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Abstract

Three features of small-molecule photoelectron spectroscopy are considered (1) The atom from which a photoelectron
is emitted must have a recoil momentum equal to that of the emitted electron. This is shared among the various modes
of motion of the ion, leading to rotational and vibrational excitation. Furthermore, any initial velocity of the atom
(due to either translational, rotational, or vibrational motion) will lead to Doppler broadening. These effects are
observable and can, in general, be accounted for by simple models. In some cases, however, the simple models fail
and a deeper insight is necessary. (2) Inner-shell photoionization is essentially an atomic process, and it is expected
that the intensity for emission of a photoelectron from the core of an atom in a molecule will be independent of its
chemical environment. Recent measurements on the carbon 1s photoelectron spectra of three chloroethanes show that
this is not the case. At energies not far above the ionization threshold there are strong oscillations of the intensity
ratio (CCl/CH) with increasing photon energy. These are similar to those seen in EXAFS and can be accounted for
by considering backscattering of the photoelectrons from the chlorine atoms. Moreover, even at high energies the
cross section for ionization has been found to depend on the chemical environment of the atom. These results have
important consequences for the use of inner-shell electron spectroscopy for quantitative analysis. (3) Single-core-hole
ionization energies have long been used as a tool for investigating chemical phenomena. Double-core-hole ionization
energies provide additional chemical information. By combining the single-hole and double-hole ionization energies
it is possible to determine the effects of the initial-state charge distribution and final-state charge rearrangement on
the chemical shifts and on other chemical properties. Until recently double-core-hole ionization energies have not
been experimentally accessible for first-row elements. New experimental techniques have, however, made it possible
to measure these not only for single sites in a molecule, but also for two different sites in the same molecule. The
chemical information that can be obtained from such measurements is discussed.
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1. Introduction1

For more than 40 years, photoelectron spectroscopy2

has proved to be an important tool for studying a va-3

riety of phenomena in atoms, molecules, surfaces, and4

solids. As its name implies, the technique involves an5

incident photon and an ejected electron, whose kinetic6

energy is measured. For inner-shell photoelectron spec-7

troscopy the kinetic energy reflects the elemental iden-8

tity of the atom from which the electron is ejected, and,9

in more detail, it reflects the chemical environment of10

the atom. The intensity of a particular photoelectron11

peak in the spectrum depends on the number of atoms12

Email address: t.darrah.thomas@oregonstate.edu ()

of that particular kind that are in the sample, but re-13

cent experiments [1] show that the intensities can differ14

markedly from those expected from the stoichiometry of15

the molecule. Relevant results are described in Sect. 3.16

The chemical shifts of the kinetic energies between17

photoelectrons from the same element in different envi-18

ronments are well known and have long been exploited19

to provide insights into chemical properties and as an20

analytical tool to identify the chemical nature of a par-21

ticular atom. Additional chemical information can be22

obtained if the one-hole ionization energies that are ob-23

tained in conventional photoelectron spectroscopy can24

be compared with measurements of two-hole ioniza-25

tion energies. Until recently, two-hole ionization ener-26

gies were available only via core-core-core Auger spec-27
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troscopy, precluding the possibility of measurements28

of these quantities for first-row elements. Recently,29

however, new experimental techniques have opened up30

the possibility for such measurements in first-row el-31

ements. Some of the implications and opportunities32

of this newly acquired ability have been discussed in33

refs. [2, 3] and are reviewed briefly in Sect. 4.34

For ionization of an atom that is initially at rest the35

photon energy, hν, must be equal to the sum of the ion-36

ization energy, I, and the total kinetic energy, εkin, of37

the photoelectron and the ion. The total kinetic energy38

divides between the two particles according to conser-39

vation of momentum, with the consequence that each40

receives a kinetic energy that is proportional to the mass41

of the partner fragment. Thus we have42

hν = I + εkin = I + εe + εion (1)
= I + εkinMion/MA + εkinme/MA (2)

