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Kinetic energy distributions of Ni atoms in six electronic fine structure states ejected from a single
crystal Ni{001} surface due to bombardment with 5 keV Ar1 ions have been measured. These states
arise from two different electronic configurations, 3d 8 4s2 ha3 F4,3,2 j and 3d 9 4s1 ha3 D3,2 or a1 D2 j, which
form three distinct fine structure manifolds within 0.422 eV of the 3 F4 ground state. We find that the
band structure effects dominate leading to larger populations in the excited 3 D3,2 states than found for
the ground state.
PACS numbers: 79.20.Rf, 32.80.Fb, 61.80.Mk

The formation of excited atomic electronic states subsequent to keV ion bombardment of metals has been a research focus for nearly three decades in order to establish
the role of inelastic energy transfer in electronic device
fabrication and to further the basic understanding of ionsolid interactions. The consensus resulting from quantumstate specific kinetic energy distribution measurements of
sputtered particles is that the final population of metastable
excited states is dominated by nonradiative deexcitation
events that depend largely on the magnitude of the energy
gap between the ground and excited state [1]. More recently, experiments with ion-bombarded In [2] and Rh [3]
metal, using multiphoton ionization (MPI) for detection of
quantum-specific excitations, suggest that the character of
the electronic state is at least as important as the magnitude of the energy gap in determining the nonradiative relaxation rate and hence the final population.
In this Letter we report on a systematic study of
the energy distributions and populations of Ni atoms
ejected from an ion-bombarded Ni{001} crystal. This
system possesses the essential attributes necessary
to disentangle the influence of the magnitude of the
excitation energy from the electronic state character
on the final populations since there are two distinct
electronic configurations 3d 8 4s2 ha3 F4,3,2 j and 3d 9 4s1
ha3 D3,2,1 and a1 D2 j that have closely spaced and intertwined energy levels [4]. In contrast to previous
studies [5] of metastable states of Ni, our results show
for the first time that the peak position of the kinetic
energy distribution depends solely on the electronic
structure of the sputtered atom. Moreover, the populations exhibit a remarkable behavior in that the excited
3
D3,2 states are more heavily populated than the ground
3 F state, a result consistent with the D-like character
4
of the Ni band structure. Hence a simple nonradiative
energy transfer theory is inadequate to entirely understand
excited state populations and energy distributions during
desorption.
The experimental system and the procedure for relating
energy distributions to time-of-flight distributions have
been described in detail elsewhere [6]. Briefly, the mea-

