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Molecule Formation During Sputtering by Two-Body Associative Ionization
with Diabatic Curve Crossing

K. J. Snowdon, '~ W. Heiland, ~' and E. Taglauer
Max-Planck-Institut fu'r Plasmaphysik, FURATOMAssociation, D-8046 Garching bei Munchen,

Federal Republic of Germany
(Received 7 May 1980)

Optical emission was observed from N2+ molecules formed during ion bombardment
of nitrogen-implanted silicon. A proposed two-body ionized-molecule formation mecha-
nism which invokes inverse predissociation of the corresponding neutral, followed by a
Franck-Condon ionization, quantitatively explains the data. The ionization step proceeds
either by resonant electron tunneling to a vacant state in the nearby solid, or, for neu-
tral molecule states above the first ionization limit, by autoionization.

PACS numbers: 79.20.Nc, 34.90.+q

The basic dynamical processes responsible for
the sputtering of monatomic particles are now
well elucidated. ' These principles have also been
applied to the ejection of molecular species. Cen-
tral to these sputtered-molecule theories is the
assumption that the sum of the potential and rela-
tive kinetic energies possessed by the constituent
nuclei is less than zero (i.e. , they are bound)
throughout the evolution of the ejection trajecto-
ry. ' ' In this Letter we report evidence for an
additional source of molecules, i.e. , for the for-
mation of N, + molecules from independently sput-
tered, unbound N atoms. This observation is al-
so the first evidence for the occurrence of asso-
ciative ionization via a diabatic curve crossing.
Previous to this work, only two-body associative
ionization on a single curve was known. '

We have bombarded a single-crystal silicon tar-
get [(111)face, 99.999%%u& purity] in ultrahigh vac-
uum with mass-analyzed ion beams in the energy
range 500 eV to 6 keV, and observed the radia-
tion emitted above the target for the geometry
illustrated in Fig. I. The photon spectrum seen
up to 10 mm above the target surface during N, +

bombardment of silicon is presented in Fig. 1.
An identical spectrum is obtained with use of N+

and Ne+ (for a nitrogen-implanted silicon target)
as projectile, illustrating that the contribution to
the spectral features from molecular projectiles
which survive the collision with the surface is
negligible. The position of spectral features at
high resolution (Table I) exhibits no dependence
on beam energy (500 eV to 6 keV) or incidence
angle to the target surface. The spectrum also
exhibits no meaningful correlation with known
silicon or silicon nitride molecular bands, "but
above 5000 A correlates well with the gas-phase
single-collision-excited N, + A'lI „-X'Z + bands,
provided we assume that an unusually extensive
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FIG. 1. Spectra of radiation emitted by excited N2+
molecules formed during ion-surface and gas-phase
collisions. The single-collision gas-phase spectrum
was obtained by replacirg the solid target by an N2
thermal gas target. Band-head wavelengths {Ref. 6)
of the N2+ A -X and B-& systems, and positions of
observed Sit and Si II lines are indicated. (No optical-
system quantum-efficiency correction has been made
to the data. Resolution is 25 A full width at half maxi-
mum; multichannel sealer channel width is 7 A;
second order and primary beam excitation component~
have been subtracted. )

range of rotational and vibrational levels of the
N, ' A'II„state are populated in the ion-surface
collision formation process. The lower-wave-
length (3000-4200 A) portion of the ion-surface
collision spectrum, when studied at higher reso-
lution (8 A full width at half maximum), reveals
a discrete line spectrum (Table I) superimposed
on a continuous background, both of which cor-
relate well in position with N, ' B'Z„'-X'Z ' tran-
sitions. Such an interpretation, however, re-
quires that low vibrational states of N, ' B'Z„+
are rotationally populated both unselectively
(leading to the apparent continuum) and, for spe-
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TABLE I. Identification of discrete B-X transitions with those pre-
dicted by the proposed model (observed linewidth equal to instrumental
inewidth of 8 A full width at half maximum). Vnless indicated, all wave-
engths were calculated using the molecular constants of Huber and

Herzberg (Ref. 7).

Inverse
predissociatxon

Predicted B-X transitions
(v', v") N' range &~ {A)

Observed
wavelength

(A)

BBII -~Z +, v" = 12g g
B3II —5Z +, v" = 12

g g
BHII —5Z +, v" = 12

g g
B3II -5Z +, v" = 11

g g ~,
Uy

(1,2)
(2 3)

(13,10)
(1.2)
(0'. 0)
(0, 0)

32-35
32-35
32-35
52-55) 28) 43

4177 -4169
4147—4140

3359
4125-4115( 3874

(3840b

4173
4144
3361
4119
3870
3833

Reference 8. b Reference 9.

cific high N values, extremely selectively (to ex-
plain the linelike components).

