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Direct excitation of TI * impurity ions by hot photoelectrons in wide-gap crystals
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The reflection spectra of KCI and RbCI crystals and excitation spectr& ahd B luminescence and
recombination phosphorescence of* Ttenters for RbCl:TI and KCI:TI crystals have been measured in a
spectral region from 5 to 30 eV. The energy distribution curves of emitted electrons have been measured on the
excitation of RbCI thin films by 13—30 eV photons. The comparative analysis of optical and photoelectric
characteristics allowed us to reveal the effect of direct excitation dfifflpurity ions up toA(®P,), B(3P,),
andC(P,) states by hot conduction electrons. The threshold photon energies of this effect are determined.
The estimated energies of conduction electrons, formed by such photons, are close to the energies of direct
optical transitions'Sy— 3P, (5 eV) and 1S,—3P, (6 eV) of TI™ centers in KCI:Tl and RbCI:TI crystals.
Similar to the case ohs? free atoms, the excitation functions for triplet states of Benters have a sharp
maximum at the energy just above the threshold in RbCI:Tl and KCI:Tl crystals. The peculiarities of electron
impact spectroscopy of impurity ions in wide-gap crystals are discusS€d63-182697)02045-4

[. INTRODUCTION nisms of MEE’s in wide-gap crystals. The manifestations of
Mn?2* jon excitation by HPE’s at a significantly lower excit-
The effect of multiplication of electronic excitations ing photon energy than the threshold energy for e-h pair
(MEE’s), when one absorbed photon creates several elegnultiplication have been observed in a ZnS:Mn crystal
tronic excitationgEE’s) in a crystal, was revealed for semi- (E4=3.7 eV) with a high concentration of MA™ ions? In
conductors long agbMEE is caused by energetibot) con-  wide-gap crystals doped with various impurity ions, the ex-
duction electrons that create secondary electron-f@lB  pected effect of impurity ion excitation by HPE’s has not
pairs. For narrow-gap crystals the existing theories of secbeen revealed until recently. The application of synchrotron
ondary e-h pair creation, due to the interband impact or Auradiation(SR) allowed us to initiate the investigation of Tl
ger mechanisms, are in good agreement with experimentidn excitation by HPE’s in a KBr:Tl crystal However, the
results’ necessity to distinguish the direct excitation of Ttenters
MEE processes are investigated for wide-gap metal halidby HPE’s from the excitonic and e-h excitation mechanisms
and oxide crystals H,=6-12 eV} by means of of luminescent TI ions impeded the quantitative study of
luminescenc&’ and photoelectrfE™* methods. The exci- this effect. The coexistence of free and self-trapped EE’s
tonic mechanism of MEE which involves the creation of with the energy states separated by an activation barrier
secondary excitoné&SE’s) by hot photoelectrongHPE’s) oc-  causes the effective excitation of Tldue to the excitonic
curs in dielectrics with excitons of medium and small radiiand e-h mechanisms in alkali bromide and iodide crystals at
(see Ref. 7, and references thejein low temperaturé®
The third MEE mechanism, connected with inelastic scat- The aim of the present study is to select and quantitatively
tering of hot conduction electrons and excitation of impurityinvestigate the process of Tlcenter excitation by HPE's in
ions, can take place in crystals doped by luminescent impuRbCI and KCI crystals. In these crystals the process of exci-
rity ions. The threshold energy of this mechanism can bdon self-trapping is very rapid even at low temperatures and
significantly smaller than that of excitonic or e-h mecha-therefore the efficiency of the excitonic mechanism of Tl
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luminescence is extremely lotff At temperatured <200 K, — 17—

the hopping diffusion of self-trapped holes is frozen also, so L D c:f
the e-h mechanism of impurity luminescence is ineffective as = ,/'\, -8
well because of a small mean free path of hot holes before g4 \ £
their self-trapping in RbCl and KCf* = | \\ @
Electron impact spectroscopy of free atoms and ions is % i g
elaborated in detailsee, e.g., Ref. 250n the other hand, 2 ‘-\ 2
the spectroscopy of impurity ions, which substitute cations E '\.\ g
and anions in a crystal, is still poorly investigated. Single 3 N 3
attempts to excite impurity ions in wide-gap crystals by a —L : '
low-energy electron beafgsee, e.g., Ref. J6net experimen- 2 3 4 5 6 7

