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Laser photoelectron spectrometry of Fe: The electron affmity of iron and the "nonstatistical"
fine-structure detachment intensities at 488 nm

P. C. Engelking~ and %. C. Lineberger
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and Joint Institute for Laboratory AstrophysiesU, niversity of Colorado and Nationa! Bureau of Standards, Boulder, Colorado 80309
(Received 6 September 1978)

With a fixed-frequency Are laser (488 nm), the photoelectron spectrum of Fe has been obtained. The
electron affinity of iron is 0.164 + 0.03S. eV. It has been found that the cross section for detachment of s
electrons is much larger than that for detachment of d electrons at this wavelength. Also, the various fine-
structure transitions do not occur in the (2J"+ 1) (2J'+ 1) statistical weighting of the neutral (J')
and ion (J") spin-orbit states. An explanation for this result extends previous calculations, deriving
explicit, usable expressions for fine-structure transition intensities, which are then found to agree with those
observed experimentally.

I. INTRODUCTION

Iron, one of the most abundant terrestrial ele-
ments, occupies a central position in the Periodic
Table and in technology, but until recently' there
has been no direct experimental determination of
the electron affinity (EA}of atomic iron. Although
calculable' in principle, the electron affinity of
iron is a particular challenge to theory, for its
small value makes even a small absolute error in
any calculation into a large relative error. Fur-
thermore, most theoretical estimates of the EA
(Refs. 3-5}depend on extrapolations from either
end of a transition-metal series, but in the center
of a series these methods often disagree. We have
made an attempt to reduce the uncertainty of this
number, and in this paper present the direct de-
termination of the iron electron affinity by fixed-
frequency laser photoelectron spectrometry.

Basically, in the experiment a beam of Fe
ions crossed a single-wavelength (488 nm} laser
beam, and the resulting photoelectrons emitted in
a direction perpendicular to both beams were en-
ergy analyzed to produce 'a photoelectron spec-
trum. The apparatus has been described else-
where in detail. ~

Figure 1 shows the energy levels of atomic
— iron' with those of the negative ion sketched in.

Photodetachment with 488-nm radiation will raise
the energy of the negative ion by 2.54 eV to a
"virtual" level from which it will be able to eject
an electron, leaving an atom in either the 'D
ground state or the 'E or 'E excited states. Act-
ually a fourth, 'I' state, is energetically acces-
sible, but the electrons are left with too little en-
ergy to pass the low-energy cutoff (0.25 eV} of
the electron optics. Thus three "peaks" should
occur in the photoelectron spectra associated with
electrons leaving the atom in these three access-

II. EXPERIMENTAL

The apparatus and techniques have been pre-
viously' described in detail. Iron pentacarbonyl
(Apache Chemicals} is dissociated in a low pres-
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FIG. l. Schematic of atomic energy levels in iron
observed in this experiment. Absorption of a 2.54-ev
photon (488 nm) can detach an electron from Fe and
leave the resulting neutral atom in either a 3I', 5F, or
~D state. Although the fine-structure splitting is large,
there is little evidence of it in the photoelectron spec-
trum.

ible states. Furthermore, the j-level fine struc-
, ture resulting from the spin-orbit splitting of

these levels should produce structure in each of
the three photoelectron peaks. The true electron
affinity is the difference between the neutral 'D,
level and the ionic 'E„g, level.
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sure electrical discharge ion source to produce
beams of Fe ions. The ions are extracted from
the source, accelerated to 680 ev, and mass an-
alyzed by a, Wien filter. The 0.5-nA mass select-
ed ion beam is crossed in a field-free interaction
region by-the intracavity beam of a 4880-A
(2.540 eV) cw Ar lI laser, and electrons ejected
into the acceptance angle of a hemispherical elec-
trostatic monochromator are energy analyzed
[resolution of 55-meV full width at half-maximum
(FWHM)].

