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This paper studies deformation-stimulated features of radiative relaxation of self-trapped excitons and
recombination assembly of exciton-like luminescence in RbI crystal. Methods of research were lumi-
nescence and thermal activation spectroscopy. The identity of the mechanism of manifestation of the
X-ray luminescence, tunnel luminescence and thermally stimulated luminescence spectra were found
in the elastically deformed RbI crystal, interpreted by the luminescence of self-trapped exciton, tunnel
recharge of F′ , VK -pairs and thermally stimulated recombination of e− , VK -centers, respectively.
The temperatures of the maximum destruction peaks of thermally stimulated luminescence, their spec-
tral composition and activation energies were determined experimentally, on the basis of which the
mechanisms of recombination assembly of exciton-like luminescences in a RbI crystal were interpreted.
Uniaxial elastic deformation leads to the effective formation of point radiation defects ( F′ , HA , VK -
centers) in comparison with an unbroken lattice, where the predominant mechanism is the association
of interstitial atoms ( H -centers) with the formation of I−3 -centers.
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Introduction

The reliably established mechanisms of the manifestation of the intrinsic lumines-

cence of alkali halide crystals (AHCs), which is carried out through a self-trapped

exciton state [1-3], formed due to the deformation of the crystal lattice, provides

the widest opportunities for further investigation of the radiative relaxation of

exciton-like structures with a decrease in the lattice symmetry [4-7].
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In AHCs, the molecular two-center structure of self-trapped excitons (STEs) is

very dependent (sensitive) on the symmetrical arrangement of crystal-forming

particles, and the slightest decrease in the lattice symmetry increases the prob-

ability of an unstable state of STEs ending in their decay, mainly through two

channels: primary radiation defects and luminescence [8-11].

Local deformations due to the difference in the sizes of both anionic and

cationic homologues [2, 5], point vacancy and radiation defects [12-13], as well as

uniaxial elastic deformation [6, 11, 14] have traditionally been used as reducing

the symmetry of the lattice of AHCs.

In the experimental plan, elastic deformation is successfully used not only as

a method of influencing the relaxation processes of STEs, but also for recognizing

the nature of luminescence in AHCs [15]. For the first time, low-temperature

uniaxial elastic deformation was used as an external perturbing factor that

reduces the lattice symmetry to solve the problem of the intrinsic or impurity

nature of Ex –luminescence in KI and RbI crystals [16]. The intensity of intrinsic

luminescence of exciton nature correlates with an increase in the degree of

elastic deformation, and the intensity of luminescence of impurity nature, on the

contrary, will decrease until it disappears, since the transfer of exciton energy to

impurities will worsen due to the inclusion of the mechanism of their self-trapping

in regular lattice sites [15].

Thus, the directed effect on the predisposing state of anionic excitons opens

up the possibility of studying the radiative relaxation of electronic excitations in

order to develop materials with specified optical characteristics, for example, as

high-speed scintillation detectors based on AHCs [17-18].

Experimental technique and research objects

The multifunctional spectral complex performs scanning of X-ray luminescence,

tunnel luminescence (TL) and thermostimulated luminescence spectra (TSL), as

well as integrated scanning of TL and TSL crystals using a high-power monochro-

mator MSD-2 and a photoelectronic multiplier of H 8259 type of the company

"Hamamatsu", operating in the photon counting mode, controlled by special pro-

grams SpectraScan and ThermoScan in a wide spectrum range of 200 ÷ 850 nm

and temperatures of 85 ÷ 400 K under the influence of uniaxial deformation

( ε = 0.1 − 1.2% ) under high technical vacuum conditions [19].

During scanning of each TSL spectrum in the specified spectral range, the sam-

ple temperature changed by 1.5 ÷ 2.0 K, i.e. it practically remains as stationary

radiation during scanning at a maximum speed (50 nm/s). TSL of the irradiated

crystals was recorded when heated at a constant rate β = 0.15 deg/s. The

crystals were irradiated with ionizing radiation using the RUP-120 X-ray machine.