tal difficulties caused by a small depth of 5-50 eV electron Photon Energy (eV)

penetration into near-surface layers of a crystal. The use of o o

monochromatic SR enabled us to easily create hot conduc- FIG- 1. The excitation spectrum @ emission of TI" centers
tion electrons, the energy of which is sufficient to excite Tl (@) and the emission spectra of a RbQI:TI crystal on the excitation
impurity ions in a crystal. The parallel investigation of en- PY 505 eV(solid line), 6.0 eV (dashed ling and 7.62 eV ¢ - —)
ergy distributions of electrons emitted from a RbCI thin film photons. All spectra are measured at liquid-helium temperature.
allowed us to estimate quantitatively the kinetic energy of

conduction electrons sufficient enough for'Texcitation up ~ as Well as crystals doped with Tlimpurity ions (RbCI:TI
to various states. and KCI:Tl) were the main objects of the present study.

Single RbCI and KCI crystals were grown by the Stock-

barger method from the salts after a special purification cycle
Il. EXPERIMENTAL involving a melt treatment in Gl gas flow and a 50-fold
ar{ecrystallization from the melt. The content of impurity ions
was on the level of 0.01-3 ppm. Only the concentration of
K* in RbCl was about 100 ppm. The content of Tions in

The photoluminescence experiments were carried out
beamline 52 in the MAX Laboratory in Lund, Swed&b60

MeV storage ring The samples were mounted in a cold- a doped crystal was estimated by means of optical methods

finger helium cryostat8—300 K. SR was focused onto a A . ) )
crystal through a 1-m normal-incidence monochromato@nd IS given in parentheses: RbCI{R00 ppm and KCI:T

(4-32 eV} with a typical optical slit width of 0.24 nm. A LiF (300 PPM.
filter was inserted into the optical path of the incident SR
during measurements below 10 eV. The luminescence from a Ill. PHOTOEXCITATION AND IONIZATION
sample was analyzed using a second 0.3-m-grating mono- OF TI* CENTERS IN RbCI:TI AND KCI:Tl
chromator(perpendicular to incident SR directipand pho- o ) ] )
tomultiplier Hamamatsu R585 operating in the photon count- 1 he first interpretation of TI center abiorptlcsm spectra in
ing mode. The emission spectra were corrected for th Ikah-?allde crystals  as “S—°P;, "So—°P,,  and
monochromator transmittance and the sensitivity of the pho-So— P1 €lectron transitions of Tl perturbed by crystal
tomultiplier. The reflection spectra for th@00) plane of lattice'® was later specified and applied to a large group of
RbCl were measured at an angle of 45° after a crystal C|eav“_me+rcury+—llke”+ '0”32+W'th 2932 gzr?urféj—state configuration
agein situ under ultrahigh-vacuum conditions (1Dmbap.  (Ga’, In™, TI™, Ge*™, Sn*", Pb*").” Unfortunately, TI"
The excitation spectra were measured at incidence angle &ENters in RbCITI have been poorly investigated up to now.
25° and a typical optical slit width of secondary monochro-  Figure 1 presents the excitation spectrurrwoém|ssm+>n
mator 10 nm. The reflection and excitation spectra were nortthe maximume,=4.03 eV, half-width5=0.24 e\) of Tl
malized to equal quantum intensities of the excitation fallingcenters measured in the region of 4.7-8.0 eV for RbCI:Tl at
onto the crystal. The reference signal for normalization wagh2 K- TheA, B, andC excitation maxima5.1, 6.0, and 6.35
recorded from a sodium-salicylate coated mesh. ?V) cqrrespond, respectively, 86— °Py, *Sy—°P5, and
The photoelectron spectra were measured at beam-linlegoH 2’1 eleclztron tgansmc;ns of a llree T|1 ion, or to
6A2 in the UVSOR facility in Okazaki, Japav50 MeV ~ Aig— Ty, "Aig— Tz, “E,, and “Ajq—"Ty, transi-
storage ring A RbCl thin film with a thickness about 100 A tions in the crystal field of cubic symmet(yl * substitutes a
was evaporated on a gold-coated substrate. The photoeld@ost Rb" ion). TheB emission E,=4.9 eV,5=0.25 e\j of
trons from the RbCI film were analyzed using a homemadd! " centers cannot be excited within tie excitation (ab-
cylindrical retarding field energy analyzErThe plane grat- sorption band, while its excitation efficiency is high in the
ing monochromator with changeable focusing mirrors wagegion ofB, C, andD absorption bands. In contrastAg B,
used to obtain the monochromatic exciting light of 13—30and C bands,D absorption bands are not associated with
eV. The intensity of incident light was monitored by a gold direct optical excitation of T from 6s® to the &6p con-
mesh located between a post-mirror and a sample. All spediguration, but are caused by the excitation and ionization of
tra are normalized by using photoelectric yield of this goldCl ~ ions surrounding the impurity iof?. The excitation of
mesh. All energy distribution curves of the emitted electronKCI:TI or RbCIL:Tl in the region of a nonelementay band
were measured at room temperature in ultrahigh vacuum deads to the appearanceAdfandB emissiongradiative tran-
10~° mbar. No significant effects of surface charging weresitions 3P;—'S; and 3P,—'S,, respectively of TI * ions
observed. as well as typicaD emission E,,=2.5 eV in RbC] which is
Cubic face-centered RbCl and KCI crystals of high purity caused by the recombination of electrons with Quasimo-
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tions practically do not lead to Tl ionization, while
15,—3P, and especially*S,— P, transitions cause a par-
tial ionization of TI".