None of the existing molecule-sputtering theo-
ries' 4 predicts an enhanced formation of diatoms
in specific highly rotationally excited states let
alone states which exhibit no rotational or vibra-
tional dependence on projectile species or energ
(in this energy range), or incidence angle to the
target surface. Certainly such an extreme rota-
tional preference as implied by the data is hard
to envisage within a purely dynamical argument
for the direct ejection of molecules. A broad ro-
tational and vibrational distribution would, how-
ever, be conceivable.

The observed rotational specificity of the popu-
lation of the N, + B'X„+ low vibrational states sug-
gests that a potential curve crossing is involved
in the molecule formation process. A possible
known mechanism is two-body radiative recom-
bination with or without a diabatic curve cross-
ing. Such a formation mechanism for the ob-
served levels of the B'Z„+ state, however, is en-
ergetically precluded by these levels being at low-
er energy than the lowest N, + dissociation limit
[N(4S') + N+ ('P)]. Among the possible rotational-
quantum-number identifications, however, are
correspondences with just those N values at
which the B II

g
and Q H states of N, are known to

predissociate. ' Given a suitable mechanism
loss of a 1g electron from Q'TI or a 1p electro

3from B U could result in the formation of the N +

B2 +
2

Z„state with little change in angular momen-
tum of the molecule. The data therefore suggest-
ed that N, inverse predissociation processes may
be involved in the formation of sputtered N, +.

The model which we propose is illustrated in
Fig. 2 for the N, B rI —'E + v" = 12 +"= 33 34
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FIG. 2. Helevant potential curves for N, + and N 2

for Nmo i = 33, Nion = 34 [full lines calculated with use
of the curves of Loftus and Krupenie (Ref. 6) as a basis;
broken lines serve only to indicate the respective dis-
sociation limitsl, illustrating the N~ B~IIg-5Z + in-

' ~ ~
g g

verse predzssociation followed by a 17t „(~=0) electron
loss to the nearby solid to produce N, + B' &„+. The
Franck- Condon principle applied to the preionization
xmphes v" = 1, 2 and 13 will be most strongly popu-
lated.
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inverse predissociation. Two N( S') atoms sput-
tered from the solid by the same impacting pro-
jectile ion (giving the required spatial and tem-
poral coincidence) colliding on the 'Z ' potential
curve can, for the appropriate relative kinetic
energy and impact parameter, cross to the v"
= 12, ¹=33, 34 states of the BSIT potential curve.
lf, during the lifetime (for predissociation) of the
vibrational state (= 10 "s) a liI„electron tunnels
to a vacant state in the solid, an N, ' ion is formed.
Such adiabatic ionization processes can be of res-
onant, quasiresonant, or Auger type, and have
an upper limit on their lifetime of 10 ~ s."This
leads to a lifetime broadening of the participating
energy levels of greater than 0.66 eV.

This broadening, coupled with the disturbance
of the Si substrate electronic structure by the im-
plantation of N, the existence locally of at least
two surface defects (caused by the departing mo-
lecular constituents), and electronic holes creat-
ed by ion-bombardment-induced electron emis-
sion, suggests that the ionization step which we
propose should have finite probability even though
the N, vibrational level energetically overlaps
the occupied valence bands of pure, undisturbed
bulk Si. Application of Kronig's selection rules
and the Franck-Condon principle to this transi-
tion predicts the formation of N, + B'Z„+ (plus sev-
eral other N, ' states) primarily in the N;~ =N,

&

+ 1, v" =1, 2, and 13 vibrational states.
Among the observed spectral features, three

can clearly be associated with strong transitions
~

from these levels predicted by the approximate
Franck-Condon factors"" (Table I). The influ-
ence of the nearby surface on the gas-phase in-
teratomic potential energy curves can be esti-
mated with use of the theory of Mahanty and
March, "and for recombination occurring outside
the electron spillout region, the rotational quan-
tum number at which the N, inverse predissocia-
tion occurs is perturbed by at most bN= 1. Sim-
ilar application of the model to the remaining pre-
dissociations of N, quantitatively predicts all the
remaining rotationally specific features (Table I).