The operating mode (W, 3 mA, 100 kV) of the installation practically does not lead

to the creation of radiation defects that distort the X-ray luminescence spectra

of crystals. The optical transparency of the spectral range ( 2.0 ÷ 6.0 eV ) is also

ensured by the fact that the maximum of the absorption band of the F -center

(1.87 eV) in RbI crystal is outside the studied region of the radiation spectrum.
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RbI single crystals were grown at the Institute of Physics of the University

of Tartu using the Kiropoulos method in an atmosphere of inert helium from

specially purified raw materials [20].

Experimental results and discussion

It is known that three STEs bands were registered in the X-ray and photolumi-

nescence spectra at a temperature of 4.2 K for RbI crystal, the maxima of which

are located at 3.9 eV ( σ ) and 2.3 eV ( π ), as well as 3.1 eV ( Ex ) [1-2, 8-10]. The

symbols σ and π indicate the polarization of the STEs radiation.

To date, the nature of Ex -luminescence in RbI and KI crystals has been

actively discussed, or at least there are two points of view. Most researchers

believe that Ex -luminescence is an intrinsic luminescence of STEs with a weak-off

configuration [8-9, 16, 21], and there is also an opinion that Ex -luminescence

refers to the emission of electron excitation involving a light sodium cation in RbI

lattice [11, 22-23].

The effect of uniaxial elastic deformation on the X-ray luminescence spectra

at 85 K is shown in Figure 1.

The boundary of elastic and plastic deformation is determined experimen-

tally by the linear section of the dependence of the intensity of σ - and Ex -

luminescence on the degree of deformation at which Hooke’s law is valid [16]. In

this regard, to create only the elastic part of the deformation, the crystals were

deformed at low temperature (85 K) within the range of ε = 0.8 − 1.0% in a

special cryostat under high technical vacuum conditions [19].

It follows from Figure 1 that in the absence of deformation in RbI X-ray

luminescence spectra at 85 K, one band of radiation with a maximum at 3.9 eV,

related to σ -luminescence, was extinguished compared to the intensity at 4.2 K

(curve 1). At the same time, the intensities of the luminescence band with maxima

at 3.1 eV ( Ex ) and 2.3 eV ( π ), which were recorded at 4.2 K, are at the limit of the

sensitivity of the equipment due to temperature quenching. The intensity ratios

of the luminescence bands with maxima at 3.9 eV ( σ ), 3.1 eV ( Ex ) and 2.3 eV ( π )

in the operating temperature mode of the equipment (85 K) are approximately

1 : 0.04 : 0.007 , respectively.

With an increase in the temperature of RbI sample from 4.2 → 60 K, the inten-

sity of π -luminescence (2.3 eV) increases, and the intensity of Ex -luminescence

(3.1 eV) decreases, and their temperature dependences resemble a χ -shaped

course. After 60 K, the luminescence intensity of both bands drops sharply and

an insignificant part remains, and at 80 K, a single σ -luminescence band (3.9 eV)

remains dominant.

It is known that in all AHCs, with an increase in temperature ( 4.2 → 80 K ), the

luminescence of STEs undergoes temperature quenching, as a result of which the

quantum yield of luminescence sharply decreases, and, accordingly, the radiation

intensity decreases by more than an order of magnitude, when compared with

the intensity at 4.2 K [24].

It follows from Figure 1 that the intensity of σ -luminescence (3.9 eV) increases
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Figure 1. X-ray spectra of RbI crystal measured at 85 K in the absence of deformation (curve 1) and at uniaxial elastic
deformation ε = 0.8 − 1.0% (curve 2). The dashed lines show the components of the spectrum decomposition into

elementary components. On the insert – TL in the absence of deformation (curve 1) and with uniaxial elastic
deformation ε = 0.8 ÷ 1.0% (curve 2) of RbI crystal, after irradiation with X-rays for 30 minutes at 85 K.

by more than 8 times in an elastic-deformed RbI crystal at 85 K, in addition, an

increase in the intensity of Ex (3.1 eV) and π (2.3 eV) - luminescence is recorded.

