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The diatomic gas-phase dications BeH2+ and BeD2+ with only three electrons have been produced by Ar+

sputtering of a Be metal foil with exposure of the surface to toluenesC7H8d or watersa mixture of D2O and
H2Od vapor. BeH2+ and BeD2+ were observed and unambiguously identified bysmassd/scharged determination
in a magnetic sector mass spectrometer. They survived flight times of,4 ms. These observations confirm the
discovery of BeD2+ in an atom-probe experiment by Barofsky and MüllerfSurf. Sci. 10, 177 s1968dg and
support theoretical predictions of long-lived metastable BeH2+.
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Since the discovery of CO2+ and other dications more
than 70 years agof1–5g, it has been known that long-lived
diatomic dications can be observed in the gas phase. These
dications provide an interesting theoretical challenge because
the bonding in the electron-deficient molecule must outweigh
the Coulomb repulsion of two positive charges a few ang-
stroms apart.

The significance of such molecules in gas-phase and
plasma chemistry, and the status of experimental molecular
dication research have been addressed recentlyf6–11g. The
atom probe technique developed by Mülleret al. was par-
ticularly successful in producing various multiply charged
diatomic molecules, with charge states as high as 41 f12g
ssee alsof13gd. The interest in dications in theoretical chem-
istry goes back to 1933, when Paulingf14g predicted meta-
stable He2

2+ half a century prior to its discovery in a charge-
stripping experiment by Beynonet al. f15g. Due to the
development of powerful computer codes, many efforts have
been made during the last 20 years to calculate the electronic
structures of homonuclear or heteronuclear diatomic dica-
tions and to understand their binding and predict their meta-
stability versus dissociation into two fragment ionsf16–20g.

The metastable homonuclear molecule He2
2+ with two

electronssisoelectronic with H2d is the diatomic dication
with the fewest electrons that has an appreciable lifetime in
the gas phasef14,15,21g. Its lifetime is ù5 ms f21g. The
single-electron diatomic dication HeH2+ is short lived with a
lifetime of only 4 nsf22g. It had been predicted by Bates and
Carson in 1956f23g and was observed after decay by coin-
cidence detection of its fragment ions by Ben-Itzhaket al. in
1993 f24g. The diatomic dication with the fewest electrons
that is predicted to be thermochemically stable is BeHe2+

with four electronsf7,18,25g. BeH2+ and BeD2+ are the het-
eroatomic dication molecules with the fewest electrons that
have a lifetime sufficient for direct observation by mass
spectrometry. A faint signal corresponding to BeD2+ was first
observed in 1968 by Barofsky and Műller f26g, using a mag-
netic sector field-ion atom probe to identify ions formed by
field evaporation from a beryllium tip exposed to a mixture
of H2 and D2. Detection of BeH2+ was masked by an unre-

solved mass interference with D2H
+ f26g. Later BeH2+ was

reported by Műller and Tsongsraw data not shownd f12g.
Identification of multiply charged species is complicated

by the possibility of mass spectrometric artifacts; it is desir-
able to verify such identification by isotopic labelingf27g or
precise mass measurement. Sputtering solid targets in the
presence of hydrogen-containing gases in a high-sensitivity,
high-mass-resolution secondary-ion mass spectrometer is an
effective method to demonstrate the existence of metastable
dications f36g. We have used this approach to search for
diatomic hydride dicationssBeH2+,BeD2+,LiH2+d with three
of fewer electrons. No information on the stability of LiH2+

with two electrons seems to be available in the literature.
Several theoretical studies have predicted the existence of
long-lived metastable BeH2+ f18,28–31g, apparently without
knowledge of the prior discovery of BeD2+ f26g and BeH2+

f12g. In this paper we confirm the existence of long-lived
BeH2+ and BeD2+ produced by sputtering a Be target in the
presence of toluene or H2O sD2Od vapor. Attempts to detect
LiH2+, BH2+, and to confirm B2

2+ f32,33g and B2
3+ f33g, both

of which were previously produced by accelerator mass
spectrometry by stripping electrons from B2

−, were unsuc-
cessful. Here we present some arguments why we could not
observe these ions, and we identify two distinct mechanisms
that contribute to dication formation of BeH2+ by sputtering.
In work reported elsewhere we have produced the dications
Mo2

2+ f34,35g, SiH2+, AlH2+ f36g, and a few other diatomic
dications and tricationsf13g by sputtering.