where εe and εion are the kinetic energies of the elec-43

tron and the ion. MA, Mion, and me are the masses44

of the atom, ion, and electron. Since MA ≈ Mion and45

me << MA, the electron kinetic energy is almost equal46

to the total kinetic energy and the ion kinetic energy (of-47

ten referred to as the “recoil” energy) is small.48

If the electron is ionized from an atom in a molecule,49

then conservation of momentum applies to both the50

atom and the molecule. The recoil energy for the atom51

is equal to εeme/MA, whereas that for the molecule is52

less, εeme/MM , where MM is the mass of the molecule.53

The difference between these appears as internal ex-54

citation of the molecular ion – vibrational and rota-55

tional – and thus we have what may be referred to as56

“recoil-induced” vibrational and rotational excitation of57

the ion [4]. Although such effects were predicted the-58

oretically many years ago [5], they have been observed59

experimentally only in the last few years [6–11].60

In addition to the recoil effects just mentioned, the fi-61

nal energies of both the electron and the ion are affected62

by any initial kinetic energy that the atom may have.63

This appears as a Doppler broadening of the spectral64

lines. Doppler broadening due to translational motion65

is quite familiar, but in addition there can be broadening66

arising from the kinetic energy that the atom may have67

as a result of the rotational or vibrational motion of the68

molecule. Rotational Doppler broadening in molecular69

systems was predicted theoretically only recently [12]70

and observed experimentally only in 2011 [13]. The71

various recoil effects are discussed in more detail in sec-72

tion 2.73

2. Recoil effects74

The difference, ∆E, between the recoil energy of the75

atom from which the electron is ejected and that of the76

molecular ion is equal to εeme (1/MA − 1/MM). This en-77

ergy goes into internal (rotational and vibrational) exci-78

tation of the molecular ion. The division of this energy79

among the various normal modes of the ion depends on80

the direction of emission of the electron with respect to81

the molecular frame, on the location of the atom from82

which the electron is emitted in the ion, and on the83

normal-mode vectors of the ion [7]. For isotropic emis-84

sion from a diatomic molecule one-third of the recoil ex-85

citation energy goes into vibrational excitation and two-86

thirds into rotational excitation. If the atom from which87

the electron is emitted is at the center of mass of the88

molecule (as in carbon 1s ionization of CH4 and CF4),89

then there is only vibrational excitation. Specific exam-90

ples of recoil-induced rotational and vibrational excita-91

tion are discussed in the following sections.92

2.1. Rotational effects93

For most photoelectron spectroscopic measurements94

it is not possible to resolve the individual rotational95

states of the final ion. It is, therefore, necessary to con-96

sider the average effect of the recoil-induced rotational97

excitation. For this purpose, a classical model is suffi-98

cient to account for the features observed in currently99

available data. For emission of an electron with mo-100

mentum k from atom A of a linear molecule, the change101

in rotational energy due to the recoil is given by the fol-102

lowing expression [8, 10].103

∆Erot = (k2R2
Asin2θ − 2kJ0RAsinθ cos φ)/(2I) (3)104

RA is the distance of atom A from the center of mass105

of the molecule, J0 is the initial angular momentum106

of the molecule, and I the moment of inertia of the107

molecule [14]; θ and φ define the direction of emission108

with respect to the molecular frame. To average over109

the angles of emission it is necessary to know the an-110

gular distribution of the photoelectrons in the molecular111

framework. For a linear molecule this depends only on112

θ, and the normalized angular distribution P(θ) can be113

expressed as114

P(θ) =
∑

k

AkPk(θ)/2A0 (4)115

PK(θ) is a Legendre polynomial and the Ak’s are coeffi-116

cients that describe the angular distribution. Combining117

eqs. 3 and 4 and averaging over θ and φ gives118

〈∆Erot〉 =

(
2
3
−

A2

A0

4
15

)
R2

Ak2

2I
(5)119
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For a diatomic molecule eq. 5 becomes120

〈∆Erot〉 =

(
2
3
−

A2

A0

4
15

)
εeme

(
1

Ma
−

1
Mm

)
(6)121

For an isotropic distribution (A2 =0), the factor repre-122

sented by the first set of parentheses is 2/3. If P(θ) ∝123

sin2θ, it is 4/5, and if P(θ) ∝ cos2θ it is 2/5.124

2.1.1. Rotational-recoil-induced shifts125

Eq. 6 shows that the average rotational energy and,126

hence, the apparent ionization energy, increases linearly127

with the kinetic energy of the outgoing electron. The128

slope of the increase depends on the molecular-frame129

angular distribution of the photoelectrons. The apparent130

ionization energy can be measured from spectra such as131

shown in Fig. 1, which shows the valence photoelec-132

tron spectrum of a mixture of N2 and Kr. The Kr, for133

which the ionization energy is well known, provides a134

reference line for both the energy scale and the resolu-135

tion. The difference in positions between the N2 peaks136

and the Kr peaks can be measured with an accuracy of137

about 1 meV, and consequently the apparent ionization138

energy of N2 can be measured with similar accuracy.

2500

2000

1500

1000

500

0

C
ou

nt
s

442441440439438437

Electron kinetic energy, eV

N2 + Krypton
hν = 455 eV

B state
88 meV

A state
87 meV

X state
85 meV

Kr 4p
65 meVRotational broadening

X = 34 meV
A = 39 meV
B = 41 meV

 

Figure 1: Valence photoelectron spectrum of a mixture of N2 and Kr
at a photon energy of 455 eV. The numbers indicated for each group
of peaks show the width of the peak (FWHM). The numbers indicated
as “rotational broadening” show the widths corrected for instrumental
and translational Doppler broadening. Data from [15].

