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Two currently proposed theories, resonance tunneling and surface-plasmon creation, are
critically compared for the interpretation of the energy distributions of field-emitted ions mea-

sured by Jason.

The properties of the spacings and intensities of the peaks of the observed

oscillatory energy distribution curves are explicable in terms of an ion—surface-plasmon in-
elastic scattering mechanism. Some of the most important features are incompatible with the
resonance tunneling effect: (i) The spacings are relatively insensitive to the chemical nature
and to the pressure of the imaging gas as well as to the tip crystal face used as ion source;

(ii) different metal tips, i.e., W, Pt, and Mo, produce the same peak spacings; (iii) the peak
intensities strongly depend on field strength. A detailed theoretical study of a model ion-plas-
mon interaction Hamiltonian shows that, as a result of the strong dependence of peak spacings
and intensities on field strength, field-ion emission could provide a new experimental method

for investigating selectively surface collective excitations of metals.

The ion-plasmon scat-

tering effects also have important consequences for the energy distributions of ions in field de-
sorption or evaporation and place a limitation on the mass resolution of the atom-probe micro-

scope.

I. INTRODUCTION

This paper is concerned with the description of
energy exchange processes between the ions and
the electronic plasma modes at the metal tip in
field-ion microscopy.

Energy distributions of field-emitted ions have
been measured by Jason! over the range of fields
normally used for the microscope operating in the
imaging mode. Similar, though statistically less
saturated, distributions have been obtained?® by
mass-spectrometry analysis of field-evaporated
ions, i.e., in the “atom-probe” configuration. In
Jason’s experiments, the energy distributions show
well-resolved oscillatory structure which has been

attributed*’* to the resonant tunneling of electrons
from the imaging gas atoms to the metal tip during
the ionization process. In the atom-probe measure-
ments, an assumed mass resolution of less than

1% has led to an interpretation of some of the broad
mass spectra in terms of the formation of meta-
stable compound ion molecules?'® due to the inter-
action between the metal-tip atoms and the imaging
or residual gases.

In the present paper, it is proposed that multiple
excitations of surface plasmons in the metal tip
occur together with associated discrete energy
losses of the imaging gas ions. It will be shown
that such a process may constitute a necessary and
sufficient mechanism for the origin of the struc-
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TABLE I. Inventory of some observations in Jason’s
experiment (Ref. 1) which are important for the critical
comparison of the two proposed theories of ion energy
distributions in field-ion microscopy. The observations
marked K.O. are at variance with the predictions of
resonance tunneling theory. The second column gives
the location in Jason’s paper (Ref. 1) where the observa-
tion is reported. For details, see text.

Resonance Plasmon
tunneling creation
Observations Ref. 1 (Refs. 1,4) (Ref. 5)
Peak spacings
1. Essentially constant spacing Fig. 9 0.K heg
2. Independent of imaging gas Fig. 5) K.O. fiwg
(H,, Ne)
3. No isotope effect p. 271 O.K. fiws
4. No temperature effect (T) p. 271 0.K. fiwg
5. No pressure effect (1) p. 271 K.O0. N
6. No tip radius effect (R) p. 271 0.K. N
7. No crystal face effect (C) p. 274 K.O0. Jiwg
8. Same peak sp'tlcings for p. 274 K.O. e
W, Pt, Mo tips _
9. Decrease'of s?acing with Fig. 8 0.K. Ty 0e)
decreasing field strength S
10. Decrease of spacing with in-
creasing distance from parent Fig. 8 0O.K. Ry ()
peak
Peak intensities
11. Damped distrib. at low fields Fig. 4 K.0. Poisson
distrib.
12, 1,/ increases with field;
crossing of first three loss Fig. 10 K.0. Poisson
curves distrib.
13. At high field: decay of pa- R Poisson
rent peak and broad distrib. p. 276 K.0. distrib.
14, Weaker structure with Ne o Poisson
instead of H, Fig. 50  K.O: distrib.

tures in both kinds of energy distributions. ®

Table I is a compilation of some of the numerous
features observed in the energy spectra discussed
by Jason.! We refer to Refs. 1 and 4 for the de-
tailed arguments put forward in support of the
resonance tunneling theory. The main point that
needs to be emphasized here is that the predictions
of the resonance theory, as regards the structure
of the resonance peaks, depend rather critically on
the detailed shape of the tunneling barrier. How-
ever, observations 2, 5, 7, and 8 in Table I clearly
show that the oscillatory distributions remain re-
latively insensitive to the precise nature of both the
surface and atomic potentials. Also, the resonance
tunneling mechanism appears to be incompatible
with the observed strong dependence of the relative
peak intensities on field strength (Table I, obser-
vations 11-14).

