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X-ray photoemission from mercury in vapor and condensed phases
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The 4f ionization potentials for mercury in the vapor phase have been measured relative to the vacuum level;

those for mercury condensed on gold, silver, and copper have been measured relative to the Fermi level.

Correction for the work function of the solids, determined in a separate experiment, gives the ionization

potentials of the condensed mercury relative to the vacuum. The vapor-phase ionization potentials are greater
than those for condensed phases by 3.3 eV for f7/2 electrons and 3.0 eV for f», electrons; these differences are

nearly independent of the substrate. This shift is attributed to extra-atomic relaxation energies. Two models, a
localized electron (exciton) model and an equivalent-cores thermochemical model, predict relaxation energies

for these and other systems with reasonable accuracy. The splitting between the f7'& and f», levels is 4.01 eV in

the gas phase and 3.7 eV in the solid phase. The change in splitting on condensation may be due to energy-

loss phenomena peculiar to the surface.

I. INTRODUCTION

In the simplest model of ionization potentials it
is assumed that only one electron changes its
wave function during ionization; the wave function
for all of the other electrons remains frozen. It
is well known, however, that the other, specta-
tor, electrons will rearrange after ionization,
thus lowering the energy of the final state. The
ionization potential, which is the difference be-
tween the energies of the initial and final states,
will, therefore, be lower than that predicted by
the frozen-orbital approximation (Koopmans's
theorem). The decrease in energy is known as
the relaxation energy. '

For free atoms, the relaxation energy arises
only from rearrangement of electrons on that
atom. For atoms in condensed phases or in mol-
ecules, however, there will be an additional re-
laxation because of polarization of electrons on
nearby atoms. This relaxation energy is known

as the extra-atomic relaxation energy. ' Experi-
mental values of this quantity range from about
0-12 eV "

When an atom (or molecule} is condensed from
the gas phase to the solid or liquid phase, its
core-ionization potentials may shift either be-
cause of a change in the chemical state of the
species (oxidation, reduction, dissociation} or
because of extra-atomic relaxation due to the
presence of nearby atoms. To understand the
shifts of core ionization potentials on condensa-
tion, it is important to have knowledge of the mag-
nitudes of extra-atomic relaxation energies.

Metals provide almost ideal systems for study-
ing extra-atomic relaxation energies. There is
no change in oxidation state on condensation, and,
hence, only a small change in core ionization po-

tentials due to chemical effects is expected.
Metals are conductors and, therefore, present
none of the charging problems or reference-level
problems found in insulators. Among the metals,
mercury is particularly suitable since it is easily
studied in both vapor and condensed phases.

A simple model has been developed by Ley,
Kowalczyk, McFeely, Pollak, and Shirley' for
predicting the extra-atomic relaxation energies
for metals. According to this model electrons
flow from the conduction band of the metal to the
site of core ionization in order to neutralize ex-
actly the positive change generated in the photo-
ionization. The total energy is lowered by the
interaction energy between the core hole and the
added electron, which resides in a normally un-
occupied atomic orbital of the core ionized atom.
It is assumed that no energy is required to move
the electrons in the conduction band. The extra-
atomic relaxation energy depends, in this model,
only on properties of the core-ionized atom and
not onproperties of the substrate. It is of interest,
in testing this model, to measure the extra-atomic
relaxation energy for the same atom on several
different substrates. %e present below results of
our measurements of the extra-atomic relaxation
energy for mercury condensed on copper, silver,
and gold. These data provide an opportunity to
test the ability of the model developed by Ley
et al. to predict the value of the relaxation energy
and its dependence on substrate.

In addition to comparing our results with the
predictions of the model proposed by Ley et al.
we have shown that the equivalent-cores approxi-
mation4 together with a Born-Haber cycle can be
used to predict the shift of core-ionization poten-
tial on condensation. A comparison between these
predictions and experimental results for a wide
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range of metals is given.
Core-ionization potentials of gas-phase species

are normally reported relative to the vacuum
level; those for conductors are given relative to
the Fermi level. In order to adjust these to a
common basis it is necessary to add the work
function to the values relative to the Fermi level.
It is, however, well known that the substrate work
function depends on the presence of adsorbed
material. We have, therefore, measured the
work functions for the various samples we have
used under the vacuum conditions of the photo-
emission experiments.
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II. EXPERIMENTAL PROCEDURE AND RESULTS

All of the measurements of core-ionization po-
tentials were made in our cylindrical-mirror
photoelectron spectrometer. ' In every case the
exciting radiation mas aluminum Ke x rays.
Three different configurations were used, one
for the vapor phase and two for the solid phase.

