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Photophysics of metal atoms in rare-gas complexes, clusters and
matrices
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Experimental studies of electronic spectra and dynamics of metal atoms M of
groups I, II and III of the periodic system interacting with rare-gas atoms G in 1:1
MG complexes, MG

n
clusters and M } G centres in matrices are reviewed. It is

shown that the necessary condition for a good understanding of the properties of
M } G solids is a detailed knowledge of the M E G interactions in diatomic MG
molecules. In spite of their apparent simplicity, the electronic spectra of MG and
M } G systems are complex because of a drastic diŒerence between the M E G
potentials in ground and excited states of M atoms.
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1. Introduction

The scope of this paper is to present the actual level of understanding of the

interactions in one of the simplest systems : one metal atom interacting with one or

more rare-gas atoms. This de® nition covers a rather extended ® eld going from one-to-

one metal ± rare-gas complexes to metals in rare-gas matrices through the aggregates

involving a number of rare-gas atoms.

The diatomic metal ± rare-gas complexes have been extensively studied and, in view

of the simplicity of their spectra, their structure and dynamics are relatively well

understood. Recent progresses in this ® eld have been presented in review articles such

as [1]. The properties of metal atoms embedded in rare-gas crystals are not so well

known in spite of a large amount of work. For this reason we focus our attention on

the rare-gas solids using the information deduced from gas-phase studies as a basis.

One of the challenges of modern physical chemistry is how to apply our detailed

knowledge of energetics and dynamics of isolated atoms and molecules for a better

understanding of chemical and physicochemical processes involving the same atoms

(molecules) in condensed phases. In this paper, we are interested in the study of

interactions in the simple systems composed of one metal atom M and one or more

rare-gas atoms G which may be considered as a preliminary step in the investigation

of chemical (photochemical) reactions in the systems involving the same metal atom
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Photophysics of metal atoms 487

and small molecules. One can show that the experiments carried out in low-pressure

gases, two-atom complexes and low-temperature matrices allow us to elucidate the

mechanisms of such reactions.

Let us take as an example the photochemical process of insertion of metal atoms

into X E H bonds (where X may be an aliphaticC
n
H

# n + "
or SiH

$
radical) with formation

of molecules interesting as intermediates in organic syntheses [2 ± 4]. The simplest

reaction of this kind is the M* 1 H
#
reaction, where M* is the metal atom in the excited

state [4]. Some 25 years ago, it was shown that in the Hg* 1 H
#

gas-phase collisions,

two processes compete:

Hg*( $ P
"
) 1 H

#
! Hg( " S

!
) 1 H 1 H and Hg*( $ P

"
) 1 H

#
! HgH(X " R +) 1 H,

but the mechanism of this reaction was not known [5]. More recently, it has been

shown that HgH is formed upon the excitation of the `cold’ Hg [ H
#

van der Waals

complex to one of two electronic states correlated to the atomic $ P
"

state [6]. The

energy distribution in the HgH product indicated that this reaction involves insertion

of the Hg atom into the H E H bond with formation of the H E Hg E H g intermediate, the

excess vibrational energy being so large that the molecules dissociates. This conclusion

was con® rmed by detection of stable H E Hg E H molecules formed upon the excitation

of Hg atoms in H
#

or mixed H
#
± Ar low-temperature matrices in which a rapid

vibrational relaxation of the primary H E Hg E H product prevents its dissociation [7,

8a]. The same reaction was previously observed for Mg( " P
"
) atoms in the H

#
matrix

[8b].

The transition from an isolated atom or molecule to liquid or solid solutions may

be investigated in two diŒerent ways :

(a) by the study of collisional processes in M 1 G gaseous mixtures evolving with

increasing pressure of the buŒer (G) gas and decreasing temperature through

supercritical phases to the liquid or

(b) by the study of cold (T ! 0 K) bound M 1 G systems going from 1:1 MG

complexes through MG
n

clusters (aggregates) to the mixed crystal which may

be considered as a ® nite M } G centre, that is as an MG
n

cluster embedded in

the pure G crystal.

We shall concentrate on this latter way, introduced some 45 years ago by the

development of the matrix isolation technique [9] and widened by the invention of

supersonic nozzles, allowing the formation and study of weakly bound complexes and

clusters [10]. The systems under study, namely isolated MG and MG
n

`molecules’ as

well as the M } G centres have well de® ned geometries with reduced vibrational

amplitude (internal energy close to zero) and well resolved spectra. The closely related

® eld of spectroscopy and dynamics of colliding M 1 G pairs will not be treated in this

paper.

The well resolved electronic spectra of weakly bound MG complexes formed in

supersonic expansions of the G carrier gas (or of the G 1 G´ gaseous mixture) seeded

with M allow determination of essential parameters of the M E G interaction. The

potential energy curves for ground and low excited states have been reported for a

number of MG complexes and the relation between the M E G potential and the

electronic structure of the M atom is relatively well understood [1].

When the backing pressure in the nozzle is increased, besides the MG diatomics, a

mixture of MG
n

clusters (with a pressure-dependent distribution of n values) is

formed.
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488 C. CreU pin-Gilbert and A. Tramer

Rare-gas matrices are rare-gas crystals containing a small fraction (typically

10±
% ± 10±

$ ) of M. The concentration of M in the solid must be low to avoid formation

of M
n

molecules ; since the M E M bond is signi® cantly stronger than the M E G bond,

`solid solutions’ of M atoms in G matrices are thermodynamically unstable. At higher

temperatures (T " 25 K), when the diŒusion of M atoms becomes possible, M
n

aggregates are easily formed.

The matrix may be considered as an ensemble of non-interacting M } G centres

composed of one M atom and of its G
n

solvation shell. Because of their low

concentration, their structures cannot be determined by X-ray diŒraction but by

indirect deduction from their optical and electron spin resonance (ESR) spectra. The

calculations of the geometries have been also carried out using M E G and G E G

potentials evaluated from experimental and computational studies of two-body

systems.

The major part of metal atoms treated in this paper are those with ground S-states ;

atoms of group I (Li, Na, K, etc) and group IA (Cu, Ag and Au) have the [X]+ (ns) " # S

ground con® guration and those of group II (Mg) and group IIA (Zn, Cd and Hg)

the [X]# + (ns) # " S ground state (where [X] indicates closed electron shells). We shall

treat separately the atoms of group III (Al to Tl) with the [X]$ + (ns) # (np) " # P ground

states; other (Ni and Pd) will be mentioned only when their properties are of special

interest.

The M atoms with the (ns) " or (ns) # con® gurations have a spherical symmetry and

their interaction with spherically symmetric rare-gas atoms is isotropic and due

essentially to dispersion forces. As the strength of the M E G bond is close to that of the

G E G bond, the M atom may replace one or a few G atoms without a strong distortion

of the crystal lattice. The solid rare gases form fcc crystals in which the symmetry of

the environment of each spherically symmetric G atom (its site symmetry) is octahedral

(Oh). If the van der Waals radius rvdW (M) of the M atom in the " S or # S state is close

to the van der Waals radius rvdW (G) of the rare-gas host, M may replace a single G

atom and form a one-atom substitution site with conservation of the site symmetry.

The M atom is surrounded by 12 equivalent nearest neighbours G and another six in

the second shell with M E G distances of 2 " / # a and a respectively, where a is the lattice

constant (® gure 1). Otherwise, the `large ’ (rvdW (M) ( rvdW (G)) M atom will occupy

larger vacancies (multisubstitution sites) whereas in the rvdW (M) ’ rvdW (G) case the

`small ’ M atom may slip in between the host atoms, forming an interstitial site. For

several M 1 G pairs, the M atoms may occupy more than one type of site.

One of the essential features of all M 1 G systems is the dramatic change in strength

of the M E G interaction upon excitation of the M atom in the [X]+ (ns) " ! [X]+ (np)" or
[X]# + (ns) # ! [X]# + (ns) " (np)" S ! P transitions. The atoms in the # S + " P states are no

longer spherically symmetric but show the axial (C ¢ v) symmetry and the M E G

interaction is strongly anisotropic: attractive when the p electron occupies the np p

orbital perpendicular to the M E G axis and repulsive when the np r orbital directed

along this axis is populated. In MG diatomics, the molecular states correlated to the

P atomic state are a bound P state and a dissociative R + state. The bonding energies

De and equilibrium distances RM E G in the ground and excited (bound) states may be

determined from the study of their absorption (¯ uorescence excitation) and emission

spectra.

The diŒerence between the De and RM E G parameters is much more pronounced in

the case of metal ± rare-gas complexes than in the case of large molecules (such as

aromatic hydrocarbons and their derivatives A) forming 1:1 complexes with rare-gas
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Photophysics of metal atoms 489

Figure 1. Schematic representation of an MG
" )

`cluster ’ involving a central M atom, its 12
nearest neighbours G and six G atoms belonging to the second solvation shell.

atoms. The A E G interaction is only slightly changed by a p ! p * or n ! p * electronic

excitation. The AG ! A*G transition in a complex involving a molecule such as

benzene and larger aromatic molecules [11] is only slightly (about 100 cm±
" or less)

shifted with respect to the A ! A* transition in the free molecule. Since the equilibrium

distances RA E G and RA* E G are nearly the same, the only transitions allowed by the

Franck ± Condon rule are those in which the quantum numbers of intermolecular m A E G

modes are unchanged (D vAG 5 0). In contrast, the bonding energy of the MG complex

is strongly changed so that the purely electronic (v § 5 0 ! v´ 5 0) transition shows a

large ( m M 2 m MG 5 300 ± 1500 cm±
" ) frequency shift. Since the equilibrium distances

RM E G in both states are quite diŒerent, a long progression of the v § 5 0 ! v´(v´ 5
0, 1, ¼ ) vibronic bands is usually observed.

In an excited state of an MG
n

cluster or M } G centre, the M* atom interacts with

more than one G atom. The potential energy surface of such a multibody system

cannot be determined by experiment. It may be approximated by assuming the

additivity of individual M*E G
i
(i 5 1, 2, ¼ , n) terms, where each of them depends not

only on the M*E G
i
distance but also on the angle between the M*E G

i
axis and that of

the np orbital. In a M } G centre with Oh symmetry, the promotion of the s electron to

the np orbital modi® es the M E G interaction. The potential is no longer isotropic:

attractive ( p type) for G atoms in the nodal plane of the p orbital and repulsive ( r type)

for the others. Such a ` r ± p interaction’ will tend to deform the G
n

shell surrounding

the M atom or induce a shift of M out of its central position. In both cases, the
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490 C. CreU pin-Gilbert and A. Tramer

symmetry of the M } G centre is lowered so that the spatial degeneracy of the atomic

P state is removed. This is a speci® c case of the general phenomenon known as the

Jahn ± Teller eŒect [12± 14] : the intrinsic instability of electronically degenerate states.

The spectroscopic signature of the Jahn ± Teller eŒect in an S ! P transition is the

splitting of the absorption band resulting from the splitting of the upper (P) level and

providing the origin to the `triplets’ in the spectra of a number of M } G centres.

The main features of the M } G spectra are due to a large diŒerence between

equilibriumcon® gurationsof their ground and excited state. One could expect that the

absorption spectra of atoms in well de® ned sites will be composed of narrow, well

resolved bands. This is not the case ; their spectra composed of relatively broad

(typically d m E 50 ± 250 cm±
" ) bands are, apparently, similar to those of large molecules

A. The origin of the bandwidths is, however, diŒerent, as may be shown by the

¯ uorescence line narrowing (FLN) [15, 16] technique.

Upon narrow-band laser excitation (selective excitation of individual sites), the

¯ uorescence spectrum of a molecular guest A is composed of narrow bands with the

origin coinciding with the excitation frequency. This means that homogeneous widths

are small and the observed bands are inhomogeneously broadened because of a wide

continuous distribution of sites. On the other hand, in the case of atoms, the

inhomogeneous broadening is not important, as shown by the weakness of the FLN

eŒect ; upon narrow-band excitation, the ¯ uorescence spectra are composed of bands

as large or larger than in absorption and strongly shifted with respect to the

absorption. The bandwidths are essentially homogeneous.

This diŒerence between A } G and M } G centres may be explained in the same way

as in the case of MG and AG diatomics. Since the A E G interaction is only slightly

changed by excitation of the A molecule, the strongest band in the absorption

spectrum of an individual site corresponds to purely electronic excitation of A, that is

to the D v
i 5 0 transition where v

i
are the quantum numbers of the phonon (lattice

vibrational) modes. This narrow band (the zero-phonon line) is accompanied by a

weaker broad band (phonon side band) corresponding to the simultaneous excitation

of lattice phonons. In the M } G centre with signi® cantly diŒerent potential energy

surfaces of the ground and excited states, the electronicexcitation implies simultaneous

excitation of local phonons (v"
i 5 0 ! v

i
1 0 phonon transitions). The `lines’

corresponding to these transitions (their widths are large because of the rapid

relaxation times of phonon levels) overlap and give rise to a broad absorption band.

The zero-phonon line is weak or absent. The same mechanism is responsible for the

broadening of emission bands.

On the other hand, the inhomogeneous broadening is more pronounced in the case

of molecules; their dimensions and shapes are quite diŒerent from those of the host

atoms so that the molecules replace in the crystal lattice more than one host atom,

creating a whole family of sites while the one-atom M } G substitution sites are quasi-

identical.

This diŒerence between atoms and molecules disappears in the case of Rydberg

transitions. The guest ± host interaction in M } G and A } G centres is drastically

modi® ed by the promotion of the valence electron of M or A to an extended Rydberg

orbital strongly overlapping those of the G atoms of the ® rst solvation shell. The

repulsive interaction implies a large displacement of atomic or molecular Rydberg

levels to higher energies and `blue’ shifts of absorption bands [17± 20].

We shall not extend our discussion to the case of transition or rare-earth metal ions

or the F centres in ionic crystals such as alkali halides, close analogues of G } M centres
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Photophysics of metal atoms 491

in matrices. The guest ± host interactions are in this case stronger than in van der Waals

crystals so that the perturbation of their level structure is enhanced. For this reason,

the spectra of G } M centres, conserving essential features of the spectrum of the free

atom, are of interest for the study of the more strongly perturbed ionic analogues. On

the other hand, the theoretical models [21, 22] and experimental techniques such as

magnetic circular dichroism (MCD) spectroscopy using the analysis of data in terms

of moments [23, 24] developed for the study of ionic crystals are widely used in the

matrix studies.

DiŒerent points suggested here will be discussed in the following sections. The

authors of this paper are experimentalists, specializing in the electronic spectroscopy

of jet-cooled and matrix-embedded atomic and molecular species. Their experience in

the ® eld of quantum-chemical calculations and simulations as well in those of MCD

and ESR is limited. For this reason, the absorption and emission spectra are discussed

here in more detail while the supplementary information deduced from MCD and

ESR spectra as well as the results of theoretical studies is reported without a detailed

critical analysis.

In section 2, we review brie¯ y experimental techniques applied to the studies of the

M E G interaction in two-body systems (section 2.1), aggregates (section 2.2) and

matrices (section 2.3).

In section 3, we recall the basic properties of metal atoms included in the MG

complex or M } G centre : the symmetry of orbital functions, the spin ± orbit coupling

strength and its dependence on the nature of G perturbers.

Electronic structures of MG diatomics are discussed in sections 4.1 and 4.2 with

a discussion of speci® c properties of M*G Rydberg states. The MG
n

clusters are

treated in section 4.3.

Section 5 is devoted to M } G centres in matrices. The information concerning their

structures is presented in section 5.1. On this basis, the essential features of absorption

and ¯ uorescence spectra are discussed in section 5.2.

In section 6, we discuss the radiative and non-radiative transitions in MG and

M } G systems with a special interest for the mechanism of electronic relaxation of

M*G and M* } G excited states.

In sections 3 ± 6, we try to stress the essential properties of systems. A discussion of

speci® c cases is delayed to section 7 where we treat also in a more detailed way the

spectroscopy and dynamics of atomic Rydberg states.

2. ExperimentÐ sources of information

In this section we shall review brie¯ y the basic techniques yielding information

about the properties of M 1 G systems in their ground and excited electronic states.

The electronic spectroscopy of jet-cooled species is the principal and almost the

only way to study experimentally isolated (collision-free) MG diatomic complexes and

MG
n

aggregates. To our knowledge, no rotational (microwave) or vibrational

(infrared) spectra of metal complexes have been reported and such measurements are

hardly feasible because of the negligible electric moments of MG diatomics in their

ground electronic states.

The ESR involving transitions between the levels of the same electronic state is one

of the main sources of information about the ground states of the M } G centres in

matrices. Other techniques such as extended X-ray absorption ® ne structure (EXAFS)
[25] or Mo$ ssbauer (for example [26]) spectroscopy have not been widely used. The

infrared spectra of transitions forbidden in the pure host crystal and induced in the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



492 C. CreU pin-Gilbert and A. Tramer

M } X centre (where X is a molecular host) have provided a large amount of

information about the structure of the Hg } N
#

system [27, 28]. This technique may be

applied to other M } X systems (where X is H
#
, O

#
, etc.) but not to atomic hosts.

A large amount of data has been collected by the electronic spectroscopy of metal

guests in rare-gas matrices. Their absorption spectra have been extensively studied

since the early days of the matrix isolation technique (for example [29]) but their

interpretation is not self-evident. Progress in this ® eld was attained by the study of

emission spectra and lifetimes upon a selective excitation by laser and synchrotron

radiation and by the study of MCD spectra.

2.1. Isolated MG complexes

MG complexes are very weakly bound in their ground electronic states so that an

MG concentration large enough for spectroscopic measurements may be attained only

upon an e� cient cooling of the M 1 G mixture in supersonic expansions. As the

vibrational temperature Tvib and rotational temperature Trot are reduced to about

5 K, the complexes are `cold’ , that is only a few rotational levels of the vibrationless

(v § 5 0) state are e� ciently populated. The electronically excited (but vibrationally

`cold ’) metastable states of the complex may be also populated if M* atoms in long-

lived excited states are present in the expansion. For instance the $ P
!

and $ P
#

excited

states of ZnAr are detected in presence of the Zn( $ P) atoms formed in the electric

discharge [30] and the higher # P
$ / #

sublevel of the ground # P state of TlAr in presence

of Tl(# P
$ / #

) [31].

The concentration of complexes is, nevertheless, too low for absorption measure-

ments. The absorption spectra may thus be determined as follows.

(a) The excitation spectrum of luminescence can be recorded (the luminescence

intensity as the function of the excitation frequency m
"
). The time- and} or

energy-resolved emission spectra are recorded in the same experiment. If the

excited M*G state is not luminescent but dissociates with formation of M atom

in the excited radiant state M* or metastable M´ state, the `action spectrum’ is

determined by measurements of the m
"

dependence of the intensity of the

spontaneous M* ! M 1 h m ´ emission or of the laser-induced M´ 1 h m
#
!

M** ! M 1 hm ´ ¯ uorescence [32, 33].

(b) The resonance enhanced multiphoton ionization (REMPI) technique [34] may

be used. The state of interest is pumped by a laser with a variable frequency

( m
"
) ; its population is detected by ionization using a second laser with a ® xed

frequency ( m
#
). The resulting ion current is measured as a function of m

"
. If only

ions with the e } m ratio corresponding to the MG+ ion are counted (mass-

selective resonance-enhanced multiphoton ionization (MSREMPI) technique)

the MG spectrum may be separated from the features due to the MG
n

clusters

and M atoms present in the expansion.

The vibrational structure of excitation (or action) spectra is usually well resolved

(® gure 2) so that vibrational frequencies x !e and anharmonicity constants x !e x!e of the

excited state may be determined provided that the vibrational quantum numbers v´ of

the observed levels are known. This is not always the case since the transitions from the

v § 5 0 level are allowed by the Franck ± Condon rule only to a limited set of v´ levels.

If the v´ 5 0 " v § 5 0 transition is not observed, this assignment is not obvious. The v´
numbers may be determined by analysis of the band splitting due to diŒerent isotopic

species of M or G [37] or from the dependence of the ¯ uorescence spectrum on the
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X B

Hg Ar Hg(3P1 ±
1S0)

0°°

0°°

X A

Hg Ar

40000

39800

39600

39400

39200

39000

B(1)

A(0+)

0 ± 200  cm ± 1

R

Figure 2. Fluorescence excitation spectrum of Hg atoms (saturated central line) and of the
X ! A transition at m ! m Hg and X ! B transition at m " m Hg of the HgAr complex. Note
the dissociation continuum corresponding to transitions to the repulsive part of the
potential curve of the B state. Potential energy curves of the strongly bound A state and
weakly bound B state are as deduced from the excitation spectra. (From [35, 36].)

excited v´ level [38]. When the frequency m
! !

of the v´ 5 0 " v § 5 0 transition is known

and the transitions to the dissociation limit are observed, the bonding energies D!
!

and

D!e of the excited state are directly determined. Otherwise they may be estimated by

extrapolation of the D G(v´) 5 [E(v´) 2 E(v´ 2 1)]} hc series to D G 5 0 or by using the

well known formulae

D!e 5
x !e #

4 x !e x!e
, D!

!
5

x !
!
#

4 x !
!
x!

!

, (2.1)

which are valid when the absorption spectrum is well approximated by the Morse

equation
V(R) 5 De{1 2 exp [2 a (R2 Re)]}# . (2.1 a)

The accuracy of these estimations is, however, limited because the deviations from

the Morse formula are relatively important for weakly bound systems at large

interatomic distances. Systematic errors may be also introduced when the frequencies

of maxima of the unresolved vibronic bands are taken instead of band origins.

If the excited state MG* is ¯ uorescent, the same information may be obtained for

the ground electronic state by recording the ¯ uorescence spectra. Since upon the

excitation of diŒerent v´ levels one can probe a large part of the ground-state potential

energy curve including the energy minimum (v § 5 0 level) and dissociation limit, the

bonding energy D"e of the ground state may be directly determined. If D!e , D"e and m
! !

are obtained from independent measurements, the consistency of the data may be

checked by the relation
D"e 2 D!e 1 m

! !
5 m M* , (2.2)

where m M* is the frequency of the M ! M* transition in the free atom. The existence of

large deviations from equation (2.2) indicates a particular form of the potential energy

curve such as an energy barrier (see section 4.1.4).
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494 C. CreU pin-Gilbert and A. Tramer

In the case of complexes involving light M or G atoms, the rotational structure of

diŒerent v § % v´ vibronic bands is resolved or, at least, the rotational constants B!v and

B"v may be estimated by simulation of the band contours. The equilibriumdistances R!e
and R"e may be then determined by extrapolation of B!v and B"v to v´ 5 v § 5 0. In the

absence of these data, rough estimations of R"e and R!e or at least of the R"e 2 R!e
diŒerence may be done on the basis of the intensity distribution within the vibrational

structure by assuming the validity of the Franck ± Condon approximation.

Precise or estimated values of the main parameters (De , Re and a for the Morse

equation) are actually available for bound ground and excited states of a number of

MG complexes [1].

Theory predicts the existence of dissociative M*G states. The shapes of their

potential energy curves are not directly accessible by experiment. In a few cases such

as CdAr [39] their presence is indicated by the continuum in the excitation spectrum

of Cd* atomic ¯ uorescence resulting from the Cd*Ar§Cd* 1 Ar dissociation of the

repulsive state. Otherwise essential parameters of repulsive states may be obtained

only by ab initio calculations (for example [40]).

In most cases, the excited M*G states decay radiatively with lifetimes not very

diŒerent from those of the free M* atom. Measurements of long (microsecond or

millisecond) decay times of metastable states are di� cult because of the rapid escape

of excited species from the detection region. In a few cases, M*G decays non-

radiatively to the dissociative continuum of a lower excited M´G state with formation

of M´ and G fragments occurring so rapidly that the M*G ¯ uorescence is completely

quenched. The relaxation rate may be then estimated from the widths of lines in the

action spectrum of the M´ or M** emission [32, 33].

2.2. MGn clusters

These systems are of interest for us as intermediates between MG diatomics and

M } G centres in matrices. They allow us to check the extent to which a many-body

MG
n

system may be described using two-body M E G and G E G potentials deduced

from the study of MG and GG molecules. The next step consists in applying these

potentials to an `in® nite cluster’ : an M atom embedded into a G crystal (i.e. an M } G

centre).

