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The processes of large-scale atomic displacements induced by exciton self-trapping were studied using

the selective vacuum ultraviolet luminescence method. Models of Frenkel pairs creation in rare-gas crystals
are discussed with a focus on excited-state mechanisms of defect formation. A simple kinetic model of de-

fect accumulation in rare-gas samples is proposed.

PACS: 61.82.Ms Insulators;
71.35.—y Excitons and related phenomena;
78.55.Hx Other solid inorganic materials.
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1. Introduction

Rare-gas cryocrystals (RGC), or atomic cryocrystals,
are the model systems in physics and chemistry of solids,
and a lot of information about electronic excitations in
RGC has been documented in several books and Refs. 1-5.
As a consequence of the closed electronic shells, solid
Xe, Kr, Ar, and Ne are the simplest known solids of the
smallest binding energy ¢, between atoms in the lattice.
On the other hand, solid Ar and Ne have band-gap ener-
gies £, exceeding that of LiF and may be cited as the wid-
est band-gap insulators.

The subthreshold inelastic radiation-induced atomic
processes in RGC such as defect formation and de-
sorption under excitation by photons and electrons with a
kinetic energies below the threshold of knock-on of atoms
from the lattice sites were studied recently [5—10]. Our
study revealed that these processes have general simila-
rity, they are all pass through the stage of trapping or
self-trapping of mobile electronic excitations and, in
principle, may be considered within the context of a sin-
gle kinetic model [11,12]. However, to our knowledge,
the kinetic analysis of the dose curves of electronic exci-
tation induced accumulation of crystal lattice imperfec-
tions was not done up to now. In the present paper we pro-
pose the simple kinetic model for radiation-induced
defect accumulation processes, which may be used for
RGC certification and comparison.
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2. Experimental

The experiments were carried out at the SUPER-
LUMI-station at HASYLAB, DESY, Hamburg. The se-
lective photon excitation was performed by near-normal
incidence 2 m primary monochromator with photon flux
about 10'2 photons/s at spectral resolution AL = 0.2 nm.
The VUV-luminescence analysis was performed both
with low-resolution, AA = 2 nm, Pouey high-flux mono-
chromator equipped with a multisphere plate detector and
with high-resolution, AA = 0.1 nm, secondary 1 m
near-normal incidence monochromator equipped with a
position-sensitive detector. The experimental setup and
methods of sample preparation from vapor phase were de-
scribed in detail elsewhere [9]. The samples had diameter
1 cm and thickness 1 mm. The irradiated area of the sam-
ple was 4x0.15 mm and to verify the reproducibility of
the dose curves the several sequential independent irradi-
ations of the same sample were performed by using of a
sample movement mechanism.

3. Results and discussion

The electronic properties of RGC have been under in-
vestigation since seventies and now the overall picture of
creation and trapping of electronic excitations is basically
complete. Because of strong interaction with phonons the
excitons and holes in RGC are self-trapped, and a wide
range of electronic excitations are created in samples: free
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excitons (FE), atomic-like (A-STE) and molecular-like
self-trapped excitons (M-STE), molecular-like self-trap-
ped holes (STH) and electrons trapped at lattice imperfec-
tions. The coexistence of free and trapped excitations re-
sults in the presence of a wide range of luminescence bands
with well-studied internal structure in the emission spectra
of RGC (Fig. 1,a). Mutual interplay and evolution in time
of the intensity and shape of different luminescence bands
reveal the transformation of RGC crystal properties under
external effects [1-5]. On the other hand, the high sensiti-
vity of luminescence spectra to sample growing and excita-
tion conditions pose a real problem for comparison of data
from different samples [8—10].

The most prominent feature in luminescence of Xe, Kr
and Ar — the so-called M-band — is formed by
B3yt —>12;,' transitions in (R3) excimer M-STE (R —
rare gas atom). The negative electron affinity is a moving
force of the cavity («bubble») formation around A-STE in
the bulk of crystal, and the desorption of atoms and exci-
mers from the surface of solid Ne and Ar [4]. Radiative
«hoty transitions in desorbed excimers of Ar and Ne re-
sult in a W-band [2]. A-bands are emitted by A-STE (R™).
Recent study of charged centers in RGC reveals the na-
ture of H-bands. These bands correspond to the third con-
tinua in rare gas emission, which are formed by transi-
tions (R%)* — (R} ) in molecular ions. A tiny amount of
impurity Xe atoms in solid Kr results in the formation of
heteronuclear excited ions (KrXe+)* and a corresponding
H’-band [5]. Radiative decay of free excitons from the
bottom of the lowest I'(3/2), n =1excitonic band produces
strong lines (FE) in spectra of solid Xe, Krand Ar [2,13].

