and concurrent erosion. Previous work?3 has
shown that this presence of Cs causes a pronounced lowering of
the work function within the irradiated area. This work-function
reduction results in a strongly enhanced production of negatively
charged ions®? and is, therefore, favorable for the detection of
molecular anions with high sensitivity.

Experimental

The experiments were performed in a SIMS instrument (Cameca
IMS-4f.24). Sputtering was done with a Cs* ion beam produced
in a surface-ionization source. With the source at a potential of
+10 kV with respect to ground and the sample at —3kV, the
primary impact energy was 13 keV and the incidence angle ~30°
relative to the surface normal. The Cs* ion current ranged from
50 to 100 nA, and the beam was raster-scanned across an area of
about (150 um?). Sputtered negative ions were collected from a
somewhat smaller, circular area centered within that raster.

The sample (at a potential of —3kV) faces a grounded
(extraction) electrode; this electric field effects an acceleration
of the sputtered (negative) ions. The field strength in this
acceleration region is ~7 kV/cm. Upon passing the extraction
electrode, the negative ion beam is focused by electrostatic lenses
onto the entrance slit of the mass spectrometer. The instrument
incorporates a double-focusing mass spectrometer consisting of
an electrostatic sector followed by a magnetic sector field, both
with a 90° deflection angle. The present results were obtained at
a low mass resolution of M/AM ~300-600, but a much higher
resolution can be achieved!®® by narrowing the entrance and exit
slits of the spectrometer.

Energy spectra are recorded by scanning the target potential
(by 130V around its nominal value of —3 kV) and keeping the
other optical elements of the secondary ion beam line unchanged.
Reducing the width of the energy slit (which is located between
the two sectors), only ions whose kinetic (emission) energy and
the actual sample potential add up to 3 keV can pass the slit and
then be detected.

Detection of secondary ions is done either by a discrete-dynode
electron multiplier or, for count rates in excess of 1 MHz, by
a Faraday cup, with the efficiencies of both devices carefully
matched. Usually, the most abundant isotope of an element
was employed for the determination of the yield data, but the
correctness of the isotopic patterns was checked, if possible.

The specimen studied (Hf-W-PbF,) was a mixture of Hf, W and
PbF, powders with a ratio of 1:1:8. For the analysis, the mixed
powder was pressed into an In foil of high purity (99.9999%). The
dispersion of the powders was such that parts of the In foil were
still visible between the more densely packed areas. To minimize
charge build-up during ion irradiation all specimens were coated
with an Au layer (~50 nm thick). In addition, a low-energy electron
beam could be directed onto the surface in order to reduce the
accumulation of positive charge if needed.

Results and Discussion

The goal of this work was the investigation of sputtered molecular
fluoride anions of Hf and W and the determination of their (relative)
abundance distributions. These data may provide a guideline for
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Figure 1. Mass spectrum of negative ions sputtered from a mixed
Hf-W-PbF, sample by 13keV Cs* ions. Several of the HfF,~, WF,,
and PbF,~ mass peaks are labeled.

the efficient detection of Hf by AMS. In addition, the distributions
may then be correlated with parameters relevant for the stability
and the ionization of these molecules such as dissociation energies
and electron affinities, if such information becomes available.

Generally, mass spectra of fluoride samples demonstrate the
presence of a rather large variety of atomic and molecular anions
inthe sputtered flux.['®="% This observation is also corroborated by
the mass spectra obtained from the mixed Hf -W-PbF, specimen.
Figure 1 depicts part of such a spectrum in the region of the larger
fluoride species. Apart from the Hf and W fluoride anions (HfF,~
and WF, ™) that are of primary interest here, abundant mass peaks
of PbF,~ are observed. Similar to previous work,""! also HfOF,~
molecules are detected.

The abundance distributions (i.e. the intensities as a function of
the number of F atoms in the molecule, n) of the molecular anions
HfF,~ (n < 5) and WF,~ (n < 7), sputtered from Hf-W-PbF, are
shown in Fig. 2. To facilitate a comparison, the data are normalized
to the intensities of the most abundant anions (HfFs~ and WFg—,
respectively). Some of the HfF,~ molecules could not be identified
unambiguously; in these cases, the intensity data are specified as
an upper limit of the abundance of the respective anion. The ratio
of the anions formed most abundantly (HfFs ~ and WF¢ ~) amounts
to ~6, whereas the ratio HfFs~/WF5~ ~18.

In addition, Fig. 2(a) depicts relative intensities of HfF,~ species
sputtered from a HfF, sample, obtained previously by SIMS'"
and by AMS.129! Clearly, the HfF,~ abundance distributions from
the two different specimens are rather different, whereas they are
essentially identical for the HfF4 specimen when using either SIMS
or AMS. This finding indicates that the emission of fluoride anions
is not influenced by the largely different sputtering geometries
and bombardment conditions employed in these two techniques.
By contrast, the emission of HfF,~ molecules with n < 4is strongly
reduced for Hf—W-PbF; (or, if normalization is done using one of
these molecules, HfFs~ would be much enhanced as compared
to HfF4). The intensities of the HfFs~ ions sputtered from the
two samples (Hf—-W-PbF, and HfF,) are rather similar (Fig. 1 and
Ref. [11]), but an absolute comparison is not feasible because of
the different sample properties and compositions.
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Figure 2. Normalized intensities of HfF,~ (a) and WF,~ (b) anions sput-
tered from the Hf —-W-PbF, sample as a function of the number of fluorine
atoms n in the respective molecules. If a molecular species could not be
identified unambiguously, only an upper limit as to its relative ion inten-
sity is specified (open circles, labeled ‘up. lim.). In (a) relative intensities
of HfF,~ species sputtered from an HfF, sample are depicted, obtained
previously by SIMSI" and by AMS [26]