The absolute, center-of-mass, electron kinetic
energies of peaks in the detachment spectra are
determined using simultaneously produced 0 as
a calibration ion and the expression'

Z„=2.540 eV —EA(O) —1.0215(Qo- —Qx-)

—mm(1/M, —1/M ) ~

EA(O) =1.465 eV is the "effective"" electron af-
finity of the oxygen atom, determined from the
center of the 0 photodetachment peak; (Qo-
—Qx-) is the laboratory energy difference be-
tween the 0 peak center and a particular X peak
center. The factor 1.0215 is an energy scale com-
pression factor described previously, determined
by calibrating an NH photodetachment spectrum
against the known values for the NH a'6-X'Z
splitting. ' .The final term in Eq. (1}accounts for
the fact that the electrons we detect must be back-
scattered(in the c.m. frame) into the energy an-
alyzer and thus have a c.m. component of energy
perpendicular to the analyzer axis; 8'is the kin-
etic energy of the ion beam (680 eV), and m, Mo,
and Mx are the masses of electron, oxygen atom,
and molecule X, respgctively.

The intensity of the photoelectrons at a given
electron energy E depends upon the angle 8 be-
tween the electric vector of the linearly polarized
laser light and the electron collection direction
according to'0

I (8) =(o/4n) [1+P(E)P,(cos8)], (2)

where 0 is the average photodetachment cross
section, P is the anisotropy parameter, and P,
is the second Legendre polynomial. A half-wave
plate could be inserted to rotate the laser polari-
zation, allowing measurement of the anisotropy
of the detached electrons. The spectra shown in
this paper were obtained with 8 such that P, (cos8)
was zero, and thus reflect an average photodetach-
ment cross section.

III. RESULTS AND DISCUSSION
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FIG. 2. Iron photodetachment spectrum taken at
488 nm.

The Fe photodetachment spectrum taken with
488-nm radiation is shown in Fig. 2. Comparison
of the observed energy spacings between peaks
with known Fe term energies allows immediate
identification of the various processes, as shown
in Fig. 2. Note the ratio of intensities: the
'D-«E peak (which results from detachment of a
d electron} is reduced an order of magnitude from
the other 'E- «E and 'E- «E peaks (which result
from detachment of an s electron). Again, at
higher resolution (Figs. 3 and 4) the 'D- «+ shows
itself to be qualitatively different from the others:
it is twice as broad and has considerable struc-
ture that is not quite resolvable with the 60-mV
resolution of our spectrometer. The 'Il and 'I'
peaks each have a shoulder that is barely notice-
able; the shapes of the peaks do not change with a
change from 488- to 514.5-nm radiation. Appar-
ently, a selection rule is narrowing these transi-
tions.

The most surprising result of the Fe data is
the small relative intensity of the 'D-4E line. If
the proposed 3cP4s' electron configuration is taken
for the 4E negative-ion ground state, a one-elec-
tron transition to the 3d'4s' configuration of the
'D by ejection of a d electron might appear just as
likely (if not more likely) as a transition to the
3d 4s configuration of both the '& and 'I' states by
ejection of an s electron.

One possible explanation for the anomalous inten-
sity ratios would abandon the assignment of a
3d'4s' configuration to the negative ion in favor of
a 'E(3d'4s) configuration, making detachment to the
3d'4s configuration of the I' states one-electron
allowed, while making detachment to the 'D(3d'4s')
a two-electron process, with less intensity.
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FIG. 3. ~D 4& and ~F 4J"' detachment peak shapes
plotted against a relative energy scale. Soine tailing to
low energies is characteristic of the electron analyzer.
Arrows point to incipient structure in these peaks.

However, the polarization measurements do not
support this. Detachment to both I" states occurs
with a P~ 1.9 +0.1; that is, the electrons detach
preferentially in the polarization direction of the
radiation electric field. This is only consistent
with either (i) detachment of an s electron giving
a pure p wave or (ii) detachment of a d electron
with fortuitously equal p- and f-wave contribu-
tions of the right phase. " The second explanation
is unlikely, especially in two cases (both E lines)
which compels the first of these two explanations:
the detachment is of an s electron. These polari-

zation data support the expected Sd 4s' configura-
tion for the stable negative ion, and all peaks in
the spectrum result from single-electron promo-
tions out of this configuration.

