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Observation of small long-lived diatomic dications BeH* and BeD**
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The diatomic gas-phase dications Béknd Be3* with only three electrons have been produced by Ar
sputtering of a Be metal foil with exposure of the surface to tolugiélg) or water(a mixture of DO and
H,0) vapor. BeH* and Be3* were observed and unambiguously identified(imass/(charge determination
in a magnetic sector mass spectrometer. They survived flight time<lqis. These observations confirm the
discovery of BeB* in an atom-probe experiment by Barofsky and Miill8urf. Sci. 10, 177 (1968] and
support theoretical predictions of long-lived metastable BeH
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Since the discovery of CO and other dications more solved mass interference with,B* [26]. Later BeH* was
than 70 years agfl-5], it has been known that long-lived reported by Miller and Tsongraw data not shown 12].
diatomic dications can be observed in the gas phase. These Identification of multiply charged species is complicated
dications provide an interesting theoretical challenge becaudgy the possibility of mass spectrometric artifacts; it is desir-
the bonding in the electron-deficient molecule must outweighable to verify such identification by isotopic labelifij7] or
the Coulomb repulsion of two positive charges a few ang{recise mass measurement. Sputtering solid targets in the
stroms apart. presence of hydrogen-containing gases in a high-sensitivity,

The significance of such molecules in gas-phase anfligh-mass-resolution secondary-ion mass spectrometer is an
plasma chemistry, and the status of experimental moleculaffective method to demonstrate the existence of metastable
dication research have been addressed recEdtl§l]. The dications[36]. We have used this approach to search for
atom probe technique developed by Miilral. was par-  diatomic hydride dicationéBeH*, BeD**, LiH?*) with three
ticularly successful in producing various multiply chargedof fewer electrons. No information on the stability of 13H
diatomic molecules, with charge states as high as[42]  with two electrons seems to be available in the literature.
(see alsd13]). The interest in dications in theoretical chem- Several theoretical studies have predicted the existence of
istry goes back to 1933, when Paulift] predicted meta- long-lived metastable Bet [18,28—31, apparently without
stable H§+ half a century prior to its discovery in a charge- knowledge of the prior discovery of BéD[26] and BeH*
stripping experiment by Beynoet al. [15]. Due to the [12]. In this paper we confirm the existence of long-lived
development of powerful computer codes, many efforts hav@8eH* and Be3* produced by sputtering a Be target in the
been made during the last 20 years to calculate the electronmresence of toluene or 8 (D,0) vapor. Attempts to detect
structures of homonuclear or heteronuclear diatomic dicatiH?2*, BH?*, and to confirm B?*[32,33 and B,3* [33], both
tions and to understand their binding and predict their metaesf which were previously produced by accelerator mass
stability versus dissociation into two fragment idi$—20.  spectrometry by stripping electrons from, B were unsuc-

The metastable homonuclear moIecuIe%Hwith two  cessful. Here we present some arguments why we could not
electrons(isoelectronic with H) is the diatomic dication observe these ions, and we identify two distinct mechanisms
with the fewest electrons that has an appreciable lifetime inhat contribute to dication formation of BéHby sputtering.
the gas phas¢l4,15,2]. Its lifetime is =5 us [21]. The  In work reported elsewhere we have produced the dications
single-electron diatomic dication HéHis short lived with a  Mo,2* 34,35, SiH?*, AIH2* [36], and a few other diatomic
lifetime of only 4 ns[22]. It had been predicted by Bates and dications and tricationgl3] by sputtering.