Recently the process of MEE has been studied in a RbCl
crystal of high purity at 8 K. Measuring the spectrum of
STE luminescenc€.23 e\j excitation by SR, the threshold
photon energies for the formation of secondary excitons or
e-h pairs by HPE'S16 and 18 eV, respectiveljhave been
determined. According to Fig. 2 the value gf doubles if
the exciting photon energy increases from 10 to 12 eV, when
one photon produces only one e-h pair,hte=18-20 eV,

W P E R when a photon forms two e-h pairs. The next sharp increase
5 10 15 20 25 30 of the efficiency ofA emission of TI" takes place atv~28

Photon Energy (eV) eV. In this region the value of, is higher than in the region
of direct optical excitation of TI centers A, B, C absorp-

FIG. 2. The excitation spectra of steadyemission(solid line9  tion bandg. Even taking into account the energy losses dur-
and recombination phosphorescend®)(of TI* centers in a ing an e-h pair migration to a Tl center the quantum yield
RbCI:TI crystal at 295 K. The spectrum of photoelectric yielkd)(  of photoluminescence, exceeds unity ahr~28 eV. This

Luminescence Intensity
Photoelectric Yield

ST

for a RbCl thin film at 295 K(Ref. 9. is the effect of photon multiplication observed earlier in a
number of alkali-halide crystafs’
lecules forming after relaxation of €lcenters In a This e-h process of MEE gets complicated in RbCIL:TI

RbCI:TI crystalD bands adjoin directly the exciton absorp- because of several phenomena. In Fig. 2 we reproduce the
tion bands. The direct optical formation of excitons by 7.62spectrum of photoelectric yieldy; measured by Eijiri, Ha-
eV photons is responsible for the appearance of the welltano, and Nakagawan the region of 10-30 eV for a RbCl
studied 2.23 eV emission of self-trapped excit8STE’'S  thin film at 295 K. The sharp decrease of at 17.0-19.5
and weakA emission of TI" centers. The efficiency oA and 28—29 eV is ascribed to the formation of secondary e-h
emission caused by exciton energy transfer to impurity cenpairs by HPE’S' However, the value ofy; decreases in the
ters is by an order of magnitude lower than that of STEregions of 16—17 and 26—27 eV also. In our opinion the
luminescence(see Fig. 1L Our experimental estimates formation of SE's by HPE's takes place just in these regions.
showed that the quantum yield of STE luminescence iThe effect of SE formation will be discussed below, after the
RbCI:TI and KCI:Tl does not exceed 0.05 at 4-10 K andpresentation of our original photoelectric data.