The usual technique for the spectroscopic study of clusters is REMPI with

subsequent mass selection (MSREMPI) which allows the separate recording of

absorption spectra of individual MG+
n

ions by scanning the pump laser. When

corrected by eliminating features due to dissociation of heavier MG+
n ´ (n´ " n) ions this

spectrum may be considered as that of the MG*
n

" MG
n

transition for a known value

of n. At the same time, ionization potentials of the selected MG
n

species may be

measured by scanning the second (ionizing) laser frequency. The clusters composed of

an aromatic molecule and a number of rare-gas atoms have been extensively studied

using that and related techniques [41 ± 43] but the amount of reliable data for

metal ± rare-gas aggregates remains very limited.

2.3. M } G centres in matrices

The matrix ± rare-gas G crystals containinga small fraction (typically10±
% ) of metal

atoms M are obtained by deposition on a cold cryostat window (T 5 4 ± 20 K) of the

gas saturated with metal vapours from an oven or a discharge or by laser evaporation.

The concentration of the guest M must be small enough to avoid formation of M
#
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Photophysics of metal atoms 495

molecules or M
n

aggregates but high enough to allow the recording of absorption and

luminescence spectra of M } G centres. Their spectra depend on the deposition

conditions (the temperature of the sample holder) because M atoms may occupy

diŒerent sites corresponding to substitution (replacement of one or more G atoms by

one M atom) or interstitial positions. The sample deposition at relatively high T or

annealing of the matrix allows the elimination of unstable sites.

We are essentially interested in electronically excited M*G centres but their

properties may be understood only when the structures (symmetry, geometry, etc.) of

ground M } G states are su� ciently well known. We shall thus begin with a short

summary of the information deduced from the spectra of ESR and then treat the

methods involving the electronic excitation: absorption and emission ultraviolet ±

visible spectroscopy with a special section on the spectroscopy in strong magnetic

® elds (MCD spectroscopy).

2.3.1. Electronic spin resonance spectroscopy

The ESR spectra correspond to transitions between spin sublevels of the ground

electronic state of an M } G centre. Unfortunately, the application of the ESR

spectroscopy is limited to paramagnetic species, that is in our case to doublet (S 5 1 } 2)

ground electronic states with the (ns) " (metals of groups I and IA) and (ns) # (np) "

(group III metals) con® guration. It is possible to record the ESR spectra of metal

atoms in long-lived excited electronic states with S 1 0 (as was done for the triplet

states of molecules [44]) but, to our knowledge, no experiments of this kind have been

reported.

The ESR spectra have a simple structure composed of narrow lines. Their widths

are determined by the spin ± lattice relaxation times which are long in low-temperature

matrices. ESR signals due to diŒerent M } G sites may be well separated and correlated

with the bands in optical spectra corresponding to the same site by followingthe eŒects

of annealing (suppression of characteristic features of unstable sites) [45, 46].

In a magnetic ® eld H the spin sublevels are eigenstates of the spin Hamiltonian

which in the case of the axial symmetry of the M } G system with a single unpaired

electron (S 5 1 } 2), has the form

H
s 5 gs b S

z
H

z
1 gv b (S

x
H

x
1 S

y
H

y
) 1 AS

z
I

z
1 B(S

x
I

x
1 S

y
I

y
), (2.3)

where gs and gv are components of the gyromagnetic tensor parallel and perpendicular

respectively to the axis, S
i= x ,y , z

and I
i= x , y , z

are the projections of the electron and of

nuclear spin respectively of the M atom on the system axes, H
i= x ,y , z

are the components

of the magnetic ® eld, A and B are hyper® ne coupling constants and b is the Bohr

magneton.

In the case of the # S ground state of the M atom in a cubic rare-gas crystal (® gure

1) with spherical symmetry gs 5 gv and B 5 A so that equation (2.3) is reduced to

Hs 5 gb SH 1 ASI. (2.4)

The eigenstates of Hs correspond to the m
s 5 1 "

#
and 2 "

#
and m

I 5 2 I, 2 I 1 1, ¼ , I.

In view of the selection rules D m
s 5 1, D m

I 5 0, and D m
F 5 6 1 (where FY 5 SY 1 IY ),

the ESR spectrum of each M } G site will be composed of 2I 1 1 lines with the centre of

gravity given by g and the hyper® ne splitting depending on A. Both g and A may be

determined with a high accuracy. The diŒerence D g between the g value of the free

electron and that observed in the matrix and the deviation D A of the coe� cient A from

that of the free M atom measure the strength of the M E G interaction. The theoretical
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496 C. CreU pin-Gilbert and A. Tramer

treatment of this problem was proposed by Adrian [47] and developed by Smith [48].

A slight variation in the g factor ( D g ! 0) resulting from the mixing of the orbital of

the unpaired electron of M with the orbitals of G atoms is proportional to the sum SMG

of overlap integrals. On the other hand, the major part of the electron spin ± nuclear

spin coupling ASI is due to the contact (Fermi) interaction, the strength of which is

proportional to the density of the unpaired s electron at the nucleus. This density is

increased by contraction of the M orbital induced by the repulsive M E G interaction

resulting also from the M E G orbital overlap ( D A " 0) and is decreased when the M

orbital is extended by the attractive van der Waals interaction or formation of M E G

bonds ( D A ! 0). The D A values will be thus higher in a tight site with reduced M E G

distances than in a more `comfortable’ site with larger RM E G values.

The electron spin of the M atom is also coupled to the non-zero nuclear spins IG of

the G atoms of the ® rst solvation shell. In view of the reduced density of the M electron

in the vicinity of the G atoms this coupling is weak but, if resolved, contains

information about the number of equivalent G atoms in the ® rst solvation shell of M
[49].

The ESR spectra for atoms with the (ns) # (np)" # P ground state studied, to our

knowledge, only for Al } G and Ga } G systems [50] are completely diŒerent from those

of the # S atoms. Because of the axial symmetry of the p orbitals, the M } G sites are

strongly anisotropic with gs 2 gv values of the order of 0.05 for Al and 0.25 for Ga

atoms and large diŒerences between A and B. In the absence of any preferential

orientation of M } G centres, the angle between the p-orbital axis and that of the

magnetic ® elds can take all possible values. The intensityof the ESR absorption is thus

strongly reduced but one can observe two systems of ESR lines corresponding to the

axes close to the parallel and perpendicular orientations with respect to the ® eld (the

reason of this selection was discussed in detail in a similar case of triplet-state

molecules [51]). The values of g in the 1.8 ± 1.95 range (intermediate between g 5 2 for

a spin decoupled from the orbital moment and g 5 #
$

and %
$

for # P
" / #

and # P
$ / #

atomic

states respectively) indicate that the orbital moment of the p electron is only partially

and not entirely quenched.

2.3.2. Electronic spectroscopy

At guest concentrations of the order of 10±
% , absorption spectra of M } G centres

can be recorded with a good signal-to-noise ratio. The emission spectra and lifetimes

may be also determined upon a selective excitation of diŒerent sites. In the absence of

impurity quenching in a rigid medium, even very weak emission from metastable states

with lifetimes as long as about 1 s may be detected.

In spite of a diŒerent appearance, the spectra of M } G centres are closely related to

those of free M atoms so that all bands of the matrix spectra may be unambiguously

assigned to transitions appearing as narrow lines in the gas phase spectra. The speci® c

features of matrix spectra (® gure 3) are

(i) large frequency shifts D m abs in absorption with respect to the gas-phase

transitions,

(ii) large widths d m abs of absorption bands (of several tens to a few hundred

reciprocal centimetres), similar or even larger widths d m em of emission bands

shifted to lower frequencies with respect to absorption (the Stokes shift D m
St 5

m abs 2 m em ) whereas in the gas-phase absorption and emission lines cor-

responding to the same transitions are strictly resonant, and
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Photophysics of metal atoms 497

Figure 3. Absorption and ¯ uorescence spectra of Zn atoms in the Ar matrix (a.u., arbitrary
units). Note the `triplet ’ structure of the absorption band and two emission bands
strongly shifted to the red. (From [52].)

(iii) splitting of the band corresponding to a single transition into several

components (the `multiplet structure ’ of transitions).

The reasons for these are as follows.

(i) In contrast with molecules in matrices showing usually small red shifts due to

the stabilization of the polar molecule by the dielectric medium, the spectra of

atoms are usually shifted to higher frequencies (a `blue ’ shift which may attain

a few thousand wavenumbers). This shift depends strongly on the host and is

signi® cantly diŒerent for diŒerent sites.

(ii) The origin of the widths of spectral bands may be determined by the FLN

technique already described in section 1. A slight narrowing of emission bands

upon narrow-band excitation indicates that the inhomogeneousbroadening is

not important. The residual widths observed under these conditions are

homogeneousand are due to the unresolved phononstructure of the electronic

transitions.

(iii) There are two independent reasons for the multiplet structure of absorption

bands: the existence of multiple M } G sites and the splitting of degenerate

atomic levels resulting from the low site symmetry (crystal- ® eld eŒects) or

from the static or dynamic Jahn ± Teller eŒect. The separation of both eŒects

is relatively easy ; the intensity ratios of bands corresponding to diŒerent sites

depend on the conditionsof the matrix deposition [53 ± 55] and are modi® ed by

annealing or irradiation. This is not the case for structures resulting from the
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498 C. CreU pin-Gilbert and A. Tramer

intrinsic level splitting. The ¯ uorescence spectra are also a good indication;

the spectrum of each site is diŒerent from the others whereas, within a level

structure belonging to the same species, relaxation processes tend to establish

the same ® nal populations. Finally, the MCD spectra (see below) allow us to

recognize whether the band structure is due to overlapping bands from

diŒerent sites or to the level splitting eŒects.

A large fraction of excited M* } G centres decay by ¯ uorescence with lifetimes

modi® ed, with respect to those of free atoms, only by the dielectric medium eŒects on

the radiative rates. In several cases, the non-radiative relaxation is e� cient and

¯ uorescence is almost completely quenched. The relaxation may be monitored by

detection of long-lived luminescence from lower metastable states with the decay times

as long as 10±
" ± 1 s in the case of $ P

!
states of group II and IIA metals [52, 56 ± 58]. Until

now, no measurements of rates of the rapid (subnanosecond) relaxation have been

reported. No information about decay rates can be deduced from line shapes because

of large widths of absorption bands.

2.3.3. Magnetic circular dichroism spectroscopy

The information contained in the absorption spectrum may be re® ned by

measurements of the circular dichroism spectra : D e ( m ) 5 e
+
( m ) 2 e ±( m ), where e

+
( m ) and

e ±( m ) indicate absorption of the right circularly polarized light r + and left circularly

polarized light r ± corresponding to D m
z 5 1 1 and 2 1 transitions, where z is the light

propagation axis. In the absence of external ® elds, e
+
( m ) 3 e ±( m ) but in a longitudinal

magnetic ® eld H
z
the absorption spectra of r + and r ± components are no longer equal

and D e ( m ) 1 0. The high sensitivity of polarization measurements allows the

determination of a slight variation in D e ( m ) } e (m ) E 10±
% ± 10±

’ for absorption pro® les

with a width C exceeding by two or three orders of magnitude the Zeeman interaction

energy H´ 5 b © i r gm
z
H

z
r iª (of the order of 1 cm±

" in magnetic ® elds of 1 T).

A complete presentation of the theory of MCD developed by Stephens [24, 59] and

applied to centres in diŒerent solids [60 ± 64] is beyond the scope of this paper. We shall

only de® ne in a qualitative way the main mechanisms of the magnetic ® eld eŒect on the

absorption spectra and report a few relations important for spectroscopy of M } G

centres.

We consider a case of transitions between two sets of quasicontinua of vibronic

levels {r K, j ª } and {r L, k ª } belonging to r K ª and r L ª electronic states. In the

semiclassical Franck ± Condon approximation, the intensity and shape of the ab-

sorption band are given by

e 6 ( m ) 5 d
!
f( m ), (2.5)

where

d
!
5 r © K r d 6 r L ª r # , f( m ) 5 R j k r © j r k ª r # d ( m j k 2 m ) (2.5 a)

and d 6 is the operator of the dipole moment for r + and r ± components.

The eŒect of the magnetic ® eld may be represented in the ® rst approximation by a

sum of three independent eŒects.

(1) If at least one of the K and L states is paramagnetic, its levels are split in the

magnetic ® eld and the frequencies of the D m
z 5 1 1 and D m

z 5 2 1 transitions

are displaced by

D m 6 5
b H(g

K 2 g
L
)

hc
, (2.6)
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where g
K

and g
L

are gyromagnetic factors in the K and L states respectively. If

it is supposed that the contours of absorption bands are not modi® ed, the

spectra of r + and r ± components f 6 ( m ) will have diŒerent spectral distributions:

f 6 ( m ) 5 f( m 6 D m 6 ),

so that the shape of the MCD band D e ( m ) equal to f
+
(m ) 2 f±( m ) may be

approximated by

D e ( m ) 5 d
!

¥ f(m )

¥ m
. (2.6 a)

(2) The transition moments © K r d 6 r L ª will be modi® ed by the ® eld-induced

coupling of the r K ª or r L ª state to a state r M ª in such a way that the strengths

of D m
z 5 6 1 and D m

z 5 2 1 transitions are no longer equal. This eŒect is weak

except for the case of a quasiresonance between M and K or L states.

(3) If the ground (K ) state is degenerate and its splitting in the H ® eld is not

negligible compared with kT, the equilibrium populations of its sublevels will

be temperature dependent. The sign of eŒect depends on ordering of spin

sublevels.

By further treatment neglecting higher-order terms with respect to H we obtain for

D e ( m )

D e ( m ) 5 c 0 2 r a r
"

¥ f(m )

¥ m
1 ( r b r

!
1 r c r

!
} kT ) f( m ) 1 b H

z
, (2.7)

expressed using the so-called Faraday parameters r a r
"
, r b r

!
and r c r

!
corresponding to

three previously described mechanisms [59].

These three terms reproduce the intensity and shape of the D e ( m ) and e ( m ) spectra.

It is important to note that the sign of MCD signals contains supplementary

information, the asymmetry of the D e ( m ) band is entirely due to the r ar
"
term, the MCD

spectrum is temperature dependent through a term containing r c r
!
, which is diŒerent

from zero only when the ground state is paramagnetic . Also the r b r
!

parameter is the

only parameter diŒerent from zero in the case of transitions between non-degenerate

states but in a general case (i.e. when r a r
"
1 0 and r c r

!
1 0 and in absence of L E M

quasidegeneracy) this term is smaller by one to two orders of magnitude than the other

two terms.

The ® eld eŒects are, however, so weak that it is usually impossible to deduce the

exact form of the r a r
"
, r b r

!
and r c r

!
functions from the e ( m ) and D e ( m ) spectra. For this

reason, instead of the direct analysis of band shapes it is more convenient to express

them in terms of their spectroscopic moments [23]:

© e ª
n 5 ! e ( m ) ( m 2 m

!
)n ¥ m , © D e ( m ) ª

n 5 ! D e ( m ) ( m 2 m
!
)n ¥ m , (2.8)

where the central frequency m
!

is determined from

! e ( m ) ( m 2 m
!
) ¥ m 5 0. (2.8 a)

© e ª
n

and © D e (m ) ª
n

are related in turn to the r a r
n
, r b r

n
and r c r

n
moments of the Faraday

parameters.

A few relations between © e ª
n

or © D e ª
n

moments are currently used in the analysis

of absorption and MCD spectra. An important advantage of this approach is that

physical parameters are deduced not from the absolute values of © e ª
n

or © D e ª
n

moments but from their ratios so that systematic errors are reduced.
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Figure 4. Absorption (top) and MCD (bottom) spectra of the # S ! # P transition of Cu in the
Ar matrix. (From [63].)

The most important relations (for atoms with the # s+ " S ground state and D S 5 0

transitions) are

© D e ª
"

© e ª
!

5 2 l B B 0 gorb 2
a

s
f

kT 1 , (2.9)

© D e ª
#

© e ª
!

5 © E # ª c 1 © E # ª nc 1 a
s
f # , (2.10)

© D e ª
$

© e ª
!

5 6 l B B 0 gorb 2
a

s
f

kT 1 0 © E # ª c 1
© E # ª nc

2
1 a

s
f # 1 , (2.11)

where a
s 5 2 (kT } l B B) [1} (2S 1 1)] R

m s
m

s
exp (2 m

s
l B B} kT ), gorb is the orbital part

of the gyromagnetic factor in L 1 0 states, f is the spin ± orbit coupling constant in the

excited state, and © E # ª c and © E # ª nc are squares of the energies of cubic (totally

symmetric) and non-cubic (non-totally symmetric) lattice modes respectively coupled

to the electronic transition.

These relations allow the determination of the following important parameters

characterizing the M } G centres.

(a) The observed value of gorb is a measure of the quenching of the orbital

momentum of the free atom embedded in the matrix.

(b) The modi® cation of the spin ± orbit coupling strength in matrices indicates the

mixing of the M* orbital with those of the host atoms.

(c) The © E # ª nc } © E # ª c ratio deduced from equations (2.10) and (2.11) indicates

how the total energy of phonons created upon the electronic excitation of the

M atom (which may be deduced from the width of the absorption band) is

distributed between cubic and non-cubic local modes.
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The non-zero MCD signal in the case of transitions between singlet states (e.g.
" P

"
" " S

!
transitions) [61] suggests that the orbital moment in the excited " P

"
is not en-

tirely quenched. The interference eŒects between transitions to three closely spaced

levels indicate also that their structure is due to the Jahn ± Teller splitting and not to

multiple sites.

When the degeneracy of a spatially degenerate (P) state is removed, the projections

of the magnetic moment on the crystal axes will be diŒerent. The signs of the MCD

signals for three components of the S ! P transition will be diŒerent. The absorption

and MCD contours represented in ® gure 4 correspond to such a case and may be ® tted

by assuming the Jahn ± Teller origin of the `triplet ’ structure of the band.

3. Main features of M E G interactions

The M E G interaction in complexes, clusters and M } G centres is so weak that their

electronic states may be considered, to a ® rst approximation, as those of an isolated M

atom slightly perturbed by its G partner(s) in the ground electronic state " S
!
. The

electronic structure of the system is thus determined by that of the M atom and by the

symmetry of the MG
n

`cluster’ . From this point of view, we diŒerentiate two cases of

the M E G perturbation.

(1) In a diatomic MG complex with C ¢ v symmetry, the atom is subject to an axial

® eld from its G partner along the M E G z axis.

(2) In a matrix, the symmetry of an M } G centre is not always known but for a

large number of systems (see section 5.1), the M atom is surrounded 12

equivalent nearest neighbours G with the octahedral (Oh) symmetry of the

MG
" #

cell. The present discussion will be limited to this case.

We shall deal in the followingwith the electronic states of diatomic and polyatomic

systems correlated to:

(i) the atomic states with the spherical symmetry and L 5 0 orbital moment:

ground states of atoms of groups I, IA, II and IIA in the singlet " S
!

(ns) # or

doublet # S
" / #

(ns) " con® gurations (the ions with a closed shell or with a single

s electron out of the closed shell belong to the same ensemble) ;

(ii) the states with the L 5 1 orbital moment and the (np) " or (ns) " (np) "

con® guration: excited # P and "
,
$ P states of these atoms as well as the ground

# P(ns) # (np)" states of the atoms of group III ;

(iii) the spherically symmetric Rydberg # S + " S states : ((n 1 1)s) " , (ns) " ((n 1 1)s) " or

(ns) # ((n 1 1)s) " ;

(iv) the quasispherical excited (nd)* ((n 1 1)s) # # D (L 5 2) states of the atoms of

group IA.

The symmetry species of the electronic states of MG and M } G systems may be

deduced from the correlation between the D(3) rotation ± re¯ ection group of the free

atom and the C ¢ v and Oh point groups (see table 1, in which are included the

subgroups of Oh corresponding to a deformation of the cubic site).

In the spectral range in the study, the rare-gas atoms G are not electronically

excited. The strength of the M E G interaction depends on the properties of their

ground states : ionization potentials I, polarizabilities a and van der Waals radii rvdW
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502 C. CreU pin-Gilbert and A. Tramer

Table 1. Correlation of the symmetry species in diŒerent symmetry groups.

C ¢ v D(3) Oh D
%

h D
#

h C
#

v

" S, " P and $ P atomic states
R + " " S

!
! A

" g
! A

" g
! A

" g
! A

"
R +(z) n p A

# u (z) ! B
" u (z) ! A

"
" P

"
(x, y, z) ! T

" u
(x, y, z) ! E

u
(x, y) ! B

# u
(y) ! B

"
P (x, y) q o B

$ u
(x) ! B

#
0

± " $ P
!

! A
" u

! A
" u

! Au
! A

#
A

# u
(z) ! B

" u
(z) ! A

"
0+ (z) " $ P

"
(x, y, z) ! T

" u
(x, y, z) ! E

u
(x, y) ! B

# u
(y) ! B

"
1(x, y) q o B

$ u (x) ! B
#p B

# u
! B

" u
! A

"
0

± n E
u

! A
" u

! A
u

! A
#

1 " $ P
#

p p Eu (x, y) ! B
# u

! B
"

2 q o T
# u

o B
$ u

! B
#o A

" u
! A

u
! A

#

# S and # P atomic states (in the strong spin ± orbit coupling limit)
E

" / #
" # S

" / #
! E

" / #
! E

" / #
! E

" / #
! E

" / #
E

" / #
" # P

" / #
(E

" / #
) ! E

" / #
! E

" / #
! E

" / #
! E

" / #
E

" / #
n p E

" / #
! E

" / #
! E

" / #
# P

$ / #
(G

$ / #
) ! G

$ / #
E

$ / #
q o E

$ / #
! E

" / #
! E

" / #

Table 2. Essential parameters of rare-gas atoms: ionization potentials I, frequencies m
!

of the
® rst transition in absorption, spin ± orbit coupling constants f in the (np)& ((n 1 1)s)"

con® guration, polarizabilities a and van der Waals radii rvdW .

Rare-gas
atom

I
(eV)

m
!

(eV)
f

(cm
±
" )

a
(A$ )

rvdW

(A)

Ne 21.56 17.36 515 0.40 1.55
Ar 15.6 12.06 940 1.63 1.83
Kr 14.0 10.17 3480 2.47 2.0
Xe 12.13 8.37 6085 4.02 2.17

given in table 2. The increase in the dissociation energies of ground-state M E G

diatomics in the Ne ! Ar ! Kr ! Xe series is obviously due to the variation in I and

a parameters (see section 4.1). The same dependence is observed for excited states of

MG complexes and M } G centres.

3.1. The orbital symmetry

Let us treat ® rst the electronic states of the M atom in which the spin ± orbit (L E S)

interaction is either totally absent as in the singlet (S 5 0: " S, " P, ¼ ) states and in L 5
0 ( # S + " S) states or may be neglected (for systems involving only light M and G atoms).

In the # S + " S states, in view of the spherical symmetry of M and G atoms, the M E G

interaction depends only on the interatomic distance RM E G. The orbitally non-

degenerate # S + " S states correlate to the # S + " R + states of the MG diatomics. The M E G

interaction is weak so that the polarization of the s orbitals (which may be described

in terms of the s E p mixing) may be neglected. In the absence of the orbital moment, the

spin states are degenerate. In the M } G centre with the Oh symmetry, the orbitally non-

degenerate # S + " S state of the atom correlates with the # S + " A
" g

state. The ground states
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Table 3. r J, m
J
ª states as combinations of r L

z
, S

z
ª states in the L 5 1, S 5 "

#
(# P) and

L 5 1, S 5 1 ($ P) cases.

# P
" / #

(E
" / #

) r "
#
, 6 "

#
ª 5 6 ( #

$
)" / # r 6 1, y "

#
ª y "

$ " / #
r 0, 6 "

#
ª

# P
$ / #

(E
" / #

) r $
#
, 6 "

#
ª 5 (#

$
) " / # r 0, 6 "

#
ª 1 "

$ " / #
r 6 1, y "

#
ª

(E
$ / #

) r $
#
, 6 $

#
ª 5 r 6 1, 6 "

#
ª

$ P
!