Carson in 195623] and was observed after decay by coin- The experiments utilized the Cameca IMS-3f magnetic
cidence detection of its fragment ions by Ben-ltzigdlal. in sector secondary-ion mass spectrometer at ASU. lon flight
1993 [24]. The diatomic dication with the fewest electrons times through this instrument are (m/2z)°°x 1.79 us (4 ps
that is predicted to be thermochemically stable is BéHe for BeH*). An 8-keV*°Ar* primary-ion beam with a current
with four electrond7,18,25. BeH* and BeD* are the het- of ~1.5 uA was rastered over an area of 286@50 um?,
eroatomic dication molecules with the fewest electrons thaand positive ions emitted from an area of 160 in diameter
have a lifetime sufficient for direct observation by masswere analyzed for their mass-to-charge/z) ratio. Mass
spectrometry. A faint signal corresponding to BéWas first  spectra were taken at a sample potentiaUef4500 V with
observed in 1968 by Barofsky andilfer [26], using a mag-  an ion energy bandpags€E=+zx 60 eV and with maximum
netic sector field-ion atom probe to identify ions formed byinstrument transmissio~10%). In an additional experi-
field evaporation from a bery”ium tlp exposed to a mixture ment on BeH*', we closed the energy slit and step-scanned
of H, and D,. Detection of Bef* was masked by an unre- the sample potentidB4] to obtain mass-resolved ion energy
distribution data that revealed two ion formation mechanisms
of BeH**. BeH* and Be[3* were produced by Arsputter-
*FAX: (1) 480 965 2747. Email address: pw@asu.edu ing of a beryllium foil with simultaneous exposure of the
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M0 —— Replacing water vapor as a source of hydrogen with tolu-
— 100 3 ene vapor(C;Hg, not D enriched for similar bombarding
AENE Be?* conditions provided a factor of 3 more intense signal of
8 g0 ] 200 BeH* (~100 counts/s aim/z 5.01), while no signal of
5 E D,H* nor any signal am/z 5.5 could be detected. The non-
o 704 observation of a peak a/z 5.5 again rules out any contri-
RPE bution by a boron contaminatiofi’B?*,'B?*), and is addi-
2 504 tional evidence that the assignment of the peak/a 5.5 in
92 0] Fig. 1 to Be* is correct. Mass spectra for other samples
g E [e.g., C, Li, Si(with the exception of B] under similar sput-
£ 3807 tering and toluene flooding conditions did not reveal any ion
S 201 features atn/z 5 or 5.5.
= 40 1 A search for other small diatomic dications was unsuc-

0 ] cessful. We could not deteciLiH?* at m/z 4 from an

Ar*-sputtered Li metal foil with toluene flooding. Similarly
we could not detect'BH?* at m/z 6 for an Ar-sputtered,
m/z toluene-flooded sample of crystalline boron. It seems un-
likely that LiH?* is metastabld51]. Calculations by Nico-
laideset al. predicted the local energy minimum of BHto

%e too shallow to support any vibrational levgs]. 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 existen88,36,13

of the long-lived metastable gas-phase molecules,’Mo
[37,38,17,34and SiH*[39-42,19, but we failed to confirm

the observation of B* [32,33 and B,** [33].

The nonobservation of B* was puzzling and motivated
surface to toluene vapd€;Hg, not isotopically enrichedor  us to study diatomic dication formation mechanisms during
water vapor(D,0O with an H,O contribution due to D-H sputtering in some detail. The main difficulty with the pro-
exchangg A lithium metal foil, a polycrystalline piece of duction of dications or trications by sputtering is the compe-
boron, and a few other samples were analyzed under simildition with fast and very efficient reneutralization processes
bombarding conditions with and without toluene vaporthat result from electron transfer from the surface as the ions
flooding. depart. Therefore it is very likely that sputtered diatomic

BeH’* is metastable with respect to dissociation intd Be dications are formed in the gas phase sufficiently far from the
and H. The X23* ground state of BeHwas calculated by surface that reneutralization by resonant transfer of surface
several groupg18,28-31]. Its local energy minimum is electrons becomes inefficient. This distance to minimize re-
2.75+0.1 eV[18,29,3] above the level of completely sepa- neutralization was estimated [i43] to be~0.3 nm. We iden-
rated Bé and H'; it is ~0.84 eV deef18,29,3] and sup- tified recently two mechanisms that allow formation of di-
ports eight vibrational levels. Due to the high and broad enatomic dications during Ar sputtering in the gas phase
ergy barrier, the tunneling lifetimes for the lowest six beyond this reneutralization distance. Sputtered,¥and
vibrational levels were predicted to be sufficiégteater than ~SiH?>* serve as examples to explain these two particular for-
microsecond$18,29) to allow detection of BeH for typi- mation processes, labelé¢d) and (B).
cal ion flight times in mass spectrometers. In particular, the (A) lonization by resonant or near-resonant electron trans-
tunneling lifetimes of the lowest three vibrational levels fer between an emitted singly charged sputtered molecular
[18,29 are very large compared to the flight times of BéH ion and an incoming projectile ion, such as the formation of
or BeD?* of 4.0 or 4.2us in our experiment. Mo3" in gas-phase collisions of Mo+Art— Mo,>*+Ar