A. Vapor-phase measurements

Mercury vapor was obtained by putting a drop
of pure mercury on the head of the x-ray tube,
which is also the bottom of the gas sample cham-
ber (see Fig. 5 of Ref. 5). The heat (about 10W)
caused by electron bombardment of the head during
x-ray production was sufficient to produce an
adequate amount of mercury vapor in the gas
cell. Each measurement, however, required
about 24 h, even for the strong 4f lines. A typical
gas-phase spectrum is shown on the left-hand
side of Fig. 1.

In each run neon gas was introduced to mix with
the mercury vapor for calibration; the kinetic
energies of various electrons ejected from neon
during irradiation with aluminum x rays are well
known. '7 Peak positions were determined by
least-squares fitting of Gaussian functions to the
peaks. The average of five separate measure-
ments of the 4f ionization potentials in mercury
vapor are given in Table I, referenced to the
vacuum level. The agreement with the values
reported by Siegbahn~ is excellent.

8. Condensed-phase measurements

Samples of condensed-phase mercury were pre-
pared by evaporating, in vacuum, pure metal
(copper, silver, or gold} onto an aluminum-foil
substrate. After a rather thick metal film had
been deposited, mercury was evaporated, in

vacuum, onto the metal coating. The whole sample
was then heated slightly to evaporate the physi-
sorbed mercury and leave only chemisorbed and
amalgamated mercury.

FIG. 1. X-ray photoelectron spectra of mercury
vapor and mercury condensed onto gold.

TABLE I. Hg 4f electron binding energies in gas
phase and on various substrates (eV).

4f5f. Refer enc e

Gas phase
Gold
Silver
Copper
Gold
Silver
Copper

111.10(6)
1O3.O5(7)
103.63(8)
103.27 (7)
107.8(i)
107.9(i )
107.8(1)

107.09 (5)
99.36(5)
99.90 (7)
99.63(5)

104.1(i)
104.2 (1)
104.1(1)

Vacuum
Fermi level
Fermi level
Fermi level
Vacuum '
Vacuum '
Vacuum '

~ Work functions given in Table II have been used to
convert the values relative to the Fermi level to values
relative to the vacuum level.

The foils so prepared were used in one of two
mays. In one method the foil served as window
to the x-ray tube, with the aluminum (facing
toward the electron gun) as anode [Fig. 4(a) of
Ref. 5]. X rays passed through the aluminum
foil and the metal deposit before exciting the
mercury. In the other method the foil was rolled
into a cylinder and placed above the regular anode
of the x-ray tube [Fig. 4(b} or Ref. 5]. In this
configuration the x rays strike the surface of
interest before passing through the substrate. For
some samples no aluminum substrate was used.
The mercury was evaporated in vacuum directly
onto a cleaned gold foil. The spectra were then
taken using the second method described above.

A typical condensed-phase spectrum is shown
on the right-hand side of Fig. 1. There is a
noticeable shift between the gas phase and the
condensed phase and also a distinct change in the
shape of the spectrum.

Core-ionization potentials of these samples
were measured using the gold 4f lines for calibra-
tion. Where gold was not part of the substrate,
the gold spectra were run immediately after or
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before the mercury spectra. Since the binding
energies in gold, relative to the Fermi level, are
known (83.45 eV for the 4f», line' ), this method
of calibration gives the mercury ionization poten-
tials relative to the Fermi level. The results of
our measurements for the mercury condensed on
copper, silver, and gold, relative to the Fermi
level are given in Table I.

During the course of each run, oxygen 1s and
carbon 1s signals were monitored. No strong
signals were found indicating that the surfaces
remained relatively clean.

D. Shift between gas phase and condensed phase

Ionization potentials for mercury on copper,
silver, and gold are given in Table I relative to

TABLE II. Work functions for mercury-covered sur-
faces and for gold (eV).

Material Work function Refer ence

Au

Hg-Au
Hg-Ag
Hg-Cu

5.22(5)
4.7(i)
4.3(i)
4.5(i)

Reference ii.
This work.