The abundance distribution of WF,,~ is shown in Fig. 2(b). The
WF¢~ species has the highest intensity, but WF,~ molecules
are clearly observed for 1 < n < 7. A similar WF,™ pattern is
reported in Ref. [15]. The emission of molecular WF,~ anions
is of considerable interest because electron affinities A have
been computed recently for WF, molecules (n < 6).2”) The
theoretical results show that WF¢ features the highest electron
affinity (A ~ 3.4 eV), in agreement with the experimental finding
of WFs~ being the most abundant anion. In fact, the measured
WF,~ intensities were found recently! to correlate exponentially
with the theoretical electron affinities. This finding is in agreement
with theoretical models of sputtered ion formation that predict an
exponential dependence of the ionization probability of atomic
anions, P~, on their electron affinity!?
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Here @ is the surface work function of the specimen, A is the
electron affinity, and ¢ may depend (slightly) on the perpendicular
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Figure 3. Normalized energy spectra of F~, HfFs~ and WFs~ anions
sputtered from an Hf-W-PbF, sample. The tails at ‘negative’ energies
are due to fragmentation processes (see text).

component of the ion’s emission velocity.”! @ will change
(decrease) initially due to Cs incorporation, but should be constant
for steady-state irradiations. Such an exponential scaling has been
verified for atomic ions,!? but is possibly valid also for molecular
ions. It appears reasonable, hence, to assume that the intensity
variations of the molecular ions shown in Fig. 2 reflect, to some
extent, the different electron affinities of these molecules.

The distinct divergence in the distributions of the HfF,~ species
obtained from the two different specimens (Fig. 2(a)) indicates that,
apart from the ionization process, other factors may influence the
abundance distribution of sputtered molecules. Atomistic com-
puter simulations!?8! and energy spectra of sputtered molecules?”’
demonstrate rather convincingly that the emission of molecular
species is governed by a concerted energy transfer to the nascent
molecule from a collision cascade at the surface; it eventually
may lead to the molecule’s release from the surface. This has at
least two consequences: First, the sputtered flux is proportional
to the target (surface) composition, and the probability to form a
molecule with a specific composition will depend on the compo-
sition of the specimen. In other words, to form a molecule with
a given number of F atoms necessitates that a sufficient number
of F atoms are present at the molecule’s emission site on the
surface. Second, in such a sputtering event a considerable amount
of energy might be imparted onto the departing molecules (i.e.
they are ejected ‘hot’); they may cool by the evaporation of atoms
or (small) fragment species®”) Therefore, the relative stability of
a molecular species against such a fragmentation reaction may
influence the observed distributions in Fig. 2.

The occurrence of fragmentation is also seen clearly in the
energy spectra of sputtered fluoride molecular anions. Figure 3
depicts such spectra for HfFs ~ and WFs ~ ions. The spectra are seen
to extend to apparent ‘negative’ emission energies. These negative
tails are due to the decay of cluster species during their passage
through the accelerating field of the mass spectrometer: the
resulting daughter ions carry only a fraction of the full accelerating
energy as compared to the intact species that experience the full
acceleration*%3" On the other hand, the energy spectra of these
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molecules fall off rather steeply with increasing (positive) emission
energy. By contrast, the energy distributions of atomic ions (F~ in
Fig. 3) extend to large emission energies, as is typical for sputtered
atomic species.?! All distributions exhibit a low-energy peak (at
~4 eV for HfFs~ and WFg~, and ~6 eV for F~) which constitutes a
strong indication that those ion species are formed in a collision
cascade at the surface.

In a recent study of fluoride anion emission in sputtering!’”! it
was proposed that PbF, acts as a particularly effective fluorine
donor in near-surface chemical reactions. Thereby, the abundant
flux of sputtered molecular fluoride anions can be rationalized.
There is, however, another aspect of great importance for the
formation of these molecular species. For the HfF,~ and WF,~
molecules monitored in the present work, the atomic constituents
originate from (initially) different sources, i.e. the Hf and W atoms
from the respective Hf and W powders and the F atom(s) from
the PbF,. In order to form such molecules, these distinct reservoirs
have to be mixed thoroughly during ion irradiation, so that at the
emission site the various species are presentin a sufficient quantity.
Different possibilities can be envisaged as to how this may happen
(seethe corresponding discussionin Ref. [14]). Eventually, all these
processes will result in a stationary state in terms of the relative
elemental coverage on the surface. Hence, the degree of mixing
may influence the abundance of the emitted molecules; if there
are, forexample, notenough F atoms present at the sputtering site,
the formation of molecules with a large number of F constituents
will have a low probability.

Conclusion

The emission of negative molecular ions from a Hf-W-PbF,
specimen due to sputtering has been studied and the flux of HfF,,~
and WF,~ anions was monitored. In these series, HfFs~ and WFg~
are the anions formed most abundantly. In that sample, their ratio
amounts to ~6, whereas the ratio HfFs = /WF5s~ ~18.To form these
molecular anions, their constituents have to undergo an extensive
mixing between the different reservoirs (the individual Hf, W and
PbF; particles) during sputtering. The energy distributions of these
molecular anions indicate the presence of fragmentation in the
emission process.
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