(0
±
) r 0,0ª 5 "

$ " / #
[r 1, 2 1 ª 2 r 0,0 ª 1 r 2 1,1ª ]

$ P
"

(0+ ) r 1,0ª 5 "
# " / #

[r 1, 2 1 ª 2 r 2 1,1ª ]

(1) r 1, 6 1 ª 5 "
# " / #

[6 r 6 1,0 ª y r 0, 6 1 ª ]

$ P
#

(0
±
) r 2,0ª 5 "

’ " / #
[r 1, 2 1 ª 1 r 2 1,1 ª 1 2r 0,0ª ]

(1) r 2, 6 1 ª 5 "
# " / #

[r 6 1,0ª 1 r 0, 6 1 ª ]

(2) r 2, 6 2 ª 5 r 6 1, 6 1 ª

of atoms and ions of groups I and II as well as the S Rydberg states with the

(ns) " ((n 1 1)s) " con® guration belong to this class. The atoms with a spherically

symmetric valence shell but incomplete internal shells (such as # D states with the

(nd) * ((n 1 1)s) # con® guration) are formally non-isotropic but in view of the e� cient

screening of the nd shell by the (n 1 1)s electrons the M E G interaction depends only

slightly on the orientation of the M atom [65].

In the " P
"

(L 5 1, S 5 0) state involving an unpaired np electron, the Hamiltonian

of the free atom is diagonal in the basis of equivalent np
x
, np

y
and np

z
orbitals (or

L
z 5 0, 6 1 states). In the MG complex with axial symmetry with respect to the M E G

(z) axis, the triple degeneracy of the P state is removed and the energy depends on

whether the p electron occupies the np
z
3 np r (L

z 5 0) or the np p (L
z 5 6 1) orbital.

The " P state thus gives rise to a pair of " R + and " P states degenerate at RM E G ! ¢ but

split at a ® nite M E G distance. As will be shown in section 4.1, the " R + states are

repulsive whereas the " P states are bound so that the " R + ± " P energy gap increases with

decreasing RM E G distance. This dependence of the bond strength on the angle between

the M E G and p-orbital axes is essential for the dynamics of M E G
n

interactions in

many-body systems.

The " P
"

state correlates in an M } G site with Oh symmetry with a triply degenerate
" T

" u
state. Its degeneracy is, however, removed without any external perturbation

because of intrinsic properties of the atom; the interaction of the p electron with its G

neighbours is strongly anisotropic. As already mentioned (section 1), the M
n

cage is

deformed; if the p orbital is oriented along one of C
%

axes its site symmetry will be

lowered to D
%

h (D
#

h or C
#

v) and for the C
$

orientation of the orbital axis a D
$

d site

symmetry is expected. In any case, the " T
" u

state splits into two (or three) components.

This instability of the degenerate P state (Jahn ± Teller eŒect) will be discussed in detail

in section 5.

3.2. The L E S coupling: weak- and strong-coupling limits

In the free atom with non-zero spin and orbital moments (S 1 0 and L 1 0) the

degeneracy of the # S + " X state is removed by the spin ± orbit coupling so that

Hamiltonian is diagonal in the basis of r J, m
J
ª states whereas L (L

z
) and S (S

z
) are no

longer good quantum numbers. Orbital wavefunctions corresponding to the r J, m
J
ª

states are not individual np
i

orbitals (L
z

states) but their linear combinations with

coe� cients (Clebsch ± Gordan coe� cients), which may be deduced from general laws

of coupling of kinetic moments [66] (table 3).

The nature of the electronic states of the MG molecule correlated to the # S + " P state
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504 C. CreU pin-Gilbert and A. Tramer

Table 4. Spin ± orbit coupling constants f in the lowest # S + " P states of atoms and bonding
energies De of the corresponding # S + " P states (stronger bound component).

f
(cm

±
" )

De(ME Ar)
(cm

±
" )

De(M E Kr)
(cm

±
" )

Li 0.34 800 1180
Na 17.2 568 760
Mg 40.8 316 Ð
Zn 385 487 Ð
Cd 1142 324 499
Hg 4265 376 629

of the M atom is determined by the relation between the spin ± orbit coupling strength

f and the energy gap D V(R) separating bound P and repulsive R + states split by the

M E G interaction.We shall use the terms of the weak and strong LE S couplinglimits for

limitingcases of D V ( f and f ( D V, which are known in the spectroscopy of diatomic

molecules as Hund’s cases a and c [67, 68]. Since P and R + are degenerate in the free

atom, the f ( D V(R) condition is always ful® lled at a su� ciently large RM E G distance

and the molecular states tend to those of the atom for RM E G ! ¢ . The good quantum

numbers are then J and X 5 r Jz r and r J, X ª states are linear combinations of R and P

states with the same coe� cients as in the case of atoms.

If the f ( D V(R) condition is ful® lled in the whole RM E G range including the

equilibrium distance in the bound state (as in the case of Hg complexes (table 4)), it is

convenient to treat the system in the basis of the (strong-coupling limit) r J, X ª states

and to consider the M E G interaction as perturbation.

In contrast with this, for a large number of systems involving light M atoms, we

have in the vicinity of the energy minimum r VMG(Req ) r 5 De ( f which corresponds to

the weak LE S coupling limit. The P states are only slightly split by the spin ± orbit

interaction and the P E R mixing is negligible because of a large energy gap [68]. K 5
r L

z
r , S and R 5 r S

z
r are then good quantum numbers characterizing electronic states

# S + " Y (where Y 5 R , P , ¼ ) split into 2S 1 1 # S + " Y X (where X 5 K 1 S
z
) components.

The MG molecule may be thus treated within a limited range of RM E G distances in

the vicinity of Req in terms of the weak-coupling limit (Hund’ s case a) but with

increasing RM E G distance their energies and orbital functions must correlate with those

of the strong-coupling limit (Hund’s case c). This intermediate-coupling case is usually

treated in the basis of r K , R , X ª functions of the weak-coupling limit split and mixed

by the spin ± orbit interaction (see section 4.2).

For a correct description of the excited states of M } G centres involving the # P or
$ P states of the M atom, the M E G interactions as well as the spin ± orbit coupling must

be taken into account. To our knowledge, the theory is not so well developed as in the

case of diatomics. The experimental data suggest that, for the systems with the Oh

symmetry, the atomic r J, m
J
ª states form the best basic set and that L is still a good

quantum number as shown by the conservation of the D L 5 6 1 selection rule for

radiative transitions. In the case of heavy atoms such as Hg, Au or Tl, individual X

components of the $ P ( # P) multiplets behave as independent electronic states. The

mixing of the $ P
#
, $ P

"
and $ P

!
states of the Hg atom in rare-gas matrices is almost

absent as evidenced by a dramatic diŒerence of their radiative rates (see section 6). In

contrast with this, no diŒerence between the evolution of diŒerent spin sublevels of the

excited states of light atoms (Li, Na and Cu) was reported, which suggests their

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Photophysics of metal atoms 505

Table 5. Spin ± orbit coupling constants f for metal atoms M free (gas phase) and
embedded in G matrices, deduced from MCD studies for the lowest # P states.

f

M Gas G 5 Ar G 5 Kr G 5 Xe Reference

Li 0.23 2 16.3 2 70 2 147 [62]
Na 11.5 Ð Ð 2 213 [69]
K 38.5 2 64 2 170 [69]
Cu 166 124 95 2 23 [60]
Ag 614 766 (783) 616 (638) 524 (583)a [60]
Au 2543 2537 (3354) 2572 (3110) 2555 (2655)a [60]

a Two diŒerent ways of estimating f .

Table 6. The observed splitting between spin ± orbit states in absorption or emission for
free atoms and matrices.

Splitting

M Levels Spectrum Gas Ar Kr Xe Reference

Ag # P
" / #

E # P
$ / #

Absorption 921 1130 900 800 [60]
Au # P

" / #
E # P

$ / #
Absorption 3816 4470 4177 3614 [60]

Tl # P
" / #

E # P
$ / #

Emission 7793 7995 7775 7450 [70]
Cd $ P

!
E $ P

"
Emission 542 486 Ð Ð [71]

Hg $ P
!
E $ P

#
Emission 6397 5900 5250 [58]

e� cient mixing by M E G interactions. The spectra and decay paths of Ag} G centres

show a complex behaviour (see section 7.2) which may be related to the intermediate

L E S coupling strength in the Ag atom.

3.3. The heavy-atom eŒect

We supposed that the spin ± orbit coupling strength is entirely due to the electrons

localized at the M atom in the # P or $ P state. However, even in weakly interacting

M E G
n

systems, the excitation is slightly delocalized at the M atom and, if the

spin ± orbit coupling is large in the lowest (np)& ((n 1 1)s) " state of G, a small admixture

of the MG* in the M*G state may modify signi® cantly the Hso term. This eŒect is

relatively weak in MG complexes but it may explain the increase in the energy gap

between # P
" / #

and # P
$ / #

states of NaG with the mass of the G atom (see section 4.2.2

and table 11).

This eŒect is even more pronounced in matrices. The spin ± orbit couplingconstants

deduced from MCD spectra (as discussed in section 2.3.3) and directly measured level

splitting in absorption and emission are represented in tables 5 and 6. As can be seen,

the f constants for alkali metals in Kr and Xe characterize the host rather than the

guest. The eŒects are large even for heavy M atoms. The most surprising is that the f

constant is increased in MG complexes and decreased (with a change in sign) in M } G

centres.

The `external heavy-atom eŒect ’ in ¯ uid solvents and in matrices has been

extensively studied for molecules since the early work of Kasha [72] but the interest

was focused on its eŒect on the rates of the singlet ± triplet radiative and non-radiative
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506 C. CreU pin-Gilbert and A. Tramer

Figure 5. (a) r - and (b) p -type overlaps of M and G orbitals for an M atom in the G matrix.

transitions [44]. Less attentionwas paid to the environment eŒects on the level splitting

induced by the spin ± orbit coupling.

The theory of the heavy-atom eŒect for metal atoms in matrices was developed by

Pellow and Vala [73] on the basis of the pioneering work of Ammeter and Schlosnagle
[50]. In this model, the M } G centre is considered as an MG

" #
supermolecule, the

excited states of which are linear superpositions of the M* locally excited state and

delocalized Rydberg [(np)& , (n 1 1)p " ] state of the G
" #

`solvation shell ’ . The M E G

interaction depends on the values of overlap integrals S r and S p between the np orbital

of M and (n´ 1 1)p orbitals of G, where S r and S p indicate the overlaps of orbitals with

collinear ( r -type) and parallel ( p -type) axes (® gure 5). Another important parameter

is the ratio of the spin ± orbit coupling constants in the rare-gas and metal atoms: Q 5
f G } f M (see tables 2 and 4). The diagonalization of the supermolecule spin ± orbit

operator Hso (Hso 5 f M lM [ s 1 f G R " #
k =

"
l

k
[ s) on the basis of the new excited states gives

the expression of the eŒective spin ± orbit constant f eff . Calculations are applied to # P

states of metal atoms. The ratio k 5 f eff } f M depends on Q (k decreases with increasing

Q) and on the values of S r and S p . The above-cited workers reproduced diŒerent

observed cases corresponding to k " 1 and k ! 1 (including k ! 0) by varying the

values of Q, S r and S p . k " 1 occurs when the spin ± orbit coupling in the M atom is

strong (i.e. when Q is small). In the case of light M atoms, the heavy-atom eŒect will

reduce the value of f eff and even change its sign (table 5). The important point is that

the reduction in k is due to r -type overlap integrals between the M and G orbitals of

the same symmetry. The p -type overlap will enhance f eff . The striking diŒerence

between M } G centres and MG diatomics may be explained in this way; the overlap

integrals in the bound P -states of MG molecules are always of the p type so that k " 1

and increases with increasing Q in the Ne ! [ [ [ ! Xe series whereas in matrices the r -

type integrals are predominant.

The medium eŒect on the spin ± orbit coupling in the M } G centre depends strongly

on its symmetry and the Pellow model is strictly valid only for the sites with Oh

symmetry. The conclusions may be very diŒerent for lower-symmetry sites. Since for

a number of systems the ¯ uorescence is emitted from such deformed sites, it is not

evident whether this model may be directly applied to emission spectra.
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4. Spectroscopy of isolated MG and MGn systems

The electronic spectra of collision-free jet-cooled MG complexes are the main

source of information about M E G potentials and their relation to the electronic

structure of the M atom. These data may be then applied to the study of MG
n

clusters

and M } G centres in matrices. We shall try to present in the simplest way the main

features of M E G interactions in three distinct cases involvingdiŒerent structures of the

M atom or M+ ion (where [X] indicates the closed-shell ion core) :

(1) spherically symmetric (and quasisymmetric) ionic [X]+ or [X]# + (ns) " and

neutral [X]+ (ns) " or [X]# + (ns) # ground states ;

(2) # S + " P [X]+ (np) " and [X]# + (ns) " (np)" states ;

(3) Rydberg states.

4.1. M E G bonds in complexes involving M atoms and M+ ions

4.1.1. S states of atoms and ions

The common feature of the ionic M+G and neutral MG # S + " R + states correlated to
# S + " S states of the M atom (ion) is the isotropy of the MG potentialswhich depend only

on the M E G distances. The nature of the bonding is, however, diŒerent, as shown by

the diŒerence of their bonding energies between 20 and 200 cm±
" for neutrals and

between 1000 and 5000 cm±
" for ions [1].

In the case of M+G ions, the leading term in the M+ E G interaction is the interaction

of the M+ ion charge with dipole moment induced in the G atom:

V(R) 5
k( e M+

) # a G

R %M E G

, (4.1)

where e M+
is the eŒective charge of the M+ ion, a G is the polarizability of G and RM E G

is the M E G distance. The observed variation in the dissociation energies De of the

ground states of M+G ions (table 7) is close to that predicted by equation (4.1).

In view of the extreme simplicity of the model, such good agreement is surprising.

In the case of a strongly interacting M+ E G pair the model may be improved by

taking into account a term describing the G ! M+ charge transfer due to the overlap

of the empty M+ nsM orbital with the np r G orbital containing an electron pair. The

total wavefunction will be

W 5 a
"
}

"
(M+G) 1 a

#
}

#
(M E G+ ) (4.2)

The a #
#
} a #

"
ratio, that is the relative weight of the MG+ structure, (n´pG) & [X]+ (nsM) " ,

which may be represented by the (n´pG) % (n´pG 1 nsM) # [X]+ con® guration involving the

M E G+ covalent bond, depends on the energy diŒerence D E 5 E(M E G+ ) 2 E(M+G). If

the diŒerence between charge-induced dipole terms of M+G and MG+ is neglected, D E

may be approximated by

D E 5 IG 2 IM 2 De(M E G+ ),

where IG and IM are the ionization potentials and De(M E G+) is the dissociation energy

of the covalent bond supposed equal to that of an isoelectronic neutral molecule (e.g.

NaCl in the case of NaAr+ ). It may be easily shown that, for Na+Ar and Mg+Ar

complexes, D E is of the order of 6 eV so that the amount of the G ! M+ charge

transfer is negligible. In contrast, for Be+Ar and Hg+Xe, D E 5 0.6 and 0.95 eV

respectively, which may explain their large dissociation energies of 4100 cm±
" in the

former [74] and of 6300 cm±
" in the latter [75] case. For the H+Ar system, D E 5
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508 C. CreU pin-Gilbert and A. Tramer

Table 7. The De(G)} De(Ar) ratios for MG neutrals and M+G ions from experiment [1]
and (in parentheses) obtained from equation (4.1) for ions and from equation (4.3) for
neutrals.

De(G)} De(Ar)

M G 5 Ne G 5 Ar G 5 Kr G 5 Xe

Li+ 0.45 (0.475) 1 (1) 1.45 (1.43) 1.95 (2.1)
Na+ 0.42 (0.37) 1 (1) 1.42 (1.25) 1.66 (1.8)
Mg+ Ð 1 (1) 7.5 (6.3)

Na 0.19 (0.22) 1 (1) 1.62 (1.67) 2.78 (2.48)
Mg 0.33 (0.30) 1 (1) Ð Ð
Zn Ð 1 (1) 1.5 (1.4) 2.16 (1.63)
Cd 0.365 (0.37) 1 (1) 1.21 1.71
Hg 0.325 (0.33) 1 (1) 1.25 (1.3) 1.79 (1.53)

2 2.2 eV, which corresponds to the stable H E Ar+ con® guration. In fact, the bonding

energy of this molecule ion is of 33650 cm±
" [76], close to that of the isoelectronic HCl

molecule (35150 cm±
" ).

In the presence of ns valence electrons, the core charge is screened with an e� ciency

close to unity so that properties of the group II ions with the [X]# + (ns) " electronic

structures are not signi® cantly diŒerent from those group I [X]+ ions.

For neutral atoms in S ground states the screening is so e� cient that the ground

states of MG complexes may be well described by universal formulae involving the

dispersion forces between two neutrals:

V(R) 5
a G a M[IM IG } (IM 1 IG)]

R ’M E G

, (4.3)

as shown in table 7. They do not diŒer from other van der Waals complexes and most

of the M E G `bonds’ are slightly weaker than those of G E G rare gas dimers [77].

The repulsive terms in the M E G potential resulting from the overlap of the

M(# S + " S) atom ns orbitals with the closed electron shells of the G atom are small

compared with the case of the M atom in the # S + " P state (see below). The nsM ± n´pG

orbital overlap is relatively weak because of a large extension of the s orbital and

isotropic distribution of the electron density.

4.1.2. # D states of atoms of group IA

The only diatomic system involving a # D atom with the (nd)* ((n 1 1)s) # con-

® guration observed up to now is the jet-cooled AgAr complex [65]. Its spectra

(consistent with the data obtained for Cu, Ag and Au in matrices [78 ± 81]) show that

the a # P
$ / #

state issued from the # D
& / #

(4d) * (5s) # state of the atom is as weakly

bound (De 5 100 cm±
" ) as the ground X # R

" / #
state corresponding to the ground

# S
" / #

(4d) " ! (5s) " con® guration. Obviously, the screening of the ionic core of Ag is not

strongly modi® ed by promotion of one electron from the nd to the (n 1 1)s orbital.

4.1.3. # S + " P atomic states

The speci® c properties of these states are due to a pronounced anisotropy of p

orbitals. The simplest case is the [X]+ (ns) " ! [X]+ (np) " excitation of a light alkali atom

(Li and Na) in which the spin ± orbit coupling eŒects may be neglected. As previously
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mentioned (section 3.1), in the axial ® eld of a rare-gas atom the # P state gives rise to

two states which diŒer by the projections of the orbital momentum L on the

quantization axis z : the doubly degenerate P (L
z 5 1) state with an ns electron

promoted to the np p orbital (linear combination of np
x

and np
y

orbitals perpendicular

to the M E G axis) and the R + (L
z 5 0) state with an electron at the np

z
r orbital oriented

along the M E X axis.

The essential terms of the M E G interaction (screening of the charge of the [X]+

ionic core, repulsion resulting from overlap of complete electronic orbitals and charge

transfer eŒects) are signi® cantly diŒerent in the R + and P states.

As an example of this diŒerence, the main parameters of the # P and # R + states of

NaG complexes are given in table 8. The A # P state is much more strongly bound than

the ground state of the complex (but not as strongly as the ionic state) while the B # R +

state is repulsive (an extremely shallow minimum has been observed uniquely in the

case of the NaNe complex [82, 83] while for others the X ! B absorption was not

detected).

The reasons for this diŒerence are obvious (® gure 6).

(a) In the # R + state, the screening of the ionic core by an electron at the p
z

( r )

orbital is more e� cient than in the case of an ns electron because the electron

density is concentrated in the vicinityof the M E G axis. The repulsion due to the

overlap of the p
z

( r ) orbital with the complete electron shell of the G atom is

also enhanced.

(b) In the P state, the promotion of the s electron to the p orbital implies a

reduction in the screening, the electron density in the vicinity of the G atom

being reduced. The overlap of G orbitals with those of M is also weaker

because of the perpendicular orientation of p p orbitals. Finally, the G ! M

charge transfer (less e� cient than in the case of M+G ion) is possible because

of the overlap of the empty r (ns) orbitals of M with the p
z

orbital of G

occupied by an electron pair. This transfer is compensated by the M ! G

delocalization of the valence electron (such a double electron transfer eŒect

involving the back donation proposed by Duval et al. [35] and Duval [87] in the

case of more stable MG complexes may be applied here). The excited P state

may thus be described by a superposition of states :

r W ª 5 a
"
r } (M*¾ G)ª 1 a

#
r } (M+ ¾ G±) ª 1 a

$
r } (M± E G+) ª , (4.4)

where

r } (M*¾ G)ª 5 [X]+ (np p M) " (n´pG) ’ ,

r } (M+ ¾ G±) ª 5 [X]+ (n´pG) ’ ((n´ 1 1)pG) " ,

r } (M± E G+ ) ª 5 [X]+ (np p M) " (n´pG 1 nsM) # (n´pG) %

and

a
"
( a

#
, a

$

To the best of our knowledge, the earliest theoretical treatment of this problem was

performed by Baylis [88] at the time when no experimental data for excited states of

alkali ± rare-gas complexes were available. He developed a simple model accounting

for the core ± core repulsion by using pseudopotentials while the electrostatic

interaction of the valence electron with the X+ core was corrected for repulsive terms

resulting from orbital overlap. Baylis’s calculations gave a correct prediction of the

main characteristics of the ground and excited # P and # R + states of NaG complexes
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510 C. CreU pin-Gilbert and A. Tramer

Table 8. Bonding energies De and equilibrium distances Req for NaG complexes in the
states correlated to the ground (3s), lowest excited (3p) and ionic Na+ states.

X(3s) # R + A(3p) # P
$ / #

B(3p) # R + Na+ ion

De

(cm
±
" )

Req

(A/ )
De

(cm
±

" )
Req

(A/ )
De

(cm
±
" )

Req

(A/ )
De

(cm
±

" )
Req

(A/ ) Reference

NaNe 8.0 5.3 144 2.3 4.5 7.9 520 2.41 [82]
NaAr 42 5.01 568 2.91 E 0 Ð E 1200 2.75 [38, 84]
NaKr 68 4.92 760 3.05 E 0 Ð 1775 2.91 [85]
NaXe 117 4.95 1120 3.22 E 0 Ð 2080 3.0 [86]

Figure 6. Filled or half-® lled (Ð Ð ) and empty ( ± ± ± ) orbitals of an alkali± rare gas complex in
the # R (ns), # R (np r ) and # P (np p ) states of the M atom.

and Na+G ions. This simple model underestimates the depths of the energy wells in the
# P states especially for the light rare-gas atoms. Further re® nements by the

pseudopotential method [89] resulted in an excellent agreement in the case of the

Na E Ne system, while for Na E Ar the ab initio calculations [90] give also the results close

to the experimental data (table 9). The existence of a non-negligible M± E G+ dipole

moment, expected in the case of signi® cant G ! M electron transfer, was also

con® rmed by ab initio calculations [90].

The same rules are valid for the complexes of alkaline earth (Mg, Ca, Sr and Ba)

and group IIA metals (Zn, Cd and Hg) in their singlet D " R +

!
and C " P

"
states

correlated to the " P
"

atomic state. The D " R +

!
states are repulsive while the C " P

"
states

are strongly bound [32, 91 ± 94] (see table 20 and section 7.3). The diŒerence between

the M E G potential in the ground X " R +

!
(ns) # and excited C " P

"
(ns) " (np) " state of these

atoms is not as drastic as in the case of alkali metals because the screening of the M+

core is not so strongly modi® ed; in the " P
"
(ns) " (np)" con® guration of group II (IIA)
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Table 9. Experimental and calculated parameters De and Re for NaNe and NaAr complexes.

X (3s) # R + A (3p) # P B (3p) # R +

De

(cm
±
" )

Re

(A/ )
De

(cm
±

" )
Re

(A/ )
De

(cm
±
" )

Re

(A/ )

NaNe
Experimental 8.0 5.3 144 2.3 4.5 7.9
Calculated
[88]

1.35 6.9 10.8 4.52 0.4 10.3

Calculated
[89]

7.8 5.3 132 2.65

NaAr
Experimental 42 4.99 568 2.91 E 0 Ð
Calculated
[88]

30.9 5.03 327 3.19 7.3 7.82

Calculated
[90]

55 5.01 492 3.04 32 6.8

metals we still have one ns electron screening the ion core while, in the # P
" / #

(np)" state

of alkalis, the ionic core is naked. The ionic Mg+G complexes isoelectronic with NaG

neutrals show a slightly smaller diŒerence between bond energies in their ground # R +

and excited # P states : 117 6 50 and 1804 cm±
" respectively for the Ne complex and

1280 and 5550 cm±
" for the Ar complex [95, 96]. The importance of the screening of the

core charge by the s electrons may be illustrated by the interesting case of the Mg**Ar

complex involving the Mg atom in a doubly excited [X]# + (3p p ) # con® guration [97, 98].