To understand the proposed plasmon excitation
mechanism, first recall that the Coulomb field of
a classical charged particle traveling in the vicinity
of a metal surface is partially shielded by the field
of an image charge which is set up in the metal.
The image charge builds up as a result of the aver-
age dynamical response of surface plasmons in
the metal tip to the long-range field of the external
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charged particle. ® Bulk plasmons or individual
quasiparticles of the bulk do not respond signifi-
cantly to charges traveling at distances from the
surface larger than the lattice spacing. It will be
shown that the relevant coupling parameter for the
ion-surface-plasmon dynamical interaction is
provided, as expected, by the ratio of the image
charge potential energy and the surface-plasmon
energy quantum
Z%e%/4z
g =", 1)

where Ze is the ion charge and z is the distance be-
tween the ion and the surface. Thus, using a typical
plasmon frequency (Zws~10 eV) and Z=1, the cou-
pling “constant” is larger than, say, 0.01 for values
of z up to several tens of angstroms. For quadruply
ionized species, one finds g 2107 up to 2 <500 A,

Another factor of importance in controlling the
ion-plasmon coupling is the total energy conserva-
tion for the combined ion-metal system. Discrete
amounts of energy n7w, can be lost by the acceler-
ating ion due to the coupling with the surface-plas-
mon field, the loss process beginning as soon as
the ion kinetic energy has been increased above the
threshold energy 7w,. In the large fields (several
v/ A) used in the ion microscope, the minimum en-
ergy required to excite a surface plasmon is
reached within a few angstroms from the tip sur-
face. The scattered ions will then arrive at the
screen with corresponding discrete energy deficits
and enter the spectrometer, giving rise to an en-
ergy distribution oscillating with period 7Zw,. Fig.

1 illustrates the phenomenon in an energy-time
phase space.

The above interpretation in terms of multiple
losses of surface-plasmon quanta is not contradicted
by any of the experimental data listed in Table I.

A first critical test of the theory concerns the

actual value of the observed spacing, i.e., Zw,
~7 eV for W, Pt, and Mo tips at low fields.! Does
one observe a surface plasmon around this energy
for these materials in independent measurements?
A positive answer is provided by recent experi-
mental studies of optical properties of transition
metals. ® Current measurements in this labora-
tory® using electron energy loss spectroscopy of
Pt, W, and Mo appear to endorse these results.
The energy loss function Ime™ (w) obtained from
these measurements shows a relatively well-de-
fined peak at about Zwg ~ 10 eV for Pt, W, Mo, Ru,
and Re, suggesting the likely existence of a long-
wavelength bulk collective excitation around that
energy in all these metals. The corresponding sur-
face plasmon will have energy at approximately
fiws=hwg/V2 ~7 eV, in agreement with the observed
spacing at low field. .

Second, one may ask if the plasmon creation
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FIG. 1. Representation, in an energy-time phase space,
of possible scattering processes contributing to the genera-
tion of a loss spectrum (vertical shaded area). The
equidistant horizontal lines represent the quantized sur-
face-plasmon energy states of the metal tip (shadedarea).
At higher field strength (F,), the excitation of the surface
plasmons occurs with a higher probability due to the
smaller distances from the tip at which the ions can be
scattered. A peak in the loss spectrum is proportional
to the product of the probabilities of consecutive scatter-
ing events, the net ion energy loss effectively moving
down the energy ladder with increasing time.

mechanism can account for the observed decrease
of the peak spacings when (i) one decreases the
field strength (Table I, observation 9) or (ii) when
one examines the higher-order energy deficits for
a given field strength (Table I, observation 10). It
will be argued below that both effects are explicable
in term of the dispersion relation wg(%) of surface
plasmons. This remarkable result suggests a new
and unique method of selectively measuring the ex-
citation spectrum of only surface plasmons over a
substantial portion of £ space.

Third, it will be shown that the dependence of the
relative peak intensities on field strength (Table I,
observations 11 - 14) is entirely consistent with the
present interpretation of the distributions being
energy loss spectra similar to those observed in
electron energy loss spectroscopy. 1212

Finally, it will be shown that in field desorption,
evaporated ions could be scattered by the surface-

, plasmon field sufficiently strongly to arrive at the
spectrometer with energies almost randomly dis-
tributed within a range several hundreds of eV wide.

In Sec. II, a model Hamiltonian for the system
jion-plasmons is introduced. Section III contains
details of the calculation of the loss spectrum in a
semiclassical approximation. In Secs. IV-VI, the
results and predictions of the present theory are
presented. Section VII summarizes the conclusions
of this work.

II. MODEL FOR PLASMON-ION INTERACTION

The Hamiltonian for the interacting plasmon-ion
system is taken to be
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H=H,+H,+ V,,, @)
H,= A [dkhw, (af ay+3), 3)
H; = p%/2M +p%/2M ~ ZeFz | @)

Vip=A[dRC(K) e " (al+ a,)0(z -24). (5)

H, describes the surface plasmons of a semi-in-
finite homogeneous free compensated electron
gas. K is a two-dimensional wave vector parallel

to the surface and A is a unit area of the surface.