C. Work-function measurements

A number of techniques are available for mea-
suring work functions. We have used the space-
charge-limited-diode method because of the sim-
plicity of the apparatus and technique. An excel-
lent discussion of this method has been given by
Knapp. '0

Samples used in the work-function measure-
ments were prepared in the same way as those
for the photoelectron spectroscopy. The measure-
ments were made in the vacuum system of the
spectrometer (about 10 ' Torr). Prior to each
measurement, the sample surface was bombarded
by electrons (-1 keV) emitted from the cathode of
the diode. All measurements were taken relative
t o a clean gold surface, for which the work func-
tion is well known. The work functions we have
determined are given in Table II, together with
the value for gold we have used as a reference.
Because of the difficulty of measuring extremely
low currents (10 '0-10 "A), these results are
accurate to only about 0.1 eV. However, our re-
sults are close to those reported by others. For
instance, the 0.5-eV difference between pure gold
and gold contaminated with mercury is in good
agreement with that report by Huber" and by
Riviere. "

TABLE III ~ Shift in binding energy between gas phase
and condensed phase (eV).

4f5)2

Hg-Au
Hg-Ag
Hg-Cu

3.3
3.2
3.3

3.0
2.9
3.0

the vacuum level. These have been obtained by
adding the measured work functions given in

Table II to the ionization potentials relative to the
Fermi level given in Table I. V'ithin the limits
of our measurement of the work function, the value
of the ionization potential relative to the vacuum
level is independent of the substrate.

The differences between the gas-phase ionization
potentials and those in the condensed phase, all
measured relative to the vacuum level are pre-
sented in Table III. We attribute these differences
almost entirely to extra-atomic relaxation energy,
for reasons that are discussed below. We note
that these relaxation energies are independent of
substrate, and are different for the two kinds of
4f electrons. Further discussion of these results
is presented below.

E. Splitting

For the gas-phase measurements, the photo-
electron spectrum shows two lines separated by
4.01+0.06 eV. This separation, which is in good
agreement with the value of 4.0 reported by
Siegbahn, arises from spin-orbit splitting. The
ratio of peak areas, 1.37 +0.02, is in reasonable
agreement with the statistical ratio 8/6 =1.33.

In the solid phase we measure the separation
to be 3.7+0.1 eV, independent of substrate. After
we submitted this paper it came to our attention
that similar experiments have been done recently
by Siegbahn and co-workers~ who have investi-
gated both gaseous and condensed mercury. Their
results show no difference between the gas-phase
and condensed-phase splittings.

In view of the discrepancy between our results
and theirs, it is important to look at the experi-
mental basis for our numbers and the differences
between our experiments and theirs. We note
first that splittings we have obtained are repro-
ducible. In five measurements on mercury in
gold, eight in silver, and four in copper we obtain
values of 3.69 a 0.10, 3.73 + 0.06, and 3.64 + 0.05
eV, respectively. (The uncertainties are the stan-
dard deviations of the mean. )

The low signal-to-background ratio in our mea-
surements compared to theirs presumably arises
because in ours the mercury is a minor compo-
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nent concentrated near the surface of the sub-
strate. The observed spectrum could conceivably
be distorted by impurities (especially those that
segregate near the surface), by energy-loss phe-
nomena peculiar to the surface, or by crystal
fields associated with the bonding of the mercury
to the substrate.

We consider first the possibility of impurities.
In early experiments we detected a peak due to
silicon impurity on the surface of the aluminum
substrate. This was, however, clearly distin-
guishable from the peaks due to mercury. This
part of the experiment was repeated using samples
that were prepared by evaporating mercury direct-
ly onto a pure-gold-foil substrate, hence elimi-
nating the possible silicon impurity from alumi-
num. The results were the same as those of
mercury onto gold on an aluminum substrate.
Furthermore, we were able to show from the
spectrum of the clean gold substrate that the
background in the region of the mercury peaks
was featureless.

In general, we would expect impurities to be
present in varying amounts in different samples,
giving rise to a wide range of splittings and to
intensity ratios that differ markedly from the
statistical ratio. This is not the case. The spread
of values for the splitting is the same in the solid
phase as in the gas phase. The area ratios are
1.16+0.07, 1.26+0.06, and 1.24+0.04 for mercury
on gold, silver, and copper, respectively; all
are reasonably close to the statistical value.