This state, in spite of the presence of two valence electrons, is much more strongly

bound (De 5 2960 cm±
" and Re 5 2.39 A/ ) than the Mg+Ar ionic complex with the

[X]# + (3s) " con® guration (De 5 1280 cm±
" and Re 5 2.89 A/ ) [1]. The core is better

screened by one s electron than by two p p electrons!

4.1.4. Rydberg states

The experimental information about the Rydberg states of MG complexes is

limited to the lowest state involving an (n 1 1)s orbital (where n is the principal

quantum number of the valence shell). The AlAr and AlKr complexes are the only

ones for which the transitions to higher Rydberg states have been reported [99].

The speci® c properties of Rydberg states result from the diŒuse and extended form

of the spherical Rydberg (n 1 1)s orbital. An important step towards the understanding

of the MG interaction in Rydberg states was made by Duval et al. [100] who reported

the unusual shape of the potential energy curve of the HgAr E $ R + Rydberg state

involving the Hg $ S((6s)" (7s) " ) atom; the existence of a deep (De 5 1430 cm±
" )

minimum at a short (Re 5 2.81 A/ ) distance separated by a 120 cm±
" barrier from a

shallow (De 5 38 6 7 cm±
" ) minimum at a very large distance of 6.95 A/ . The ® rst

minimum, with its equilibrium distance much shorter than the radius of the 7s Hg

orbital, corresponds to the penetration of Ar atom inside the Rydberg electron orbit.

Such a system, with De and Re close to those of the Hg+Ar ion (De 5 1630 cm±
" and

R
!
5 2.87 A/ ) [101] may beconsidered as theRydberg state ofa moleculewitha (HgAr)+

ionic core. The secondary minimum of the Hg* E Ar complex at a large M E G distance

is due to dispersion forces the weakness of which is due to a large extension of the

(n 1 1)s orbital. The energy barrier at about 5 A/ corresponds to the maximum
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Figure 7. Potential energy curve of the # R (3s) Rydberg state of the LiNe complex (from [102])
compared with the electron density distribution [w (3s)]# of the Li 3s orbital (a.u., arbitrary
units).

repulsion resulting from the maximum overlap of the Rydberg Hg* orbital with the

closed (np) ’ electron shell of the rare-gas atom.

A similar shape of the potential energy curve with a barrier of at least 60 cm±
" was

observed for the Li(3s)Ne # R + state [102]. This curve is represented in ® gure 7 together

with that of the electron density distribution of the Li (3s) state approximated by a H-

like function assuming the eŒective core charge of 1.155 corresponding to the 0.4
quantum defect. Note that positions of V(R) and r w r # maxima coincide.

A determination of an extended part of the potential curve was realized in these

two cases by the two-photon excitation of the Rydberg state using as an intermediate

diŒerent vibrational levels of the lower states : the A(0+ ) and B(1) Hg((6s)" (6p) " ) states

in the case of HgAr and the Li (2p) # P state in the case of LiNe. For other systems, for

which the level pattern is less favourable, only a part of the curve corresponding to

small intermolecular distances could be explored. They con® rm the essential

conclusion from HgAr and LiNe studies: the existence of a deep energy minimum at

an RMG distance short compared with the radius of the Rydberg orbital. For example,

the M E Ar bond in the Rydberg E $ R + (ns) " ((n 1 1)s) " states of MgAr, ZnAr and CdAr
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complexes is almost as strong as in M+Ar ions and signi® cantly stronger than in

excited valence (ns)(np) states [103, 104]. The screening of the ionic core by a Rydberg

electron is obviously much weaker than by an np p electron.

The existence of an energy barrier in the Rydberg state of complexes other than

HgAr and LiNe was never directly evidenced but indirect indications (such as an

overestimation of the dissociation limit deduced from the vibrational level pattern,

and broadening of higher vibronic levels) have been found for several complexes of the

group III atoms [31, 105, 106].

The experimental data seem to be well described by a simple electrostatic model of

the penetration of the rare-gas atom inside the Rydberg orbital of the metal atom.

Curiously, no energy minimum at the short interatomic distance could be found in the

ab initio calculations carried out at the self-consistent ® eld level for BAr and GaAr

complexes [106, 107]. Such a minimum appears only in calculations carried out at the

con® guration interaction level. This suggests a more complex interaction involving

more than one electronic con® guration [106]. Such potential curves displaying two

minima separated by an energy barrier have been deduced from high-level ab initio

calculations of the Rydberg states of H ± rare-gas and Li ± rare-gas complexes [108].

4.2. Role of the spin ± orbit interaction

4.2.1. Weak and strong L E S coupling limits

The previous treatment, neglecting the electron spin, is valid when the spin ± orbit

coupling is much weaker than the M E G interaction. As previously indicated, in the

weak L E S coupling limit the r K R ª states are only weakly perturbed.

When the spin ± orbit coupling is stronger than the M E G interaction (doublet and

triplet states of heavy atoms such as Au, Hg or T1), we use as a basis the r J, X ª
molecular states correlated to r J, m

J
ª states of the isolated M atom. These states are

linear combinations of molecular orbitals involving atomic npr and np p wave-

functions with a (RM E G) and b (RM E G) coe� cients. As long as the spin ± orbit coupling

strength is not seriously modi® ed by the M E G interaction (i.e. for large M E G

distances), one can consider that the a and b coe� cients are identical with the atomic

Clebsch ± Gordan coe� cients (table 3). One can also tentatively assume that the

potential energy curve VX(RMG) of an X state involving the `mixed ’ orbital of the M

atom,

u X 5 a X(np r ) 1 b X(np p ),

will be

VX (RMG ) 5 a #
X Vr (RMG) 1 b #

X Vp (RMG), (4.5)

where Vr (RMG) and Vp (RMG) are potential energy functions in the `pure ’ r and p states.

The validity of these relations was checked for a group of states of the HgAr

complex correlated to the $ P states of the Hg atom [35, 36, 87, 100, 109]. The VA(R) and

VB(R) potentialsof the A(0+ ) and B(1) states corresponding to Hg( $ P
"
) were determined

from the study of excitation spectra and since the mixing coe� cients a A, a B, b A, and b B

(see table 3) are known, the interatomic potentials: VP (R) and VR (R) of `pure ’ $ P and
$ R states may be deduced from equation (4.5). Hence

VA(R) 5 VP (R), VB(R) 5
VP (R) 1 VR (R)

2
(4.6)

One can predict in this way the essential parameters of the potential of other

excited states correlated to $ P
!

and $ P
#

for which Clebsch ± Gordan coe� cients are
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known. As can be seen in table 10, these predictions are close to the experimental

values of De and Req of a(0±) and b(2) states. The experimental data for the c(1) and

d(0±) states are still not available.

Note that in this case the shape of the potential energy curves of the `pure ’

repulsive $ R state may be estimated experimentally whereas that of the " R state is not

accessible by experiment.

4.2.2. Intermediate L E S coupling case

The majority of MG systems correspond to a transition from Hund’ s pure case c

for RMG ! ¢ and } or VMG ! 0 towards Hund’ s case a for RMG E Req and VMG E De .

This transition is described in terms of the R dependence of energies : E
i
(R) and

wavefunctions W
i
of molecular states expressed in terms of the spin ± orbit Hamiltonian

Hso .

In a free atom the level splitting is

D Eat 5 f

#
(J# 2 L# 2 S # ) 5 f

#
[J(J 1 1)2 L(L 1 1) 2 S(S 1 1)], (4.7)

which gives, for # P atomic states D E
$ / #

,
" / #

5 3 f } 2 and, for $ P, D E
#

,
"
5 2f and D E

"
,
!
5

f . These values of D E are conserved (to a ® rst approximation) for molecules in Hund’s

case c. In Hund’s case a, it is convenient to treat separately the terms of Hso diagonal

and oŒ-diagonal in the r K , R , X ª basis.

The diagonal part f L
z
S

z
of Hso induces the splitting of the energy levels :

D Emol 5 f K R , (4.8)

yielding, for the # P state, D E
$ / #

,
" / #

5 f and, for the $ P state, D E
#

,
"
5 D E

"
,
!
5 f [67]. If

it is supposed that the spin ± orbit coupling in the M E G complex is entirely determined

by the spin ± orbit coupling constant of the M atom, we would expect the splitting of

energy levels to increase with increasing vibrational energy (i.e. with increasing

average value of the RMG distance) from f for v 5 0 to its atomic D Eat value in the

vicinity of the dissociation limit.

On the other hand, the oŒ-diagonal terms ( f } 2)(L
+
S± 1 L±S

+
) of Hso induce a

coupling between the r K , R , X ª and r K 6 1, R y 1, X ª states described by the u
"

and u
#

functions such as the # S + " R X and # S + " P X states. In the approximation of the two-level

system, the resulting wavefunctions w
"

and w
#

are given by

w
"
5 a u

"
1 b u

#
, w

#
5 2 b u

"
1 a u

#
(4.9)

where

a 5 cos ( h

#
), b 5 sin ( h

#
), tan h 5

2Hso

r E
"
2 E

#
r
.

In the case of # R + and # P states correlated to the # P state of an atom, as the # P state

is split into # P
" / #

and # P
$ / #

by the diagonal part of Hso , the # P
" / #

and # R +

" / #
states are

coupled and mixed by the oŒ-diagonal Hso terms while the # P
$ / #

state remains

uncoupled. The e� ciency of the coupling (the a and b coe� cients in equation (4.9))

depends not only on Hso but also on the energy gap between the vibronic levels, so that

in the vicinity of the dissociation limit the # P
" / #

and # R +

" / #
states are completely mixed,

giving rise to the r "
#
, "

#
ª and r $

#
, "

#
ª states of Hund’s case c (the a and b coe� cients become

identical with Clebsch ± Gordan coe� cients) while the # P
$ / #

correlates to r $
#
, $

#
ª . In the

other limit, for v 5 0 and © RMG ª E Req the energy gap is large so that a ! 1 and b !
0 and the stationary states are nearly pure # P

" / #
,
$ / #

and # R +

" / #
states. One can establish
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Figure 8. Potential energy curves of the AgAr complex illustrating transition between Hund’ s
case c (degeneracy of the A r $

#
, $

#
ª and B r $

#
, "

#
ª states at large R values) and Hund’s case a.

(From [65].)

in this way a correlation between the states corresponding to Hund’ s case a and

Hund’ s case c limits (® gure 8) by linear combinations of the {u
k
} basis set : W

i 5
R a

ik
(R) u

k
where {u

k
}are the pure K states ( R , P , ¼ ).

The observable are the v dependence of the energy gap between # P
" / #

and # P
$ / #

states and that of the transition moment from the ground to the # P state. Since the

V # R +

" / #
! # R +

" / #
and V # R +

" / #
! # P transitionmomentsare diŒerent, theoscillatorstrength

of the transition to the X 5 "
#

states will depend on their a } b ratio varying the

vibrational quantum number.

Let us take as the characteristic parameter the splitting of the # P state

D E p (RM E G) 5 E # P
$
/
#

(RM E G) 2 E # P
"
/
#

(RM E G). Its value will be modi® ed when RMG decreases

from RMG E ¢ to Req by three previously discussed mechanisms.

(i) D E p is reduced from 3 f } 2 to f corresponding to the transition from Hund’ s case

c to Hund’ s case a.

(ii) The f constant varies owing to the increasing overlap of M and G orbitals. If the

spin ± orbit coupling constant is larger in G than in M atoms, this eŒect will tend

to increase D E p .

(iii) P E R mixing occurs. Since the # P
" / #

state is mixed with the repulsive # R +

" / #
state, its

bonding energy is reduced while that of the # P
$ / #

component remains unchanged.

Since the # P multiplets of group I and IA atoms are normal (E
$ / #

" E
" / #

), this

interaction tends to reduce D E p . Its dependence on RMG is complex because the

amount of mixing depends not only on the f constant but also on the # P
" / #

E # R +

" / #

energy gap which tends to zero for RM E G ! ¢ and may be large for RM E G E Req .
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Table 11. Splitting of observed vibrational levels Vmin , ¼ , Vmax and its extrapolation to v 5 0
for # P

" / #
± # P

$ / #
states of NaE G complexes ( D E(Na) 5 17.196 cm

±
" ; A

!
5 11.464 cm

±
" ).

G Vmax

D E(Vmax )
(cm

±
" ) Vmin

D E(Vmin )
(cm

±
" )

D E(v 5 0)
(cm

±
" ) Reference

Ne 6 15.09 3 12.118 Ð [82]
Ar 10 13.48 7 14.79 Ð [84]
Kr 14 20.51 7 32.8 49.6 [85]
Xe 16 44.8 10 68.27 116.7 [86]

The most detailed data on the # P
" / #

E # P
$ / #

level splitting are available for Na E G

complexes and show a clear dependence of D E p on the rare gas and on the vibrational

quantumnumber [82 ± 86] (table 11), suggesting a competitionbetween the mechanisms

(i) and (ii). Only in the case of the Ne complex do we have f ! D E p
! 3 f } 2 and D Ep

which tends to f for v ! 0, as expected for the simple transition from Hund’s case c to

Hund’ s case a. In all other systems the D E p 5 f(v) dependence is inverted and D Ep

increases in the Ne ! Ar ! Kr ! Xe series so that for Na E Kr and Na E Xe complexes

we obtain by extrapolation D Ep (v 5 0) ( f . Such a dependence must be due to the

`borrowing’ of the spin ± orbit coupling strength from the rare-gas atom (`heavy-atom

eŒect ’ ). Note that f Na ’ f G for all rare gases (see tables 2 and 4).

On the other hand, the role of this mechanism seems to be negligible in the case of

the # P state of the AgAr complex in which the splitting of the v 5 0 levels of the # P
" / #

and # P
$ / #

states is about 740 cm±
" while # P state of Ag is split by 3 f } 2 5 92l cm±

"

(hence f 5 614 cm±
" ) so that f ! D E p (Req ) ! 3 f } 2 [65]. Note that in this case f Ag E f Ar .

The role of mechanism (iii) is probably important for ground states of metals of the

group III (see section 7.4).

4.3. MG
n

clusters

It seems obvious that, by adding, one by one, the rare-gas atoms to the M atom,

one can build an MG
n

cluster with geometry analogue to that of the ® rst solvation

layer of an M } G centre. This procedure, applied to the systems involving aromatic

molecules and rare-gas atoms was successful [41 ± 43]. Unfortunately, in the case of

metal ± rare-gas systems the results are disappointing.All these systems have a common

feature: a relative weakness of the M E G bond weaker than the G E G bond (60 and

100 cm±
" for Na E Ar and Ar E Ar respectively [110]). This implies that the structures in

which the G E G bonds are broken by formation of the M E G bonds (i.e. with the M

atom inside the cluster) are unstable. The energy of an M atom within the G
n

cluster

is even higher than that of the non-interacting M 1 G
n

system. In the matrix, the metal

atoms are `forced ’ to remain within the volume while, in the ® nite rare-gas clusters,

they escape from the inside and occupy the surface states. Such a behaviour was

observed for Ba atoms in large Ar
n

(n E 1000) clusters [111]; two absorption bands

shifted by 2 120 and 1 460 cm±
" with respect to the free atom transition correspond

to the " S
!
! " P

"
excitation of the Ba atoms with the p orbitals parallel and

perpendicular to the surface. This assignment is consistent with the spectrum and

polarization of the " P
"

! " S
!

¯ uorescence. In the case of AlAr
n

clusters [112], the Al

absorption shows, in large (n E 40) clusters, a frequency shift with respect to the free

atom much smaller (about 1000 cm±
" ) than in an Ar matrix (4300 cm±

" ). Such a large

diŒerence suggests that Al atom is placed at the surface and not embedded in the Ar
n

cluster. The only exception from this `non-wetting’ rule are mixed rare-gas clusters

such as XeAr
n

which will be discussed in section 7.5.
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518 C. CreU pin-Gilbert and A. Tramer

Calculations at diŒerent re® nement levels (pseudopotentials, ab initio, Monte

Carlo, etc.) of the stable structures of MG
n

clusters carried out for alkali± rare-gas

(mainly NaAr
n
) systems [113 ± 119] con® rm the instability of the structures with an Na

atom in the centre of the cluster. These calculations are relatively easy in view of the

isotropy of M E G potentials which may be considered as additive. They predict stable

structures for small (n 5 3± 4) clusters : pyramids with a Na atom at the top and an Ar
$

or Ar
%

basis [117]. For larger NaAr
n

systems up to `in® nite’ Ar surfaces, the stable

structures correspond to Na atoms adsorbed at the surface [115, 116]. Calculations

carried out for the Ba 1 Ar system con® rm the stability of surface states in good

agreement with experiment [120].

The only observable is the electronic spectrum of an individual MG
n

species. In

order to check the validity of calculations, it is necessary to determine the potential

energy surface of the excited electronic state in the vicinity of the ground-state energy

minima and then to simulate the MG
n

absorption. This problem is much more

complex than the evaluation of the ground-state structures because of the anisotropy

of M*E G potentials and the doubts concerning their additivity.

The M E G potentialdepends (as discussed in section 4.1) on the angle h between the

axis of the np orbital of M on the M E G vector. In diatomic systems, because of their

symmetry, the angle h may take only the values 0 or p } 2 corresponding to the r and

p con® gurations. A polyatomic MG
n

is characterized by an ensemble of M E G
i
(i 5 1,

2, ¼ , n) vectors and h
i
angles diŒerent from 0 and p } 2.

In the absence of more elaborate models, one can tentatively express the

dependence of the M E G potential on the angle h for 0 % h % p } 2 by

Vh (R) 5 cos # h VR (R) 1 sin # h VP (R) (4.10)

and assume that the total potential energy of the system is a simple sum

Vtot 5 3
i

V
i
(RM E G i

) 1 3
i , j 1 i

V
ij
(RG i E Gj

). (4.11)

Such calculations carried out for Na E Ar systems with the Na atom at the cluster

surface predict the splitting of the # S ! # P absorption into two bands: a narrow band

only slightly shifted from the free atom frequency and a broad band with a stronger

blue shift. They are assigned to the p and r con® gurations of the system in which the

3p orbital of Na is either parallel or perpendicular to the surface plant [117, 118]. No

data for NaAr
n

clusters are available but the results of calculations are consistent with

observed spectra of Ba atoms on Ar
n

(n E 1000) clusters so large that their surface may

be considered as a plane [111, 120]. The blue shifts predicted for unstable

con® gurations of NaAr
# %

clusters with Na atom in the centre ( D m 5 2800 ± 3600 cm±
" )

[116] are larger than those observed for the Na in Ar matrices (about 1400 cm±
" ) and

are probably overestimated.

The only systems for which the validity of this model was checked are small HgAr
n

(n % 4) clusters the spectra of which have been determined by ¯ uorescence excitation

and mass-selected two-photon ionization (MSREMPI) spectroscopy [121 ± 124]. It has

been shown that, in the simplest case of HgAr
#

molecule [121, 122], deviations from

additivity are not important. The equilibrium geometries and electronic spectra of

HgAr
n

(n 5 1 ± 4) clusters have been calculated and compared with MSREMPI

spectra, showing reasonably good agreement. For larger systems, the calculated

frequency shift for HgAr
" #

cluster ( 1 930 cm±
" from that of the free atom [123])
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Photophysics of metal atoms 519

represents about 75% of the shift observed for Hg in the Ar matrix ( 1 1230 cm±
" [57]).

Since the matrix shift is due not only to 12 nearest Ar neighboursbut also to the further

solvation shells, this agreement may be considered as satisfactory.

Recently, a similar model was used to predict the crossing or non-crossing of the

potential energy surfaces of states correlated to the " P
"

and $ PJ atomic states in small

MG
n

clusters (n 5 2, 3) [125, 126]. As before, the calculations are based on the

assumption of additivity of potentials deduced from experiment or from ab initio

calculations for MG diatomics. Their validity cannot be checked as long as the

experimental data for " P
"
§$ PJ relaxation rates in clusters are missing.

The accuracy is limited by deviations from the additivity of two-body potentials

which are probably more important in the systems with a stronger M E G interaction

because of a `quasichemical’ interaction involving the M % G charge transfer. The

assumption of additivity must be thus considered as a zero-order approximation

which breaks down when the M E G interaction strength increases.

5. Spectroscopy of M/G centres

5.1. Structure and M E G interactions in M } G centres

An M atom may occupy in a rare-gas matrix either a substitution site

(corresponding to a vacancy created by elimination of one or more host atoms) or an

interstitial site. The information about their symmetries and structures is deduced

from optical (absorption and MCD) spectra and more directly from the ESR spectra

but their assignments are often uncertain. In a large number of systems, more than one

type of site is populated. Their relative stabilities may be checked by recording the

eŒect of annealing (or irradiation) of the matrix on the relative intensities of spectral

bands assigned to each type of centre.

It is often admitted that the necessary condition for a stable one-atom substitution

site is that the van der Waals radius of the guest is smaller than or equal to the host

atom radius: rvdW (M) % rvdW (G). Unfortunately, if the reliable values of van der

Waals radii deduced from the nearest-neighbour distances in crystals and collisional

cross-sections are available for rare gases, those of neutral metal atoms are uncertain.

Their values estimated in diŒerent ways diŒer drastically, as shown in table 13 where

crystal radii reported in [128] are compared with those of [129]. For this reason, it

seems to us more reliable to take as a criterion the relation between the equilibrium

distance in the ground electronic state of an MG complex and the nearest-neighbour

guest ± host distances calculated for the one-atom substitutionsites and interstitial sites

in the G-crystal.

The data in tables 12 and 13 suggest that none of the listed atoms can occupy an

interstitial site but most of them may substitute a single Kr or Xe atom. In the Ar

lattice the place `reserved ’ for a guest atom seems rather uncomfortable while in Ne

it is clearly insu� cient for an M atom with the possible exception for smallest atoms

such as B, Al and Pd.

We shall discuss separately the simple case of atoms with (ns) " and (ns) # non-

degenerate, spherically symmetric ground-state con® guration, that is of metals of

groups I, IA, II and IIA. The more complex case of group III metal atoms with

spatially degenerate (ns) # (np) " # P ground-state con® gurations will be treated together

with that of the excited # S + " P states.
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520 C. CreU pin-Gilbert and A. Tramer

Table 12. Nearest neighbour distances for diŒerent sites in rare-gas matrices. (From [127].)

RG E G G 5 Ne G 5 Ar G 5 Kr G 5 Xe

Substitutional 3.21 3.83 4.05 4.41
Octahedral interstitial 2.27 2.71 2.87 3.12
Tetrahedral interstitial 1.96 2.35 2.48 2.7

Table 13. vdW radii rvdW from [128] and (in parentheses) [129] and interatomic distances RM E G

in the ground states of MG complexes. (From [1].)

Rg(ME G) (A/ )

M rvdW (A/ ) G 5 Ne G 5 Ar G 5 Kr G 5 Xe

Na ((ns)" ) 1.8 (3.07) 5.3 5.01 4.92 4.95
Ag 1.6 C 4.0
Mg 1.5 (2.75) 4.4 4.49 Ð 4.56
Zn ((ns)# ) 1.35 Ð 4.18 4.2 4.4
Cd 1.55 4.26 4.31
Hg 1.5 3.90 3.99 E 4.07 E 4.25
B 0.85 (1.78) Ð 3.57 Ð Ð
Al ((ns)# (np)" ) 1.25 (2.3) 3.79 3.84
In 1.55 4.13

5.1.1. Atoms with ground " S
!

and # S
" / #

states

A tentative assignment of the site type is based on its optical spectrum (the host

dependence of the gas-to-matrix frequency shift) and ESR spectrum (isotropy or

anisotropy, hyper® ne splitting, and interactions with the host nuclei). Computer

simulations of the site geometry and energy are also useful.

5.1.1.1. The gas-to-matrix shift. The origin of the shift of the absorption band of an

M } G centre with respect to a free M atom ( D m abs 5 m abs 2 m gas ) will be discussed in the

next few sections. This shift is related to the strength of the short-range M E G repulsive

interaction in the excited state and strongly depends on the size of the vacancy (i.e. of

the average M E G distance). One can thus expect a decrease in D m abs in the series Ne !
Ar ! Kr ! Xe for the same type of site.