H; is the Hamiltonian of the ion with coordinates
T=(p, z) parallel and normal to the surface, respec-
tively, and F is the applied field. V;,is the second-
quantized form of the plasmon-ion interaction!®~!2

in which

C(k)= (BZ%2wl/8nA kuw,)/? 6)

where w,= [47(ne?/m )y, ]'/? is an effective bulk

plasma frequency for the collective modes under
consideration. 6 is the step function

0(z—=2z¢)= 0 if 2<z,
= 1 if 2>z, ()

where 2, is the distance from the tip surface at
which the ion is created. 2z, equals the critical
distance (z,= const/field) in field emission or is
approximately zero in field evaporation. 1

That Eq. (5) gives the correct analytical form of
the metal-ion interaction can be readily understood
by recalling the following: (a)In any linear re-
sponse theory, the interaction will be linear in the
amplitudes of the electronic polarization fields and
hence in the field operators «,.

(b) Because one is considering a planar surface
geometry, the interaction should be translationally
invariant for displacements parallel to the surface
(factor e 7y,

(c) The Laplace equation AV=0 applied to a free_
polarization potential of the form V= [dk V,(z)e ¥
reduces to

32y,

73;'5@ —E?V,(2)= 0 ®)

and therefore implies that the free surface fields
must decay exponentially away from the surface
(factor e™*). The correctness of the coupling “con-
stant” C(%) can be checked by considering the case
of a static point charge for which T= (p, z) is not

an operator but a constant. For this case, one
should recover, from Eq. (5), the classical image
charge potential energy. Taking p=0, the Hamil-
tonian (2) reduces to

H= A [dE [hw,(af ay+ 3)+ C(k)e ™ (af+ o)) - ZeFz
©)

and is diagonalized by the translation
ap=a, +[C(R) /Hiw,] e™ (10)

expressing the accumulation of screening imaging



2942
charge in the metal. This gives
H=A [ dk{%w,(ala, +3) - [C¥(R) /hiw,) e} - Ze Faz.
(11)

The ground-state energy of the system is

Eo= AfdE 3w, - W-Ze Fz , (12)
where

W= A[dk [CHR) /fiw,] e (13)

is the interaction part of the ion-metal system.
Substituting Eq. (6), one obtaing

W= tetetud [dk e /ul (14)

If z>>k;!, one can use the long-wavelength limit
w?=3w? and take k,~». This yields

W =Z%%/4z , (15)

which is just the classical image charge interaction
energy, as it should be.

An important requirement for the validity of this
model with regards to the present physical system
is that the ion coordinate z should be.smaller than
the tip radius and bigger than the lattice constant,
In fact, the interaction (5) tends to zero for both
large and small z and is perfectly valid for the case
of field-ion emission where z, is usually several
angstroms. Infield evaporation, and, inparticular,
for the atom probe, the above model is not strict-
ly valid at very small distances from the surface
since the atomic details of the surface are ignored.
In spite of this, the Hamiltonian (2) is appropriate
to the description of the loss processes in field
evaporation as well as field emission because the
existence of a kinetic-energy threshold 7Zw, pre-
vents losses from occurring until the ion has
moved to some distance away from the tip.

Before proceeding with the study of the Hamil-
tonian (2), it should be stated here that the pre-
cise analytical form of the coupling is character-
istic of a high-density free-electron gas. However,
although deviations from this simple form may be
expected to occur when dealing with real metals,
the main characteristics of the coupling, i.e., its
linearity in the plasmon field operators and its
rapid decay with increasing distance z, are gener-
al features of collective surface oscillations.

The problem of finding a good approximation for
the eigenstates of the stationary Hamiltonian (2)
poses difficulties, especially when one realizes
that first-order scattering theory is inadequate
in the present situation. Since the ion-plasmon
interaction term (5) contains linear plasmon field
operators, losses involving » plasmons (and gener-
ating the nth peak in the observed oscillatory struc-

ture) represent perturbation processes of nth order.

Some of these processes are sketched in Fig. 1.
One cannot resort to an ad koc argument of consec-
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utive first-order scatterings as has been invoked in
electron energy loss spectroscopy'?!* of isotropic
bulk materials. The idea of consecutive losses
amounts to the introduction of a mean free path be-
tween successive ion-plasmon scatterings with ex-
change of a single energy quantum 7Zw,. Clearly,
this notion is meaningless here since the interac-
tion Hamiltonian has a strong z dependence.

Rather, we will formulate a semiclassical ap-
proach in which the multiple-scattering aspect of
the problem will be fully included. It is assumed
that the ion is traveling radially along the classi-
cal trajectory

p=0, 2z() =3yP+uot+z, (16)

where y=ZeF/M is the constant acceleration in the
homogeneous field F and v, is the initial, generally
small, thermal velocity of the ion at the instant of
its creation. In this case, the ion acts as a time-
dependent perturbation for the plasmon field such
that excitations occur from the initial state to some
higher excited surface-plasmon state. Using en-
ergy conservation, the energy spectrum of the out-
going ions can be deduced from the asymptotic time
evolution of the plasmon field. ** The intensity of
the ion energy distribution is proportional to the
loss spectrum, which is defined as the probability
of finding, at time f—, the plasmon field in any
state of excitation 7 wabove the ground state, i.e.,

P(w) = lim ‘Z)) | (WD) [{na}) 2 6(w =205 15 )
teo ny
(17)
where I{n,,}) is an eigenstate of the free plasmon
Hamiltonian (3) and | ¥(¢)) is the state vector of H,
+ Vi,(8).