To further investigate the possibility that there
is an impurity peak distorting the shape of the
spectrum we have tried additional fitting proce-
dures. First, we have fit a typical spectrum with
two peaks constrained to be separated by 4.0 eV,
the spin-orbit splitting in mercury vapor, and a
third peak, unconstrained. This procedure gave
an f„,peak with a width of 1.4 eV, substantially
narrower than in the gas phase, and an f», /f»,
peak-area ratio of 0.86, quite far from the sta-
tistical ratio of 1.33. Second, we have fit the
same data with two peaks constrained to be sep-
arated by 4.0 eV and to the statistical area ratio
of 1.33; a third peak was unconstrained. In this
case, X' was worse than in the other fits and the
unconstrained third peak was about 25 times as
broad as the other peaks and was of negligible
amplitude.

Finally, we have prepared a sample with a
coating of mercury so thick that initially the
spectrum due to the gold substrate was unobser-
vable. We followed the mercury and gold spectra
while the mercury evaporated and the gold was
revealed. The splitting for the mercury remained
at about 3.7 eV throughout the series of measure-

ments, which cover a wide range of ratios of
mercury to substrate. The gold splitting was de-
termined to be 3.65 eV, in good agreement with
values reported by others. '

In Sec. III we consider and reject the possibility
that the solid-phase splitting is significantly af-
fected by crystal fields. We are left, therefore,
with the possibility that the energy-loss phenomena
for atoms near the surface are different from those
in the bulk and sufficiently important to produce a
significant distortion of the observed spectra. If
this is the case, it is presumably the energy-loss
features of the f», peak that distort the position
of the f„,peak; the position of the f,z should be
unaffected. To explore this possibility we have fit
our data to Gaussian peaks with exponential tails,
with both peaks constrained to have the same shape
and the correct area ratios. For the spectrum
studied, the splitting changed from 3.8 eV with
symmetric peaks to 3.9 eV with asymmetric peaks.
The change is in the right direction though not
large enough to completely explain our results.

III. DISCUSSION

The essential features of our results are that
the energy to remove a core electron from con-
densed mercury to the vacuum is independent of
whether the substrate is copper, silver, or gold
and is less than the core binding energy in the gas
phase by 3.3 eV for 4f„, electron and 3.0 eV for
4f„, electrons. The work function, however, de-
pends on the substrate and, accordingly, the
binding energies relative to the Fermi level are
dependent on the substrate.

The change in core ionization potential between
the free atoms in the gas phase and those in the
condensed phase arises from two major effects.
First, there is a change in the initial-state charge
distribution due to rearrangement of valence elec-
trons when mercury forms bonds to the surround-
ing atoms. Second, there is the final-state relax-
ation energy described above due to the rearrange-
ment of extra-atomic electrons to neutralize the
charge on the mercury atom. These two sources
of shifts in the core-ionization potentials are dis-
cussed in more detail below.

Similar measurements have been made by
Citrin and Hamann' who determined the core-
ionization potentials of various noble gases im-
planted in the same substrates that we have used:
copper, silver, and gold. For ionization poten-
tials relative to the Fermi level they find results
qualitatively similar to ours: The ionization po-
tentials increase in the order gold, copper, sil-
ver. Quantitatively, however, the effects they
have observed are different in that they find a
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large step between gold and silver and a small
step between silver and copper. Our results are
the reverse of this.

By adding work-function corrections, Citrin
and Hamann have obtained ionization potentials
relative to the vacuum level and, from these to-
gether with gas-phase ionization potentials, the
extra-atomic relaxation energies. They conclude
that this relaxation energy increases from copper
to gold to silver. Their result is in disagreement
with our conclusion that the relaxation energy is
independent of the substrate.

Citrin and Hamann have used a value of 4.0 eV
for the work function of pure silver —about 0.3 eV
lower than the value sometimes reported. Using
the larger value reduces the spread in relaxation
energies to the point that values for different sub-
strates are approximately within experimental
error of one another. Furthermore, it has been
noted by Yates and Erickson" that adsorption of
xenon on a tungsten surface changes the work
function by about 1 eV; it is also known that ad-
sorption of mercury on gold lowers the work func-
tion by 0.5 eV. Although these situations are not
directly comparable to that of Citrin and Hamann,
in which the impurity atoms are imbedded in the
metal rather than present as a surface impurity,
it seems reasonable to suppose that the appropri-
ate work function is not necessarily that of the
pure metal.

TABLE IV. Change in is orbital energy when two

atoms condense into a molecule.