139

The expected linear increase of the apparent ioniza-140

tion energy can be seen in Fig. 2, where the energy of141

the B2Σ+
u state of N+

2 (relative to that of the ground state142

of N2) is plotted versus the kinetic energy of the outgo-143

ing electron. The solid line, with a slope of 1.31× 10−5,144

shows the prediction based on eq. 6 assuming that the145

photoelectron emission is isotropic in the molecular146

frame. Isotropic emission is expected, since the ejected147

electron comes from a molecular orbital that has pri-148

marily nitrogen 2s character. The prediction is in good149

agreement with the experimental results. Also shown150

in the figure as the dashed line is the prediction of a151

quantum mechanical model that takes into account in-152

terference between the emission from one of the nitro-153

gen atoms and that from the other. The oscillatory be-154

havior results from the alternating constructive and de-155

structive nature of this interference. Unfortunately the156

currently available data are not good enough to verify157

this prediction.
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Figure 2: Apparent ionization energy to produce the v = 0 B state of
N+

2 as a function of photoelectron kinetic energy. Circles are based
on photoelectron spectroscopic measurements and squares on rota-
tionally resolved fluorescence measurements. The solid line shows
the behavior predicted by eq. 6 assuming isotropic emission. The
dashed line shows the predictions of a quantum mechanical model.
See refs. [8, 10] for additional details.

158

Similar results to those shown in Fig. 2 are observed159

for ionization to produce the X and A states of N+
2 and160

the X, A, and B states of CO+ [10]. In the simplest ap-161

proximation the photoelectron emission is expected to162

be isotropic in the molecular frame for the B state of N+
2163

and we see in Fig. 2 that the prediction based on this164

assumption is in good agreement with the experimen-165

tal results. For the X state, however, which has primar-166

ily nitrogen 2pσ character, we expect a photoelectron167

distribution that goes as cos2θ, and, therefore a lower168

slope. The A state has exclusively nitrogen 2pπ charac-169

ter, and, consequently an angular distribution that goes170

as sin2θ, and a higher slope. The slopes obtained from171

fitting the experimental data are summarized in Table 1,172

where they are compared with these predicted slopes.173

There is approximate but not quantitative agreement be-174

tween the predictions and the measurements, indicating175

that the picture drawn here is too simple. As an exam-176

ple, it can be noted that for the X state, the orbital in177

question is not pure 2pσ but contains some admixture178

of 2s, leading to an angular distribution somewhere be-179
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tween cos2θ and isotropic and, hence, to a higher slope180

than predicted. Further discussion of this question can181

be found in ref. [10]. It is, however, apparent that the182

amount of recoil-induced rotational excitation depends183

on the symmetry of the molecular orbital and, conse-184

quently, on the molecular-frame angular distribution of185

the photoelectron.

Table 1: Slopes of the lines representing the dependence of apparent
ionization on electron kinetic energy for the valence state of N+

2 . From
ref. [10].

State Type P(θ) Measured Predicted
10−5 10−5

X 2pσ cos2θ 1.00±0.06 0.78
A 2pπ sin2θ 1.40±0.12 1.57
B 2s isotropic 1.40±0.08 1.31

186

2.1.2. Rotational Doppler broadening187

In Fig. 1 the numbers associated with each group188

of peaks indicate the measured widths of the peaks189

(FWHM). These arise from both instrumental and190

Doppler broadening. The widths for the N2 peaks191

are broader than those for the Kr reference peak, even192

though the instrumental broadening is the same for both193

N2 and Kr. This difference arises from differences in194

the Doppler broadening. Part arises because the mass195

of Kr is greater than the mass of N2, but even after cor-196

recting for this, there is a residual difference, shown in197

Fig. 1. This is due to rotational Doppler broadening aris-198

ing from the kinetic energy that the nitrogen atoms have199

because the molecule is rotating. This effect was pre-200

dicted by Sun et al. [12] and verified experimentally by201

Thomas et al. [13].202

The Doppler broadening, σD, can be found from the203

variance of the distribution of the recoil energies, εion,204

or electron energies, εe.205

σ2
D =

〈
ε2

e,ion

〉
−

〈
εe,ion

〉2 . (7)206

For emission from an atom with an initial kinetic energy207

of ε0208

σ2
D = (4/3)(me/MA)ε0εe (8)209

For a free atom in the gas phase at temperature T the210

average value of the initial energy is 3kBT/2, where kB211

is the Boltzmann constant. Then we have that212

σ2
D,trans = 2(me/MA)kTBεe ≈ 2εionkTB (9)213

which is the usual expression for translational Doppler214

broadening.215

Starting with eq. 6 for ∆Erot we can derive a similar216

expression for rotational Doppler broadening,217

σ2
D,rot =

〈
∆E2

rot

〉
− 〈∆Erot〉

2

≈ 2 〈∆Erot〉 J2
0/(2I) (10)

= 2 〈∆Erot〉 kTB (11)