As it stands, the above semiclassical approach
neglects an important feature of the scattering pro-
cess, i.e., the ion recoil on emission of a plasmon,
A first improvement of the theory would be to use,
instead of Eq. (16), the more exact classical equa-
tion of motion taking into account the classical
image potential. This average attractive image
force prolongs the time spent by the ion within the
critical zone for plasmon generation and this tends
to enhance the energy losses. An enhancement of
a similar nature is expected to result from the
quasidiscontinuous reductions suffered by the ion
velocity on emission of one or more plasmsons.

A proof of this enhancement effect will be given in
Sec. IV. The probabilistic nature of plasmon gen-
eration makes it difficult, if not possible, to in-
clude these sudden recoils in a self-consistent
semiclassical theory. By using the unperturbed
trajectory (16), the problem can be solved exactly
and, for the reasons discussed above, the solution
is expected to provide a lower bound for the transi-
tion probabilities involved.
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III. CALCULATIONS

To calculate P(w) in Eq. (17), one uses &(x)
=(2m " [*2d 1! to eliminate the complete set of
intermediate states |{n,}):

P&w) =§11~T J‘me“‘"P('r) dr, (18)

where
P(7) = lim (¥(¢) | e ¥ BT W(¢)) as t—~w, (19)

and where E, is the ground-state energy of the
plasmon field. The time correlation function (19)
can then be calculated using standard canonical
_transformation techniques.® The result is

2
P(1) = Pyexp <Ade ‘Lk(;ﬂ e"“’k7> , (20)

1) = C) [ at eiont g*=® g (p) , (21)
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P, is the normalization constant of the loss spec-
trum:

Py=1/P(7=0) , (22)
so that
S v Pw)=1, (23)

as it should, since the definition (17) is normalized.
Introducing Eq. (16) into Eq. (21), one obtains!®

- 2m /2 ((k'l] + W )2>
[ (B 1 C k > kz, exp 0 R

x erfc (%%) , (29)

where erfc(x) stands for complement of the error
function., At this point, one could expand the
correlation function (20) in powers of the interac-
tion function I (k) and integrate Eq. (18) term by
term. This generates the perturbation expansion

2

2
P(w)=P0<6(w)+A/dE|I—{’!e—)h;lg—6(w w,,)+AszdIEdE' L) 1*11 ()| G(w—(wk+wk.))+---> . (25)

The first term is the zero-loss probability and
therefore P, gives the strength of the no-loss
line. The shape of the parent peak is obtained by
multiplying with this factor P, the ordinary en-
ergy distribution arising from the finite width

of the ionization zone.!® The second term in Eq.
(25) gives the single-plasmon excitation proba-
bility and hence the intensity of the first energy
loss maximum, etc. If one includes finite life-
time effects, the 5-shape lines broaden to
Lorentzians with half-width equal to the cumulative
damping Awy,+Aw, +-++. Thus, the actual shape
of the first deficit peak results from a multiple
folding integral over (i) the shape of the parent
peak, (ii) the dispersion relation w,, (iii) the life-
time broadening, and (iv) the resolution function
of the spectrometer. Nevertheless, in spite of
these complications, some useful information
concerning the plasmon dispersion relation can be

©

u

2 -u
2] =P 2 2 ﬂkce € -4a2k 2o/ u
(m)= oexp{Za S []z;zdu*—-e c%0/ ¥ 4

The first integral amounts to less than the expo-
nential integral® - Ei(- 20%) = [;o2due™/u and con-
tributes negligibly to the result since, for field-
ion emission, @=~100. The second term in Eq.
(27) involves the Dawson integral®®

D@)= e"’zfove‘zdz , (28)

§f°°@
mJy v

gained by careful studies of the loss spectrum.

If the amount of dispersion involved in the multi-
ple & integrals of Eq. (25) is not too large, then
the over-all spectrum should have the shape of a
Poisson distribution characteristic of loss -
spectra.!? The distributions obtained by Jason! do
exhibit this shape.

To gain more insight into the nature of the loss
spectrum and, in particular, to study its dependence
on field strength, we shall make the nonessential
assumptions vg=0 and w,= w, (neglect of surface-
plasmon dispersion). This permits the % integral
of Eq. (20) to be done exactly. Introducing the
parameter = w,/(2k,y)!'%, where k. is the limiting
wave vector for plasmons, * and using the reduced
variables

u=w¥ky, v=w/@ry}?, (26)
P(7) is found to be

vo2 \2 ;
e-Zazkcto/vze'z"z(f e dz> ]e"“st} - (27)
0
]

which, for large v (here v > @), behaves like'®

limD@)=1/2v for v>1. (29)
v»>1 .