The analysis of the luminescence spectra of rare-gas
cryocrystals under different excitation conditions, excita-
tion energies and crystal-growth conditions made it possi-
ble to elucidate the internal structure of M- and A-bands.

Each of the M-bands can be well approximated by two
components (Fig. 1,0): low energy subband M| and high
energy one M, [7]. The subband M, is dominant in the lu-
minescence of more perfect samples. The spectra of sam-
ples with a great number of initial defects are mainly
determined by the component M;. This suggests that
the subband M, is emitted by the excitons, which are
self-trapped in the regular lattice, while the component
M, is emitted by the centers, which are populated during
trapping, that occurs with the lattice imperfections in-
volved. The excitation spectra of the M- and M;-sub-
bands were restored by decomposing the sequence of the
luminescence spectra measured at different excitation ener-
gies [7]. Using the restored excitation spectra the thresh-
old energies for the M, and M, subbands to appear were
determined. In all cases the excitation spectra of the
M, -subbands exhibit preferential excitation at energies
below the n =1exciton and prove a direct photoabsorption
by defect-related centers that produces the only M; compo-
nent in the spectra [14]. In all cases the transformation of the
M-band due to sample annealing or irradiation, resulting in
the lattice degradation, may be described by the intensity re-
distribution between two subbands A and M,.

The A-bands of solid Ar and Ne have two main subbands
Ay and 4, (Fig. 1,b). The band of the bulk emission associ-
ated with the transition 3P1—>ISO consists of a high-energy
component 4, stemmed from A-STE in a regular lattice and
a low-energy one, 4, which appears to be associated with
structural defects. Additional subband A4 stems from
desorbed atoms. The d component assigns to emission from
metastable 3P2 state. In previous papers [5,15] the subbands
d, Ay, Ay, A, were marked as d, b, by, b,. Similar structure
has 4-band of solid Ar [13].

The interatomic bond scission in the crystal lattice
may be stimulated either by elastic encounters between
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Fig. 1. Photoluminescence spectra of rare-gas cryocrystals at 7= 5 K. General view under excitation by photons with energies
hv =E, (a). Internal structure of luminescence bands under excitation by photons with energies: hvxe = 9.15 eV, hvg, = 11.21 eV,

hvar =13.57 eV, hvye = 20 eV (b).
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atoms composing solids and incoming particles or by cre-
ation of electronic excitations which transfer the energy
to a specified crystal cell. The energy stored by electronic
excitations in RGC is much higher than the binding en-
ergy €, and various trapping processes concentrate the
energy within a volume of about a unit cell. The ex-
tremely high quantum yield of luminescence [16] allows
one to neglect non-radiative transitions, and the popula-
tion of antibonding 1Zg ground molecular state is usually
considered as a main source of kinetic energy for a
large-scale movement of atoms finishing in the Frenkel
defects or desorption of atoms in the ground state — the
ground-state (GS) mechanism. On the other hand, the pro-
cesses of formation of A-STE and M-STE centers them-
selves are accompanied by a considerable energy release
to the crystal lattice, which also exceeds the binding en-
ergy €, [5]. Since the energy of STE is transferred into ki-
netic energy of atomic motion over a unit cell, the forma-
tion of three-, two-, or one-dimensional defects is ruled
out. In our case, only the point defects, Frenkel-pairs,
may emerge in the bulk of the crystal. Such an exci-
ted-state (ES) mechanism of the large-scale atomic move-
ment was studied recently [5,15,17]. Fig. 2 illustrates this
process schematically. The excited-state mechanism of
M-STE to Frenkel pair conversion in solid Xe, Kr and Ar
is supposed to occur by self-trapping of exciton in perfect
lattice (Fig. 2,a,b), and displacement of M-STE from
centrosymmetric position in the <110> direction and re-
orientation to the <100> direction to stabilize the defect
(Fig. 2,b,c) [17,18]. In the case of solid Ne the exci-
ted-state mechanism of A-STE to Frenkel pair conversion
occurs by self-trapping of exciton in the perfect lattice
(Fig. 2,d,e), accompanied by the strong repulsion of the
Rydberg electron of excited atom with a closed shell of
surrounding atoms and substantial local lattice rearrange-

Fig. 2. Scheme of the «excited state» mechanism of
Frenkel-pair formation induced by exciton self-trapping: into
molecular state (a), (b), (¢) and into atomic state (d), (e), (f).