Figure 1 shows a positive-ion mass spectrum obtained fof35].
4OAr* sputtering of a Be metal surface with flooding with ~ (B) Auger deexcitation of sputter-ejected core-excited
water (a mixture of DO with some HO) vapor. lons de- neutralized molecules with electron shake-off, such as the
tected atm/z 4.5, 4.67, 5.036, and 5.33 were identified asformation of SiH* by Auger decay of S{2p Y)H— SiH**
Be?*, N3+, D,H*, and G, respectively, and serve as markers+2e™ [36,44].
for accurate mass scale calibration. Both BeBt m/z 5.5 These two ion formation mechanisms can be distin-
and BeH* at m/z 5.01 were observed. The B&HD,H*  guished in measurements of diatomic dication energy distri-
mass doublet atn/z 5 (inset in Fig. 2 was unambiguously butions made in the presence of the strong ion extraction
identified by the mass difference of 0.026+0.0@&oulated field of ~1 V/um in our instrument. Collisional electron
m/ z difference 0.026 024; there is no other conceivable mastansfer ionizationA) takes place for softlarge impact pa-
doublet at thism/z value with this mass difference; in par- rametey collisions at locations up to several 10én away
ticular 1°82* is ruled ouj. The combined observation of from the sputtered surfad®4]. Relative to ions accelerated
BeD?’* atm/z 5.5 and of BeR" atm/z 5.01 unambiguously from the sample surface, ions created in such gas-phase col-
confirms the identification of these diatomic dications. lisions enter the mass spectrometer with an energy deficit

FIG. 1. Positive-ion mass spectrum for’Asombardment of Be

Both Be[** atm/z 5.5 and BeH" at m/z 5.01 (shown in the inset
about —0.026 on the left of BH*) were observed. The flood gas
was D,O with a H,O contribution due to D-H exchange. The pri-
mary current density was-2.4 mA/cn?, the water vapor flood
pressure was 4 107 torr, the sample potential wad=4500 V,
the ion energy window wadE=+zX 60 eV, and counting times
were 2 or 4 s per data point.
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10% 4 L b b B 0.2 nm in 20 fs. This distance is not sufficient to avoid effi-
cient surface reneutralization of,Bubsequent 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 BeH. The above arguments are based
on calculated core lifetimes of atoms in the gas pHd&s

The presence of adsorbates at the surface and of molecular
binding might increase such core lifetimes, as had been
found in[43] for surface oxygen. The binding energies for
the Is electron in Be or B are 111 or 188 eV, respectively
[46], sufficient to allow dication formation by Auger decay
with shake-off. It was shown biLL Auger electron detec-
tion that sputtered core-excited atoms of @s™) are pro-
duced efficiently for Af sputtering of Be at 8 keV impact
energy and even lowdi7]. We found for boron that the

intensity [counts/s]
>

10 3 E signal of B* in the mass spectrum was a factor -©f.00
" i lower than that of B&.
4600 4550 4500 4450 The energy distribution data for BéHand Bé&* in Fig. 2
sample potential U [V] at U>4500 V show that ion formation also takes place in