In fact, D m abs varies in a regular way for Ar, Kr and Xe but, in the Ne matrix, D m matr

is either larger (Mg, Cd, and Pd) or smaller than in the Ar crystal (table 14). A reduced

blue shift in the Ne case suggests that the structure of the M } Ne site is diŒerent from

that of other M } G sites ; the one-atom substitution in the case of heavier gases and a

multi-atom vacancy in that of neon. The M E Ne distance is larger than it would be in

one-atom sites so that the repulsion is reduced. Note the anomalous behaviour of the

Pd atom; it shows a larger blue shift in the Ne than in the Ar matrix and an unusually

large shift in Xe. This anomaly was tentatively explained by a very small orbital radius

of Pd resulting from its unusual (4d)" ! electronic con® guration with an empty 5s

orbital. The Pd atom may thus occupy a one-atom vacancy in Ne and enter into the

`crowded ’ interstitial site in Xe which is otherwise inaccessible for larger atoms [127].

The diŒerent nature of the M } Ne sites from the M } Ar and M } Kr sites was clearly

evidenced in the case of the Ni atoms [139 ± 141]. The absorption spectra of Ni } Ne sites

and of the unstable Ni } Ar and Ni } Kr sites indicate that the (3d) ) (4s) # $ F
%

state (the

ground state of the isolated Ni atom) remains its ground state in the solid. In contrast,
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Table 14. Frequency shifts of absorption maxima (or centres of gravity of multiplets) with
respect to the gas-phase frequencies: D m abs 5 m abs 2 m gas .

D m abs (cm
±
" )

Ne Ar Kr Xe References

Li # P
" / #

,
$ / #

" # S
" / #

723 1070 375 70 [53, 130]
Na # P

" / #
,
$ / #

" # S
" / #

a
Ð 1395 665 835 [54, 62, 131]

Cu # P
" / #

,
$ / #

" # S
" / #

1870 2415 1490 300 [131 ± 133]
Ag # P

" / #
" # S

" / #
Ð 2150 1430 310

# P
$ / #

" # S
" / #

Ð 2650 1620 350 [59, 134, 135]
Au # P

" / #
" # S

" / #
Ð 1535 765 2 715

# P
$ / #

" # S
" / #

Ð 2480 1370 2 680 [59]
Mg " P

"
" " S

!
1365 455 210 2 1055 [56, 136]

Zn " P
"
" " S

!
Ð 1610 320 2 1280 [52]

Cd " P
"
" " S

!
1880 1670 450 2 1135 [71]

Hg " P
"
" " S

!
Ð 2050 450 2 1600 [137]

$ P
"
" " S

!
940 1250 750 50 [57, 138]

Pd $ D
"

1 " P
"
" " S

!
6850 6050 5650 8050 [127]

the spectra of stable Ni } Ar and Ni } Kr sites are completely diŒerent and correspond

to absorption from the (3d)* (4s) " $ D
$

state which in the gas phase has an energy

200 cm±
" higher than that of the (3d)) (4s) # $ F

%
level. This indicates that the perturbation

of the guest atom is weaker in Ne (and in the unstable Ar and Kr sites) than in the

stable Ni } Ar and Ni } Kr sites, that is that the cavity is larger in the ® rst group of sites

(perhaps indicating a multi-atom vacancy). This result is consistent with the smaller

frequency shifts in unstable Ar, Kr and Xe sites (1600, 240 and 2 1360 cm±
"

respectively) than in the stable sites (about 2200, about 1400 and about 400 cm±
"

respectively).

5.1.1.2. Electron spin resonance. The narrow-line ESR spectra allow the separation

of signals corresponding to diŒerent sites better than the broad-band optical spectra

do. The ESR spectra of alkali atoms [45, 46, 142] con® rm the existence of multiple sites

and separate even the spectral features due to slightly diŒerent environments; in the

case of Na } Ar and K } Ar `blue sites ’ , a few closely spaced lines are assigned to

individual members of a `family of sites ’ with identical structures of the ® rst solvation

shell but with diŒerent imperfections in the further shells [45, 142]. The annealing

technique allows the correlation of the ESR and optical spectral features cor-

responding to the same type of site.

An important parameter, deduced from the ESR spectrum is the value of the

hyper® ne structure (HFS) constant A characterizing the coupling of the electron spin

with that of the M-atom nucleus. As mentioned in section 2.3.1, the D A } A ratio (where

A is the HFS constant of the free atom) increases with contraction of the ns orbital

owing to its overlap with those of host atoms [47]. In the ESR spectra of Li in Ar and

Kr matrices, the signal corresponding to the more stable (`blue’ ) site shows a

signi® cant increase in A with respect to the free atom ( D A } A 5 0.025) while, for the

less stable (`red ’ ) site, D A } A 5 2 0.01 [46]. The stable site seems thus to be more

`crowded ’ than the unstable site, which suggests a one-atom substitution in the stable

site and a larger many-atom vacancy in the less stable site. Similar results have been

obtained for K and Rb atoms [45, 143] and are consistent with the conclusion deduced

from the frequency shifts in optical spectra that the more `crowded ’ one-atom
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522 C. CreU pin-Gilbert and A. Tramer

Figure 9. Displacements of G atoms in the MG
" )

corresponding to the Oh ! D
%

h deformation
of the centre induced by the r̀ E p interaction’ .

substitutionsites are stable. The isotropy of ESR spectra indicates that both `blue ’ and

`red ’ sites conserve the cubic symmetry but does not allow a diŒerentiationof the four-

atom vacancies with the Td symmetry from the Oh symmetry of the one-atom

substitution site.

The ESR spectra of Cu, Ag and Au in Ar, Kr and Xe matrices [49] are isotropic and

consist of single systems of narrow lines. Such a spectrum corresponds to guest atoms

which occupy only one type of site having a cubic symmetry. Moreover, the ESR

spectra of Cu and Ag in the Xe matrix show a hyper® ne structure composed of closely

spaced lines which have been explained by the couplingof the electron spin of the guest

with the nuclear spins of the Xe atoms. It may be ® tted by assuming the presence of

12 equidistant Xe atoms, which implies an unperturbed Oh substitution site. It is, to

our knowledge, the only case in which the site structure is established in such a detailed

way. On the other hand, in Ne matrices, several sites coexist ; the site giving rise to

broad lines seems to correspond to the amorphous Ne solid while other sites display

sharp lines and show a pronounced anisotropy. Obviously, the metal atoms occupy

the sites of lower (non-cubic) symmetry with axes preferentiallyoriented perpendicular

to the sapphire support. Such sites may correspond to a two-atom substitutionwith an

axial symmetry.

5.1.1.3. Computer simulations. The computer simulations using molecular dynamics,

Monte Carlo and simulated annealing techniques and two-body M E G and G E G

potentials have been performed for diŒerent alkali± rare-gas systems [113 ± 118, 130,
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Figure 10. Deformation of the MG
%

(z 5 0) structure corresponding to (a) D
%

th ! D
#

h and (b)
D

%
th ! C

#
v symmetry lowering.

144 ± 147]. In spite of some discrepancies the results suggest `competition’ between two

types of site : single atom vacancies with the octahedral Oh symmetry and four-atom

vacancies belonging to the tetrahedral Td symmetry group. Their relative stability

depends on the relation between the van der Waals radii : rvdW (M)} rvdW (G). The stable

structure of the Na } Ar centre is probably a single-atom Oh vacancy [118] (the unstable

Na } Ar (`red ’ ) sites might well correspond to a four-atom substitution).The stable site

of Li } Ne is probably also a four-atom vacancy [144]. To our knowledge, no

simulations of this type have been performed for M } G systems involving metal atoms

of the groups IA or II.

5.1.1.4. Conclusion. In view of this abundant although incomplete information, we

may assume that for the majority of systems involvingthe atoms of groups I, IA, II and

IIA in Ar, Kr and Xe hosts the structures of M } G sites correspond to one-atom

substitution sites with the Oh symmetry (in Ne, typical sites seem to be multi-atom

vacancies). Such a one-atom site may be represented in the ® rst approximation as an

MG
" )

`cluster ’ involvinga central M atom in the origin (000) position (® gure 1). Its 12

nearest neighbours G a} 2 " / # distant occupy four by four the z 5 0 and z 5 6 "
#

planes.

Six other G atoms at a distance a from M are placed in the equivalent ( 6 1, 0, 0),

(0, 6 1, 0) and (0, 0, 6 1) positions, where a is the lattice constant. This `cluster’ is

embedded in the G solid which may be approximated by a dielectric continuum. The

propensity towards `crowded ’ sites, unexpected at the ® rst sight, may be probably

explained by the weaker perturbation of the crystal lattice than in the case of more

extended vacancies.

5.1.2. # s+ " P states of M } G centres

Here, we shall focus our attention on the M E G interaction resulting from the ns !
np (S ! P) excitation of an M } G site with an initial Oh symmetry. The case of the # P

ground states of group III metals will be also mentioned.

The properties of " P, # P and $ P states are essentially determined by those of the np

orbital, the symmetry of which in the Oh point group is t
" u

. The simplest case is that
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524 C. CreU pin-Gilbert and A. Tramer

of excited " P
"

states, in which the spin ± orbit eŒects are absent and the `pure ’ np
x
, np

y
,

np
z

orbitals form a good basis. The T
" u

state is unstable in the Oh symmetry and its

degeneracy is removed by deformation of MG
" )

`cluster’ ; this behaviour is a speci® c

case of the instability of degenerate electronic states of polyatomic systems

(Jahn ± Teller eŒect) [12 ± 14]. It may be easily shown that the shape of the potential

energy surface of the M*(P)} G centre is diŒerent from that of the ground M(S)} G

state.

Let us consider the M atom in its " P
"

state prepared by radiation polarized along

the z (001) crystal axis, that is with the p electron on the p
z

orbital (this choice is

arbitrary but in view of the spherical symmetry of the site all orientations are

equivalent). We shall consider that the interaction with its G neighbours depends on

the h angle between the z-orbital axis and the M E G radius vector (see section 4.3 and

equation (4.10)). This interaction will be diŒerent for three groups of G atoms (® gures

1 and 9).

(1) For four G
i
(i 5 1 ± 4) atoms distant by a } 2 " / # and four others (i 5 15 ± 18) distant

by a, all of them placed in the (z 5 0) plane (the nodal plane of the p
z
orbital ( h 5

p } 2)) this interaction is attractive as in the case of the p orbital of the M E R

complex.

(2) For eight (i 5 5 ± 12) host atoms in the (z 5 6 a } 2) planes and at the a } 2" / # distance

(h 5 p } 4) the interaction is strongly repulsive as it would be for an orbital with a

pronounced r character.

(3) It is also repulsive for two G
i
(i 5 13 and 14) atoms in the (0, 0, 6 1) positions ( h 5

0; RMG 5 a).

This ` r E p interaction’ [50] tends to deform the cavity containing the M atom; the

minimum of the energy corresponds to the cluster expanded in the z direction and

constrained in the (x, y) plane so that for i 5 1± 4 the equilibrium M E G distances are

reduced while those of i 3 5± 12 and i 3 13 and 14 are increased. The symmetry of the

site is then reduced from Oh to D
%

h inducing a partial splitting of the degenerate T
" u

state into its A
# u

and E
u

components. It is important to note that identical energy

minima (corresponding to expansion of the MG
" )

cluster along the x and y axes) result

from excitation of the ns electron to np
x

and np
y

states. The same general conclusions

will be deduced from an analysis of an M* } G centre with the np orbital oriented along

one of the C
$

axes.

A further deformation of the cluster may take place when the energy minimum

does not correspond to the central position of the M atom interacting with equidistant

i 5 1 ± 4 G
i
atoms but rather to a reduced distance between M and one or two G atoms.

This may be realized either by such displacements of G
"

and G
$

atoms that the square

composed of i 5 1 ± 4 G atoms is transformed into a rhombus or by a displacement of

the M atom from its central position [57] (® gure 10). The symmetry of the centre is then

reduced to D
#

h in the former and to C
#

v in the latter case inducing a complete removal

of the degeneracy of the T
" u

state. The symmetry will be also lowered if the M atom is

displaced along the z axis [52, 147].

The multidimensional potential energy surface Vexc (Q) of the excited P state is

usually represented in a one-dimensional scheme as a double-minimum curve with the

minima at Qexc 5 Q
!
6 D Q (where D Q represents the displacement from the ground-

state equilibrium con® guration: Qg 5 Q
!
) and a central energy barrier (® gure 11(b)).

With such a surface, the vibrationless level of the T
" u

state is split by the tunnel eŒect

into a set of levels. Moreover, the Q
!

con® guration of the excited state does not
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Hg/Kr Hg/Xe

Figure 11. Scheme of absorption and emission transitions between the ground-state (single
minimum) surface of an M } G centre and its excited single-minimum (left) and double-
minimum (right) surface. The absorption and ¯ uorescence spectra of Hg in Kr and Xe
matrices correspond to these schemes (note the `triplet’ structure and the large Stokes
shift in the latter case).

correspond to an energy minimum so that a `vertical ’ excitation of the ground " S
!
state

at Q 5 Q
!

prepares the P state with the vibrational energy excess D Evib E
Vexc (Q

!
) 2 Vexc (Qexc ), that is with the simultaneous excitation of phonon modes

including the non-totally symmetric e
g
and t

# g
modes. The ¯ uorescence is emitted after

thermal equilibration of the excited M*} G centre from the Qexc con® guration(s) to

excited vibrational (phonon) levels of the ground state which implies a red shift in

emission. Since the symmetry of the Qexc con® guration is lowered, one can expect the

breakdown of the selection rules which are valid in the higher-symmetry Q
!

con® guration.

It is important to note that in the initial Oh symmetry the orbital moment of the M

atom is not completely quenched as evidenced by the gorb values deduced from the

MCD spectra [148] and by a partial conservation of the D L 5 6 1 selection rule (see

section 6.1).

This picture, neglecting the spin ± orbit interaction, corresponds to the weak L E S

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1
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coupling limit. In the strong-coupling limit, the $ P
!
, $ P

"
and $ P

#
components of the $ P

state (the $ P
#

splits into T
# u

and E
u

in the Oh point group) and the # P
" / #

and # P
$ / #

components of # P may be considered as individual states (see section 3.2). Large

diŒerences between D m abs gas-to-matrix shifts in the # S
" / #

! # P
" / #

and # S
" / #

! # P
$ / #

of Ag

and Au may be related to the diŒerent shapes of their orbitals resulting from diŒerent

p r E p p mixing (Clebsch ± Gordan) coe� cients. The same is true for the $ P
!

and $ P
"

states of Hg atoms ; the $ P
!

state is nearly isotropic as shown by its projections on the

np states whereas the m
J 5 0 component of the $ P

"
state is strongly anisotropic. The

M E G interactions in the $ P
!

state are much weaker than in the $ P
"

state as evidenced

by their sensitivity to the host ; the diŒerences between the emission frequencies (the

strongly forbidden " S
!

! $ P
!
absorption is not observed) of Hg atoms in Kr and Xe are

600 cm±
" for $ P

!
and 3000 cm±

" for $ P
"
. The $ P

!
E $ P

"
mixing induced by the M E G

interaction is negligible as shown by a dramatic diŒerence in their radiative properties
[57].

A more e� cient mixing of excited states is expected in the intermediate L E S

coupling case. The decay processes of Ag} G centres (see section 7.2) correspond

probably to this case but the interpretation of complicated relaxation paths in these

systems is still uncertain.

The only study of M(P)} G centres by ESR spectroscopy was carried out for

ground-state ( # P) Al and Ga atoms in Ne, Ar, Kr and Xe matrices [50]. Their spectra

were analysed using the theory of the Jahn ± Teller eŒect in ESR previously developed

by Ham [149]. The spectra are completely diŒerent from those of atoms in the # S
" / #

states; they show a pronounced anisotropy, which indicates a breakdown of the

spherical symmetry of the M } G centres and its axial symmetry. The values of the

gyromagnetic parameter g are intermediate between those expected for the free atom

in the L 5 1 state and the free electron; the orbital moments are thus partially but not

completely quenched. The hyper® ne structure of the Al } Kr spectrum assigned to the

coupling with the ) $ Kr nuclei may be ® tted by assuming the existence of 5 6 1 nearest

neighbours. All these results indicate a large deformation of the MG
" )

`cluster ’ due to

the anisotropy of M E G interactions.

5.1.3. # D states of M } G centres

The # D excited states of Cu, Ag and Au atoms with ((n 2 1)d) * (ns) # con® gurations

deviate from the spherical symmetry of their ground ((n 2 1)d) " ! (ns) " # S
" / #

states. The

screening of the hole in the nd shell by the ns electrons is, however, so e� cient that the

interaction of the M atom with its environment is almost isotropic and its strength is

entirely determined by the ns electrons as in the case of MG diatomics (section 4.1.2).

In fact, the matrix shifts are nearly the same for # D and # S levels so that the spectra of
# D ! # S transitions are much less sensitive to the host than those of # P ! # S ones

(sections 5.2.2 and 7.2).

5.2. Electronic spectra of M } G centres

The spectra of metal atoms of groups I and II corresponding to the ns ! np

electron promotion have many common features and may be presented all together.

Similar features are observed also in the case of the (n 2 1)d ! np excitation, for

example in that of the ((n 2 1)d) " ! (ns) " # S
" / #

! ((n 2 1)d) * (ns) " (np) " # P
J

excitation in

atoms of group IA. In both cases, we are dealing with the transitions between a

con® guration with a spherical (or quasispherical) symmetry and that involving an

anisotropic p orbital.
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5.2.1. Essential parameters of absorption spectra

The spectral data for a few selected M } G systems are given in tables 14 and 15. As

already mentioned (sections 2.3.2 and 5.1.1) their absorption spectra are characterized

by

(i) a more or less resolved multiplet (`triplet ’ in most cases) structure,

(ii) large widths ( d m abs E 100 ± 400 cm±
" ) of absorption bands and

(iii) large frequency shifts with respect to the positions of the lines in the free (gas-

phase) atoms with a pronounced dependence on the G host.

We shall now discuss these in more detail.

(i) The structure of the absorption band due to intrinsic eŒects must be separated

from the eŒects resulting from the presence of multiple sites. This may be realized

either by suppression of less stable sites by annealing or by recording excitation

spectra of individual ¯ uorescence bands (for example [52]).

In a number of M } G systems the bands corresponding to a single free-atom

transition are split in one site into a few (usually three) component bands

separated by an interval D
i
. This structure is either completely resolved as in the

case of the Li } Xe and Na } Xe (® gure 14, later) centres whereas for Li } Ar the

individual transitions appear as shoulders of a single broad band [62, 63]. In

several systems (such as Mg } Ne [56] and Hg } Ar [57]), only one band is observed,

the splitting probably being smaller than the widths of component bands.

This structure is induced by the dynamic Jahn ± Teller eŒect. The splitting is

observed for M } G centres with the Oh symmetry in the ground electronic states

(Na } Xe [146], Cu} Xe and Ag } Xe [49] centres) as evidenced by their ESR. The

absence of the level splitting in the ground electronic state is a proof that this eŒect

cannot be explained by the static crystal ® eld. Still stronger arguments in favour

of the dynamic eŒects are deduced from the MCD spectra with the signs and

intensity ratios which cannot be ® tted by the models assuming either multiple sites

or crystal-® eld eŒects and are consistent with the Jahn ± Teller mechanism [60 ± 64,

136, 150].

The splitting mechanisms are, to our best knowledge, not completely

elucidated. Such a splitting is expected for potential energy surfaces with multiple

minima but we would also expect its strong dependence on the properties of M } G

centres (strength of the M E G interaction). As can be seen in table 15, the D
i

intervals vary little and in an erratic way. The absence of a clear dependence of D
i

on the nature of the guest ( " P, # P and $ P states ; diŒerent van der Waals radii) and

of the host is surprising. There is for example no signi® cant diŒerence between the

band splitting for the Zn} Ar, Mg } Ar and Sr } Ar [136, 148] in spite of a large

diŒerence in their van der Waals radii equal to 1.35, 1.5 and 2.0 A/ respectively
[128]. We observe some tendency for a decrease in the average splitting in the

Ar ! Kr ! Xe series for Zn and Cd but this rule does not hold for alkalis. Such

constant values of D
i
are still more surprising in view of the large variation in the

widths of absorption bands in the same class of systems (see below).

(ii) It may be easily shown by the FLN technique (see section 2.3.2) that the width of

the absorption bands is essentially homogeneous and due to the excitationof local

phonons simultaneously with the electronic excitation of the M atom (phonon

side band). Since the frequencies of lattice modes are a few or a few tens of

reciprocal centimetres, the phonon levels form at Evib E Vexc (Q
!
) 2 Vexc (Qexc ) a

dense quasicontinuum. The level widths of excited phonon states (determined by

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



528 C. CreU pin-Gilbert and A. Tramer

Table 15. Total absorption bandwidths d m abs , total emission bandwidths d m em bands, partial
widths d m part of absorption components, widths D c due to cubic modes, widths D nc due to
non-cubic modes, splitting D

"
and D

#
of the absorption `triplets’ and Stokes shifts D m St in

a few selected systems.

M } G d m abs
a d m part

b D c D nc D
"

D
#

d m em D m St References

Li } Ar 880a " 500 330 180 320 300 1050a 3650 [50, 60]
Li } Kr 700a 150 ± 300 180 310 300 300 1030a 4400 [175]
Li } Xe 600a 50 ± 100 180 210 340 250 1150a 5600 [127, 175]
Mg( " P

"
) } Ar 815 350 380 450 205 210 485 1880 [56, 136]

Zn(" P
"
)} Ar 1120a 350 D c ’ D nc 280 350 1155

1640
2700
6350

[52, 148]

Zn(" P
"
)} Kr 700a 250 D c ’ D nc 200 240 1150

1500
5330
8470

[52, 148]

Zn(" P
"
)} Xe 650a 200 Ð 175 165 NFc [52]

Hg( $ P
"
)} Ar 430 NRd Ð NRd 400 710 [57]

Hg( $ P
"
)} Kr 340 NRd Ð NRd 420 800 [57]

Hg( $ P
"
)} Xe 330 E 100 Ð 100 80 1200 2950 [57]

a Estimated from ® gures in publications.
b Very rough estimations from unresolved band contours.
c NF, non-̄ uorescent.
d NR, non-resolved bands.

their rapid relaxation times) are also of the order of 10 cm±
" so that the structure

of the phonon bands cannot be resolved. The main parameters of the band are its

width d m abs (the width d m part of an individual component band in the case of

multiplets) and the shift with respect to the purely electronic transition:

m abs 2 ( m
! !

)matr corresponding to the average energy transferred to phonons, that is

© m ph ª . Both d m abs and © m ph ª indicate the strength of the electron ± phonon coupling.

m abs and d m abs may be directly measured but in order to determine © m ph ª we must

know ( m
! !

)matr , the frequency of purely electronic transition of the M atom in the

matrix. It corresponds to the frequency of the zero-phonon line but this line is

usually missing in the spectra of M } G centres.

In the absence of the zero-phonon line, this frequency may be only estimated

in speci® c cases of the so-called mirror-image symmetry of absorption and

emission bands [151]. If both bands have roughly the same contours and the

Stokes shift d m
St 5 m abs 2 m em is of the same order of magnitude as their widths, one

can suppose that absorption and emission take place without a major change in

the con® guration of the centre (Qexc E Qg). In this case, the average energy

transferred to phonons is the same in absorption as in emission : © m ph ª abs 5
© m ph ª em . Since m abs 5 ( m

! !
)matr 1 © m ph ª abs and m em 5 ( m

! !
)matr 2 © m ph ª em , one can

consider that the frequency of the 0E 0 transition is

( m
! !

)matr E
( m abs 1 m em )

2
. (5.1)

In the absence of mirror-image symmetry the estimations of ( m
! !

)matr are

uncertain and it seems better to use d m abs for the analysis of the band shapes

assuming that © m ph ª abs is of the same order of magnitude as d m abs .