Fizika Nizkikh Temperatur, 2007, v. 33, No. 6/7

ment, which leads to a «bubble» formation around the ex-
cited atom [15]. After the bubble formation the surrounding
ground state atoms are moved to the second shell and se-
cond-nearest neighboring vacancy-interstitial pairs could
create the permanent defects [19], which remain in the lat-
tice after exciton annihilation (Fig. 2,e,/). The time (or
dose) dependences of the «defect» components «1» — the
progress curves of the process of defect formation — tur-
ned out to be a very precise and sensitive tool to study the
defect accumulation processes in rare-gas cryocrystals
[5]. Figs. 3 and 4 show examples of such progress curves
of solid Xe and Ne under irradiation by photons with en-
ergies E<E, [5,15]. An increase in the intensity of the
defect component during irradiation reflects the accumu-
lation of stable long-lived defects in the lattice as a result
of exciton creation and self-trapping. Dose curves are sat-
urated at long time of irradiation. Additional source of
Frenkel pairs under irradiation by photons with energies
E> E, is a hole self-trapping [4], which is also accompa-
nied by creation of a metastable trapped centers [20] and
shows a pronounced dose dependence of H-band [21].

In all cases we can consider the process of defect for-
mation as a combination of three separate processes:

ky
E+T — MTE, (1)
k_y
MTE — T, 2)
ky
MTE - D. 3)

Process (1) is a trapping of mobile excitation, £, with a
rate constant &, on trapping center, 7, and formation of an
excited metastable trapped center MTE (A-STE, M-STE,
or STH), which may be considered as metastable
short-lived lattice defect. Schematically the process (1)
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Fig. 3. Dose dependence of subband M, of solid Xe excited by
photons with 4v=9.15 eV (dots) and fitting by Eq. (4) (solid
curve).
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Fig. 4. Dose dependence of subband 4; of solid Ne excited by
photons with 4v=20 eV (dots) and fitting by Eq. (4) (solid
curve).

corresponds to change Fig. 2,a,b in the case of exciton
self-trapping into molecular state, or Fig. 2,d,e in the case
of exciton self-trapping into atomic state. Radiative decay
of the short-lived MTE-center either returns the lattice
with a rate constant k_; into the initial state without per-
manent defect (process (2), transformations b—a and
e—d in Fig. 2 for molecular and atomic self-trapped ex-
citons, correspondingly), or forms the permanent defect
D (Frenkel pair) in the process (3) with a rate constant k,
(transformations b—c and e—f in Fig. 2 for molecular
and atomic self-trapped excitons, correspondingly). We as-
sume that low level of irradiation under steady state condi-
tions creates a constant low concentration of mobile exci-
tations, N, which is less then concentration of the
trapping centers, ny > N, and at the beginning of irradia-
tion (concentration of defects n p is small), defect concen-
tration grows linearly with time, np = A¢ (A4 =const). Lin-
ear growth of «1»-subbands at the beginning of irradiation
was experimentally detected in all experiments. The rate
equation for a number of MTE-centers per irradiated vo-
lume, n 75, 18 dnygp/dt =k\ngny —k_n e —konyrg
[11]. Irradiation-produced electronic excitations may be
either free, or trapped, N =ng +nyr. On the basis of
these assumptions the time dependence of luminescence
intensity of «defect» subband 7{(#) under steady-state
conditions may be expressed in a form

K
1(1) =11<0>+L—+’t, (@)

where /(0) is the initial intensity of «defect» lumines-
cence duetonp #0at¢=0[10], K =k,N is the satura-
tion value of 71(¢#)—1;(0)att —> oo, L =(k_y +k,)/(k14)is
a characteristic constant of a sample — under identical
excitation and detection conditions the sample with less
pronounced processes of defect formation will have a
higher value of L.
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Figures 3 and 4 show the examples of fitting by Eq. (4)
the dose curves of «defect» components «1» of solid Xe
and Ne. The fitting values of constants are K y, =1500
cps, K ne =620 cps, Ly, =40 min, Ly, =230 min, which
is in line with general increase of defect formation ef-
ficiency in the sequence Ne, Ar, Kr, Xe [4]. Linear trans-
formation of Eq. (4) in the form (Il(t)—ll(O))f1 =
=Kk JrL(Kt)f1 allows one to determine the values of
constants K and L from interceptions with axis of double
reciprocal plot of the straight line of data linear fit. Ana-
lytical application of the model enables one to compare
different rare-gas crystals with standard crystals and esti-
mate the radiation doses from initial part of the dose
curves [12].

In summary, the selective excitation of excitons in
rare-gas cryocrystals by photons with energies E<E,
results in accumulation of Frenkel pairs by intrinsic ex-
cited-state mechanism of defect formation via self-trap-
ping of excitons. The proposed kinetic model allows fit-
ting the experimental dose dependences of «defect»
subbands and obtaining the particular kinetic parameters.
This approach provides a way of qualitative and quantita-
tive analysis and certification of rare-gas crystals, which
is indispensable at any attempt of comparison of data
from different samples.
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