A rationale can be given for the reduced inten-
sity of the 'D(3d 4s')-'E(3d'4s') transition, the
d-electr. on detachment. In both of these states,
five of the d electrons are high-spin coupled in a
half-fiLled shell; in fact this is true of all the low-
lying states of iron observed in this experiment.
These five electrons remain coupled together,
permitting only either of two d electrons to detach
from the ion. Thus while the d electrons out num-
ber the valence s electrons, those d electrons
capable of leaving the ion in a one-electron pro-
cess are equal in number to the s electrons and
enjoy no statistical advantage.

This can be made more quantitative in the an-
alysis developed by Cox based upon the fractional
parentage coefficients for these states. "'" In
this theory the electrons are assumed to be Rus-
sell-Saunders coupled. The relative intensity for
detachment from an ion state consisting of a single
open shell ' "I~ to neutral state ' "L~. is pro-
portional to

the number of electrons in the ion's l shell, times
the square of the fractional parentage coefficient
of the ion made from the neutral, times the sum of
the reduced matrix elements for the promotion of
a bound electron of type l into the continuum /'.

Of the three peaks observed in the spectrum the
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two resulting from the s-electron detachment ('E
and 'E) should have a total intensity of

2l&PII ~'ll &I',
c

while the sole peak representing a d-electron
ejection (to give 'D} should have an intensity of

"f(A)l: I &Pll 1"II d&I'+I &fll 1"II d& I'].

Thus the only way to explain the intensity ratios
observed is to invoke a difference in the reduced
matrix elements for s- versus d-electron detach-
ment.

Calculations should be helpful on this point,
since evaluating the reduced matrix elements
involves the radial dependence of the orbitals.
A similar disparity in band intensities has been
noted before in the photoionization of metallic
compounds" and also appears in the photodetach-
ment of FeO anions. '4 In the photoelectron spectra
of these metal-ligand systems the peaks resulting
from detachment of the metal pure d electrons are
noticeably weak, while the ligand and ligand-me-
tal bonding electrons dominate the spectrum.

The widths of the three (J unresolved) photode-
tachment peaks pose the second issue. All of the
states involved have fine-structure' levels span-
ning the order of 150 meV, yet exhibit linewidths
narrower than this. This is especially striking
in the narrow 'E and 'E peaks. A feasible ex-
planation for this, recognized in other sys-
tems, " '7 is that the transitions from different
J levels occur with "nonstatistical" weights.
Thus, although photodetachment of a d electron
occurs with I ALI ~ 2, and I ESI ~ 2, resulting in a
I &Jl ~ —, selection rule, the line intensities need
not occur with (2J +1) weights; Rau" points out
that the fine-structure intensities are determined
by purely "geometrical" factors determined by
angular momentum coupling in the problem. This
appears to be sufficient to explain the narrow
peaks observed in the photoelectron spectrum,

We will examine the process for one peak

Fe 'Z, -(3cP4s') av+-Fe'E~ (2d'4s)+e (@).

We will assume a one-electron process of photo-
detachment is occurring.

The Appendix presents the derivation of the in-
tensity expression for a one-electron detachment
from an L-S coupled ion. In this particular case,
we find an expression for the individual fine-
structure components of the photodetachment. "

2

I gent (2J +1)(2J' +1)
2

A comparison of this expression with a simple
product of the statistical degeneracy factors of the

initial and final states (2J'+1}(2J'"+1) indicates
a substantial effect on the photodetachment fine
structure. A mock line shape is shown in Fig. 5

(cf. Fig 4.}using intensities derived from the
angular momentum recoupling coefficients and the
statistical weights of the upper and lower states.
These intensities have been convolved with a 55-
meV width Gaussian instrumental function. Also
shown for contrast is the relatively broad photo-
detachment structure calculated with just the sta-
tistical weights of the initial and final states.
Since the negative-ion fine-structure intervals
have not been measured, we have estimated the
fine-structure splitting in the negative-ion
'E~(3d'4s') state to be 0.6 of that found in the
same state of cobalt, based on an extrapolation
procedure" applied to the isoelectronic series
Fe, Co, ¹i',... . The optimum fit to the data
was with a spin-orbit splitting between 0.5 and 0.6
of the splitting in the cobalt ground state, but even
20/p variations in this estimate produce little
change in the calculated line shape.