Eq. 11 results from averaging over the initial values218

of J0 [16]. The expressions for the rotational Doppler219

broadening, 10 and 11, are very similar to those for220

translational Doppler broadening, 8 and 9.221

We see from eq. 11 that the variance of the distribu-222

tion, which reflects the rotational Doppler broadening,223

is proportional to the recoil-induced shifts in the appar-224

ent ionization energy, ∆Erot. Since ∆Erot increases lin-225

early with the photoelectron kinetic energy, the variance226

also increases linearly with this energy. This behavior227

can be seen in Fig. 3, where the variance has been plot-228

ted against the electron kinetic energy. The dotted line
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Figure 3: Rotational contribution to the width of the B-state peaks in
the N2 photoelectron spectrum. The square of the width (FWHM) is
plotted against the photoelectron energy. The dotted line shows a fit
of a straight line to the data. The solid line shows the prediction based
on eq. 11. The dashed line shows the prediction for isotropic emission
of the photoelectron. The values are the slopes of the lines. Data from
ref. [13].

229

in Fig. 3 shows the fit of a straight line to the data. The230

solid line is obtained using eq. 11 and the empirically231

observed slope (1.4 × 10−5, see Table 1) for the rela-232

tionship between ∆Erot and the electron kinetic energy233

together with the room-temperature value of kTB. The234

dashed curve uses the theoretical value of 1.3× 10−5 for235

the slope (obtained from eq. 6 assuming isotropic emis-236

sion). The parameters of the three lines are similar, in-237

dicating agreement between observation and prediction238

for the rotational Doppler broadening.239
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The temperature dependence implicit in eq. 11 has240