The broad distribution observed in Fig. 1 could
contain contributions from many alternative mech-
anisms and/ or molecules formed during the sput-
tering process. A full analysis of the arguments
for and against the various possibilities, includ-
ing further experimental evidence, is presented
elsewhere. '&" We note, however, that this spec-
trum can be explained by the general mechanism
outlined above. The rotationally unspecific popu-
lation of the (tentatively identified) N, + B'Z„+
state occurs following loss of a 1p„electron from
the N, a'll state formed via a curve crossing
from the 'Z + state, while that of the N, ' A'II„ is
due to an o, II„-C"II„inverse predissociation fol-
lowed by loss of a 10 electron. In the latter
case, for e' ~ 2 (in the o~'Ii„state), electron loss
occurs via autoionization to the vacuum continu-
um above the N2+ ~ pg+ 8 0 first lonlzation limit.

We thus report the first experimental observa-
tion of N, + formation via the processes

N(~S')+N(4S')-N, ('Z +)-N, (B'Il )- N, '(B'Z„')+e

N(4S')+N(S') N2(Z +) N2(a'll&) —N2+(B'Z„+)+e

and the possible observation of

N( S ) + N('D')-N, ('Il„) -N, (C'Il„)—N, +(B'Z„+)+e

N( S')+N(D') N, (C' II„)-N2(04'Il„)- N, +(A II„)+e

(2)

(3)

(4)

The ionization step proceeds either via an elec-
tron tunneling to a vacant electronic state in the
nearby solid [Eqs. (1)-(3)], or, where energeti-
cally permitted, by autoionization to the vacuum
continuum, independent of the presence of a sur-
face [Eq. (4)]. We call these processes two-body
associative ionization with a diabatic curve cross-
ing.

This newly observed mechanism for ionized
molecule formation may have significant implica-
tions for catalysis, gas-phase chemical reactions
(including upper atmosphere and interstellar
chemistry), molecule-sputtering theory, and the

~ explanation of continuum optical emission ob-
served in the sputtering of many metals.
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Stress-Induced Electronic Transition (2.5 Qrder) in Al

D. R. Overcash, Tracy Davis, J. W. Cook, Jr., ' and M. .J. Skove
Depgrtment of Physics and Astronomy, Clemson University, Clemson, South Carolina 29631

{Received 14 November 1980)

The effect of uniaxial stress (0) on the superconducting transition temperature (T, ),
resistivity (p), and magnetothermopower of Al has been measured. It has been found
that lBT~/Bgl~-p = (9.6+ 0.5) && 10" K/Pa. Further, it is found that an anomaly exists in
&T~/80' and Bp/~0' near 0'= 0.5 GPa, and that the magnetothermopower oscillations as-
sociated with the & orbit in the third-zone electron surface disappear at 0 = 0.54 GPa.

PACS numbers: 71.25.Hc, 72.15.Gd, 74.30.Ek

In 1960, Lifshitz' described the consequences
of a change in the Fermi-surface topology, show-
ing that there would be singularities in the third
derivatives of the thermodynamic potentials pro-
portional to z "' (2.5 order). Here z is the dif-
ference between the chemical potential of the elec-
trons and the electron energy at which the topol-
ogy change occurs. In the case of stress, z is
linearly related to stress near z =0. The clear-
est method of experimentally demonstrating the
existence and character of an electron transition
is to observe the cross section of the part of the
Fermi surface undergoing a change in connectiv-
ity. This can be done by observing de Haas-van
Alphen, ' de Haas-Shubnikov, ' or magnetothermo-
power oscillations, or any other thermodynamic
or transport property which is related to the
Landau levels. As Lifshitz showed, properties
which average over the Fermi surface, such as
T„will show characteristic anomalies. To make
sure that these anomalies are due to an electron
transition is not an easy task; simultaneous ob-
servations of the relevant portion of the Fermi-
surface cross section are the best proof.

Such transitions are thought to occur as a func-
tion of pressure or stress in As, Auoa„' Bi,'
Cd, ', In and In alloys, ' ' LaSn»" Re and Re al-
loys, "(SN)„,"Tl,"and Zn. ' We believe that this
is the first time, however, that a change in a
thermodynamic derivative (in this case, 3T, /8o)
has been directly correlated with a known Fermi-
surface topology change.

Al whiskers were grown by depositing 99.999%
Al on steel washers, stacking the washers on a
bolt, compressing them on the bolt, and then
heating the compressed stack in vacuum at about
800 K for periods of six months to one year. A
few whiskers of length up to 2 mm and cross sec-
tion about 1 pm' grew at the surface of the Al
deposit. Rotating crystal x-ray photographs
showed the whiskers to be single crystals; the
samples reported here have their axes along a
(110) crystal direction. The whiskers were
mounted on a low-temperature stressing appara-
tus previously described, ' which was modified
to allow the temperature on one end of the whisk-
er to be raised by about 1 K above that of the oth-
er end. The resistive superconducting transition
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