Substituting Eq. (29)into Eq. (27), the remammg
v integral has the elementary form f dve='® /v
and ‘gives the final result
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2,2
P(r)=P, exp<(1 — g 2kc0) Z—;ﬁ{ﬂ e"“’ST) . (30)
S

The generalization of these results to the case
where there exist several independent branches
w! (k) in the dispersion relation for surface plas-
mons is straightforward. For instance, if the
bands are relatively flat in the % region of interest,
the generalized time correlation function corre-
sponding to Eq. (30) is

2 2
P(r)= Poexp<E (1 - g-2kc%0) %/_f_?_q e-iw:f> )
w

s

(31)
This is the case for the transition metals Pt, W,
Mo, Ru, Ta, and Re. In addition to the low-lying
collective mode around 10 eV discussed in the
Introduction, they all show a well-defined high-
energy bulk plasmon ranging from 20 to 26 eV, in
agreement with the expected value if five to seven
electrons per atom participate in the collective
mode.%°®

One recognizes in the functions (30) and (31) the
coupling parameter g introduced in Eq. (1) and
discussed in the Introduction.

The final piece of information necessary to com-
plete this theoretical model is the relationship be-
tween critical distance z, and applied field F. This
relation is well known'3:;

z9=C/F, (32)

where C is related to the ionization energy I of the
imaging gas and the work function & of the metal,

C=(I-®)/Ze . (33)
In summary, when applying the model to a par-
ticular experiment, the following set of independent
quantities is to be considered:

metal tip, (o, 2%, 8);

imaging gas or evaporating species, (I, Z);

applied field, F.
IV. DISCUSSION OF NO-RECOIL THEORY

We illustrate the above theoretical results by
considering a numerical example which is meant
to describe approximately the spectrum of H," ions
imaging a tungsten tip. The relevant parameters
are Z=1, hw,=TeV, C=10V (F inV/A), and &,
=10% cm™'. The value of k, is rather uncertain
since, at present, the exact nature of the collective
excitation observed at 10 eV in transition met-
als™ is not known. Fortunately, the result (30)
does not depend critically on this parameter. One
finds

P(7) = Pyexp[0.05(1 - e/ F)FeivsT] (34)
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FIG. 2. Predicted energy distribution of field-emitted
ions as a function of field strength. Each spectrum is
normalized according to [§ P(w) dw=1 and satisfies the
sum rule [§ % P(w)dw=classical total energy loss (Ref.
12). A damping Aw/ws=0.3 of the surface plasmon has
been introduced to allow for finite lifetime effects. The
dotted exponential line in the vertical plane gives the
strength of the no-loss peaks.

Expanding in powers of F, the Fourier transform
(18) will again generate a Poisson-like distribution
of equidistant peaks. Figure 2 is a schematic draw-
ing of the predicted spectra for various field
strengths. In this figure, the loss strength has
been multiplied by a factor of 4 for clarity of the
picture. The ratio between the nth peak and zero-
order peak strengths is predicted to increase with
increasing field,

I,/1,=[0.05(1 — 2/ F)F]*/n! . (35)

Physically, this field enhancement of the deficit
structure is easily understood. At higher fields,
both the ionization and acceleration of the ions to
energies greater than the threshold 7w, take place
closer to the tip surface, where the ion must travel
through a denser surface-plasmon cloud. Referring
to Fig. 10 of Ref. 1, which we reproduce here as
Fig. 3, one can see that this correctly predicts the
general trend of increasing loss probabilities with
increasing fields. Two particularly convincing fea-
tures are the crossing of the successive secondary
peak intensities at high field and the gradual weak-
ening of the parent peak. This is characteristic

of a Poisson distribution, Eq. (35) (Table I, ob-
servations 11-13). However, the observed increase
is faster than predicted by Eq. (35) and the observed
plateau is not accounted for in the present model.
These effects may be due to the enhancement of the
loss processes resulting from the ion recoil on
emission. One can actually demonstrate that such
an enhancement must result when recoil is included
in the theory. Referring to Fig. 4, we want to com-
pare what can be called the “remaining” scattering
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strength. H,* ions imaging a 250-A W tip at 20 °K. Re-
produced from Fig. 10 of Ref. 1.

probabilities for an ion arriving at time ¢’ and ve-
locity v’ ~y¢' at some arbitrary distance z’ without
having been previously scattered (case A), and for
an ion arriving at the same point after having al-
ready suffered multiple losses (case B). Using
Eq. (21), the two probability amplitudes are pro-
portional to

L) =C@) [ atetor Dot~ 1), (36)
1(k) = C()e ™ [ " dteriontghe® 37)

respectively. In Eq. (36), the 9 step function cuts
out the interaction for 0< z< z’ to eliminate scatter-
ing in this range. In Eq. (37), the origin of time
has been chosen at the time of arrival of the ion at
z' =2z(t') (with zero velocity, if the ion has been
totally scattered, as in Fig. 4). Changing the
integration variable in Eq. (36) from #to 7=¢-¢'
and using the trajectory Eq. (16) (in which one can
neglect the z, and v, terms for simplicity), one finds

z2()=z2(r)+ 2(t") + 10", (38)
and therefore
Iy(r) = ™' r¥ C(R)e™ ]: dr e i rTe (D g™
(39)

Comparing this last expression with Eq. (37), one
recognizes that

| 1, ()] < | Is (&) (40)

due to the reduction factor ¢™™, which expresses
the smaller time spent by the ion in the zone of
influence of the plasmon field in case A.