The experiments utilized the Cameca IMS-3f magnetic
sector secondary-ion mass spectrometer at ASU. Ion flight
times through this instrument aret<sm/zd0.531.79ms s4 µs
for BeH2+d. An 8-keV40Ar+ primary-ion beam with a current
of ,1.5 mA was rastered over an area of 2503250 mm2,
and positive ions emitted from an area of 150µm in diameter
were analyzed for their mass-to-chargesm/zd ratio. Mass
spectra were taken at a sample potential ofU=4500 V with
an ion energy bandpassDE= ±z360 eV and with maximum
instrument transmissions,10%d. In an additional experi-
ment on BeH2+, we closed the energy slit and step-scanned
the sample potentialf34g to obtain mass-resolved ion energy
distribution data that revealed two ion formation mechanisms
of BeH2+. BeH2+ and BeD2+ were produced by Ar+ sputter-
ing of a beryllium foil with simultaneous exposure of the*FAX: s1d 480 965 2747. Email address: pw@asu.edu
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surface to toluene vaporsC7H8, not isotopically enrichedd or
water vaporsD2O with an H2O contribution due to D-H
exchanged. A lithium metal foil, a polycrystalline piece of
boron, and a few other samples were analyzed under similar
bombarding conditions with and without toluene vapor
flooding.

BeH2+ is metastable with respect to dissociation into Be+

and H+. The X 2S+ ground state of BeH+ was calculated by
several groupsf18,28–31g. Its local energy minimum is
2.75±0.1 eVf18,29,31g above the level of completely sepa-
rated Be+ and H+; it is <0.84 eV deepf18,29,31g and sup-
ports eight vibrational levels. Due to the high and broad en-
ergy barrier, the tunneling lifetimes for the lowest six
vibrational levels were predicted to be sufficientsgreater than
microsecondsf18,29gd to allow detection of BeH2+ for typi-
cal ion flight times in mass spectrometers. In particular, the
tunneling lifetimes of the lowest three vibrational levels
f18,29g are very large compared to the flight times of BeH2+

or BeD2+ of 4.0 or 4.2µs in our experiment.
Figure 1 shows a positive-ion mass spectrum obtained for

40Ar+ sputtering of a Be metal surface with flooding with
water sa mixture of D2O with some H2Od vapor. Ions de-
tected atm/z 4.5, 4.67, 5.036, and 5.33 were identified as
Be2+, N3+, D2H

+, and O3+, respectively, and serve as markers
for accurate mass scale calibration. Both BeD2+ at m/z 5.5
and BeH2+ at m/z 5.01 were observed. The BeH2+-D2H

+

mass doublet atm/z 5 sinset in Fig. 1d was unambiguously
identified by the mass difference of 0.026±0.002stabulated
m/z difference 0.026 024; there is no other conceivable mass
doublet at thism/z value with this mass difference; in par-
ticular 10B2+ is ruled outd. The combined observation of
BeD2+ at m/z 5.5 and of BeH2+ at m/z 5.01 unambiguously
confirms the identification of these diatomic dications.

Replacing water vapor as a source of hydrogen with tolu-
ene vaporsC7H8, not D enrichedd for similar bombarding
conditions provided a factor of 3 more intense signal of
BeH2+ s,100 counts/s atm/z 5.01d, while no signal of
D2H

+ nor any signal atm/z 5.5 could be detected. The non-
observation of a peak atm/z 5.5 again rules out any contri-
bution by a boron contaminations10B2+,11B2+d, and is addi-
tional evidence that the assignment of the peak atm/z 5.5 in
Fig. 1 to BeD2+ is correct. Mass spectra for other samples
fe.g., C, Li, Siswith the exception of Bdg under similar sput-
tering and toluene flooding conditions did not reveal any ion
features atm/z 5 or 5.5.

A search for other small diatomic dications was unsuc-
cessful. We could not detect7LiH2+ at m/z 4 from an
Ar+-sputtered Li metal foil with toluene flooding. Similarly
we could not detect11BH2+ at m/z 6 for an Ar+-sputtered,
toluene-flooded sample of crystalline boron. It seems un-
likely that LiH2+ is metastablef51g. Calculations by Nico-
laideset al. predicted the local energy minimum of BH2+ to
be too shallow to support any vibrational levelsf18g. We
have also searched for bigger dication gas-phase dimers that
had been observed before by other groups with other produc-
tion techniques. We could confirm the existencef35,36,13g
of the long-lived metastable gas-phase molecules Mo2

2+

f37,38,17,34g and SiH2+ f39–42,19g, but we failed to confirm
the observation of B2

2+ f32,33g and B2
3+ f33g.