been verified from low-temperature data [13, 17].241

Comparing eqs. 9 and 11 we see that the ratio of the242

variances for the two types of Doppler broadening are243

given by the relationship244

σ2
D,rot/σ

2
D,trans = ∆Erot/εion (12)245

The two energies, ∆Erot and εion, are comparable,246

and, as a consequence the rotational and translational247

Doppler broadening can be comparable. For instance,248

in a typical experiment of the type illustrated in Fig. 1249

the translational Doppler broadening is 52 meV and the250

rotational Doppler broadening is 45 meV [13]. In many251

cases it is the Doppler broadening that sets the limit on252

the instrumental resolution and it is, therefore, impor-253

tant to assess the rotational contribution to this broaden-254

ing in each case.255

2.2. Vibrational effects256

Although recoil-induced vibrational excitation was257

predicted by Domcke and Cederbaum in 1978 [5], it258

was not observed experimentally until 2005 by Kukk et259

al. [6], who found evidence for it in the carbon 1s photo-260

electron spectrum of CH4. More striking evidence was261

seen in 2008 in the carbon 1s photoelectron spectrum of262

CF4 [7]. For these molecules the ionization takes place263

at the center of mass of the molecule, with the result that264

there is no recoil-induced rotational excitation. Further-265

more, the normal Franck-Condon vibrational excitation,266

which results from differences in the geometries of the267

neutral and ionized molecules [18], gives rise to excita-268

tion of only the symmetric vibrational modes, whereas269

the recoil-induced vibrational excitation leads to exci-270

tation of the asymmetric modes. In addition, for CF4271

there is only weak Franck-Condon excitation and the272

intrinsic (lifetime) width for the carbon 1s core hole is273

exceptionally narrow. These features combine to make274

CF4 an ideal candidate for observing recoil-induced vi-275

brational excitation.276

High-resolution photoelectron spectra generally277

show resolved vibrational structure. Accordingly it is278

necessary to use a quantum-mechanical model to de-279

scribe the vibrational profile. This is conveniently done280

using a harmonic oscillator model. In dimensionless281

units the energy is measured in units of ~ω, and the282

momentum and position coordinates p and q are given283

by the expressions284

p = p′/
√
~µω and q = x

√
µω/~ (13)285

where p′ is the momentum in real space, x is the dis-286

tance coordinate in real space, µ is the reduced mass,287

and ω is the characteristic frequency of the oscillator.288

We can work in either position or momentum coordi-289

nates. The corresponding Hamiltonians are290

Ĥq = −
1
2
∂2

∂q2 +
q2

2
and Ĥp = −

1
2
∂2

∂p2 +
p2

2
(14)291

Because of the symmetry of the Hamiltonians in p and292

q the wave functions in momentum space are identical293

in form to those in distance space.294

If the initial molecule is in its vibrational ground state295

and the vibrational frequencies for the ion are the same296

as the vibrational frequencies for the neutral molecule,297

then the Franck-Condon factors, |〈0|v〉|2, follow a Pois-298

son distribution:299

|〈0|v〉|2 =
S v

v!
exp(−S ) (15)300

with S = δq2/2 or S = δp2/2, depending on whether301

we are working in position or momentum coordinates.302

The quantities δp and δq are, respectively, the change in303

the normal coordinate of the vibrational mode of interest304

or the additional momentum added to the motion in this305

coordinate because of the emission of the photoelectron.306

A detailed discussion of these expressions and of the307

methods for dividing the recoil momentum among the308

normal modes is found in ref. [7].309

For the Poisson distribution S is equal to the aver-310

age value of v, and, hence, the average excitation en-311

ergy is S~ω. For recoil-induced vibrational excitation312

the average vibrational excitation energy can be shown313

to be proportional to the kinetic energy of the photo-314

electron [7]. S is also equal to the ratio of the intensity315

of the v = 1 peak in the photoelectron spectrum to that316

of the v = 0 peak. Hence, this ratio should also vary317

linearly with the photoelectron kinetic energy.318

As noted above, CF4 provides a particularly useful319

example of recoil-induced vibrational excitation. Car-320

bon 1s photoelectron spectra measured at photon en-321

ergies of 330 eV, 800 eV, and 1500 eV are shown in322

Fig. 4. At the lowest energy the peak is slightly asym-323

metric because of post-collision interaction and has a324

weak contribution from the the v = 1 excitation of the325

symmetric stretching mode. At this energy there is no326

observable contribution from recoil. At 800 eV there327

is no post-collision interaction, and, therefore, we ex-328

pect symmetric peaks. However, a pronounced asym-329

metry is apparent in the spectrum, and this is due to the330

recoil-induced excitation of the asymmetric stretching331

mode. At 1500 eV this contribution is even more pro-332

nounced. From these spectra it is possible to extract the333

(v = 1)/(v = 0) intensity ratio for the excitation of the334

asymmetric stretching mode.335
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Figure 4: Carbon 1s photoelectron spectra of CF4 at three photon
energies. The open circles show the data. The lines represent the
contributions of various vibrational states to the spectrum as well as
the sum of these individual contributions. Data from ref. [7].

The dependence of the intensity ratio on the photo-336

electron kinetic energy is shown in Fig. 5, where the337

linearity is readily apparent. The solid line in this fig-338

ure shows the predictions of theory, with no adjustable339

parameters. The agreement is excellent.340

There will also be Doppler broadening associated341

with the vibrational motion. At low temperatures where342

the neutral molecule is in its vibrational ground state,343

this effect is already included in eq. 15. In this case344

σ2
D,vib = S (~ω)2 = ∆Evib~ω, where ∆Evib is the recoil-345

induced vibrational excitation. In the high-temperature346

limit σ2
D,vib = 2kTB∆Evib, identical to the translational347

Doppler broadening, eq. 9. The transition between these348

two limits has been explored by Fujikawa et al. [19].349

2.3. Some puzzles350

The examples discussed above show good agreement351

between what is observed and what is expected. This is352

not always the case, as illustrated by two examples dis-353

cussed below. A third example shows results that may354

be reasonable but are not included in the models con-355
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R
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Figure 5: Intensity ratio (v = 1)/(v = 0) for the asymmetric stretching
mode in the C 1s photoelectron spectrum of CF4. Plotted against the
photoelectron kinetic energy. Points are experimental results and the
solid line is a theoretical prediction with no adjustable parameters.

sidered above. In all of these cases further experimental356

work is needed.357

2.3.1. Carbon 1s ionization in CO358

In Fig 6 the (v = 1)/(v = 0) intensity ratio for carbon359

1s ionization of CO is plotted against the photon energy.360

This case differs from that shown above for CF4 in that361

there is strong Franck-Condon excitation of the v=1 vi-362

brational state even in the absence of any recoil-induced363

excitation. Included in this figure are previously pub-364

lished results (open points) [20, 21] at low energy to-365

gether with results spanning a wider energy range (solid366

points, unpublished results from MAX II and SPring-8367

by the authors of refs. [7, 8, 10]). There is good agree-368

ment between the recent measurements and the previ-369

ously published results in the region where there is over-370

lap.371

At low photon energies the intensity ratio is strongly372

influenced by near-threshold effects [21]. At higher en-373

ergies, however, we expect a constant ratio from normal374

Franck-Condon excitation plus an increasing contribu-375

tion from recoil-induced excitation. The predicted be-376

havior for isotropic emission of the carbon 1s photoelec-377

tron is shown as the dashed line, which has been normal-378

ized to the experimental point at a photon energy of 600379

eV. More detailed calculations by Plésiat et al. [22] also380

predict an overall increase in the ratio for photon ener-381

gies above about 700 eV. The data do not follow these382

predictions. To the contrary the trend line for the data383

above 500 eV (solid line in Fig. 6) shows that the ratio384

decreases with increasing photon energy [23].385

At this point, we can only speculate on the source386
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of this disagreement. One possibility is that the angu-387