-RTV!

V. SEMIEMPIRICAL RECOIL THEORY

The above analysis suggests a semiempirical
way to include recoil into the theory. The form
of the factor ¢*™ =™ affecting the no-recoil
probability amplitude I, indicates that the true total
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scattering probability amplitude I (), with recoil
included, should contain an enhancement factor
depending exponentially on v and, hence, on field
strength F. Physically, recoil by plasmon creation
is a self-generating process since, according to
Eq. (40), scattering at a given distance from the

tip favors further scattering in the remaining flight
of the ion. Therefore, we propose to use the
phenomenological relationship

Ix(k) =™ I(R) , (41)

where I(k) is the no-recoil total amplitude of Eq.
(24), and where a is a real positive parameter to
be determined empirically. The enhancement fac-
tor also has the right % dependence and reduces to
unity for 2=0: No enhancement should be expected
for vanishing-% surface plasmons since the elec-
tric field they generate is uniform throughout space.

Neglecting the v, terms in Eq. (24) and using the
limit!® lim (Vr)e*®x erfc(x)=1 for x| > 1 [equivalent
to Eq. (29)], one obtains

Ig(R) = [c(k)/ w,] e™F ~*%0 . (42)

From Eq. (25), the single-loss line P¥ is now given

by
7ewf

g2k(@F-C/F)
k——T—"" 5(w - w,)

(43)

P (w, F)

or

zew

P, F)=P°2iiwslawk/3k [

x @20 @F CIF) () — )0 (wy, — ), (44)

where %, is implicitly determined by the dispersion
relation w=w, . To fix the ideas, assume a linear
dispersion relation (see Fig. 5)

Ool/

FIG. 4. Illustration of an argument according to which
an unscattered ion arriving at z’ (case A) is less likely to
be scattered in the rest of its flight than an ion which ar-
rives at z’ after having already suffered multiple losses
(case B).
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FIG. 5. Energy spectrum of elementary excitations in
a semi-infinite free-electron gas (Ref. 14). The bulk
plasmon has a parabolic dispersion for small 2. The
surface plasmon starts with a weak linear £ dependence
and then picks up the stronger dispersion of the bulk
plasmon at larger 2. For the transition metals considered
above the spectrum of the low-lying collective modes is
expected to be a mixture of pure plasmon behavior and
pure single-electron interband transitions (Ref. 14). For
illustration purposes, a linear surface-plasmon'dispersion
relation (dashed line) has been used in the text.

wy=ws+bk, 0<ksk, (45)

where b is an aqverage dispersion parameter over
the whole range 0 <k <k,. This yields

_ Z2P Wt W= W, C
P (w, F)=P, TTIE exp[z 5 (aF— F) ,
WsSWS W, . (46)

Thus, according to the sign of the quantity aF - C/F,
the shape of the single-loss line changes drastically
when the field strength passes through the critical
value

F,=(C/a)t’? . (a7)

For F<F,, the spectrum is maximum at w=w,,
whereas for F>F,, the maximum will move towards
w=w,.. The actual first-order peak resulting from
the multiple folding procedure described in Sec.

III will broaden and shift from wg at low field to

wy, at high field (Fig. 6).

Thus the dependence of peak spacing on field
strength and also the apparent shrinking of the
spacing between deficit peaks of higher order (see
Fig. 8 in Ref. 1) can be qualitatively understood as
a dispersion-recoil effect. The exact relationship
between field and wave vector of those plasmons
excited with the highest probability is rather com-
plicated. However, the physical argument is clear;
at low fields only long-wavelength surface plas-
mons have a substantial probability of being excited
because only these can generate an electric field
beyond. the distance where: the ion reaches the
kinetic-energy threshold Zwj. - Similarly, higher-
order loss peaks are generated by losses occurring
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far away from the tip where only low-% plasmons
can reach. Both effects result from the exponential
factor e ** in the interaction Hamiltonian (5). At
high fields, on the other hand, recoil effects dom-
inate so that intermediate- or high-% plasmons are
also substantially or even predominantly excited.