surements were performed in an ultrahigh vacuum chamber (1 3 10210 torr base pressure) equipped with low energy electron diffraction (LEED) and Auger spectroscopy.
The Ni{001} crystal was cleaned in the traditional fashion
by cycles of ion bombardment, oxidation, and thermal annealing until a sharp s1 3 1d LEED pattern representative
of the {001} plane was obtained [7].
To initiate an event, a 250 ns pulse of 6 3 1026 A
5 keV Ar1 ions was focused, at normal incidence, onto
a 2 mm spot on the sample. Upon impact of the ion
pulse, an extraction field was activated to reject charged
sputtered particles. A 6 ns laser pulse with a variable
power of 0.1–6 mJ and a cross section of 1 mm 3
10 mm was positioned 1.5 cm above the impact region
with a 45± angle between the sample surface and the
ribbon-shaped laser beam.
Excited Ni atoms desorb in straight trajectories requiring a few microseconds to reach the photon field. All of
the electronic states of interest in this work are metastable
with respect to decay to lower states and are hence representative of the population of these states at the instant
they are beyond interaction range of the crystal surface.
Moreover, cascading from higher levels to those of the F
and D manifolds is not considered significant for clean Ni
due to the low initial population of states outside of these
manifolds, which lie more than 1.5 eV above the ground
state.
Photoionization was achieved using a tunable UV dye
laser pumped by a Spectra Physics GCR5 Nd-YAG laser
operated at a repetition rate of 30 Hz. Wavelengths
from 300 to 305 nm were generated using R640, and
wavelengths between 310 and 325 nm were generated
using DCM. This laser was employed to selectively
ionize a portion of the ejected neutral atoms in a specific
quantum state at a delay time tE after the ion-pulse
impact, thus defining the time of flight. The ionized
particles were then accelerated by the extraction field so
as to arrive at the front of a microchannel plate detector
at time tM , which is governed by the mass-to-charge ratio
and the initial speed of the ion. By variation of tE , it
is possible to determine the kinetic energy distribution,
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angular distribution, and relative intensity of the ejected
Ni atoms in each specified quantum state. Particles were
collected between polar angles of 0± and 90± along the
k001l azimuth. The Jacobian of transformation to energy
distributions has been reported [6].
Ionization of Ni atoms was achieved using the excitation
schemes shown in Fig. 1. Although there are many intermediate levels and ionization pathways that could have
been chosen for these experiments, our results were obtained using two-photon ionization via the y 3 F30 level of
the y 3 FJ0 manifold. This manifold is preferred over the
y 3 DJ0 manifold since the transition probability for the y 3 F30
resonant absorption steps are higher than for the y 3 DJ
steps, and there is negligible interference from Ni1 ions
produced by photodissociation of Ni 2. The y 1 D20 intermediate state was selected for photoionization from the 1 D2
level since this scheme most conveniently overlapped the
wavelength range of the dye laser. Kinetic energy distributions were obtained from 90 values of tE , with each point
resulting from the sum of 30 laser shots. Thirty sets of
tE ’s were averaged to create the final energy distributions.
It is more difficult to extract accurate information about
the population of a specific quantum state since the cross
sections for all the excitation and ionization steps are not
known and are not easily determined. To account for possible variations in cross sections, we have compared the
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relative intensities found for sputtered Ni atoms to those
obtained from thermally evaporated Ni atoms. These experiments were performed by heating a 1 mm Ni wire to
1230 K at 1028 torr to a density of 10 7 Ni atomsycm 3
(10 3 Ni 2 moleculesycm 3) and ionizing the evaporating
species at a distance of 1 mm above the wire [8]. The uncorrected intensities from both experiments are shown in
Table I. As a first approximation, deviations from Boltzmann behavior in the evaporation experiment are assumed
to arise from cross-section variations. Using this assumption for the cross sections, the correct sputter intensities
are given in the final column of Table I. The most striking
result is that there are more atoms ejected in the excited
3
D3 and 3 D2 states than in the ground 3 F4 state. As far as
we know a population inversion of this sort has not been
previously observed during any desorption process.
The population of the states in each manifold with the
exception of 3 D2 decreases as the energy above the respective ground state increases in accord with previous
observations. Although the data are somewhat scattered,
it is possible to fit these populations by a Boltzmann distribution to determine an effective electronic temperature.
As a result of this fit, we find that the effective electronic temperature of the F manifold is 10 500 6 800 K,
and the effective electronic temperature of the D manifold is 810 6 70 K. The temperature of the F manifold
is an order of magnitude larger than that found on other
systems such as Fe s,600 Kd [9], Zr s,800 Kd [10], Ti
s,300 Kd [11], U s,900 Kd [12], and Fe from stainless
steel s,980 Kd [13], whereas the effective temperature of
the D manifold is comparable to other values. The generality of this observation is not yet known since there are
no previous studies that have probed several states within
each of two different manifolds.
The measured kinetic energy distributions for sputtered
Ni atoms in different quantum states are shown in Fig. 2.
These striking results clearly show that the distributions,

TABLE I.
State Atomic
Config.
3

F4
D3
3
D2
3
F3
3
D1
3
F2
1
D2
3

3d 8 4s2
3d 9 4s1
3d 9 4s1
3d 8 4s2
3d 9 4s1
3d 8 4s2
3d 9 4s1

Ni energy levels and measured populations.
Energy
(eV) a

Intensity b

Evaporated
intensity c

Corrected
intensity d

0.0
0.025
0.109
0.165
0.212
0.275
0.422

1
4.5
520
3
0.4
15
0.89

1
0.62
25
0.66
0.16
1.7
0.22

1
5.7
7.4
0.9
0.3
0.6
0.075

a

From Ref. [4].
Raw measured intensities from the bombardment experiment.
c
Raw measured intensities from the evaporation experiment.
d
Ratio of the bombardment yield to the evaporation yield
normalized to a Boltzmann distribution at 1230 K.
Effects of spectroscopic degeneracies and lifetimes are
included in these values.
b

FIG. 1. Partial electronic structure of atomic Ni showing the
ionization schemes examined in this work. The energy of
each state above the ground state is noted in units of electron
volts [4].
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FIG. 2. State-selected angle-integrated kinetic energy distributions of Ni atoms ejected from Ni{001} bombarded with
5 keV Ar1 ions. The peak energy of the F states is
,3 6 0.5 eV (dashed vertical line) and the D states peak
,4.3 6 0.5 eV (second dotted vertical line). The intensity at
10 eV divided by the peak intensity is 0.23 6 0.02 for the F
states and is 0.57 6 0.02 for the D states. The kinetic energy
distribution for the 3 D1 state (not shown) is similar to the other
D states, although the signal-to-noise ratio of the data is significantly less. The energy distributions denoted by dotted curves
drawn with the 3 F4 and 3 D3 distributions are from molecular
dynamics simulations [14].