lar distribution of the photoelectrons is strongly peaked388

in the direction perpendicular to the molecular axis, re-389

sulting in recoil-induced vibrational excitation weaker390

than predicted. This would not lead to a decreasing391

ratio. Another possibility is that there is interference392

between the two types of vibrational excitation. We393

can guess (without justification) that the combined ef-394

fects of normal Franck-Condon excitation and recoil-395

induced excitation can be obtained by setting S in eq. 15396

equal to
∣∣∣δq + δpeiφ

∣∣∣2 /2, where δq represents the contri-397

bution from geometric changes, δp that from momen-398

tum changes, and φ any phase shift between the two399

amplitudes. Then there is the possibility of destruc-400

tive interference between the two contributions, lead-401

ing to the observed negative slope in Fig. 6. Whether402

such an effect exists is uncertain. According to Dom-403

cke and Cederbaum [5] “there is a complicated inter-404

ference between the internal [Franck-Condon] and the405

recoil-induced contributions to the vibrational inten-406

sity distribution”. On the other hand, the generalized407

Franck-Condon factors discussed by Ueda et al. [24]408

yield φ = π/2 and S = (δq2 +δp2)/2, that is that there is409

no interference and that the overall vibrational intensity410

distribution is simply the convolution of the two distri-411

butions. This is currently a subject of ongoing experi-412

mental and theoretical investigation [25, 26].413

2.3.2. Polarization dependence in the valence photo-414

electron spectrum of N2415

For most of our measurements a single polarization416

of the photon beam was used throughout the series of417

experiments. For the valence photoelectron spectra of418

N2 we have a few measurements in which the polar-419

ization was varied [15]. One set of these involves the420

(v = 1)/(v = 0) intensity ratios for the X and B states421

of N+
2 , measured for three different angles, γ, (0◦, 54.7◦,422

and 90◦) between the polarization direction and the elec-423

tron propagation direction and two different photon en-424

ergies, 70 and 240 eV. The intensity ratios determined425

in these experiments are summarized in Table 2. The426

quantities listed in this table are a ratio of ratios, that427

is, the ratio (v = 1)/(v = 0)γ divided by the ratio428

(v = 1)/(v = 0)54.7. At a photon energy of 70 eV vi-

Table 2: Dependence of the vibrational excitation in the valence
photoelectron spectrum of N2 on polarization and photon energy.
((v = 1/v = 0)γ/(v = 1/v = 0)54.7)

Photon energy (eV) 70 240
State X B X B
γ = 54.7◦ 1 1 1 1

0◦ 0.97 0.86 1.06 1.13
90◦ 1.08 1.09 0.98 1.04

429

brational excitation appears to be enhanced for 90◦ po-430

larization and suppressed for 0◦ polarization. At 240431

eV we see the reverse effect. The results given in Ta-432

ble 2 are equivalent to the observation that the angular433

anisotropy parameter β depends on both the vibrational434

quantum number and the photon energy. A dependence435

of β on photon energy is known for many systems and a436

dependence on vibrational quantum number is known437

in a few cases, primarily associated with shape reso-438

nances [27–29]. In the present case we are well above439

the region of the shape resonance and we do not have an440

explanation for either the enhancement or the reversal.441

We note however that the Cooper minimum in N2 oc-442

curs between these two energies [30] and speculate that443

the reversal might arise from an interference effect asso-444

ciated with the change in sign of the matrix element at445

the minimum. Alternatively, these effects might arise446

from Cohen-Fano interference [31], and a number of447

reports [24, 32, 33] have noted that such interference448

has a noticeable effect on the vibrational intensities ob-449

served in both valence and core photoionization. These450

explanations are possibly related, as noted by López-451

Dominguez et al. [34], who have recently discussed the452

effect of the Cooper minimum on vibrational profiles453

in the valence photoionization of N2 and CO and have454
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pointed out the connection between the Cooper mini-455

mum and Cohen-Fano oscillations.456

Another effect of polarization is seen if we consider457

the rotational excitation. This is illustrated in Table 3,458

where the results for recoil-induced rotational excitation459

and the rotational Doppler broadening for photoioniza-460

tion to form the X state of N+
2 at a photon energy of 70461

eV are summarized. Also shown here are the data for462

vibrational excitation, taken from Table 2.

Table 3: Dependence of the rotational and vibrational excitation on
polarization for the X state in N+

2 at a photon energy of 70 eV.