Based on the correlated increase in the intensity of Ex - and σ -luminescence

with a decrease in the symmetry of the lattice of RbI crystal, it is concluded

that the nature of Ex -luminescence is not associated with the participation of

sodium impurity, as many researchers assumed [8-9, 21]. The experimental results

obtained in [16] allow us to assume that their Ex -luminescence corresponds to

the radiative decay of STEs, which has its own nature in RbI crystal.

The mechanism of the appearance of intense luminescence of STEs in an

elastically deformed RbI crystal is possible during successive relaxation stages of

high-energy electron-hole pairs created by X-ray radiation during recombination

of which free excitons are formed. It is experimentally shown that the subsequent

relaxation of free excitons with high efficiency occurs from the self-trapping state

in regular lattice nodes with characteristic intrinsic luminescence, according to

the following scheme:

e− + e+ → e0
F → e0

s → hν(σ, Ex, π). (1)

According to the proposed scheme, the increase in the intensity of STEs

luminescence in the AHCs occurs due to a reduction in the free path of unrelaxed

excitons before self-trapping, which will lead to an increase in the probability of

self-trapping in regular lattice nodes [15].

In this regard, uniaxial elastic deformation, carried out at 85 K, is a very

effective experimental method for separating the luminescence of AHCs that have

their own or impurity nature.

In this regard, we have registered the spectrum of tunnel luminescence of an

elastically deformed RbI crystal at 85 K (in the box curve 2 of Figure 1) in spectral

composition, which coincides with the spectrum of X-ray luminescence (Figure 1).
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The maxima of σ (3.9 eV) and Ex (3.1 eV) luminescence, which are absent in the

undeformed RbI crystal, are clearly distinguished. As a rule, tunnel luminescence

is studied at low temperatures (4.2 K), when nearby charged radiation defects are

created that are capable of tunnel recharging. To do this, it is necessary to create a

sufficient concentration of tunneling pairs of radiation defects by irradiation with

ionizing radiation. In our case, RbI crystals, both not deformed and elastically

deformed, were irradiated with X-ray radiation in the isodose mode at 85 K for

30 minutes.

The coincidence of the spectral composition of the RL and TL of the elastically

deformed RbI crystal shows that the final stage of radiative relaxation is the self-

trapping state of the anionic exciton, similar to scheme (1), with tunnel recharge

of F′ , VK -pairs:

F′, VK → v−a e−e− + e+s → F......(e− + e+s ) → e0
s → hν(σ, Ex, π). (2)

Since the F′(v−a e−e−) -center has a weakly bound electron, since 2 electrons

are localized in one anion node of the lattice, it is quite possible for an electron to

tunnel from the F′ -center to the VK -center, which represents a self-trapped hole,

at elevated concentrations of F′ , VK -pairs. As a result, STEs is formed by recom-

bination with radiative relaxation of σ (3.9 eV) and Ex (3.1 eV)-luminescence.

Apparently, an increased concentration of tunneling pairs of radiation defects

is created during elastic deformation, since in the absence of deformation, due to

the weak intensity, it is not possible to register structural luminescence bands.

In this regard, studies of integral thermally stimulated luminescence, espe-

cially the TSL spectra of elastically deformed RbI crystals, are very informative.

Figure 2 shows the curves of thermally stimulated luminescence of RbI crystal

in the absence of deformation (curve 1) and at uniaxial elastic deformation

( ε = 0.8 − 1.0% ) carried out at 85 K (curve 2). To ensure a correct comparison

of the experimental results, the crystals were irradiated with X-rays under the

same conditions in the isodose mode with an exposure of 30 minutes at 85 K.

It follows from Figure 2 that in the absence of deformation, TSL peaks with

maxima were recorded at temperatures of 113 K ( F′ ), 128 K ( HA ), 148 K ( VK ),

178 K ( VKA ) and 360 K ( I−3 ). The symbols of the corresponding radiation

defects that are thermally destructive in the specified temperature values are

shown in parentheses. In the absence of deformation, except for low-temperature

radiation defects ( F′ , HA and VK -families), I−3 -centers are effectively created,

as is known, with the association of mobile interstitial halogen atoms ( H -centers).