The nonobservation of B2
2+ was puzzling and motivated

us to study diatomic dication formation mechanisms during
sputtering in some detail. The main difficulty with the pro-
duction of dications or trications by sputtering is the compe-
tition with fast and very efficient reneutralization processes
that result from electron transfer from the surface as the ions
depart. Therefore it is very likely that sputtered diatomic
dications are formed in the gas phase sufficiently far from the
surface that reneutralization by resonant transfer of surface
electrons becomes inefficient. This distance to minimize re-
neutralization was estimated inf43g to be,0.3 nm. We iden-
tified recently two mechanisms that allow formation of di-
atomic dications during Ar+ sputtering in the gas phase
beyond this reneutralization distance. Sputtered Mo2

2+ and
SiH2+ serve as examples to explain these two particular for-
mation processes, labeledsAd and sBd.

sAd Ionization by resonant or near-resonant electron trans-
fer between an emitted singly charged sputtered molecular
ion and an incoming projectile ion, such as the formation of
Mo2

2+ in gas-phase collisions of Mo2
++Ar+→Mo2

2++Ar
f35g.

sBd Auger deexcitation of sputter-ejected core-excited
neutralized molecules with electron shake-off, such as the
formation of SiH2+ by Auger decay of Si*s2p−1dH→SiH2+

+2e− f36,44g.
These two ion formation mechanisms can be distin-

guished in measurements of diatomic dication energy distri-
butions made in the presence of the strong ion extraction
field of ,1 V/mm in our instrument. Collisional electron
transfer ionizationsAd takes place for softslarge impact pa-
rameterd collisions at locations up to several 100µm away
from the sputtered surfacef34g. Relative to ions accelerated
from the sample surface, ions created in such gas-phase col-
lisions enter the mass spectrometer with an energy deficit

FIG. 1. Positive-ion mass spectrum for Ar+ bombardment of Be
with simultaneous exposure of the sputtered surface to water vapor.
Both BeD2+ at m/z 5.5 and BeH2+ at m/z 5.01 sshown in the inset
about20.026 on the left of D2H

+d were observed. The flood gas
was D2O with a H2O contribution due to D-H exchange. The pri-
mary current density was,2.4 mA/cm2, the water vapor flood
pressure was 4310−5 torr, the sample potential wasU=4500 V,
the ion energy window wasDE= ±z360 eV, and counting times
were 2 or 4 s per data point.
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,d eV, whered is the distancesin micrometersd above the
surface at which the ion is formed. Ionization by Auger de-
cay with shake-offsBd takes place at much shorter distances
of several nanometers from the surface owing to the rela-
tively short core lifetimes, and the ions experience essen-
tially the full potential drop from the sample to ground. The
intensity of BeH2+ of ,100 counts/s for toluene vapor
flooding was sufficient to allow a measurement of its ion
energy distribution. For this purpose, the energy slit was
closed to allow only accelerated ions with kinetic energyz
3 s4500±4d eV to pass through the energy-resolving slit, and
the sample potentialU was scanned. The result for BeH2+ is
shown in Fig. 2. Ions observed atU.4500 V were formed
in the gas phase in front of the sample surface. The ion
energy distributions of Be2+ and Ar2

+ are included in Fig. 2
for comparison. Ar2

+ is formed exclusively in the gas phase
by resonant electron transfersAr2+Ar+→Ar2

++Ard f34g,
similar to the dication formation processsAd.

The energy distributions of both BeH2+ and Be2+ in Fig. 2
show evidence of two ion formation processes. We attribute
formation of BeH2+ and Be2+ at Uø4500 V to sputtering of
core-excited or core-ionized diatomic molecules Be*s1s−1dH,
Be+*s1s−1dH and atoms Be*s1s−1d, Be+*s1s−1d with a Be 1s
core hole and excess kinetic energy typical of the sputtering
process, followed by Auger shake-off decay. This dication
formation mechanism of BeH2+ via Be*s1s−1dH→BeH2+

+2e− is analogous to processsBd. The Be 1s core lifetime of
tfBes1s−1dg is extrapolated from calculations inf45g to be
,40 fs, i.e., a factor of,2 larger than that for boron,
tfBs1s−1dg=20 fs f45g. The shorter 1s core lifetime of boron
might explain why we were unable to detect B2

2+ or B2
3+.