Eaf —Em()

Li
Be
B
C
N

0
F

-0.70 eV
-0.16
+ 0.22
+ 0.90
+ 1.39
+ 1.64
+ 1.08

A. Initial-state effects

When atoms of the same element combine to
give a. molecule or solid we may anticipate that
there will be changes in the core-ionization po-
tentials because of rearrangement of the valence
electrons. We can estimate the magnitude of these
shifts by comparing orbital energies for single
atoms with those for the corresponding homonu-
clear diatomic molecules. "" Such a comparison
is given in Table IV, where we give the difference
between these two quantities for the elements
lithium through fluorine, for which Hartree-Fock
calculations are available. The predicted shifts

range from -0.70 eV for lithium to 1.64 eV for
oxygen. The largest shifts are associated either
with the smallest atoms or with the most tightly
bonded molecules. If the bonding is strong, the
valence electrons undergo major redistribution
upon bond formation; if the atoms are small, the
effects of this distribution are relatively large.

For the metal systems considered here, the
bonding is relatively weak and the atoms are rel-
atively large. The dissociation energy of Hg, is
0.06 eV compared to 1 eV for Li, . The heats
of vaporization are 13.6 kcal/mole for mercury
and 32.2 kcal/mole for lithium. '9 An appropriate
measure of the atomic size is the expectation
value (1/r) e' for the valence electrons; for mer-
cury 6s electrons this quantity is 10 eV, for
lithium 2s, 9.4 eV." We may, therefore, expect
that the shift in core-ionization potentials from
this source will probably be substantially less
than 1 eV.

When atoms of different elements combine to
give a molecule or solid, there are likely to be
changes in core-ionization potentials because of
the transfer of electrons from the more electro-
positive to the more electronegative species. We
can estimate the magnitude of this shift by using
the point-charge model. " We assume that the
electron transfer is from the mercury to the near-
est neighbors (or vice versa). Then the shift in

core-ionization potential bE can be written

~ =q(h —e'/R),

where q is the charge transferred, k is the change
in core ionization potential per valence electron
removed to infinity, and R is the distance between
the mercury atom and the nearest host atoms. If
we assume metal atomic radii, then e'/R is about
5 eV for all of the systems considered here. For
mercury 6s electrons k is about 10 eV. The quan-
tity bZ is than about 5q eV; it will be smaller if
electrons are transferred from the host to the
mercury 6p orbitals.

The magnitude of q depends on the relative elec-
tronegativities of mercury and the host. Various
sources" of electronegativity values indicate
that mercury has an electronegativity greater
than, equal to, and less than that of copper;
greater than and equal to that of silver; and less
than and equal to that of gold. Perhaps the best
estimate of the relative electronegativities can be
obtained from the heat of formation of the appro-
priate amalgams. In general, heats of formation
of amalgams are at most a few kcal/mole, "
suggesting that the electronegativity difference
between the constituents is quite small. On this
basis, we conclude that q will be quite small and
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that bE will be correspondingly small.
It is not possible, on the basis of the foregoing

arguments, to exclude the possibility that the
observed 3-eV shift between the gas phase and
the condensed phase is due to initial-state effects.
It seems likely, however, that these effects will
be significantly less than that observed.

B. Final-state effects: localizedwlectron model

Ley et al.' have proposed a model for calculat-
ing extra-atomic relaxation energies in which it is
assumed that one electron flows from the conduc-
tion band to an orbital on the core-ionized atom,
exactly neutralizing the charge produced in the
ionization. This electron is localized on one of
the previously vacant orbitals of the core-ionized
atom. The relaxation energy is the energy of
interaction between the added electron and the
core hole.

The appropriate wave functions to use are, as
has been pointed out by Ley et a/. not those of the
original atom but those of the atom with one higher
atomic number. For the system under considera-
tion here, the equivalent-core atom for mercury
is thallium. Using values from Mann" for the
appropriate Coulomb and exchange integrals in
thallium, we calculate the extra-atomic relaxation
energy in mercury to be 4.2 eV, in approximate
agreement with our experimental value.

According to this model the extra-atomic re-
laxation energy in metals depends only on the
properties of the atom ionized and not on the sub-
strate. Our results are in agreement with this
prediction. It would be interesting to measure
extra-atomic relaxation energies in alloys con-
sisting of metals that have rather different extra-
atomic relaxation energies in the pure material.