sharply decreases at higher temperattté4 At the same There is a group of five minima at 16.0-18.5 eV in the
time the quantum yield oA emission is close to unity on excitation spectrum of Tl luminescence for RbCl at 295 K.
direct optical excitation of TI within the A absorption band. These minima correlate with the reflection and absorption

So, the efficiency of the excitonic mechanism of Tlumi-  maxima which were convincingly interpreted as the forma-
nescence excitation is about 0.005 in a RbCIZ00 ppm)  tion of cation excitons—4p°5s! and 4p°4d* excitations of
crystal. Rb™ ions??23 After correction of the excitation spectrum for

Figure 2 shows the excitation spectrumA®mission of  reflection lossesR<15% in the region of 16.0—-18.5 ¢¥?
TI* centers measured for RbCI:Tl at room temperature. Thehe depths of the minima decrease while the minima still
efficiency of A luminescencer, is close to unity in the remain. There is a clear correlation between the absolute
region ofA, B, C, andD bands biv<7 eV), is on the noise value of the absorption constant and the above-mentioned
level in case of direct exciton formation and starts to increasexcitation minima. For high absorption constants the pen-
ath»>8.2 eV where photons form at 295 K separated elecetration depth of incident radiation is low and EE’s are
trons and holege-h pairg. At 10 eV 7, exceeds 0.4, i.e., formed only in a thin crystal layer, increasing the probability
about half of e-h pairs recombine at Tlcenters producing of nonradiative e-h recombination at the surface and there-
impurity luminescence. At 295 K, mobile holes interact with fore decreasing the efficiency of Tlluminescence.
TI* thereby forming TF* centers. The recombination of an

; n - .

electron with TP takes the place via an excited state of I\V. EXCITATION OF TI * CENTER LUMINESCENCE BY

i > o
TI+. A subsequent radiative trf_;lnsmon to the ground state of CONDUCTION ELECTRONS IN A RbCI-TI CRYSTAL
TI™ then takes place. The cooling of RbCI: Tl down to 200 K

freezes the hopping diffusion of the relaxed two-halide holes In the present study we pay special attention to the exci-
(Vg centers and decreases the valuef by 6 times. How-  tation of A emission of TI* centers in the regions of 13—-16
ever, TP* centers still arise aT<200 K due to the migra- and 22—25 eV. HPE's formed by 13—16 eV photons are not
tion of hot (nonrelaxed holes, the mean free path of which able to create SE’s or secondary e-h pairs. There is a strong
before self-trapping is about 10 lattice constant. maximum at 14—-16 eV in the excitation spectrum of" Tl
Figure 2 also depicts the excitation spectrum of Phos-  recombination phosphorescen@ee Fig. 2 The analogous
phorescence. The intensity of TIA emission, detected 3 s maximum at 6.0—6.7 eV was ascribed to a partial ionization
after the end of excitation, was taken as a measure of thief TI* centers excited up t8 and C states* Photons of
phosphorescence caused by the recombination of electrohs=14.5 eV create HPE’s which excite Tlcenters up to
with TI?" formed on the partial thermal ionization of excited the C(1P;) state at 295 K. A part of these excited Tun-
TI* centers(see details in Ref. 21 The 1S,—3P, transi-  dergoes ionization. As a result, a recombination phosphores-
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FIG. 3. The excitation spectra of Tlemissions at 4.03 eVA 0 B 4 D 8
emission and 4.9 eV B emission in a RbCI:Tl crystal at 8 K. The Kinetic Energy (eV)

reflection spectruniR) for a RbClI crystal at 8 K.