γ Rotationala Rot. Dop.b Vibrationalc

54.7 0 1 1
90 1.0 1.63 0.97
0 -0.5 0.64 1.08
a. ∆Erot,γ − ∆Erot,54.7, meV
b. σ2

γ/σ
2
54.7

c. (v = 1/v = 0)γ/(v = 1/v = 0)54.7

463

These results show that if the polarization direc-464

tion coincides with the electron propagation direction465

(0◦) then there is slightly less rotational excitation and466

Doppler broadening and slightly more vibrational exci-467

tation than at 54.7◦. Conversely, at 90◦ there is more468

rotational excitation and rotational Doppler broadening469

and less vibrational excitation. These results can be470

accounted for by a picture in which ionization occurs471

preferentially when the axis of the molecule is aligned472

with the polarization direction. In this case, γ, the po-473

larization direction, and θ, the direction of the elec-474

tron with respect to the molecular axis, coincide. For475

θ ≈ γ = 0◦, there will be enhancement of vibrational476

excitation, since the recoil momentum will be along the477

molecular axis. For θ ≈ γ = 90◦, rotational excitation478

will be enhanced.479

The X state of N+
2 is a Σ state as is the B state. Similar480

results to those seen in Table 3 are also seen for the B481

state. By contrast, the A state, which has Π symmetry,482

shows the reverse effect. These results suggest that there483

is a preference for ionization for particular orientations484

of the molecule with respect to the polarization direction485

and that this preference depends on the symmetry of the486

ionized orbital.487

3. Stochiometric surprises488

Inner-shell ionization of atoms in molecules is ex-489

pected to be essentially an atomic process. Even though490

inner-shell ionization energies depend on the chemical491

environment, these energy shifts arise primarily from in-492

teraction of the inner-shell atomic orbitals with the sur-493

roundings and not from differences in the orbitals them-494

selves. Thus we might expect that the probability for495

ionization, which involves the matrix element between496

the atomic orbital and the outgoing electron, would be497

independent of the chemical environment. This expec-498

tation has been the basis of the use of inner-shell elec-499

tron spectroscopy as a tool for quantitative analysis.500

Recent results [1] show, however, that the relative in-501

tensities in inner-shell photoelectron spectra can differ502

markedly from those expected from the stoichiometry503

of the molecule.
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Figure 7: The CCl/CH intensity ratio for chloroethanes. The points
show experimental measurements and the lines show theoretical pre-
dictions based on EXAFS-type calculations. From ref. [1]

504

Fig. 7 shows typical results for the carbon 1s pho-505

toelectron spectra of chloroethanes, CH3CH3−nCln n =506

1, 2, 3, where the intensity ratio CCl/CH is plotted507

against the photon energy [1]. From the stoichiome-508

try of the molecules we might expect this ratio to be509

equal to 1 and independent of the photon energy. To510

the contrary, we see that the ratio can be significantly511

less than 1, that it oscillates with photon energy, and512

reaches an asymptotic value of less than 1. The os-513

cillations can be understood as arising primarily from514

interference between the outgoing photoelectrons and515

those that are backscattered from the chlorine atoms.516

The curves, which are based on such a backscattering517

model, account well for the oscillations. The effect in-518

creases with the number of chlorine atoms. In addition519

to this effect, the intensity for the chlorinated carbon520

atoms is reduced by the effects of inelastic processes521

that are enhanced by the nearby chlorine atoms, such522

as shake-up/off and internal inelastic scattering. Further523
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discussion can be found in ref. [1].524

The examples shown in Fig. 7 are not unusual, and525

we have observed many similar cases. Some of these are526

summarized in Table 4, which shows intensity ratios for527

carbon 1s photoionization measured at a photon energy528

of 330 eV for a number of systems.

Table 4: Intensity ratios observed in carbon 1s photoelectron spec-
troscopy for a number of systems. hν = 330 eV.

System Ratio Measured
CCl4/CH4 CCl4/CH4 0.55
CH3C≡CCH3 C≡/CH3 0.80
CH3C≡N CN/CH3 0.94
CH3C≡CH C/CH3 0.95
CH3C≡CH CH/CH3 1.14
CH2=CHF CHF/CH2 0.93
CH3CH2F CH2F/CH3 0.88
CH3CHF2 CHF2/CH3 0.87
CH3CF3 CF3/CH3 0.74
1,3,5-C6H3F3 CF/CH 0.88
1,4-C6H4F2 CF/CH 0.87
1,2,4,5-C6H2F4 CF/CH 0.92
CH3CH2Br CH2Br/CH3 0.92
CH3CHO CHO/CH3 1.00