Core-excited B2
* with a typical energy of 10 eV travels only

0.2 nm in 20 fs. This distance is not sufficient to avoid effi-
cient surface reneutralization of B2 subsequent to Auger de-
excitation. For the larger core lifetime and lighter mass of
BeH*, the travel distance from the surface is roughly a factor
of 3 larger. This significantly reduces the efficiency of reneu-
tralization losses of BeH2+. The above arguments are based
on calculated core lifetimes of atoms in the gas phasef45g.
The presence of adsorbates at the surface and of molecular
binding might increase such core lifetimes, as had been
found in f43g for surface oxygen. The binding energies for
the 1s electron in Be or B are 111 or 188 eV, respectively
f46g, sufficient to allow dication formation by Auger decay
with shake-off. It was shown byKLL Auger electron detec-
tion that sputtered core-excited atoms of Be*s1s−1d are pro-
duced efficiently for Ar+ sputtering of Be at 8 keV impact
energy and even lowerf47g. We found for boron that the
signal of B2+ in the mass spectrum was a factor of,100
lower than that of Be2+.

The energy distribution data for BeH2+ and Be2+ in Fig. 2
at U.4500 V show that ion formation also takes place in
the gas phase up to several tens of micrometers away from
the sputtered surface. The corresponding slopes of BeH2+,
Be2+, and Ar2

+ are nearly identical. In the case of Be2+,
sdoubled ionization of Be atoms as well as of Be+ ions in
hard collisions with energetic incoming projectile ions of Ar+

is the most likely process. However, dication formation of
BeH2+ from the parents BeH+ or BeH must be restricted to
soft collisions, since minimum momentum transfer is neces-
sary to avoid its dissociation. It is tempting to consider reso-
nant electron capture in grazing collisions of BeH++Ar+

→BeH2++Ar, analogous to the dication formation process
sAd for Mo2

2+. However, the dissociation energy of the
ground stateX 1S+ of the molecule BeH+ is 3.14 eV with
respect to the energy level of the separated ground-state frag-
ments of Be+ and H f48g. Thus the adiabatic ionization en-
ergy to form BeH2+ from BeH+ is ,19.5 eV, well above a
possible resonance with the ionization energy of argons15.8
eVd. Hence, the formation processA can be ruled out for
BeH2+ because of the energetics. BeH2+ formation by elec-
tron impact ionization of sputtered BeH or BeH+ is unlikely,
since energetics,100 eVd Be KLL or KVV electrons are
decelerated in the positive ion extraction field. A suggested
formation process is attachment of H+ onto Be+ and/or H
onto Be2+ in three-body association collisionssproton or hy-
drogen strippingd between Bek+ swith k=1, 2d and a toluene
molecule or water in the gas phase above the sample. This is
supported by the constant intensity ratio of BeH2+:Be2+ of
about 1% forUù4500 V in Fig. 2. Such diatomic dication
formation in association reactionssprocessCd has been re-
ported recently for collisions of Ar2++X2→ArX2++X swith
X=N, Od f49,50g.

In summary, we have produced the long-lived diatomic
dications BeH2+ and BeD2+ by sputtering a Be sample in the
presence of toluene or water vapor. These metastable gas-
phase ions were unambiguously identified by exact mass
measurement and isotope labeling approaches confirming
their experimental discovery by Műller’s group f26,12g.
These species contain the fewest electronssthreed of any
long-lived heteroatomic dications yet reported. Formation of
BeH2+ is suggested to occur in the gas phase above the sput-

FIG. 2. Mass-resolved ion energy distribution of the diatomic
dication of BeH2+ produced by Ar+ sputtering of Be with toluene
flooding. Corresponding data for Be2+ and Ar2

+ are included for
comparison. The counting time for BeH2+ at m/z 5 was 6 s per data
point. The primary-ion current density was,2.2 mA/cm2 and the
toluene flood pressure was 1310−5 torr. See text for further details.
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tered surface by the following two processes.
sBd Auger deexcitation of a sputtered neutralized core-

excited molecule or ion:

Be*s1s−1dH → BeH2+ + 2e−, Be*+s1s−1dH → BeH2+ + e−.

sCd Proton or hydrogen atom stripping collisions between
Bek+ sk=1,2d and toluenesor waterd molecules:

Bek+ + CnHm sor H2Od → BeH2+ + rest.
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