From Eq. (43), the total integrated intensity of
the first-order peak F(F) divided by the no-loss line
intensity I, = P, is found to be

d 2,2 2 Lf(F) _
Ille(F)=_1__f dwp'l'z(w, F)=Z € kcws 4 1
0

I, P, 273 fF 7
(48)
where
f(F)=2k(aF - C/F) (49)
and the no-loss line intensity itself is
72tk w? ef -1
I,=exp <— 2wt 7 > . (50)

To obtain Egs. (48) and (50), we have neglected the
dispersion of the denominator in the integrand of
Eq. (43) and replaced w, by an average value w,
~8.5 eV over the range 0 sk <k, For F smaller
than F,, the field function f is negative and one re-
covers the linear rvegime obtained in Eq. (35),

b o= VAL XA 1_ VAR
I, 2hwS f 4hwiC "’

F<F,. (51)

For F larger than F,, f is large and positive and
one then finds an exponential regime

B Z2hw? T F>F,. (52)
L, 2n@t  2ak.F

An empirical value of the recoil parameter a can

be estimated by fitting Eq. (48) to the experimental-
ly observed ratio at some field F, in the transition
region from linear to exponential regimes. Ap-
plying this rule to the data of Fig. 3 at, say, F,
~2.5 VA™Y, where I,/I,~0.2, yields, from Egs.

A F=F. F>F, F
FIG. 6. Theoretical shape of the single-loss line for
various field strengths, as predicted by Eq. (46) (full
lines). Dashed lines: resulting line shapes when the
‘bare” lines are folded with a symmetrical instrumental
resolution function. The apparent position of the peak of
the folded spectrum shifts from w, to w,, when the field
increases above the critical value F, defined in Eq. (47).
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(48) and (49), a~1.5 V'A% in agreement with Eq.
(47). To require that the change of regime should
take place at a field for which the experimental
ratio I,/I; is not too small compared to unity is
consistent with the self-generating nature of a re-
coil event. The recoil enhancement of the loss
processes is expected to occur at fields such that
the outgoing ions have a substantial chance of re-
coiling at least once by plasmon emission, i.e.,
when the probability of being scattered once is
comparable to the probability of escaping without
loss.

On the basis of the above analysis, the single-
loss curve of Fig. 3 may be interpreted as follows.
The observed plateau at intermediate fields, on the
one hand, would correspond to the linear regime
of Eq. (51). The fast exponential increase for
fields above 2.7 VA", on the other hand, would be
due to recoil enhancement, Eq. (52). If this in-
terpretation is correct, then the initial fast growth
of the secondary peak intensities for fields between
1.5 and 2 VAl is not at all understood. However,
as pointed out by Jason,! this may be a spurious ef-
fect of limited instrumental resolution combined
with the narrowness of the no-loss line at low
fields. Also, the position in Fig. 3 of the crossing
points of the successive secondary peak intensities
and the detailed shape of these curves are still
not accurately predicted by the present semiempir-
ical recoil theory. Obviously, clarification of
these fine details requires a more exact quantum
theory of recoil and also higher-resolution inten-
sity measurements.

Jason’s work provides further experimental evi-
dence in support of our interpretation by the fact
that when neon is used as imaging gas, oscillatory
distributions are only obtained for fields higher
than those necessary in the case of hydrogen (Table
1, observation 14). Furthermore, the oscillations
are hardly observable when using helium.!® This
can be understood by looking at the respective
values of the constant C in Eq. (33) for these
 three gases. One has'® Cy,+ < Cye+ < Cie+ and there-
fore the low-field scattering strength a=e?/4zyw,
= e?F/4Chw, satisfies the condition s> Oyer > et

VI. PLASMON EFFECTS IN FIELD DESORPTION

The discussion of the problem of plasmon-ion
scattering in field evaporation is more involved than
in field-ion emission. A first reason is that rela-
tively little is known about the detailed microscopic
act of field desorption. In particular, the distance
from the surface at which the desorbing atom can
‘be considered as fully ionized is not known. . Clear-
ly, from the previous sections, the model param-
eter z, at which the ion is “created” plays an im-
portant role since the ion losses are most impor-
tant near the tip surface. Thus the desorption
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event and the initial plasmon excitation processes
may interfere significantly, whereas in field-ion
emission little interference occurs because the
characteristic ionization time is much smaller than
the acceleration time required by the ion to reach
the kinetic -energy threshold %Zw,. A second reason
is the very high fields normally used in field evap-
oration. Evaporation fields of most transition
metals'® fall in the range 4-6 VA™, well above
the critical field for onset of recoil-enhancement
effects in field-ion emission of hydrogen. The
crucial question is to determine the regime, either
linear or exponential, in which the plasmon excita-
tion by a given evaporating species is taking place.
From the results of Sec. V, desorption of hydrogen
and light adsorbed species should certainly follow
a strong exponential regime since the field function

f(F)=2k(aF -2z (53)

to be used in determining the loss strength of Eq.
(48) is positive and large for large F. For desorp-
tion of heavier species or for evaporation of metal-
tip atoms, however, the situation is not so clear.
Recall that the semiclassical recoil parameter a
introduced in Eq. (41) is in fact proportional to the
ion acceleration y=ZeF/M, i.e., to the ion-
charge—-to~mass ratio. In the limit of very small
ratio Z/M, the.ion travels so slowly that the metal
plasma should be able to readjust the imaging
charge adiabatically and hence the inelastic pro-
cesses should presumably be reduced. Thus for the
case of heavy-ion desorption, an estimation of the
recoil-enhancement effects is difficult without a
better recoil theory. In the rest of this section,

we shall therefore confine ourselves to the discus-
sion of light-ion desorption.