If the multiplets (`triplets’ ) in absorption spectra are considered as partly

overlapping but not interacting transitions to diŒerent levels of the excited state,
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only the widths d m part of individual components have a physical meaning. They

may be considered as a measure of the degree of deformation of the M } G site

induced by excitation of the M atom. Unfortunately, the published absorption

spectra do not contain any quantitative analysis of band contours so that our

rough estimations of partial and overall bandwidths given in tables 15, 17 and 21

are deduced from published spectra in a more or less intuitive way. They show,

nevertheless, a strong dependence of d m abs on the G host : a decrease in the

bandwidth in the Ar ! Kr ! Xe series which may be related to a decrease in the

electron ± phonon coupling ( r E p eŒect) with increasing cavity size and initial M E G

distance.

In view of the diŒuse unresolved contour of the phonon band, it is not possible

to learn from absorption spectrum which lattice modes are active. This

information may be, however, deduced from the spectroscopic moments of

absorption and MCD spectra through the D #c and D #nc parameters which represent

the squares of the average values of energy transferred to cubic (totally symmetric

a
" g

) and non-cubic phonon modes (see section 2.3.3, equations (2.10) and (2.11)).

The sum D c 1 D nc is not always equal to d m abs because of the limited accuracy of

measurements but we are interested rather in the D c } D nc ratio than in their

absolute values. The energy of the totally symmetric modes indicates the amount

of isotropic expansion or contraction of the G
n

solvation shell conserving its Oh

symmetry, whereas that of the non-cubic (e
g

and t
# g

) modes indicates the degree

of deformation of the cell. In the case of an ns ! np electron promotion we expect

an anisotropic deformation of the cell resulting from the ` r E p interaction’ , which

is more pronounced than its isotropic expansion (contraction). In fact, the non-

cubic modes contain an important (predominant in the case of Zn } G centres) part

of the phonon energy.

(iii) We are interested in the medium dependence of the frequency m
! !

of the purely

electronic (0 ± 0) transition but, as previously indicated, the observed frequency in

absorption m abs is a sum : m abs 5 ( m
! !

)matr 1 © m ph ª in which the © m ph ª term which is

usually not known. We are thus obliged to use D m abs 5 m abs 2 m gas instead of D m
! !

but, since © m ph ª E d m abs and d m abs varies within narrow limits, the D m abs 2 D m
! !

diŒerence is not very large and nearly constant.

The dependence of D m abs on the matrix is given for several selected transitions

in table 14. D m abs decreases systematically in the Ar ! Kr ! Xe series (as already

discussed in section 5.1.1) but all attempts to represent this dependence by simple

functions of matrix parameters were rather unsuccessful; the linear dependence

of D m abs on the polarizability a of the host [152] or on a } rvdW (M) (where rvdW (M)

is the van der Waals radius of the guest) [148] is observed only for limited number

of M atoms. In any case, such a dependence on a single parameter cannot be

expected because the D m abs frequency shift is a sum of two independent eŒects :

(a) the short range repulsive interaction which decreases when the vacancy radius

increases and

(b) the long range attractive interaction which increases with increasing host

polarizability.

The addition of both eŒects implies a better stabilization of the excited atom

in the heavy gas so that for a number of M atoms we have D m abs
" 0 for Ar and

Kr matrices and D m abs
! 0 in xenon.
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530 C. CreU pin-Gilbert and A. Tramer

The dependence of D m abs on the properties of the excited state of the M atom

appears also in the data of the tables 14 and 15. The values of D m abs and their host

dependence are similar for " P
"
" " S

!
transitions in Zn, Cd and Hg whereas this

eŒect is reduced for the Hg( $ P
"
) " Hg( " S

!
) transition. As previously discussed, the

anisotropy of the excited atom is stronger in the " P
"

than in the $ P
"

state so that

the diŒerence between equilibrium con® gurations of the ground and excited

states is more pronounced in the former than in latter case.

The diŒerence between # P
$ / #

and # P
" / #

states of Ag and Au atoms is also related

to the diŒerence in the shape of the mixed r 1 p orbitals of the X 5 "
#

and X 5 $
#

states.

5.2.2. Fluorescence spectra and lattice relaxation eŒects

The ¯ uorescence spectra are reported only for a limited number of systems (table

15). Several M } G centres are not ¯ uorescent because of a rapid non-radiative

relaxation (see section 6).

The essential parameters characterizing the evolution of the excited M*} G centre

during its lifetime is the ¯ uorescence-to-absorption shift (the Stokes shift D m
St 5

m abs 2 m em ) and the width d m em of the emission band (® gure 11). As previously discussed,

the `vertical ’ transition in absorption prepares the excited centre in the Franck ±

Condon (Q 5 Qg) con® guration which may not correspond to its energy minimum

Qexc so that m abs 5 ( m
! !

)matr 1 © m ph ª abs . The relaxation of the cage takes place on a

picosecond time scale so that the ¯ uorescence is emitted from the thermally

equilibrated centre with the Q 5 Qexc 1 Qg con® guration towards higher vibrational

(phonon) levels of the ground-state surface. As in absorption, a part of the energy

© m ph ª em is transferred to phonons so that the emission frequency is m em 5 m
! !

2 © m ph ª em .

The Stokes shift
D m

St 5 m abs 2 m em 5 © m ph ª abs 1 © m ph ª em

is thus equal to the sum of energies transferred to phonons in absorption and emission

transitions. © m ph ª em increases with increasing diŒerence between the shapes of the

ground and excited surfaces and the width d m em of the emission band, which is roughly

proportional to the slope of the ground surface at Q E Qexc , has a similar behaviour.

If the ground-state energy surface may be approximated by a parabola (or paraboloid),

© m ph ª em 5 Vg(Qexc ) 2 Vg(Qg) E (Qexc 2 Qg) # and d m em 5 ( ¥ Vg } ¥ Q)
Qg

) E (Qexc 2 Qg) are

correlated in a simple way.

In the spectra of large molecules in ¯ uid or solid solutions with unresolved

vibrational structures, we observe, as already mentioned, the so-called mirror-image

symmetry of absorption and emission spectra : similar shapes and widths of bands

( d m em E d m abs ) and a `normal ’ Stokes shift D m
St of the same order of magnitude as d m abs

[151]. Such a behaviour, which indicates that the equilibriumcon® gurationof the A } X

centre is nearly the same in the ground and excited state, is typical for molecules

weakly interacting with their medium. An `anomalously large ’ Stokes shift is observed

for molecules showing a drastic change in the dipole moment or the proton transfer in

the excited state.

In contrast with molecules, the mirror-image symmetry and `normal ’ Stokes shifts

are rather an exception in the case of M } G centres. Very narrow emission bands

correspond to transitions between electronic states in which the M E G interaction and

the con® guration of the centre are nearly the same. As already mentioned, the M E G

interactions in # S, namely (nd) " ! ((n 1 1),s) " , and in # D, namely (nd)* ((n 1 1)s) # states of

group IA atoms, are similar. In fact, the bands assigned to the # D ! # S forbidden
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transition in Cu} G and Au } G centres are signi® cantly narrower ( d m E 90 cm±
" ) [81]

than those of the # P ! # S emission ( d m E 1000 cm±
" ) of Ag} Ar [74, 135] and Cu} Ne

[79]. The narrowest band observed for metal atom in matrices ( d m E 30 cm±
" ) is that of

the forbidden intramultiplet # D
$ / #

! # D
& / #

transition in Au } G centres involving two

nearly identical con® gurations [81]. The Stokes shift is also anomalously small in the

case of the # D % # S transitions in Ag} Ar: m abs (determined by a two-photon

¯ uorescence excitation) amounts to 30 815 cm±
" while m em 5 30675 cm±

" and hence

D m
St 5 140 cm±

" [153]. Absorption frequencies of forbidden # S ! # D transitions of

Cu} G and Au } G centres are not known so that the values of the Stokes shift cannot

be determined but the gas-to-matrix shifts of emission bands are exceptionally small

( D m em is in the 30 ± 250 cm±
" range).

The d m em E d m abs and D m
St E d m abs relations are respected only in the Hg( $ P

"
) } Ar

and Hg( $ P
"
) } Kr cases [57] and, to some extent, in those of Zn( " P

"
) } Ar [52] and

Cd(" P
"
) } Ne [71] centres. The `normal ’ Stokes shift in these systems indicates that the

Qg and Qexc con® gurations are not very diŒerent (® gure 11(a)) but already for

Zn( " P
"
) } Kr and Hg( $ P

"
) } Xe we have D m

St ( d m abs 1 d m em and d m abs ’ d m em .

The `anomalously large ’ Stokes shift observed for the majority of M } G centres is

a signature of a large diŒerence between equilibrium con® gurations of the ground and

excited states (Qg) and (Qexc ) but it does not contain any direct information about the

Vexc (Qg) 2 Vexc (Qexc ) energy diŒerence (® gure 11(b)). Also it does not contain any

information about the geometry of the equilibrium con® guration in the excited state

of the M } G centre. One can guess from what we know about the ` r E p interactions’

that the symmetry of the MG
" )

`cluster’ is lowered so that one can expect a breakdown

(or softening) of the selection rules for emission from the Qexc con® guration.However,

no data showing a diŒerence between oscillator strengths in absorption and emission

are available.

In several cases, the emission spectrum is composed of two well resolved bands

(® gure 3). Such a behaviour was observed for the ® rst time for Na in diŒerent matrices
[131] and then for Ag } G [78, 79] (this case will be treated in section 7), Hg( " P

"
) } Ar and

Hg( " P
"
) } Kr [137]. It was shown in the latter case that the intensity ratio of two

emission components depends on the way the " P
"

level was populated: by direct

excitation or by recombination Hg+ 1 e. The origin of this doublet was elucidated in

the Zn( " P
"
) } G case [52, 154] ; two emission bands correspond to two diŒerent potential

energy minima populated at the sub-nanosecond time scale from the initially prepared

Franck ± Condon con® guration. It has been shown that the intensity ratio of the `red ’

to `blue’ emission component increases in a reversible way with temperature and that

the emission of the `red ’ form builds up with a delay suggesting that this state is

populated by two channels: a direct (Franck ± Condon)§`red ’ and indirect (Franck ±

Condon)§`blue’ §`red ’ relaxation. The data have been ® tted by a model of the

`blue ’§`red ’ transition through a potential energy barrier of 40 cm±
" for Zn } Kr and

130 cm±
" for Zn } Ar with a temperature-dependent rate. The barrier height of

380 cm±
" calculated using the cluster model (see below) is too high but of a good order

of magnitude.

In the absence of information about the equilibrium con® gurations of excited

M } G centres, computer simulation based on good knowledge of M* E G potentialsand

taking into account all coordinates of the system would be of the greatest interest.

Such a programme has not been undertaken up to now and it would probably

necessitate more re® ned potentials; the model assuming the additivity of two-body

terms seems to be too crude for reliable calculations.
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532 C. CreU pin-Gilbert and A. Tramer

Several attempts have been made in order to describe the behaviour of observed

systems by simple models taking into account a limited number of coordinates. The

present authors in one of their early papers [57] treated the case of Hg } G (G 5 Ar, Kr

or Xe) centres. The validity of two-body potentialswas assumed and only the Hg atom

was allowed to move within the rigid G
" )

frame. It has been shown that in the system

in which the equilibrium distance in the excited P state of the HgG complex is shorter

than the Hg E G distance in the Hg } G centre, the energy minimum corresponds to the

Hg atom approaching closely one of G atoms. Similar results may be obtained by

deformation of the G
"
¼ G

%
square to a rhombus with a decrease of two M E G

distances and an increase in the two other distances. Such deformations imply a

breakdown of the fourfold symmetry of the site: the D
%

h ! C
#

v transition in the former

and D
%

h ! D
#

h transition in the latter case. Among the Hg } G centres, this condition is

ful® lled only for Hg } Xe and Hg } CH
%

[155]. Calculations of the same type lead to the

same conclusions in the case of the Na } Ar system [145].

A more re® ned model was recently proposed for the Zn( " P
"
) } G systems taking into

account two possible deformations : symmetric contraction of the G
%

shell (called by

the authors `waist vibrational mode’ ) and displacement of the M atom along the np

orbital axis (`body mode ’) [52, 147, 156]. The scope of this treatment was to explain

the presence of two well separated bands in the ¯ uorescence spectra of Zn( " P
"
) } Ar and

Zn( " P
"
) } Kr. On the basis of calculations carried out for a ® nite ZnAr

n
cluster, two

minima were assigned respectively to the con® guration with the compressed G
%

shell

(the `blue ’ form) and to the Zn atom displaced to the interstitial site with a

simultaneous displacement of one Ar atom (the `red ’ form).

A more complete treatment has been applied to the study of the `lattice’ relaxation

in a large mixed rare-gas cluster XeAr
n

following excitation of the Xe atom to the

Rydberg state [157, 158] (see section 7.5) but this case is simpler, the M* E G potential

being isotropic for the M atom in the Rydberg state.

It seems possible to undertake now calculations of equilibrium con® gurations of

excited M*} G centres (and of their M*G
n

models) followed by the study of lattice

relaxation processes using molecular dynamics techniques. The best object for such

studies would be the system involving the M atom with a simple electronic structure

and weakly polarizable host such as the Li } Ne centre and LiNe
n

cluster.

6. Radiative and non-radiative transitions

6.1. General remarks

We are interested here in the eŒects of the M E G interactions on the radiative and

non-radiative transitions in a metal atom involved in an MG complex or in an M } G

centre. The D L 5 6 1, D J 5 0, 6 1 (J 5 0 " r ! J 5 0), D S 5 0 selection rules for

radiative transitions that are valid in the central ® eld of a free or only slightly

perturbed (Hund’ s case c) M atom will be modi® ed in a diatomic MG complex of axial

(C ¢ v) symmetry. In Hund’s case a only K 5 r L
z
r and X 5 r J

z
r are good quantum

numbers so that selection rules are D K 5 0, 6 1, D X 5 0, 6 1. In the intermediate case,

the degree of conservation of the atomic selection rules indicates the strength of the

M E G perturbation.

In a highly symmetric (Oh) ground state of an M } G centre, J is still a good

quantum number and even the orbital moment is not completely quenched (see

sections 5.1 and 5.2). One can expect D J 5 0, 6 1 and even the D L 5 6 1 rule to be

valid in absorption. However, if the emission takes place from a con® guration of lower
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symmetry, the rigidity of atomic selection rules may be attenuated. This eŒect may be

described in terms of the mixing of states allowing the `intensity borrowing’ from

allowed transitions.

The rate of the non-radiative relaxation between diŒerent excited and ground

states of molecular systems, when allowed by symmetry, is determined to a large extent

by interstate energy gaps D E. A common feature of MG and M } G systems is that their

bonding energies are small compared with the energy gaps. As a rule, the energy of the

v 5 0 level of the second excited state (M**G) is higher than the dissociation threshold

of the ® rst excited (M*G) state. The M**G E M*G coupling is weak because of a small

overlap between vibrational functions of the bound M**G state and the M* 1 G

dissociation continuumand rapidly decreases with increasing D E. In the same way, the

energy minimum of the M**} G state in the matrix is isoenergetic with a dense

continuum of high M*} G levels. According to the energy gap law [159], the coupling

strengths and relaxation rates decrease exponentially with the number of phonons

necessary to ® ll the M**} G E M*G gap. In view of the low frequencies of accepting

phononmodes ( m ph E 20 ± 50 cm±
" ), the relaxation rate becomes negligibly low for large

D E values.

In fact, the non-radiative relaxation rates of excited M**G and M**} G states are

often so low that their decay times are close to the radiative lifetimes of free M atoms

(corrected in the case of matrices for the refractive index of the medium). A rapid

electronic M**§M* relaxation may be expected only in the case of an intersection (or

quasi-intersection) of their potential energy surfaces. One can also expect an

acceleration of the M**§M* process in presence of intermediate M´ levels (EM**
"

EM´
" EM*) so that the energy gap in each (M**§M´ and M´§M*) step is smaller

than in the M**E M* step. This pathway may be more e� cient than the direct pathway

even when the M** % M´ and M´ % M* coupling is weak.

We shall apply this point of view to the analysis of actually available and still

fragmentary data concerning:

(a) forbidden transitions in absorption (¯ uorescence ± excitation) spectra of Ag [65]

and Al [99] in jet-cooled complexes and of Ag [78, 132, 135], Pd [127] and Ca [160]

in rare-gas matrices,

(b) the singlet ± triplet (" P§$ P) relaxation of group II and IIA atoms (Mg, Zn, Cd and

Hg) in complexes [32, 33, 39, 56, 91, 93] and matrices [58, 70, 71, 137, 147, 154]

investigated also by theoretical methods [40, 125, 126, 161],

(c) radiative and non-radiative transitions between # P, # D and # S states of Cu, Ag and

Au atoms in rare-gas matrices [78 ± 81, 135, 153, 162] and

(d ) the intramultiplet relaxation within the $ P state of Hg in complexes [37, 163] (see
[161] for theory) and matrices [57] and the # D

$ / #
! # D

& / #
and # P

$ / #
! # P

" / #
transitions of Au [81] and Tl [70].

6.2. Forbidden transitions in absorption

The mixing of np (ungerade) with ns and nd (gerade) orbital functions, strictly

forbidden in free atoms, may occur when the inversion symmetry of the M atom is

broken by the M E G interaction. This eŒect was observed for Rydberg transitions in

the AlAr and AlKr jet-cooled complexes [99], in which several lines are assigned to 4f
" 3p, 5f " 3p and 6p " 3p transitions induced by the contamination of 3p or nf

atomic orbitals by corresponding d orbitals. The redistribution of the oscillator

strength of allowed transitions among a number of forbidden transitions was also
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534 C. CreU pin-Gilbert and A. Tramer

observed for Pd [127] and Cu [132] atoms in matrices. In the same way, the absorption

and MCD spectra of Cu and Ag in Ar, Kr and Xe matrices corresponding to the

4p " 3d transitions in the m 5 40000 ± 56 000 cm±
" range contain several features

absent in the spectra of free atoms [79, 162]. The spectra may be correlated with those

of free atoms [164] by assuming an extended mixing of states diŒering by their L, S and

even J quantum numbers [132].

The mixing of states is obviously more e� cient in the case of densely spaced levels

but the assignments of such complicated spectra with overlapping bands are not

always unambiguous. Detection of forbidden transitions in simple, well resolved

spectra is therefore of special interest.

Such a transition forbidden by the D L 5 6 1 rule was found in the excitation

spectrum of the Ca( $ P) ! Ca( " S) phosphorescence in Ar matrices [160]. It contains,

besides a strong 23698 cm±
" band of the " P " " S transition (23652 cm±

" in the gas

phase), a weaker narrow line at 22188 cm±
" assigned to the " D " " S transition

expected in the free atom at 21849 cm±
" . Its oscillator strength is obviously due to the

" P % " D mixing favoured by a small energy gap between the two levels. The structure

of the Ca} Ar site is not known but it seems plausible to assume a multisubstitution site

with a symmetry lower than Oh . The intensity ratio of the forbidden to the allowed

transitions is not known and the radiative lifetime of the " D level could not be

determined because of its rapid non-radiative relaxation.

The perturbation of the allowed # P
$ / #

" # R
" / #

transition (correlated to the atomic
# P

$ / #
" # S

" / #
) in the ¯ uorescence excitation spectrum of the jet-cooled AgAr complex

is due to the coupling of the # P
$ / #

( # P
$ / #

) state to a state correlated to the atomic # D
& / #

state (probably a # P
$ / #

state). From the shift of the perturbed levels, the electronic

coupling matrix element may be estimated as Vel 5 20 6 5 cm±
" , indicating the

breakdown of the symmetry of the Ag atom in the AgAr complex [65]. This result is

of interest in view of the role of the D states in the decay of # P
" / #

,
$ / #

states of Ag in

matrices (section 7.2).

6.3 Singlet ± triplet relaxation

The dependence of the " P
"
§$ PJ intersystem crossing rates k

ST of MG complexes

and M } G centres (where M 5 Mg, Zn, Cd or Hg) on the nature of the G partner

illustrates more general rules concerning relaxation mechanisms of weakly bound

systems. The " P
"

states of unperturbed M- atoms decay by the " P
"

! " S
!

radiative

transition with a rate of the order of 10 * s±
" . This implies that an MG (M } G) system

excited to the " P
"

state will show a strong ¯ uorescence provided that the intersystem

crossing rate k
ST does not exceed 10 * s±

" . In contrast with this, the ¯ uorescence is

completely quenched for k
ST ( 10* s±

" . Note that the relative populations of ® nal $ P
J

levels may be determined in the case of MG complexes by the laser-induced

¯ uorescence from the metastable $ P
J

atoms and in that of the matrix, by recording the

long-lived $ P
J

! " S
!

emission.

In the MG complexes the decay of the C " P
"

state correlated to the " P
"

state of the

atom is purely radiative with a negligible yield of the $ P
J

atoms in the case of MgAr,

MgXe [92, 93], ZnAr [91], CdNe, CdAr and CdKr [39] complexes. HgNe, HgAr, HgKr

and HgXe complexes are strongly ¯ uorescent and the yield of Hg $ P
J

atoms is weak

if any [94]. On the other hand, the ZnXe and CdXe complexes are not ¯ uorescent (the

lifetime of the C " P
"

state being of the order of a few picoseconds). The pre-

dissociation of the excited complex yields metal atoms in metastable $ P
J

states,

uniquely in the $ P
#

state in the case of Cd while for Zn the concentration ratio
[$ P

#
] } [ $ P

"
] is of the order of 10 [32, 33].
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Photophysics of metal atoms 535

The M(" P
"
) } G centres in matrices (where M 5 Mg, Zn, Cd or Hg) show a similar

dependence on the rare gas host [52, 56, 58, 71, 137, 147] ; in Ar matrices all M } G

centres decay by the prompt " P
"

! " S
!

¯ uorescence which indicates that k
ST ’ 10 * s±

" .

In Kr matrices, besides the singlet state emission ( s E 1 ns), the emission from the $ P
J

state with a long decay time of 9 ms is observed for Mg} Kr [56]. The long-lived

phosphorescence (lifetime longer than 1 l s) was observed also for Zn } Kr [52] and

Cd} Kr [71]. The rate of the " P
"
§$ P

J
relaxation is low because no signi® cant

shortening of the " P
"

decay time is observed. In the Hg } Kr system, the relaxation is as

selective as in the CdXe complex and populates uniquely the $ P
#

level decaying by the

long-lived $ P
#
! " S

!
emission [58]. In all M } Xe centres, the " P

"
! " S

!
¯ uorescence is

entirely quenched and only the $ P
J

! " S
!

emission is observed. In the case of Hg the
$ P

#
and $ P

"
levels are populated but the decay time of the $ P

"
! " S

!
emission, much

longer than the intrinsic lifetime of the $ P
"

level, indicates that the relaxation

corresponds to a sequential process : " P
"
§$ P

#
§$ P

"
with a rapid " P

"
§$ P

#
and slow

$ P
#
§$ P

"
step so that the $ P

#
! " S

!
emission is still observed [58].

It is surprising that the relaxation rate depends so strongly on the rare gas while it

is almost independent of metal atom in spite of drastically diŒerent values of the

spin ± orbit coupling constant (from 40 cm±
" for Mg to 4265 cm±

" for Hg). It is,

therefore, impossible to correlate the observed diŒerences with the values of the

electronic singlet ± triplet coupling constants V
ST. On the other hand, the diŒerence

between the " P
"
± $ P

#
and " P

"
± $ P

"
energy gaps are not large enough for Cd or Hg to

explain the selective population of the $ P
#

states.

An alternative explanation was proposed in an early work by Breckenridge and

Malmin [165] and developed in further studies by Breckenridge and co-workers [40,

93, 125, 126]. In view of a strong dependence of the intersystem crossing rate on the

energy diŒerence between potential energy surfaces predicted by the energy gap law

(see above), the singlet ± triplet relaxation should be e� cient only in the case of a

crossing of the singlet surface with that of one of the triplet states issued from the $ P
J

states (® gure 12). The analysis of the potential curves of MG complexes suggests as the

most probable event a crossing of the curve of the strongly bound C " P
"

state with the
$ R

"
repulsive state correlated to the $ P

#
atomic state. In order to be e� cient for the

" P
"
§$ P

#
transition, the crossing must occur below the dissociation limit of the C " P

"
state and in the energy range accessible in a `vertical ’ transition from the ground state.