Changes in the line shape produced by population
changes in the fine-structure levels of the nega-
tive ion are also small. The above calculations
were made with a (2J +1) statistical weighting of the
initial-state levels; that is, an infinite effective
temperature was assumed. When a Boltzmann fac-
tor was used corresponding to 1000 K (more repre-
sentative of the relative populations of the fine-
structure levels in the experiment), the linewidth
narrowed by onl.y 5 meV. This small change re-
sulted from shifting more intensity into the al-
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FIG. 5. Theoretical E 4E line shapes. The solid
line is the fine-structure calculation of this paper {stick
spectrum) convoluted with a 55-meV wide Gaussian. The
dot-dash line would be expected from a statistical (2J'
+ l)(2J + 1) weighting of the fine-structure components
of this transition. Zero "elative ener~ here corres-
ponds to the J'=4-4" =4~.
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ready dominant 4 =4 &
-J' =4 transition, increas-

ing its contribution from 25% to almost 60%%uq of
the total intensity, and comparably reducing the
contributions from aQ five other allowed 4-J'
transitions.

This analysis now permits the determination
of the electron affinity of iron with confidence.
Regardless of the error in estimating the value
of the unknown fine-structure constant of the ion,
the Fe 'E„~,-Fe'E photodetachment, giving-
the 'E4 electron affinity, is very close to the max-
imum of the actually observed peak. We can be
certain within very generous limits if we assign
this process to the experimentally observed peak,
plus or minus the peak halfwidth. Then, by sub-
tracting the difference between 'I', and the 'D,
ground state of iron (known by optical spectro-
scopy~} we obtain the ground-state electron af-
finity of iron (0.164 +0.035 eV).

Estimates of the Fe electron affinity include
the 0.58-eV value from the calculation of Cle-
menti, ' a,nd the 0.1I- and 0.09-eV values from
improvements to the respective methods of Char-
kin and Dyatkina, ' and Zollweg. ' (The original
authors estimated the EA at ~ eV higher. ) On a
weighted average of the above values, Hotop and
Lineberger' based a recommended 0.25 +0.20 eV
electron affinity, and in agreement with this av-
erage, one experimental number exists in the
work of Compton and Stockdale. ' They combine
the appearance potential of Fe from electron
bombardment on Fe(CO), with the dissociation
energy of the Fe-C bonds in that compound to find
again EA(Fe) = 0.25 + 0.2 eV. Thus an EA of 0.164
+0.035 eV is consistent with this earlier work,
and is more accurate.

Further experiments on transition metals
should prove to be stringent tests of the assump-
tions underlying these methods of predicting de-
tachment intensities. The data concerning" Pt
and recently Cr and Ni" (Ref. 20}have come
from threshold experiments which do not have
adequate resolution to check the consistency of
the theory. Nor is this study of iron a stringent
test of these methods, since the fine structure
was not resolved. More delicate tests are need-
ed, and these could be supplied by the photoelec-
tron spectra of the ions of the elements just to
the right of iron in the Periodic Table, cobalt
and nickel. These have larger spin-orbit split-
tings than iron, ' so the spectra of Co and Ni
should be resolvable into individual fine-struc-
ture components. Also, because of the increase
in spin-orbit effects, these measurements should
provide information on the sensitivity of this
theoretical framework to breakdown of I.-S cou-
pling. This breakdown of Russell-Saunders cou-

pling in the rare gases has been investigated by
photoionization, "'"where it was noticed that
strong departures from LS predictions were ob-
served for the heavy elements. The same tech-
niques are applicable here to the photodetachment
of the transition metals, and it can be hoped that
an interplay of theory and experiment could re-
fine our understanding of photodetachment (and
photoionization) of the transition metals.