Consider a desorption experiment using a field
of 4 VA™ and whereby an adsorbed hydrogen atom
is evaporated from the tip surface and assume that
the bare proton emerges at z5~1 A (corresponding
to the diameter of the H atom). Using a ~1 for the
recoil parameter, Egs. (53), (48), and (20) give,
respectively,

f=~6, If/L~50, (54)
P(1)=e"exp(50 e~%s7) | (55)

According to formula (55), each outgoing ion has
practically no chance to leave the tip unscattered.
Instead, each one will excite an average number

of 50 plasmons, thereby losing 0.4 keV. Some of
them may lose up to 100 plasmon quanta. Because
of the probabilistic nature of the excitation process,
it is impossible to predict how many plasmons any.
individual preselected atom on the tip surface is
going to excite during its flight through the plasmon
cloud. What is certain, however, is that if such an
atom-probe experiment is repeated a large number
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of times, a smooth Poisson-like distribution should
emerge with a peak centered roughly at 0. 4 keV
down from the position of the no-loss line. It
should be emphasized that for such an experiment
to be statistically meaningful, the number of ions

of the expected type collected and analyzed should
be orders of magnitude larger than the loss strength
I1f/I,~50 in our example.

What kind of distribution does one expect if more
than one family of plasmons (w%, £%) are involved,
as seems to be the case for transition metals? For
this case, the equation

AL A CA A 1)
2 7(ws)* FH(F)

P(1)=Pyexp ( >

(56)
must be used. Assume that there are two branches
at 7Zw,=8.5 eV and 7w, =20 eV and suppose that the
corresponding loss strengths 2 and b are both ap-
proximately equal to 50. Then the loss spectrum

P(w)= Po/ dr ' explae™ "+ be ")  (57)

n

=Pomz,i o 8w = (m @z +nwy)] (58)
has maximum strength for m=a and n=5b. The
distribution will therefore culminate at an energy
Tiw=Ti(a w, + bw,) ~1. 5 keV below the expected posi-
tion of the no-loss line. Also, the width of such a
distribution will be of the order of 1 keV, i.e., 10%
of the total energy acquired by the proton in a de-
sorbing voltage of, say, 10 keV. Jason’s experi-
ments on field emission of Hy," already give evidence
for such wide distributions: “At fields above 3.5
Vf&“, the large tip distributions are hundreds of
volts wide and no ions are seen corresponding to
the main peak” [Ref. 1, p. 276; see also Figs. 9(d)
and 9(f) in this reference].

Statistically unsaturated Poisson-like distribu-
tions of evaporated ions have been observed by
Miuller et al.? and by Brenner and McKinney. 3
Some of the broad distributions have been inter-
preted as being due to the transient formation of
various molecular ion compounds. As illustrated

by the above hydrogen desorption example, an al-
ternative explanation in terms of the present theory

is that these distributions may represent single
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ionic species with energies broadened by the pro-
cess of multiple plasmon losses. A typical experi-
mental case which could be interpreted along these
lines is the broad hydrogen spectrum accompanying
the equally broad spectrum of doubly ionized evap-
orated tantalum ions (Fig. 2 in Ref. 2). Until sta-
tistically more significant ion desorption spectra
are obtained and until a full quantum-mechanical
theory of ion-plasmon multiple scattering is de-
veloped, interpretation of the fine structures of
field evaporation energy distributions will remain
somewhat speculative.

VII. SUMMARY OF CONCLUSIONS

A new theory of the oscillatory ion energy dis-
tributions in field-ion emission has been presented.
The origin and properties of the secondary peaks
have been ascribed to inelastic multiple scatter-
ings of the gas ions by the collective electronic ex-
citations of the metal-tip surface. The previous
resonance tunneling theory of the oscillatory dis-
tributions does not seem to apply to this physical
problem,

The most important consequences of the present
interpretation are the following:

(a) The variation of peak spacings with field
strength offers a unique way of mapping the full
dispersion relation of this family of “plasmons”
responsible for the ion scattering.

(b) The dependence of the secondary peak inten-
sities on field strength provides additional experi-
mental access to the fundamental parameters of
these excitations.

In field desorption, large ion energy losses from
the same repeated excitation of the metallic quan-
tum plasma will yield broad energy distributions.
Combined with the stochastic nature of plasmon
generation, this could result in an irreducible
limitation, previously unforeseen, to the mass
resolution of the atom-probe microscope as an in-
strument of single-atom sensitivity.
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