The probability of the crossing increases in the Ne ! ¼ ! Xe series since the strength

of the M*E G bond (the depth of the energy minimum) in the C " P
"

state increases

whereas the shape of the repulsive curve of the $ R
"

(calculated by ab initio methods or

estimated from experimental data) become more repulsive. This model is consistent

with experimental data obtained for 1:1 complexes and explains well the reasons for

the selective population of the $ P
#

state by deactivation of the " P
"

level in ZnXe and

CdXe complexes. It explains also qualitatively the relaxation of Hg } Kr and Hg } Xe

centres in matrices and may be extended to other types of relaxation process (see

below).

More recently, this model was applied to small MGn clusters [125] and to larger

clusters and matrices [126]. It has been shown that the main trends of processes

occurring in matrices may be reproduced but the results of computations were

extremely sensitive to the details of the M*E G potential. Unfortunately, the accuracy

of computed repulsive M*E G potential energy curves (non-accessible to any

experiment) is di� cult to appreciate. No experimental data for small clusters, allowing

a direct comparison with calculations, are actually available.
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Figure 12. For legend see opposite.
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Table 16. Energies of the lowest excited states of the free metal atoms of group IA.

Energy (cm
±

" )

Atom # P
" / #

# P
$ / #

# D
& / #

# D
$ / #

Cu 30535 30 784 11202 13 245
Ag 29552 30 472 30242 34 714
Au 37358 41 174 9161 21 435

Figure 13. Scheme of radiative and non-radiative transitions between # P, # D and # P´ (I, II and
III) levels of Ag} G and Au} G centres.

6.4. # P - # D coupling eŒects

Speci® c properties of the Cu} G, Ag} G and Au} G systems are due to the presence

of the # D
& / #

and # D
$ / #

atomic states below (in Cu and Au) or in a quasiresonance (in

Ag) with # P
" / #

and # P
$ / #

states involved in the resonance # P
" / #

,
$ / #

- # S
" / #

(np - ns)

transitions. The diŒerent behaviour of Cu and Au as compared with Ag is related to

this diŒerence between their # P± # D energy gaps (table 16 and ® gure 13).

The ¯ uorescence of Au atoms excited to the # P
" / #

state is completely quenched in

all rare-gas matrices. The observed emission spectrum corresponds to the # D
$ / #

! # S
" / #

and # D
& / #

! # S
" / #

forbidden transitions slightly shifted with respect to their gas-phase

frequencies with the lifetimes of about 0.25 and 1.5 ms respectively (the # D
$ / #

! # D
& / #

intramultiplet transition is also observed) [80, 81]. The absence of the allowed, short

lived # P ! # S ¯ uorescence shows that the # P§# D relaxation is rapid (krel
" 10 " ! s±

" ) in

spite of the large gap between the # P and # D levels.

A similar behaviour was observed for Cu atoms in Ar, Kr and Xe matrices yielding

the narrow-band emission spectra, # D
$ / #

! # S
" / #

and # D
& / #

! # S
" / #

with small gas-to-

Figure 12. Scheme of molecular states correlated to the " P
"
and $ PJ levels of the atoms of group

II metals (bottom) and (top) calculated shapes of C " P
"

and $ R
"

potential energy curves
of CdAr showing their crossing in the vicinity of the minimum of the C " P state. (From
[40].)
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538 C. CreU pin-Gilbert and A. Tramer

matrix shifts and non-exponential decay curves containing 1 ± 20 ms components [81].

On the other hand, in the Ne matrix the emission spectrum contains, besides the
# D

$ / #
! # S

" / #
and # D

& / #
! # S

" / #
bands (almost unshifted from the gas phase : D m m E g 5

1 8 and 2 15 cm±
" respectively) a broad ( d m E 1800 cm±

" ) band shifted by about

3400 cm±
" with respect to the # P

" / #
" # S

" / #
absorption band [79]. Its decay time of

6.9 ns, nearly the same as that of the Cu atom # P
" / #

state in the gas phase, s 5 7.3 ns,

indicates that the # P§# D relaxation rate does not exceed 1.5 3 10 ( s±
" .

It is known from the spectrum of AgAr complex (see above section 6.2 [65]) that

the couplingbetween the # P
$ / #

states correlated to # P
$ / #

and # D
& / #

states of the Ag atom

is strong. One can thus suppose that the P E D coupling in Cu and Au is also very

strong. Nevertheless, a relaxation rate as rapid as krel
" 10 " ! s±

" is surprising in view of

the large energy gap between # P and # D states. It may be tentatively explained by

assuming a deep energy minimum in the # P state (even more pronounced than in the

case of Ag), inducing a crossing with the shallow # D surfaces. The reduction of the

relaxation rate for Cu in Ne is consistent with this explanation and with the model of

Breckenridge and co-workers (the depth of minimum in the # P states is smaller in Ne

than in other hosts).

It is interesting to note that upon the excitation of higher levels of the Cu} Ne centre

in the 46800 cm±
" range corresponding to the (3d)* (4s) " (4p) " " (3d) " ! (4s) " ( # P " # S)

transitions, the same # P ! # S emission spectrum is observed but with an approximately

8 ns rise time and an apparent decay time of 50 ns. The 8 ns time is obviously that of

decay while the 50 ns component indicates that the # P emitting level is populatedby an

indirect relaxation path from the initially excited (3d)* (4s) " (4p) " to the emitting

(3d) " ! (4p) " level involvinga long-lived intermediate state. This state may be tentatively

identi® ed as one of higher D levels with the (3d)* (4s) " (4p) " con® guration [79, 132].

A detailed discussion of complicated relaxation paths of Ag} G centres is delayed

to section 7.2. We shall stress only the role of transitions between the # P
$ / #

, 2P
" / #

and
# D

& / #
quasiresonant states [78, 79, 135, 153]. Each of them may be selectively excited

by one-photon ( # P " # S) or two-photon ( # D " # S) absorption. Upon the excitation of

the highest ( # P
$ / #

) level, the ¯ uorescence spectrum is composed of a prompt, strongly

red-shifted # P ! # S ¯ uorescence and of a narrow-band # D
& / #

! # S
" / #

emission with a

1.8 l s lifetime. This lifetime, shorter by one order of magnitude than that of the # D
& / #

levels of Cu and Au, indicates a further non-radiative relaxation of the # D
& / #

level with

a rate of the order of 5 3 10 & s±
" . The presence of a long ( s ( 200 ns) component in the

decay of the # P ¯ uorescence shows that low levels of the # P state are populated through

this channel. Such a `reversible ’ # P§# D§# P relaxation path is surprising.

6.5. Intramultiplet relaxation

The radiative transitions between diŒerent components of a multiplet are strictly

forbiddenin the electric dipoleapproximation in atoms and molecules. The experiment

shows that non-radiative processes are also ine� cient in MG complexes and M } G

centres.

The # D
$ / #

level of Cu atoms in rare-gas matrices has a decay time of the order of

1 ms in spite of a small # D
$ / #

± # D
& / #

energy gap of about 2000 cm±
" . For Au atoms, with

a larger gap of about 12000 cm±
" , the relaxation is so ine� cient that the weak line

corresponding to the # D
$ / #

! # D
& / #

radiative transition with the 0.25 ms decay time is

observed in all rare-gas hosts [81]. The radiative transitions are observed also between

the # P
$ / #

and # P
" / #

(X1 and X2) components of the ground state of T1 atom in Ar, Kr

and Xe matrices when the X2 state is populated from the Rydberg # S
" / #

state (the decay
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time of this emission and the lifetime of the X2 state have not been reported) [160].

Note that the # P
$ / #

! # P
" / #

radiative transition may borrow its intensity from the

allowed # P
$ / #

! # S
" / #

in view of the # P
" / #

E # S
" / #

mixing allowed by the reduced symmetry

of the site. The # D
$ / #

E # P
$ / #

mixing in the Au case is much less e� cient.

The problems of the intramultiplet relaxation between the states correlated to the
$ PJ atomic states have been studied in a detailed way for Hg in complexes and

matrices. A better understanding of its mechanism was attained by extending the list

of complex partners and hosts to small molecules such as CH
%
, CF

%
and N

#
.

In HgG complexes [36, 109] and Hg } G centres [57] (G 5 Ne, Ar, Kr or Xe) the

rate of the non-radiative $ P
"
§$ P

!
relaxation is so low that the decay time of the

$ P
"

! " S
!
¯ uorescence is the same as the radiative lifetime of the free atom (corrected in

matrices for the refractive index of the medium). The intensity of the $ P
!
! " S

!
emission induced in matrices by the $ P

"
§$ P

!
relaxation is negligible. The $ P

#
§$ P

"
relaxation is also extremely ine� cient in Kr matrices so that the $ P

#
state decays by the

forbidden $ P
#
! " S

!
emission with 220 ms decay time. This process is accelerated but

still very slow in the Xe matrix [58].

The rates of the intramultiplet transitions are strongly enhanced when the

symmetry of the complex is lowered by interaction with a molecule of a lower

symmetry. The key experiment was a study of the ¯ uorescence excitation spectrum of

the linear Hg [ N
#

complex, conserving the C ¢ v symmetry of a diatomic in its

vibrationless level [36, 37, 161, 163]. When the complex is excited to the vibrationless

level of the 0+ state or to vibronic levels involving only the Hg E N
#

stretching mode, its

¯ uorescence lifetime remains equal to that of the Hg atom. On the other hand, upon

the excitation of the bending mode which implies a deviation from the linear

con® guration, the complex lifetime is reduced by the $ P
"
§$ P

!
(0+ §0±) relaxation

followedby dissociationof the weakly bound 0± state. In this system, the non-radiative

rates do not exceed 10 ) s±
" but in Hg complexes with molecules of lower symmetry

such as the H
#
O the nonradiative process is so rapid that the ¯ uorescence is entirely

quenched [166]. The $ P
"

" r ! $ P
!

selection rule is related to the symmetry of the

system as shown by the analysis of the coupling patterns within the $ P multiplet [161].

The same scheme may be applied to Hg atoms in matrices ; the lifetime of the $ P
"

level

of Hg is reduced from 60 to 5 ns in a CF
%

matrix (non-cubic monoclinic lattice) with

the appearance of a strong $ P
!

! " S
!

emission [167]. In N
#

matrices with the S
’

site

symmetry, the $ P
"
§$ P

!
relaxation takes place on the subnanosecond time scale so

that the emission from the $ P
"

state is entirely quenched. The relaxation on the

subnanosecond time scale is observed also in mixed Kr E N
#

matrices for Hg atoms

having at least one nitrogen molecule as the nearest neighbour [168 ± 171]. The rapid

relaxation is observed also for Hg [ H
#
O and Hg [ NH

$
pairs in rare-gas matrices

doped with small quantities of water or ammonia [172].

The available data concerning the intramultipletnon-radiative transitions between
# P

" / #
and # P

$ / #
or # D

$ / #
and # D

& / #
states of the metal atoms of group IA and III are

fragmentary. More data and a general theory of environment-induced transitions

between sublevels of atomic multiplets in MG and M } G systems would be of the

greatest interest.

7. Selected M E G systems

In the sections 3 ± 6 we focused our attention on the general properties of the

systems involving metal and rare-gas atoms. In this section we discuss brie¯ y

individual features of four groups of atoms. We include also a discussion of the

Rydberg states of MG and M } G systems.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1
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Table 17. Main parameters of absorption and emission spectra of Li and Na atoms in rare-gas
matrices : absorption frequencies m abs (gravity centres of `triplets’ ), emission frequencies
m em , the Stokes shift D m St, splitting D

"
and D

#
of `triplet’ bands in absorption, absorption

bandwidths d m abs and emission bandwidths d m em .

M } G
D m abs

(cm
±
" )

D
"

(cm
±

" )
D

#
(cm

±
" )

d m abs

(cm
±
" )

d m part

(cm
±
" )

D m St

(cm
±

" )
d m em

(cm
±
" ) References

Li } Ar 1 5 305 285 880a " 500 3650 1050a [62, 176]
Li } Kr 2 90 360 260 700a 150 ± 300 4400 1030a [176]
Li } Xe 2 210 380 375 600a 50 ± 100 5600 1150a [62, 176]
Na} Ar violet 1 2535 310 380 1000a Ð b NOc NOc [54, 131]
Na} Ar blue 1 1385 320 310 Ð b Ð b 3650 950a

5100 1200a [54, 131]
Na} Ar red 1 35 370 245 Ð b Ð b 2700 E 1000a

4000 E 1000a

Na} Kr blue 1 635 285 215 950a 250 ± 300 3400 825a

5400 1000a [131]
Na} Kr red 2 165 E 275 Ð b Ð b 2900 800a

Na} Xe blue 1 835 415 320 900a 100 ± 250 3000 Ð d [53, 63]
5400 Ð d

Na} Xe red 2 365 600 405 Ð b 3850 Ð d

4350 Ð d

a Estimated from ® gures in the references.
b Not measured because of overlapping bands.
c NO, not observed.
d Imprecise at the limit of the detecting system.

7.1. Alkali metals

The spectra of MG complexes (essentially Li and Na) have been extensively

studied. We have at our disposal detailed spectroscopic data for the NaNe [38, 82],

NaAr [83, 84], NaKr [85] and NaXe [86] diatomic jet-cooled complexes and more

limited information about Li complexes [83, 173]. As previously indicated, their

ground # R +

" / #
states correlated to the # S

" / #
atomic state are weakly bound while the

strongly bound # P
" / #

and # P
$ / #

states and the dissociative # R
" / #

state are correlated

to the ® rst excited # P
" / #

,
$ / #

state of the atom.

The absorption spectra of alkali metals in rare-gas matrices have been known since

the early days of the matrix technique [29, 174, 175]. In table 17 we list the available

data for the main Li } G site and for two (three) types of Na } G centre. The data for

K } G [46] and Rb } G [143, 176] systems are fragmentary.

The spectra consist of two (or three) `triplets’ corresponding to diŒerent sites ; the

intensity of the `red ’ triplet absorption is strongly reduced by annealing while the

`blue ’ absorption is not modi® ed [54, 131] (® gure 14). In the case of Na, it has been

shown that their intensity ratio depends on the deposition conditions; the `blue ’

absorption is enhanced when, in the sample deposition, the laser ablation or discharge

technique is used instead of eŒusion from the Knudsen oven. A new absorption

component, a `violet ’ triplet due to a third type of site, appears upon laser ablation of

the metal sample. This dependence was tentatively explained by a diŒerence in kinetic

energies of alkali atoms; the high-energy atoms penetrate into well organized layers of

the rare gas crystal forming stable (`blue’ ) sites whereas the slow atoms (trapped at the

surface defects) form `red ’ sites [53 ± 55, 130]. The existence of the `violet ’ site is
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Figure 14. Dependence of the absorption spectra of Na } Xe centres (formed using laser
ablation technique) on the deposition temperature T 5 10 K (top) and 30 K (bottom).
(From [54]).

explained by depositionof the small Na+ ion which occupies a `crowded ’ (interstitial?)

site conserved after the Na+ 1 e± recombination [55].

The structures of `red ’ (less stable) and `blue’ (more stable) sites cannot be

unambiguously determined by experiment but some indications may be deduced from

the ESR spectra ; for K } Ar [46] and Rb} Ar [143] centres the HFS coupling constant

A is increased with respect to the free atom ( D A } A
!
E 0.07) in `blue ’ sites whereas in

the `red ’ sites D A } A
!

E 2 0.01. Slightly smaller eŒects are found in the Li} Ar case [45].

Such an enhancement of the A constant indicates a contraction of the ns orbital in a

`crowded ’ `blue ’ site (see sections 2.3.1 and 5.1.2). One can thus suppose that the

`blue ’ sites are one-atom substitution sites whereas the `red ’ sites correspond to more

extended (four-atom?) vacancies. As previously discussed, the nearly constant values

of D
"

and D
#

splitting of absorption bands are surprising in view of the strong

dependence of the widths d m part of individual triplet components on the host and site.

Many attempts have been undertaken in order to calculate the spectra of Li } G and

Na } G sites [46, 113 ± 118, 145, 146]. The most stable structures of the M } G centres were

determined by the Monte Carlo or simulated annealing techniques using well known

atom ± atom potentials. The excited-state energies corresponding to these con-

® gurations were evaluated, the M* E G interaction being expressed either by pseudo-

potentials [115, 116, 145] such as those used by Baylis [88] and his followers [91, 177]

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



542 C. CreU pin-Gilbert and A. Tramer

Table 18. Absorption spectra of the group IA atoms in Ar, Kr and Xe matrices

m (cm
±

" )

M 5 Cu M 5 Ag M 5 Au

Band Ar Kr Xe Ar Kr Xe Ar Kr Xe

A # P
$ / #

" # S
" / #

33465 32480 31 240 33440 32360 31055 43935 42790 40 735
33060 32170 30 965 32895 31950 30675 43365 42300 40 260

B # P
" / #

" # S
" / #

32570 31830 30 750 31745 31055 29850 38895 38125 36 645
C # D

& / #
" # S

" / #
30815 30440 30400

30720

or by the two-body potentials deduced from the spectra of diatomics [142, 146] in a

direct (the bound # P state) or indirect (the dissociative # R state) way. The absorption

from diŒerent ground-state energy minima were then simulated in a semiclassical

Condon approximation. A quantitative agreement with experiment was not achieved

but the basic properties of M } G centres were reproduced; in a recent publication [118]

it was shown that the most stable Na } Ar site is the one-atom substitution site (with an

energy of about 1200 cm±
" above that of the free Na atom and the neat Ar matrix) and

that its spectrum is a triplet (owing to the removal of the degeneracy of the # P state)

with an average blue shift of 800 cm±
" with respect to the free atom line (compared

with the experimental value of 1400 cm±
" [54]). The spectrum obtained by assuming an

isotropic M*E G interaction in the excited state [113] disagrees with experiment (the

absorption blue shift is severely overestimated).

The ¯ uorescence spectra of Li } G and Na } G centres show bands signi® cantly

broader than in absorption and large (`anomalous’ ) Stokes shifts (table 17). The

¯ uorescence spectra of Na } G obtained upon the excitation of `red ’ and `blue’ bands

are diŒerent what con® rms their assignment to diŒerent sites. They are composed in

each case of two well resolved bands corresponding probably to two energy minima at

the potential energy surfaces of the excited states. Such surfaces with the energy

minima strongly displaced with respect to the ground state equilibrium con® guration

have been obtained in simple model calculations [146].

7.2. Metals of group IA (Cu, Ag and Au)

The spectra of diatomic MG complexes are not known except for AgAr [65]. On

the other hand, the absorption and MCD spectra [59, 64, 150] as well as ¯ uorescence

spectra [78 ± 81, 135, 132, 162] of Cu, Ag and Au in matrices have been studied in detail.

This group of atoms represents a nice example of transition from the weak spin ± orbit

coupling limit (Cu) through an intermediate case of Ag to the strong-coupling limit for

Au and of the # P E # D interaction (see section 6.4). As previously discussed (section

5.1.1), these atoms occupy single substitution sites with the Oh symmetry.

The # S ! # P transition gives rise to `triplets’ in the matrix spectra. In those of

Cu} Ne, Cu} Kr and Cu} Xe centres, three bands are nearly equidistant (tables 18 and

19) ; the spin ± orbit coupling is so weak that the # P
" / #

and # P
$ / #

states are mixed, as

evidenced by identical emission spectra and lifetimes upon excitation of each of these

states. In contrast, the absorption spectra of Au } G centres suggest that the # P
" / #

and
# P

$ / #
states (the latter split into two components) conserve their individual character.

Unfortunately, the ¯ uorescence spectra and lifetimes are reported only for the # P
" / #
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Table 19. Fluorescence spectra of Ag atoms in Ar, Kr and Xe matrices [78, 80, 153].

Ar Kr Xe

m
(cm

±
" )

Excitation
bandsa

s
(ns)

m
(cm

±
" )

Excitation
bandsa

s
(ns)

m
(cm

±
" )

Excitation
banda

s
(ns)

# D
& / #

! # S
" / #

30665 A, C 1800 E 30400 (vw) Ð Ð Ð
# P ! # S

" / #
I 27250 A 5 24100 A 9 18200 A " B 25

II 23650 A, B 10b 20200 A, B 18 14700 A, B 60
III 21900 A, B 14b, c 19050 A, B 24

a Presence of the A, B and C bands in the excitation spectrum.
b A rise time of a few nanoseconds upon excitation in the A bands.
c The decay contains a long ( s " 200 ns) component upon excitation in the A bands.

and not for the # P
$ / #

excitation. In the case of Ag } G centres, unequal ( D m 5 1130 and

550 cm±
" ) energy gaps between components of the # S ! # P `triplet ’ suggest also that

the # P
" / #

and # P
$ / #

states are not completely mixed. This suggestion is con® rmed by the

diŒerence in ¯ uorescence spectra and decay shapes upon the selective excitation of

individual absorption components.

The decay processes of excited Cu} G and Au } G centres were presented in section

6.4. We shall complete this discussion with that of the more complicated case of the

Ag} Ar centre. Its emission spectrum contains a long-lived # D
& / #

! # S
" / #

emission and

a prompt ¯ uorescence composed of a broad band in the near ultraviolet (I) and of a

double band in the visible (II and III). The intensities and decays show an unusual

dependence on the excitation frequencies. The I and # D
& / #

! # S
" / #

emission bands are

observed only upon the excitation in the A band (i.e. of the # P
$ / #

state) and show

exponential decays corresponding to a direct population of emitting levels from the

initial Franck ± Condon state. The Stokes shift of the band I is about 6000 cm±
" which

indicates a large diŒerence between the initial (Franck ± Condon) and ® nal # P(I)

con® gurations. The II and III emission bands appear upon excitation in the A band as

well as in the B band. Their decays upon the excitation of the lower B state are also

exponential and seem to correspond to two diŒerent # P(II) and # P(III) con® gurations

showing very large (about9000 and about 10500 cm±
" ) Stokes shifts. The decays of the

II and III components are more complex in the case of the A-band excitation; both of

them show rise times of a few nanoseconds which suggest that the # P(II) and # P(III)

con® gurations are populated not directly but through the short-lived # P(I) state.

Moreover, a very long component in the # P(III) decay indicates that a non-negligible

part of its populationtransits through the long-lived # D
& / #

level (® gure 13). The natures

of con® gurations I, II and III are not known. We do not see any arguments in favour

of correlation between these states and the # P
" / #

and # P
$ / #

states of the initial

con® guration conserving the Oh symmetry.

The rates of the relaxation processes are enhanced in Kr and Xe matrices ; the
# D

& / #
! # S

" / #
emission is very weak in Kr matrices and completely vanishes in Xe;

deviations from the exponential form of # P ¯ uorescence decay disappear. This

diŒerence may be due to a more rapid transfer through the # D
& / #

state or to a direct

relaxation within the # P state bypassing the # D
& / #

level for energy reasons [78, 80, 135].

Fluorescence decays observed upon the excitation of higher levels (corresponding

to 4d ! 5p atomic transition) have complex forms and their mechanisms have not yet

been completely elucidated [162, 178].

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



544 C. CreU pin-Gilbert and A. Tramer

7.3 Metals of groups II and IIA

Mg, Zn, Cd and Hg form a group for which we have at our disposal an

exceptionally rich amount of information. The spectra of jet-cooled MG complexes

have been reported for Mg [92, 93, 97, 98, 103, 104, 179], Ca [180, 181], Zn [30, 32, 91],

Cd [33, 39, 182] and Hg [35, 36, 94± 96, 100, 109, 183, 184] as well as for ionic M+Ar

complexes of Mg+ [185] and Hg+ [101, 186, 187]. In addition, absorption and emission

spectra in rare-gas matrices have been studied for Mg [56], Zn [52, 147, 156], Cd [71]

and Hg [57, 58, 138] and MCD spectra for Mg [136], Zn [149] and Hg [188].

In light atoms (Mg and Zn) the radiative singlet ± triplet transitions are too weak for

direct excitation of the $ P state (and related molecular states) so that attention was

focused on the lowest " P
"

single state. The triplet state may be, however, attained using

the techniques which prepare atoms in metastable $ P
!

and $ P
#

states, forming

metastable triplet states of M*G complexes [30, 103, 181]. In the case of Hg and Cd,

the oscillator strengths of the $ P
"

" " S
!

transitions are large enough for direct

excitation of triplet states in jets and matrices.

The main parameters of the ground and excited states of MG complexes are given

in table 20 whereas the characteristic features of M } G spectra may be found in table

21. In view of the large amount of data available for the whole family of group II

atoms, it is interesting to make some more general remarks.