IV. CONCLUSIONS

The electron affinity of atomic iron has been
directly measured to be 0.164 +0.035 eV; the
ground state of the ion is M'4s'(4E~) Two.un-
usual features are present in the data. The first
is the large s-electron detachment cross section
in preference to d-electron detachment. The
second is the "nonstatistical" weighting of the J
component lines, giving rise to quite narrow photo
lines nearly devoid of spin-orbit structure. The
narrowing of the fine structure in the photodetach-
ment of iron negative ions is explained for the .

simple case of electrons ejected out of a closed
s shell. In addition to finding a selection rule for
detachment of an s electron, 44 =+&, we are able
to calculate intensities of individual fine-structure
components, in agreement with experiment. Fin-
ally, we can now conclude that the electron affinity
of iron is 0.164+0.035 eV.
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APPENDIX: FINE STRUCTURE IN PHOTODETACHMENT
OF AN L,-S COUPLED NEGATIVE ION

We begin with the matrix element expressed as
a reduced matrix element and a Clebsch-Gordon
factor "

(J'M'l T'l J"M") =(2J'+1) ' (J'll T'll z")

x (g "jM" ml J'M') .
Thus the intensity of a transition to a final ~'
from an initial 4" gives, after summing over M'„I", m, andq,

I (J',J") =Q/(~'ll &'ll J")['.
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Now we concentrate on the structure of the re-
duced matrix element itself. The ion state

+'L~t is assumed to be well described by L-S
coupling. Detachment is assumed to be a direct,
one-electron process, and the action of the pho-
ton "annihilates" an electron of -spin & and angu-
lar momentum l by promoting it into the contin-
uum. Then the reduced matrix element factors:

& J'll ~'ll J"
&
=&s'I'J'll T'lls" I "J"&

=&s'll t;„lls"&&I ll t-ll f "&

x [(2J'+1)(2j+1)(2J»+1)]'"

pit I tl JN

x —,
' l j & (S', L') l)S",L"&.

g~l Lt Jl

Proportional to annihilation operators, t, ~, and
act on the spin and space wave function of an

electron, respectively. 'The last factor is a
parentage coefficient for forming the ion term
by adding an electron to the neutral term, its
"parent. " When the ion or neutral is not well
described by a single-electron configuration, a
sum over configurations is required, and the ma-
trix element on the left is a sum over expressions
on the right. However, this does not affect the
results to be obtained here concerning the relative
intensities of the fine-structure components. As
long as spin-orbit effects are small and L-S cou-
pling holds, configurations of different L and S
will not mix, and we can factor the configuration
independent 9-j symbol and the J factors out of
the sum.

'

Now, the relative intensity for a fine-structure
component of a specific transition between L-8
states becomes

r, y/2

I(J',J')- P (2J'+1)(2J"+l)(2j+1)
4= l-i/2

S» 5» J»l ~

X —, & j
Jl

We have suppressed the common factors inde-
pendent of J (the reduced matrix elements and

. parentage coefficients). This final formula for
relative intensities of the fine-structure compo-
nents assumes all 4" levels of the initial negative
ion have been populated by their degeneracy, and
as such this result applies when &T is much
greater than the fine-structure splitting. Other-
wise, a weighting function peculiar to the particu-
lar experiment, such as a Boltznann factor
exp[- Z (J")/dT], must be applied to these rela-
tive intensities.

One important selection rule is immediately
found from the triangle relationship which the
components of the 9-j matrix must satisfy: l &Jl
& l+-, .1

A special case occurs when l =0, the photode-
tachment of an s electron. The intensity expres-
sion contains but one term, and the 9-j symbol
simplifies to

s" r,"
01 1

2 2
st zt

g tt JN Ltt
=&I, z. [2(2L'+1)] '

2

Thus when /=0,

gN Jtt Lt 2

I(J',J)- (2J'+ 1)'(2J'"+1)
St

From this selection rule I 4J ) &-,' immediately
follows.

We have derived explicitly the relative intensity
expression for'fine-structure transitions because
of a discrepancy between methods already in the
literature. ' The cause of this discrepancy is
now understood; One derivation, "along different
lines from those presented here, neglected frac-
tional parentage coefficients which should have
appeared in the final expression for the relative
fine-structure intensities. Neglecting these co-
efficients gives incorrect expressions. " On the
other hand, the expressions we derive are almost
identical to those of Cox,"differing only in the ad-
dition of a factor of (2J"+1) to account for the sta-
tistical degeneracy of the initial fine-structure
levels. We hope a stringent test of these various
expressions will be the photodetachment of ¹i
and Co .
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