although similar in shape to that predicted by Thompson many years ago [15], fall into two distinct categories. Those atoms originating from the a3 FJ ground
state manifold are virtually identical in shape to each other
and exhibit a peak at an energy of 3 6 0.5 eV. Those
atoms originating from the a3 DJ and a1 D2 manifolds are
also similar in shape to each other but exhibit a peak at
an energy of 4.3 6 0.5 eV. Hence, for ion-bombarded
Ni{001}, the peak position of the kinetic energy distributions depends only on the electronic character of the state
and not on the magnitude of the excitation energy required
to populate that level. For example, the energy distribution of the 1 D2 state is similar to the 3 D3 state, even
though these states are separated by 0.422 eV. Moreover,
the 3 D3 state yields a very different kinetic energy distribution than the 3 F4 state, even though they are only
separated by 0.025 eV.
The results presented here generally conflict with existing ideas about excited state formation and deexcitation
during sputtering. For example, variations in the veloc3952
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ity distribution have been explained using a nonradiative
deexcitation model developed originally for ion scattering
and ion neutralization [16]. This model assumes that the
rate of deexcitation depends exponentially on the inverse
of the magnitude of the velocity component perpendicular to the surface. Hence, the excited state kinetic energy
distributions should appear to be broader and peak at a
higher value than those for the ground state distribution.
A second model presented more recently by Craig
et al. [2] suggests that the electronic structure of the fine
structure state is the main factor in determining whether
a given state will relax. According to this model, for
manifolds with a closed outer shell of electrons, the
deexcitation rate should be lower than for a manifold that
is partially filled due to shielding of the interaction of the
departing atom with the metallic band. For Ni, this model
is partially successful since the energy distributions of the
F manifold, which has a full s shell s4s2 d, are similar
to each other and the energy distributions of the excited
D manifold, which has a partially filled s shell s4s1 d,
is broader than the ground 3 F4 state. The broadening
has been considered a signature for the presence of more
efficient deexcitation to a lower level. These observations
were also noted for Fe [10] and Zr [9] excited states with
closed outer shells and for Fe [17], Ba [18], Ca [19], and
Ti [20] with partially filled outer shells.
A problem arises, however, when examining the populations of each of the Ni electronic states. As noted above,
two of the D states are observed to survive with higher
probability than the ground 3 F4 state. If these states are
more effectively deexcited, presumably back to the atomic
configurations of lowest energy, their population would
most likely be lower than that found for the ground 3 F4
level. Moreover, deexcitation events within manifolds
of similar character must lead to significant differences
in observed velocity distributions, differences not evident
from the data shown in Fig. 2. Hence, other factors are
clearly responsible for the behavior of excited state energy
distributions in Ni.
Consideration of the initial electronic configuration of
Ni metal allows all of these conflicting observations to
be qualitatively reconciled. A variety of spectroscopic
measurements and calculations suggest that the d band of
Ni has more than nine electrons with one calculation [21]
suggesting a configuration of approximately 3d 9.4 4s0.6 .
This electronic structure is much closer to the 3d 9 4s1
character of the 1,3 DJ manifolds of atomic Ni than the
3 F manifold. Hence, the observed enhanced D state
4
intensity is a direct consequence of being the predominate
bonding state of the metal. This idea is further supported
by the shape of the energy distributions themselves.
Molecular dynamics simulations [14] using a recently
developed molecular dynamics Monte Carlo corrected
effective medium many-body potential energy function
[22] fit to the bulk cohesive energy for Ni yield energy
distributions that match only those observed for the D
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manifold as noted in Fig. 2. The shapes of the velocity
distributions for F manifold states are characteristic of
a solid whose cohesive energy is much less than the
4.46 eV of Ni metal [23]. This result is expected since
Ni atoms of F character formed in the collision cascade
are much less tightly bound to the solid due to the full
nonreactive s shell s4s2 d.
There are parallels between this picture and the description of the bonding of the Ni 2 dimer. Calculations
[24 –27] and experiment [28] demonstrate that the ground
state of Ni 2 arises from two atoms in the 3 D manifold.
The interaction of two Ni atoms in F states is purely repulsive [24]. Because of the large number of spin-orbit
states [24,27,28], there is considerable mixing of configurations as the atoms separate. Curve crossings in this
region, thus, could give rise to the formation of atoms in
the F states.
The proposal that the band structure of Ni influences
the intensity of sputtered metastable states might also
extend to the intensities in the evaporation experiment.
If Ni atoms in the 3 D manifold evaporate more than 3 F
Ni atoms, the sputter intensities would exhibit even more
enhancement of Ni atoms in the 3 D manifold, especially
the 3 D2 state.
In summary, we have reported the first study of the
energy distributions of atoms sputtered in several excited
states from two different electronic manifolds. For Ni, the
results support an excitation model whereby the excitation
probabilities are dominated by the nature of the band
structure of the metal and by the electronic state of the
departing atom. Other elements that intertwined energy
levels in two fine structure manifolds are W, Os, and Ir
[4]. These metals would be interesting test cases for the
ideas presented here.
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