Low-temperature elastic deformation radically changes the ratio of the dominant

peaks of TSL: first, the high-temperature peak of TSL at 360 K, corresponding to

the thermal destruction of the I−3 -centers, completely disappears, and secondly,

more intense low-temperature peaks of the above-mentioned radiation defects

appear (compare curves 1 and 2 of Figure 2).

Thus, a redistribution of the intensity of high-temperature TSL peaks (curve 1

of Figure 2) in favor of low-temperature peaks (curve 2 of Figure 2), accompanied

by the effective formation of single hole ( HA and VK -families) and electronic

( F′ )-color centers, instead of the high-temperature I−3 -center, was found. This

effect is apparently associated with a decrease in the probability of long - range
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interactions of mobile halogen atoms with the formation of three-halide radiation

defects – I−3 -centers in elastically deformed RbI crystals.

Thus, in the experimental plan, a unique situation is created for registering the

spectra of integrated thermally stimulated luminescence of elastically deformed

crystals, since they have become intense.

A comparative analysis of the TSL curves (curves 1 and 2 of Figure 2) shows

that at a low-temperature (85 K) uniaxial elastic deformation, the intensity of the

peaks of the F′ -centers increases by more than 8 times, VK and VKA -centers by

more than 4 times compared to the unbroken lattice of RbI crystal. The increase

in the intensity of the VK -centers is relatively low compared to the F′ -centers,

due to the fact that during the thermal destruction of the F′ -centers (113 K),

the electrons released from it recombine with self-trapped holes ( VK -centers),

forming an exciton-like formation. As a result, even before the destruction

temperature is reached, the concentration of stationary VK -centers decreases at

113 K due to recombination with electrons released from the F′ -centers.

Figure 2. Integral thermostimulated luminescence before (curve 1) and at (curve 2) low-temperature deformation and
TSL spectra ( a , b , c , d ) of RbI crystal irradiated in the isodose mode (30 minutes) at 85 K. a , b , c , d are the TSL

spectra at 113 K, 128 K, 148 K and 360 K, respectively.

So, at 113 K, the maximum dissociation of F′ -centers occurs with the forma-

tion of free electrons ( e− ) and F -centers according to the following scheme:

F′(v−a e−e−) → F(v−a e−)....e−. (3)

At the same time, the concentration of F -centers, thermally stable up to

400 K , and free electrons in the conduction band increases in the crystal, which

are more likely to recombine with fixed self-trapped holes ( VK -centers) according

to the following scheme:

e−...e+s (VK − center) → e0
s → hν → (σ, π). (4)
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Since the recombination of free electrons with VK -centers occurs from the con-

duction band, it is reasonable to expect the appearance of mainly σ -luminescence

with maxima at 3.85 eV. Indeed, the spectral composition of the TSL peak at

113 K, when the F′ -centers are destroyed as much as possible, consists of one

radiation band with a maximum at 3.85 eV, corresponding to σ -luminescence

(box a, Figure 2). The absence of π -luminescence with a maximum at 2.3 eV is

apparently due to temperature quenching at 113 K, since it is quenched already

at 75 K.

In the temperature range of 120-130 K, the TSL peak was registered, the

spectral composition of which consists of three non-elementary radiation bands

with maxima at 3.05 eV, 2.8 eV and 2.2 eV. It is reasonable to associate the last

band of radiation (2.2 eV) with the α -luminescence band (2.22 eV) of STE in

RbI crystal, since the π -luminescence (2.3 eV) is extinguished in the specified

temperature range.

Analysis of the X-ray and TL spectra of RbI crystal shows that during elastic

deformation, the intrinsic σ - and Ex -luminescence increase with maxima at

3.9 eV and 3.1 eV, respectively (Figure 1). If we take into account that similar TSL

spectra were not recorded in the absence of deformation, it can be assumed that

the radiation with a maximum at 3.05 eV is the result of deformation-stimulated

recombination luminescence in RbI crystals. As for the radiation with a maximum

at 2.8 eV in the TSL spectra, its nature has not yet been established.