Interatomic distances in the ground states of MG complexes are close to the

nearest-neighbour distances in corresponding G crystals, so that all M atoms (with the

possible exception of Mg) may occupy one-atom substitution sites.

The M E G bond in the ground states of complexes is weak and its enhancement

upon the excitation to the C " P
"

( " P
"
) state, expressed by the ratios Dexc } Dg of the

ground-state to excited-state dissociation energies depends strongly on the G atom.

Dexc } Dg varies from 2 or less for Ne up to 20 for Xe complexes. However, its

dependence on the M atom is less pronounced (table 20). The Dexc } Dg ratio is smaller

here than in the case of alkali metals, this diŒerence being due to an e� cient screening

of the [X]# + ionic core by an ns electron in the excited [X]# + (ns) " (np)" con® guration

which is absent in the [X]+ (np)" con® guration of an alkali atom. The diŒerence

between Dexc } Dg ratios and Re equilibrium distances for MG complexes in the singlet

( " P
"
) and the most stable component ( $ P ± 0+ ) of the triplet state show that the M E G

bonding is stronger in the singlet state.

The spectra of M } G centres in matrices show the same general tendencies. Their

characteristic parameters, namely the gas-to-matrix frequency shift D m abs , its de-

pendence on the host, D m abs (Ar) ± D m abs (Xe), and the Stokes shift D m
St, are very similar

for the " P
"
" " S

!
transitions of all M atoms. In the case of Hg, all values are reduced

in the $ P
"

" " S
!

compared with the " P
"
" " S

!
transition. Unfortunately, similar data

for other M atoms are not available.

The size of the Stokes shift is obviously related to the degree of deformation of the

M } G site re¯ ecting the strength of the r̀ ± p ’ M*E G interaction (see section 5.2). This

strength may be deduced from the spectra of MG complexes. We have no information

about the repulsive (r ) interaction along the axis of the np orbital. However, one can

assume that the attractive ( p ) interactionof M with the G atoms contained in the nodal

plane of this orbital is closely related to the strength of the M* E G bond in the P states

of such complexes. The initial con® gurationprepared by the `vertical ’ excitationof the

ground-state con® guration will thus be unstable if the M*E G equilibrium distance

Rexc in the excited P state is signi® cantly shorter than the M E G distance in the ground

state of the M } G centre which is supposed to be equal to the nearest-neighbour
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Table 20. Equilibrium distances Re and dissociation energies De of Mg, Zn, Cd and Hg
complexes in their ground and valence excited states.

Ne Ar Kr Xe

M
Re

(A/ )
De

(cm
±

" )
Re

(A/ )
De

(cm
±

" )
Re

(A/ )
De

(cm
±
" )

Re

(A/ )
De

(cm
±
" ) References

X " R +

!
( " S

!
)

Mg 4.40 23 4.49 83 Ð Ð 4.56 94 [92, 93]
Zn 4.16 27 4.18 E 75 4.2 115 4.38 162 [32, 91]
Cd 4.26 39 4.3 106 Ð 129 4.23 276 [33, 39, 189]
Hg 3.9 46 3.99 142 4.07 178 4.25 254 [94, 100]

C " P
"

(" P
"
)

Mg 3.85 53 3.27 368 Ð Ð 3.07 1500 [92, 93]
Zn 3.48 81 2.97 706 2.79 1466 2.86 3241 [32, 91]
Cd 3.61 89 3.28 544 3.17 993 3.04 2485 [33, 39]
Hg 3.4 89 3.28 486 2.93 1410 2.95 3463 [94 ± 96]

a $ P E 0
±

($ P
!
)

Zn Ð Ð 3.30 330 Ð Ð Ð Ð [30]
Hg Ð Ð 4.33 110 Ð Ð Ð Ð [100]

A $ 0+ ( $ P
"
)

Cd 3.62 77 3.45 325 Ð 513 [39]
Hg 3.47 67 3.36 350 3.52 520 3.25 1460 [35, 100]

B $ 1 ($ P
"
)

Hg 4.92 13 4.70 53 4.57 96 4.47 172 [35, 100]

b $ 2 ($ P
#
)

Zn Ð Ð 3.23 487 Ð Ð Ð Ð [30]
Hg Ð Ð 3.31 437 Ð Ð Ð Ð [100]

MR+ ion: X # R +

Mg 3.30 163 Ð 1270 Ð Ð Ð Ð [185]
Hg Ð Ð Ð 1630 Ð 3170 Ð 6033 [101, 186]

distance Rlatt in a pure G crystal. In table 21 we report the diŒerences D R 5 Rlatt 2 Rexc

together with the values of the Stokes shift. A `normal ’ Stokes shift, of the order of the

sum of widths of the absorption and emission bands, is observed only for Hg } Ar and

Hg } Kr in their $ P
"

states and for the Cd} Ne " P
"

state for which D R does not exceed

0.6 ± 0.7 A/ . The `anomalous shifts’ ( D m St ( d m abs ) correspond to D R " 0.7 A/ ; the only

exception to this is Hg( " P
"
)} Ar.

The Jahn ± Teller splitting of absorption bands is observed for almost all systems.

Its absence in the spectra of Hg } Ar and Hg } Kr centres may be explained by large

widths of the overlapping component bands.

The problem of the " P
"
§$ P

J
and $ P

J
§$ P

J ´ relaxation processes was discussed in

sections 6.3 and 6.5

7.4. Metals of group III (B, Al, Ga, In and Tl )

The ® rst transition in the absorption spectrum of these atoms is the (ns) # (np) "

# P ! (ns) # ((n 1 1)s) " # S Rydberg transition.

The fundamental # P (ns) # (np) state is split into # P
" / #

and # P
$ / #

components with the

splitting increasing from 10 cm±
" in B to 7793 cm±

" in T1. In MG complexes, a further

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



546 C. CreU pin-Gilbert and A. Tramer

Table 21. The gas-to-matrix shifts D m abs , splitting, D
"

and D
#

of the absorption bands, total
absorption bandwidths d m abs , partial absorption bandwidths d m part , D R parameters,
Stokes shifts D m St and emission bandwidths d m em .

M } G
D m abs

(cm
±
" )

D
"

(cm
±

" )
D

#
(cm

±
" )

d m abs

(cm
±

" )
d m part

(cm
±
" )

D Ra

(A/ )
D m

St

(cm
±

" )
d m em

(cm
±

" ) References

Mg( " P
"
) } Ne 1365 NRb 815 Ð Ð Ð Ð [136]

Mg( " P
"
) } Ar 455 200 200 815 E 350 0.56 1880 485

Mg( " P
"
) } Kr 210 200 215 620 E 250 Ð 1730 565 [56, 136]

Mg( " P
"
) } Xe 2 1055 140 160 650 E 200 1.34 7130 1320

Zn(" P
"
)} Ar 1610 400 240 1120 E 400 0.86 2700 1155

6360 1640

Zn(" P
"
)} Kr 320 310 245 700 E 250 1.26 5330 1150 [52, 149]

8470 1500

Zn(" P
"
)} Xe 2 1280 475 220 700 E 250 1.55 NFc

Cd(" P
"
)} Ne 1880 420 390 1340 E 400 Ð 1570 810 [71]

Cd(" P
"
)} Ar 1670 365 335 1155 E 350 0.55 2500 880

Cd(" P
"
)} Kr 450 310 155 855 E 250 0.88 2750 1035

6035 1350

Cd(" P
"
)} Xe 2 1135 210 220 725 NRb 1.37 NFc

Hg( " P
"
)} Ar 2050 NRb Ð NRb 0.55 2900 1000

5250 1400

Hg( " P
"
)} Kr 450 NRb Ð NRb 1.12 4200 E 1500 [58]

6350 E 1800

Hg( " P
"
)} Xe 2 1600 NRb Ð NRb 1.46 NFc

Hg( $ P
"
)} Ar 1250 NRb 430 NRb 0.47 710 400

Hg( $ P
"
)} Kr 750 340 NRb 0.53 800 420 [57]

Hg( $ P
"
)} Xe 50 80 100 330 E 100 1.09 2950 1200

a D R 5 Rlatt 2 Rexc , where Rexc is the M E G equilibrium distance in the " P (or $ P ) state of the
MG complex and Rlatt is the nearest-neighbour distance in the lattice of the neat G crystal.

b NR, non-resolved band structure.
c NF, non-̄ uorescent because of a rapid " P

"
§$ P

"
relaxation.

splitting due to the M E G interaction is the origin for three states which may be de® ned

at the weak spin ± orbit coupling limit (Hund’s case a) as X1 # P
" / #

and X2 # P
$ / #

bound

states and A # R +

" / #
repulsive state. In the strong coupling limit (Hund’s case c), we have

the X1 r J 5 "
#
, m

J 5 "
#
ª and A r J 5 $

#
, m

J 5 "
#
ª states with a mixed r p character, the

X
#

r J 5 $
#
, m

J 5 $
#
ª beinga purely p state. In general, the degree of mixing of the X1 # P

" / #
and A # R +

" / #
states depends on the relation between the strength of the spin ± orbit

coupling and on the energy gap D E(RM ± G) between the states. The observable is the

ratio of bonding energies of X1 to X2 states expected to be identical in the absence of

spin ± orbit eŒects ; the admixture of the repulsive r character in the X1 state implies a

decrease in its bonding energy while that of the X2 states is unaŒected. In fact, they are

nearly the same in the case of A1G complexes, which are close to the weak-coupling

limit, while their diŒerence is large for GaAr and GaKr and for heavier M atoms

belonging to the strong-coupling limit. The A # R +

" / #
( r J 5 $

#
, r m

J
r 5 "

#
ª ) state remains

repulsive in spite of its partial p character.

We have at hand a very limited amount of data concerning the ground states of
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Table 22. Splittings of # P
" / #

and # P
$ / #

states of M atoms, bonding energies De and equilibrium
distances Re in M E Ar complexes of group IIIA metals in X1 # P

" / #
and X2 # P

$ / #
states

correlated to the ground # P state of M and in the B # R +

" / #
Rydberg state. The values in

parentheses are from ab initio con® guration interaction self-consistent ® eld calculations
[103].

D
De (cm

±
" ) Re (A/ )

(cm
±
" ) X1 X2 B X1 X2 B References

BAr 10 ?(95) ? 1100 (455) (3.7) Ð (2.4 and 6.9) [106]
AlAr 112 151 6 65 183 6 44 409 6 65 Ð Ð Ð [190]
GaAr 826 30 6 20 120 6 40 455 Ð Ð Ð [191, 192]
InAr 2212 81 1 78 209 6 46 319 4.13 3.77 3.28 [102, 193]

2 10
TlAr 7793 140 6 10 310 6 10 300 1 110 ± 10 " 4.35 3.71 3.25 [31]

group III metals in matrices. Their ESP spectra show an important breakdown of the

Oh symmetry of M } G sites due to the axial symmetry of the M atom [50]. Besides an

early short report on In atoms in Kr and Xe matrices [194], more complete data are

available only for the T1} G system [31, 195]. Two emission bands corresponding to

B ! X1 and B ! X2 with the frequency diŒerence close to that of the # P
$ / #

± # P
" / #

splitting are observed with a large but not `anomalous’ , Stokes shift. The relatively

strong intensity of the X2 ! X1 emission corresponding in the weak-coupling limit to

the strictly forbidden # P
$ / #

! # P
" / #

transition may be explained by the # P
" / #

± # S
" / #

mixing

allowed in the D
%

h symmetry (see table 1).

7.5. Rydberg states

The low-lying Rydberg # S (ns) # ((n 1 1)s) states of the group III metals which may

be attained by one-photon absorption have been investigated in complexes with rare

gases [31, 105, 106, 190 ± 197], in clusters [112] and in rare-gas matrices [50, 70, 194,

195]. Otherwise, beside some isolated data for alkali atoms in MG complexes [101] and

Ag [81] and Cu [198] in matrices, rich material is available for the atoms of groups

II and IIA but only in MG complexes [30, 100, 103, 104, 180] and not in clusters or

matrices.

A characteristic feature of the Rydberg state spectroscopy is a drastic diŒerence

between the spectra of M } G centres and of M E G complexes which may be illustrated

by the case of T1 atom [31, 70, 195]. The Rydberg B # R +

" / #
states of T1G complexes are

more strongly bound than their ground states (table 22) so that the frequencies of

`vertical ’ transitions (those of the strongest bands in the excitation spectra) are red

shifted with respect to the free atom spectral line. In contrast, the absorption

maximum in the matrix of the same rare gas is strongly blue shifted (table 23). Nearly

identical shifts are observed for other metals of group III (table 24).

This diŒerence may be explained following the suggestions of Bondybey [160]. The

large bondingenergy of M*G complexes in the Rydberg state is due to the penetration

of the G atom within the extended ((n 1 1)s) Rydberg orbital of M* across a barrier at

a distance corresponding to the maximum overlap of M* and G orbitals (see section

4.1.4). In the best-known E $ R + state of the HgAr complex [100], a deep (De 5
1430 cm±

" ) minimum at RM E G 5 2.8 A/ is separated from the secondary shallow

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
3
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



548 C. CreU pin-Gilbert and A. Tramer

minimum at RM E G 5 6.95 A/ by an approximately 120 cm±
" barrier at about 5 A/ . This

con® guration is very far from that of the ground state of the Hg } Ar centre where the

Hg E Ar distance is 3.76 A/ for the 12 equivalent nearest neighbours. The `vertical ’

optical excitation gives the system a geometry in which all Hg* E Ar distances are close

to that of the energy barrier. If the additivity of M E G interactions is assumed, the sum

of repulsive terms due to 12 neighbours will be of the order of 12 3 120 E 1500 cm±
" .

The data for Hg } Ar are not available, but this rough estimation amounts to 50% of

the blue shifts observed for atoms of the group III in Ar matrices.

The ¯ uorescence spectra of T1} Ne, T1} Ar and T1} Kr centres show large but not

excessively large Stokes shifts of 2000 ± 2700 cm±
" , the emission frequency being close

to that of the free atom (table 23). The Stokes shift D m
St 5 4100 cm±

" and gas-to-matrix

shift of the emission frequency are much more pronounced in Xe matrices. It is di� cult

to say whether or not this shift is due to the penetration of one (or more than one) G

atom within the M*Rydberg orbital.

To our knowledge, transitions to higher Rydberg states (n 5 4 ± 10) involving the s,

d and f states of the metal atom have been studied for AlAr and AlKr complexes [99].

They show signi® cant and interesting deviations from the simple picture of a series of

states monotonicallyconverging to the AlAr+ or AlKr+ ions. In fact in AlAr the values

of D
!

increase monotonically with increasing n in all series but the vibrational

frequencies x e(n) of the ns (n 5 4 ± 7) states vary in an irregular way. Similar

irregularities are observed for AlKr [199]; the increase of the bonding energy from the

B(4s) to the H(5s) state (from 1000 to 1262 cm±
" ) seems to contradict the increase in

the equilibrium distance from 3.03 to 3.10 A/ . Several discrepancies may be explained

by avoided crossing with repulsive valence states [199]. On the other hand, assignment

of observed transitions to diŒerent Rydberg series is not always evident.

The spectra of high (n 5 8 to 10) Hg( $ S
"
) Rydberg states of HgNe and HgAr

complexes [200] may be described well in terms of the ionic Hg+ E G potential modi® ed

by the terms describing the n-dependent repulsion between the Rydberg electron of Hg

and the electron shell of the rare gas atom.

In matrices, higher Rydberg states for which the Rydberg electron radius is

signi® cantly larger than the interatomic distance usually show no (or little) correlation

with isolated atom states and are treated in terms of Wannier excitons [17, 201].

The spectroscopy of Rydberg states of MG
n

clusters seems to be the best way to

follow the transition from the MG to the M } G structure. Unfortunately, the

structures of MG
n

clusters with the metal atom inside the cluster (intermediates

between MG diatomics and M } G centres in matrices) are unstable. For this reason, we

shall turn to the systems involving two diŒerent rare-gas atoms instead of a metal

atom: a heavy atom in the Rydberg state G* (e.g. Xe*) and one or more lighter atoms

G´ (Ne or Ar). The Rydberg state is here the lowest excited state of G. The

experimental data are available for mixed dimers (hetero-excimers) G*G´ [73,

202 ± 206], mass selected G*G!
n

clusters [157, 158, 207 ± 209] and G*G´ matrices [17,

210].

The bondingenergy of the mixed XeAr dimer is slightly increased upon the 5p ! 6s

excitation of the Xe atom (table 25). This bond is weaker than that of the Xe+Ar ion

in its ground or A # P J states. Obviously, the screening of the Xe ionic core is not

signi® cantly reduced by promotion of one the six 5p electrons to the Rydberg 6 s

orbital.

In matrices the lowest Rydberg states of G } G´ centres show blue shifts with respect

to the gas phase of the order of 5000± 7000 cm±
" (about 6500 cm±

" for Xe } Ar [17, 20])
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Table 23. Displacements of absorption maxima (in cm
±

" ) of the # P
" / #

! # S
" / #

transitions in TlG
complexes and of absorption and emission bands in Tl } G matrices with respect to the free
Tl atom [31, 70, 195].

G 5 Ar G 5 Kr G 5 Xe

Tl-G complex 1 120 C 0 2 180
Tl } G matrix, absorption 1 4120 1 1840 1 1400

emission 1 200 2 300 2 2650

Table 24. Gas-to-matrix shifts of the absorption bands in matrices.

D m abs (cm
±

" )

Ne Ar Kr Xe References

Al 5900 4120 1820 1640 [50]
Ga 5740 4360 1860 520 [50]
Tl 5900 4120 1840 1400 [31]

Table 25. Bonding energies of XeAr and XeAr+ in the ground and excited states [77, 204, 205].

Bonding energy (cm
±

" )
XeAr X " R + 130

¼ (6p)
& / #

227
¼ (6p)

$ / #
160 or 200

XeAr+ X # R + 1445
A1 # P

$ / #
548

A1 # P
" / #

875

equal to or even larger than those observed for metal atoms. The Stokes shifts are not

very large ; they amount in the case of Xe } Ar centres to about 3000 cm±
" [20].

A supplementary piece of information may be deduced from experimental and

theoretical studies of mixed clusters such as XeAr
n

studied in a wide range of cluster

sizes ( © nª 5 10 ± 150 000 in experiments [207 ± 209] and n 5 12 ± 200 in molecular

dynamics simulations [157, 158]). The ¯ uorescence excitation spectra of large XeAr
n

clusters consist of three broad absorption bands with blue shifts with respect to the free

atom: D m abs E 1900 cm±
" (band I), D m abs E 5000 cm±

" (band II) and D m abs E 6900 cm±
"

(band III is quasi-identical with the absorption of the Xe } Ar centre in matrices). They

are assigned to Xe atoms close to the cluster surface, in its peripheral layers and in the

centre of the cluster respectively. Their intensity ratios depend on the cluster size, the

spectrum of the largest clusters (n " 10000) being nearly the same as that of the Xe } Ar

matrix. The assignment is con® rmed by the ¯ uorescence spectra observed upon a

selective pumping of individual transitions. The 68100 cm±
" emission ( D m em E 0;

D m St 5 1900 cm±
" ) upon excitation in band I is assigned to Xe atoms ejected from the

cluster or weakly bound to its surface. A complex spectrum observed upon the

excitation in band III in the medium-sized clusters is composed of four bands with

intensities dependent on the cluster size and Stokes shifts of 3600, 4150, 5600 and

6800 cm±
" . The ® rst of these is nearly the same as in the Xe } Ar matrix whereas the

second corresponds to a more important modi® cationof the emitting centre. The third

and fourth emission components are also observed upon the excitation in band II.
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They correspond to Xe atoms in the `soft’ structure in the vicinity of the surface. The

last, with the frequency close to that of the free Xe atom, cannot be assigned to the

atoms rejected from the cluster and seems to be due to the formation of a `bubble’

around Xe* resulting from the repulsion of the host atoms. Such a `bubble’ model was

already proposed many years ago for the Rydberg (A # R + ) state of NO in rare gas

matrices [211] (see also [18, 19]). We do not have available any experimental data

(time-resolved emission spectra) which could indicate whether diŒerent emission

components are due to parallel or sequential relaxation paths.

The relaxation of excited G*G!
n

states was simulated using the molecular

dynamics method and the exp ± 6 Xe* E Ar potential. Such simulations show that the

bubble formation is a sequential process occurring on the 50 fs to 10 ps time scale
[158].

Further development of experiment and simulation will be important for a better

understanding of the dynamics of the G*G
n

and M*G
n

excited states of clusters with

a cautious extrapolation to G } G´ and M } G matrices.

8. Final remarks

A large amount of data collected for diatomic MG (metal ± rare gas) complexes allows

the establishment of some general rules concerning the bonding, structure and

dynamics of this class of molecular systems. Among the `holes’ in our knowledge, the

most striking is a very limited information concerning the radiative properties of MG

systems (breakdown of atomic selection rules, eŒect of the M E G interaction on the

oscillator strengths of transitions localized at the M atom, etc.).

We have tried to show that a detailed knowledge of MG spectra is a necessary

condition for good understanding of the properties of M } G centres in rare-gas

matrices. The case of the rare-gas complexes and matrices of the group II and IIA

metals is a good example of such a correlation. From this point of view, the absence

of experimental data for rare-gas complexes of the group IA atoms (except for AgAr)

is a handicap for the analysis of interesting results obtained for these systems in

matrices (see section 7.2).

The experimental data for matrices obtained by optical spectroscopy (including

MCD spectra) are abundant but have not been su� ciently analysed. We mentioned in

previous sections (section 5.2) that large changes in the widths of component bands of

the Jahn ± Teller `triplets’ and their nearly constant splitting are surprising and not

really correlated with the strengths of M E G interaction.

The analysis of optical spectra is uncertain as long as the symmetry and structure

of the M } G centres are not determined. Important and interesting information may

be deduced from ESR spectra but application of this technique to metal atoms in

matrices seems to have been out of fashion for the last 20 years. It is surprising that we

have at our disposal only one report on the ESR of M } G centres involving non-

spherical atoms in the # P ground state. It is also surprising that ESR spectroscopy was

never applied to excited states of M } G centres with non-zero orbital or spin moments.

Other techniques able to probe the environment of an atom, such as EXAFS or

resonance Raman spectroscopy have not been seriously employed.

The gap between diatomics and matrices can be, in principle, ® lled by a study of

MG
n

clusters. The attempts to follow this course were discouraged in view of the

weakness of the M E G interaction in the ground states of M atoms. Since the G E G

bonding energy is larger than that of M E G bonds, stable con® gurations of clusters

correspond to the M atom at the surface of a G
n

cluster. Are there any exceptions to
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this rule? If there are, spectroscopic studies of small clusters with the M atom inside

the volume would be of great interest; such systems would be ® nite analogues of the

in® nite MG ¢ cluster, that is an M } G centre in the matrix. In any case, the studies of

small (n 5 3 or 4) MG
n

clusters, for which the structures with the M atom at the top

of a triangular or square pyramid is expected, would produce a large amount of

information about the potential energy surfaces of many-body systems in their ground

and excited states. Such projects are realistic as shown by a few published results [112,

123]. Time-resolved ¯ uorescence spectra of mass-selected clusters would be extremely

valuable for better understanding of `anomalously large ’ Stokes shifts in matrices.

The ab initio and semiempirical calculations carried out for small clusters (mainly

NaAr
n
) predict their structures and spectra but could not be compared with

experimental data. A further development of such calculations in parallel with

experimental studies is needed. To our knowledge, no attempt to predict the

equilibrium con® guration of a cluster involving an M atom in the # S + " P ground state

has been reported.

This review is limited to metal atoms interacting with rare-gas atoms. There is

already a non-negligible number of publications devoted to complexes with simple

molecules and to metal atoms in molecular hosts. We referred previously to the results

obtained for HgN
#

complexes and Hg atoms in N
#

(or N
#
-containing) matrices,

important for understanding the mechanisms of non-radiative transitions between

electronic states (section6.5). Similar studieshave been performed for metal complexes

with methane (Cd \ CH
%

[212] and Hg \ CH
%

[213]) and for metal atoms in methane

matrices (Mg\ CH
%
[214] and Hg \ CH

%
[155, 215, 216]). Some of these are photoreactive

and a parallel studies of their spectra, relaxation paths and reactivity seem to be really

promising.
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