529

It is apparent from these results that the intensity530

ratios often do not reflect the stoichiometry of the531

molecule. Although these effects are often associated532

with the presence of atoms from which there will be533

significant scattering, such as chlorine, there are also534

noticeable effects even with first-row elements such as535

carbon, nitrogen, oxygen. These effects must be taken536

into account in any attempt to use inner-shell photoelec-537

tron spectroscopy to obtain quantitative information.538

4. Two-hole ionization energies539

The ionization of an inner-shell electron leads to a540

positive charge being created at a particular site in a541

molecule. There are also a number of chemical pro-542

cesses that involve creation of a localized charge (either543

positive or negative). These include protonation (basic-544

ity), deprotonation (acidity), acid-catalyzed reactions,545

and electrophilic reactions. There are, therefore, many546

correlations between inner-shell ionization energies and547

the energies involved for these chemical processes. Un-548

derstanding the factors that affect inner-shell ionization549

energies has helped to provide a better understanding of550

a number of chemical phenomena.551

To a good approximation, the energy involved in cre-552

ating a charge at a specific site in a molecule depends553

on two quantities. The first is the electrostatic poten-554

tial in the original molecule at the site where the charge555

will be created. This can be represented as V , which556

is the potential energy that a unit positive charge would557

have at that site. The second is the effect of the polariza-558

tion of the system in response to the added charge. The559

surrounding charges rearrange to screen the new charge560

leading to a lowering of the energy of the system. This561

effect is represented by R, for relaxation energy. Thus,562

for the the same atom in two different sites, we have563

∆I1(0) = ∆V − ∆R (16)564

where I1(0) is the single-electron ionization energy.565

Measurements of ionization energies alone do not al-566

low us to sort out the effects of both of ∆V and ∆R. Two567

sorts of additional information have been used for this568

purpose: deprotonation energies, A, and double ioniza-569

tion energies. The relevant energies for these are570

∆A = −∆V − ∆R (17)
∆I2(0) = 2∆V − 4∆R (18)
∆I1(1) ≡ ∆I2(0) − ∆I1(0) = ∆V − 3∆R (19)

where I2(0) is the double-electron ionization energy and571

I1(1) is the energy needed to remove a second electron572

from the already ionized molecule. (Derivations of eqs.573

16-19 can be found in ref. [2].) If the experimental ener-574

gies are known, then any pair of eqs. 16-19 can be used575

to determine the values of ∆V and ∆R, and many such576

investigations have been made [35]. Unfortunately the577

availability of values for A is quite limited and the major578

source of values of I2(0) and I1(1) has been core-core-579

core Auger spectroscopy, which is limited to elements580

beyond the first row of the periodic table. Recently,581

however, it has been demonstrated that it is possible to582

measure double ionizations directly, opening the possi-583

bility of measurements for first-row elements. This new584

capability has lead to a number of publications, both585

theoretical and experimental, on this subject.586

A convenient way to display the relationships that587

are implicit in eqs. 16-19 is in a Wagner plot, where588

the second ionization energy, I1(1) is plotted against the589

first, I1(0). Fig. 8 shows such a plot for the results of590

theoretical calculations for fluorinated and chlorinated591

methanes (CH4−nXn, X=F,Cl, n = 1 − 4) and for 2,2-592

dimethylpropane (C(CH3)4) relative to methane [2].593

On such a plot, loci of constant ∆R have slopes of594

1, and those of constant ∆V have slopes of 3. Sev-595

eral of each of these are shown. These loci pro-596

vide a convenient way to visualize the contributions597

of ∆V and ∆R to the ionization shifts. For instance,598

for the fluoromethanes (solid circles) all of the points599
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Figure 8: Wagner plot for fluoro- and chloromethanes and 2,2-
dimethylpropane relative to methane. The solid lines show loci of
constant ∆R and the dashed lines show loci of constant ∆V .

fall very close to the line for ∆R = 0 but are dis-600

placed along it. From this we can see that relaxation601

effects play little role in determining the ionization-602

energy shifts for the fluoromethanes. These are de-603

termined almost entirely by the potential in the initial604

state and, hence, by the charge distribution in the neu-605

tral molecule. For the chloromethanes (open circles)606

it is apparent that relaxation effects play an important607

role. These increase with increasing numbers of chlo-608

rines, which are highly polarizible. ∆V is seen to be609

important for the chloromethanes, although less so than610

for the fluoromethanes, in keeping with the lower elec-611

tronegativity of chlorine relative to fluorine. For 2,2-612

dimethylpropane, the overall shift in the carbon 1s ion-613

ization energy ∆I1(0) is small, but this small number614

results from the near cancellation of the effect of ∆V by615

the effect of ∆R.616

Wagner plots have been extensively used by Ueda617

and Takahashi [3] to illustrate the relative importance of618

initial-state and relaxation effects in the core-ionization619

of a variety of small molecules.620

The foregoing discussion has dealt entirely with621

double-core-hole ionization with both holes on the same622

atom. It has recently become possible to measure623

double-core-hole ionization with the two holes on dif-624

ferent atomic sites in the same molecule, and consid-625

erable theoretical effort has been put into exploring626

what new information might come out of such measure-627

ments [35]. A modified Wagner plot has been proposed628

as a useful way to display such results [2] and a number629

of such plots have been presented by Ueda and Taka-630

hashi [3].631

The investigation of double-hole ionization is contin-632

uing to be a very active field [3, 36], and we can look633

forward to interesting new results to come from it.634
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Y. Tamenori, T. Asahina, N. Kuze, H. Kato, M. Hoshino,665

H. Tanaka, M. Meyer, J. Plenge, A. Wirsing, E. Serdaroglu,666
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[24] K. Ueda, X.-J. Liu, G. Prümper, T. Lischke, T. Tanaka,709

M. Hoshino, H. Tanaka, I. Minkov, V. Kimberg,710

F. Gel’mukhanov, Chem. Phys. 329 (2006) 329–337.711

[25] F. Martin, P. Decleva, E. Plésiat, L. Argenti, D. Ayuso, M. Pata-712

nen, K. Kooser, C. Miron, K. Ueda, E. Kukk, T. D. Thomas,713

research in progress (2012).714
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