The maximum TSL in the temperature range of 145-148 K corresponds to

the thermal delocalization of VK -centers. In this case, we should expect re-

combination of mobile holes with F -centers with the formation of exciton-like

luminescence in the anionic vacancy field, according to the proposed scheme:

e+ + v+a e− → e0
s (v

+
a ) → α − luminescence. (5)

Indeed, in the TSL spectra in the specified temperature range, radiation with a

maximum at 2.25 eV, the so-called α -luminescence, is registered. It is known that

α and π luminescences have very close luminescence bands with maxima at

2.22 eV and 2.26 eV, respectively. It follows from this that during recombination of

mobile holes with F -centers, a non-elementary radiation band may be registered

in the TSL spectra, depending on how the anionic vacancy field affects ( v+a ).

If there is no influence of v+a on the process of recombination of VK - and

F -centers, then we should register π -luminescence:

e+ + v+a e− → v+a ......e0
s → π − luminescence. (6)

If we take into account the influence of v+a on the process of recombination

of VK - and F -centers, then we register α -luminescence:

e+ + v+a e− → e0
s (v

+
a ) → α − luminescence. (7)

Apparently, radiation with a maximum at 2.25 eV is recorded in the TSL

spectra during thermal destruction of the VK -center. Approximately similar

radiations were recorded in the TSL spectra in the temperature range of 180 K,

when the TSL peak belonging to the family of VKA(Na) -centers is destroyed. The
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similarity of the TSL spectra in the delocalization of VK - and VKA(Na) -centers

is explained by the fact that in both cases, unrelaxed holes are mobile, which

recombine with F -centers, while the effect of sodium located in the cation nodes

of the lattice on the recombination processes is not observed.

As mentioned above, in the absence of deformation in RbI crystals under the

action of X-ray radiation, I−3 -centers are effectively created by the mechanism of

association of mobile halogen atoms ( H -centers) with each other.

In RbI crystal, the maximum thermal destruction of the I−3 -centers occurs

in the temperature range 360 ÷ 365 K, as shown by the TSL curves (curve 1 of

Figure 2). The products of thermal dissociation of I−3 -centers are mobile in the

specified temperature range, and they actively recombine with fixed F -centers.

On the example of KBr and KCl crystals, the dissociation products of X−

3 -

centers under optical stimulation by photons with energy corresponding to the

maxima of the absorption bands of X−

3 -centers were experimentally established

[2, 25].

The algorithm of an interesting experimental method is as follows: the crystal

is irradiated with X-rays, usually for 1 ÷ 2 hours, at temperatures of 180 ÷ 200 K

in order to create a maximum concentration of X−

3 -centers (simultaneously

F -centers), since in the specified temperature range they are complementary

radiation defects. After which the crystal is heated to 305 ÷ 310 K (close to the

peak maximum of 360 K TSL) for annealing of low-temperature peaks related

to X−

2 molecules ( HA , VK , VKA , VF -centers). Then the crystal is cooled to

80 K so that the dissociation products of the X−

3 -centers are thermally frozen,

after which, at 80 K, a powerful optical stimulation is performed for 30 minutes

with photons with an energy corresponding to the maximum absorption of the

X−

3 -centers, which leads to photodissociation of the X−

3 -centers.

After processing the crystal according to the above technology, TSL is recorded

in order to detect the products of photodissociation of X−

3 - centers. According

to the data [2, 25], the products of photodissociation of X−

3 -centers in AHC are

VK , VF and H –centers. All these hole centers, when recombining alternately

with F -centers, may form exciton-like luminescence according to the following

schemes:

VK...F → e+ + v+a e− → e0
s (v

+
a ) → α − luminescence (8)

or

VF...F → v−c e+ + v+a e− → e0
s (v

+
a v−c ) → d − luminescence. (9)

In RbI crystal, the α -luminescence has a maximum emission at 2.22 eV.