It has been noted by Ley et al. that the electron
is not in fact localized on the ionized atom but is
spread out over nearby atoms of the host. For
thallium the average radius of the 6P orbital is
2.1 A,"while the distance to the nearest neigh-
bors is 2.8 A. The actual orbital occupied by the
extra electron is, therefore, largely located on
the surrounding atoms.

C. Final-state effects: thermochemical model

The equivalent-cores thermochemical model'
can be used to predict the extra-atomic relaxation
energies of core electrons from known heats of
reaction and work functions. Let us consider the
following reactions, with their corresponding
enthalpy changes.

Hg(c) =Hg(v), b II, = AII„„(Hg) .
The notation e refers to mercury in the vapor
phase and e to mercury in the condensed phase,

assumed to be pure mercury for this illustration.

Hg(v) =Hg"(v)+e, d, II, =I(4f, Hg, v) .
The symbol Hg*' represents the mercury atom
missing a core electron. The ionization potential
I is that of a 4f electron from mercury in the
vapor phase.

Hg*'(v) = Tl'(v), d.H,

AB, is the core exchange energy. The core-ion-
ized mercury is replaced with a thallium ion,
which has the same core charge and the same
valence structure as the mercury ion.

Tl'(v)+e = Tl(v), d, II, =-I(6p, Tl, v),

Tl(v) =Tl(c), bII =-d H»(Tl),
Tl(c) =Tl(Hg), d. H, =O.

Pure thallium becomes a trace impurity in a
mercury substrate. For very dilute solutions of
thallium in mercury, bB, =-0.03 eV, ' or very
nearly 0.

Tl(Hg) = Tl'(Hg) + e, a II, = y(Hg) .
For this reaction we need the work function, Q,
of the material containing the thallium impurity.
We will assume this to be the work function of the
pure material.

Tl (Hg) =Hg~ (c), XII, = —S, H,

bB, is the core exchange energy. The assumption of
the equivalent cores model is that the energy
changes in the two core-exchange steps are equal
and opposite.

Hg*'(c)+e =Hg(c), dII, = I(4f, Hg, c}.-
The nine reactions complete a Born-Haber cycle;
the sum of the enthalpy changes must be 0. Sum-
ming and rearranging, we have

I(4f, Hg, v) =I(4f, Hg, c) —Q(Hg) —d.II „, (Hg)

+ h H» (Tl) + IP(6P, Tl, v) .

The extra-atomic relaxation is, according to this
model, equal to -EII„~(Hg)+5 H b, (Tl}
+I(6p, Tl, v}—$(Hg), which is 2.9 eV." The pre-
diction is in excellent agreement with the weighted
average of 3.1 from our measurements. A similar
calculation for bismuth gives 3.4 eV in comparison
with an experimental value of 3.6 eV.'

For mercury condensed on different substrates,
various terms in these expressions must be modi-
fied. In particular, these will be the heats of
vaporization (l), sublimation (5}, mixing (6),
and the work function of the substrate (7}. There
will be cancellation between AH, and b, H„which
appear with opposite sign, but which presumably
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TABLE V. Comparison of experimental and predicted relaxation energies (eV).

Element Core level R„(Expt.) R„(Thermo. ) " R„, (Exciton)

Na
Mg
Al

K
Ca
Sc
V
Cr
Mn
Fe
Ni
CU

ZIl

Cd
Pb
Hg

2s, 2p
2s, 2p
2s, 2p
2s, 2p
2s, 2p
2s, 2p
2s, 2p
2s, 2p
2s, 2p
2s, 2p
2s, 2p
3d
3d
4d
4fzf 2

4f5f ~

4fz&2

5.3
2.5
5.1

5.5
8.4
5.5
9
6.6

10.5
9 4

12.5
2.9
3 4
3.0
3.5
3 3h
3 0b

5.8
3.6
4.5
5.0
7.4
7.2
8.2
2.5
7.9
9.1

13.4
2.7
3.4
2.9
3.6

2.9

5.0
4.9
6.0
3.9

10.7
12.0
13.2
15.2
13.3
17.3
18.4
4.8
4.8
4.2
5.2

4.2

' From Ref. 2.
This work.

shift in the same direction. The work functions we
have measured for the different substrates are
within a few tenths of an eV of that of mercury.
We would expect, therefore, only minor changes
in our calculated value if we had used correct
values for the various thermodynamic quantities.