the gas phase up to several tens of micrometers away from
FIG. 2. Mass-resolved ion energy distribution of the diatomicthe sputtered surface. The corresponding slopes of°BeH
dication of BeH* produced by Af sputtering of Be with toluene Be?*, and Ag are nearly identical. In the case of Be
flooding. Corresponding data for Beand Ap* are included for (double ionization of Be atoms as well as of Béons in
comparison. The counting time for BéHatm/z 5 was 6 s per data hard collisions with energetic incoming projectile ions of Ar
point. The primary-ion current density was2.2 mA/cn? and the  is the most likely process. However, dication formation of
toluene flood pressure was<1107 torr. See text for further details. BeH?* from the parents BeHor BeH must be restricted to
) ) ) . soft collisions, since minimum momentum transfer is neces-
~d eV, whered is the distancein micrometer above the  gary 10 avoid its dissociation. It is tempting to consider reso-
surface at which the ion is formed. lonization by Auger de-nant electron capture in grazing collisions of Betr
cay with shake-offB) takes place at much shorter distances_, BeH?*+Ar, analogous to the dication formation process
of several nanometers from the surface owing to the rela(A) for Mo,2*. However, the dissociation energy of the
t!vely short core Iif_etimes, and the ions experience esseNground stateX 'S* of the molecule BeH is 3.14 eV with
tially the full pOtth'al drop from the sample to ground. The regpect to the energy level of the separated ground-state frag-
intensity of BeH" of ~100 counts/s for toluene vapor ments of B& and H[48]. Thus the adiabatic ionization en-
flooding was sufficient to allow a measurement of its i0Nergy to form BeH* from BeH' is ~19.5 eV, well above a
energy distribution. For this purpose, the energy slit wag,ogsjple resonance with the ionization energy of argch8
closed to allow only accelerated ions with kinetic energy eV). Hence, the formation proceds can be ruled out for
X (4500+4 eV to pass through the energy-resolving slit, andge 12+ pecause of the energetics. BéHormation by elec-
the sample potentidll was scanned. The result for BEHs  ron impact ionization of sputtered BeH or Bt unlikely,
shown in Fig. 2. lons observed Bit>4500 V were formed  gjnce energetid~100 eV) Be KLL or KVV electrons are
in the gas phase in front of the sample surface. The ioRecelerated in the positive ion extraction field. A suggested
energy distributions of B¢ and Ar" are included in Fig. 2 tormation process is attachment of lénto B& and/or H
for comparison. At™ is formed exclusively in the gas phase gt B+ in three-body association collisiofigroton or hy-
by resonant electron transféAr,+Ar"—Ary"+Ar) [34],  grogen strippingbetween BE (with k=1, 2 and a toluene
similar to the dication formation procesA). o molecule or water in the gas phase above the sample. This is
The energy distributions of both BéHand Bé* in Fig. 2 supported by the constant intensity ratio of B&HBe?* of
show evidence of two ion formation processes. We attributgyqut 19% forU=4500 V in Fig. 2. Such diatomic dication
formation of BeH* and Bé* at U<4500 V to sputtering of  formation in association reactioriprocessC) has been re-
core-excited or core-ionized diatomic molecules @s H)H, ported recently for collisions of &F+X,— Arx2*+X (with
Be"'(1s)H and atoms Bdls™), Be"(1s) with aBe 5  x=N, 0) [49,50.
core hole and excess kinetic energy typical of the sputtering |n summary, we have produced the long-lived diatomic
process, followed by Auger shake-off decay. This dicationdications BeH* and Be3* by sputtering a Be sample in the
formation mechanism of Be¥ via Be(1sh)H—BeH"  presence of toluene or water vapor. These metastable gas-
+2e is analogous to proce$B). The Be & core lifetime of  phase ions were unambiguously identified by exact mass
71Be(1sh)] is extrapolated from calculations {#5] to be  measurement and isotope labeling approaches confirming
~40fs, i.e., a factor of~2 larger than that for boron, their experimental discovery by Mer's group [26,12.
1B(1s1)]=20 fs[45]. The shorter & core lifetime of boron  These species contain the fewest electréthsed of any
might explain why we were unable to detecf?Bor B,>*. long-lived heteroatomic dications yet reported. Formation of
Core-excited B" with a typical energy of 10 eV travels only BeH"* is suggested to occur in the gas phase above the sput-
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tered surface by the following two processes. Bekt + C.H,, (or H,0) — BeH* + rest.
(B) Auger deexcitation of a sputtered neutralized core-

excited molecule or ion: This work was supported by the National Science Foun-

Be' (1sY)H — BeH* + 2e7, Be*(1sHH — BeH ' +¢. dation under Grant No. CHE 0111654. We thank Rick
Hervig for his help during our work on the ASU SIMS in-

(C) Proton or hydrogen atom stripping collisions betweengi.,ment.

Be* (k=1,2) and toluengor wate) molecules:
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