During recombination of H . . . F -centers, the crystal lattice is restored. This

process can proceed non-radiatively.

In the TSL spectra, a radiation band with a maximum at 2.5 eV was recorded

at a peak at 360 K (box d of Figure 2). According to the data [12], radiation with

a maximum at 2.52 eV refers to an exciton-like formation in the divacancy field.

Based on the experimental results, we assume that during the thermal dissoci-

ation of the TSL peak at 360 K, VF -centers are released and, when recombining

with F -centers, exciton-like luminescence forms in the divacancy field, according

to reaction 9.
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Thus, according to the registration of TSL, the maxima of the fracture temper-

ature of specific radiation defects are determined, and their recombination nature

is characterized by studies of the spectral composition of TSL irradiated crystals.

In this direction, it is especially important to determine the activation energy

of TSL peaks, in addition to the spectral composition and the temperature of their

maximum destruction, which is the integrity of the study of thermal activation

processes taking into account low-temperature elastic deformation.

TSL curves can be characterized by the temperature Tm , at which the lumines-

cence intensity is maximum, and the half-width of the peak δ = T2 − Tm , where

T2 – is the temperature on the descending branch of the thermally stimulated

luminescence curve, at which the intensity reaches the value J2 = 0.5Jm .

The thermally stimulated luminescence curve for one type of capture centers

can be approximately calculated theoretically. For the case when the probability

of recombination significantly exceeds the probability of repeated localizations,

the calculated TSL curve takes the following form at the capture centers:

J = n0p0e−
Et
kT

(

−
p0

β

∫ T2

T1

e−
Et
kT dt

)

, (10)

where n0 - the concentration of ionized centers of luminescence at the time of

the beginning of heating of the crystal, equal to the concentration of localized

charges; p0 - frequency factor; Et - activation energy of the depth of the capture

centers; β – sample heating rate; k = 8.63 · 10−5 eV/K – Boltzmann constant.

Determination of the depth of the Et capture centers is possible by dif-

ferent methods: Rendall-Wilkinson, Parfianovich, Lushchik, Urbach, Antonov-

Romanovsky [2, 26-29]. Some methods use individual elements of the TSL curve,

others use the entire curve, and therefore have different degrees of accuracy.

However, it is by the Lushchik method that it is possible to estimate the activation

energy for one experiment, since in others values with different heating rates are

required.

The activation energy of the depth of the Et capture centers was estimated

using the Lushchik method. In our case, the probability of Wp recombination

significantly exceeds the probability of Wc capture, therefore, the relation is

fulfilled (see Table 1):

Et =
kT2

m

δ
.

Table 1.

The maximum of the breaking temperature and activation energy of some

radiation defects in RbI crystals.

Radiation defect Tm – maximum breaking

temperature, K

Et – activation energy of the

depth of the capture centers, eV

F′ 113 0.210

Ha 128 0.321

VK 148 0.413

VKA 178 0.531

I−3 360 0.822
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Analyzing the data in the table, it can be concluded that with an increase in

the temperature of destruction of the capture centers, the activation energy of the

depth of the centers increases.

Conclusion

In conclusion, we note that on the example of RbI crystal, the reinforcing effect

of elastic deformation on luminescence (with a maximum at 3.9 eV ( σ ) and

3.1 eV ( Ex )) is demonstrated, the nature of which is determined by the exciton

relaxation mechanism, characterized by the free path length before self-trapping.

For the first time, a deformation-stimulated recombination assembly of exciton

o of such a formation is registered, manifested by tunneling ( F′ , VK ) and

thermostimulation of electronic ( F′ ) and hole ( HA , VK , VKA -centers) radiation

defects, effectively created during elastic deformation, is carried out at 85 K.

Thus, an experimental method of influencing the behavior of electronic exci-

tations is proposed to identify the nature of luminescence, based on the exciton

mechanism of relaxation of electronic excitations in alkali halide crystals.
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