We have used this model to calculate extra-
atomic relaxation energies for a number of other
metals for which experimental values are avail-
able."'" The results are summarized in Table V
and in Fig. 2 together with predictions given by
Ley et al.' using the model discussed above. (In
making the thermochemical calculations for tran-
sition metals it is necessary to take into account
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FIG. 2. Experimental extra-atomic relaxation energies
compared with values calculated by exciton and ther-
mochemical models.

the fact that the outer electron configuration of
one metal may differ from that of the singly
charged ion of the next. For instance the valence
configuration for Fe*' is 3d64s; the correspond-
ing configuration in the equivalent-core species
Co' is at 5 eV above the ground state, which is
3d' )

We see from the results presented in Table V
and Fig. 2 that in most cases there is reasonably
good agreement between the experimental data and
the predictions of the thermochemical model. In
particular the model successfully accounts for the
large relaxation energies observed for transition
metals. Part of the discrepancies that are seen
may be due to our assumption that 4H„ the
heat of mixing of the impurity with the host, is
always zero.

D. Change in splitting

In the gas phase there is a difference of 4.01 V,
due to spin-orbit interaction, between the two
peaks in the mercury spectrum. In the solid phase
this splitting is 3.7 eV, and to within less than
0.1 eV, is independent of the substrate. In addi-
tion, there is a change in line shape on condensa-
tion, as can be seen from Fig. 1. The f,&

peak is
relatively lower and broader in the condensed
phase than in the gas phase.

We consider the possibility that this change in
splitting might be due to a crystal-field or
ligand-field effect. As a first approach we as-
sume that the mercury ion is fully embedded in the
host as a member of a cubic-close-packed lattice.
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The electron that neutralizes the charge on the
ion is taken to be distributed over the 12 nearest
neighbors and produces the crystal field. Since
the crystal has cubic symmetry, we need con-
sider only the P4 and P, parts of the potential. "
The order of magnitude of the interaction will
be (r )/R' for P4 and (r') /R' for P„where r
refers to the radius of the f electron and R to the
nearest-neighbor distance. For mercury embedded
in gold these quantities are about 10 ' and 10 ' eV,
respectively. A more rigorous calculation using
conventional methods"' ' indicates that such a
crystal field would split the '; and —,

' peaks by
about 3 ~ 10 ' eV. These perturbations are much
too small to account for the observed changes.

We next consider the possibility that the mercury
ion is adsorbed on the surface and that the neutral-
izing charge is directly below it. In this case we
must consider P, terms. The perturbation will be
of order (r')/R', which is about 0.04 eV, still
too small. The P, term could cause mixing be-
tween the f orbitals and nearby d orbitals. The
matrix elements for this interaction are less than
(r) /R', which is about 0.4 eV. Since these are
second-order perturbations and the nearest d
levels are 90 eV away from the f levels we can
expect negligible contributions from this mixing.

The estimated changes in splitting given above
must be modified by shielding or antishielding due
to polarization of the outer electrons. For f elec-
trons in the rare earths, the outer electrons are,
for the most part, shielding. "' If the situation
is the same for mercury, then the actual crystal-
field splittings will be even smaller than we have
estimated. Even if the outer electrons are anti-
shielding, the value of the antishielding parameter
appears to be small. "

It would appear, then, that the potential due to
charges external to the ion is too small to cause
the observed change in splitting between the gas
phase and the condensed phase.

IV. SUMMARY

We have shown that the 4f ionization potentials
for mercury in the gas phase are 3.0 eV (4f„,)
and 3.3 eV (4f, &,}greater than the corresponding
ionization potentials for mercury condensed onto
copper, silver, and gold. This difference, which
we attribute to extra-atomic relaxation, is inde-
pendent of the substrate to within about 0.1 eV.

Two models, one thermochemical and one based
on localizing a neutralizing electron at the site of
the ionized atom account quantitatively for the
observed relaxation energies. We show also that
the thermochemical model gives reasonable pre-
dictions for extra-atomic relaxation energies in
other metals; the same result has previously
been demonstrated for the localized-electron
model.

The splitting between the f», and f», levels
changes from 4.0 eV in the gas phase to 3.7 eV
in the condensed phase. We have been unable to
account for this shift by any reasonable crystal
field. It may be due to distortion of the peaks by
energy-loss phenomena peculiar to the surface.
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