. ] FIG. 4. EDC's of a RbCl thin film for various exciting photon
cence of TI" appears in RbCL:Tl at 295 K. The temperature gpergies at 295 K. Kinetic energy of the emitted electrons is mea-
decrease leads to the disappearance of fiiosphorescence gyred relative to the vacuum level.

because the ionization process of excited Tlecomes fro-

zen. In KCI:Tl the situation is similar—there are two main The absorption bands at 14.9 and 16.2 eV have been ob-
maxima(6.4 and 16 eYin the spectrum of Tl recombina-  served in the spectrum of fundamental absorption of TICI
tion phosphorescence excitation at 295°K. and ascribed to the excitation ofi®lectrons of TI".2® So, it
Figure 3 presents the excitation spectrafoandB emis- s not excluded that the same excitations of" Ttan be
sions of the TI" center measured in the region of 13—-19 eVigrmed at 15-16 eV in RbCI:Tl causing the increased effi-
for a RbCI:Tl crystal at 8 K. At 13—-14 eVya~0.08 andA  ciency ofA emission in this region. However, the ratio of the
emission arises due to the subsequent trapping of electro%sorption constant of Tlin RbCI:TI (200 ppm and the
and holes by TI' centers. The rise oA emission efficiency value of intrinsic absorption of RbCl is less than £an the
begins ath»>14 eV and the value ofj, reaches 0.13. The region of 15-16 eV. On the other hand, the efficiency of the
efficiency of the weak® emission(4.95 eV} »g stays prac- process interpreted as Tlcenter excitation by HPE’s at 295
tically constant(without taking into account reflection and K is at least by 25 times higher.
near-surface losspat 13—15 eV and sharply increases inthe  According to Fig. 2 the value of the photoelectric yield
region of 15-16 eV. In the same region we observed thgoes not decrease at 22.5-23.5 eV, while increases at
increase of TI' phosphorescence efficiency at 295(%¢e  RpCI:TI excitation by photons of such energies at 295 K.
Flg 2), which is connected with the excitation of Tto B The energy of photoe|ectr0nsl formed by 22.5-235eV pho_
andC states. The energy differene eV) between regions tons, is not sufficient for the creation of secondary anion
of a sharp increase af, and »g reflects the positions A excitons or e-h pairs. In RbCI:Tl at 8 K, we observed the
andB absorption(excitatior) bands of TI" centers(see Fig. increase oA emission efficiency at 23 eV, whileg starts to
1). rise at exciting photon energy by 1 eV higher. We will show
In a RbCI crystal at 8 K, the energy gap ,=8.5 below that 22—-23 eV photons effectively create HPE’s with
eV,?*and the total width of the valence band is 2.2%V. the energy of 5.0-5.7 eV sufficient for Tlexcitation up to

An s photoelectron, the effective mass of which is, in ourthe A state.
estimation, at least ten times smaller than that ¢f hole,
gains the main part of the photon energy on the direct optical
interband transition. Therefore, it was expected that 14 eV
photons, the energy of which exceeds the valugpby 5.3
eV, can produce HPE's that are able to excité Tb the A In order to obtain additional information on HPE's
state ¢P,). The 6 eV conduction electrons with the energy formed by 13—30 eV photons we used photoelectric methods
sufficient to excite TI to theB state €P,), can be probably to investigate RbCI thin films. The energy distributions of
formed by 15 eV photons. the emitted electrons have been measured on the excitation
We estimate that the efficiency &f emission excitation of a RbCl evaporated film by 13—-30 eV photons at 295 K.
by HPE's is close tay,=0.25 at 295 K. At 8 K, the value of Figures 4 and 5 present some of such energy distribution
n, decreases te=0.05 because of partial trapping of HPE’s curves(EDC’s). The kinetic energy of the emitted electrons
by TI* ions with the formation of Tq centers. The peak of Ey, is given relative to the vacuum level. In Fig. 4 it is easy
the thermally stimulated luminescence with the maximum ato separate two groups of emitted electrons, slow electrons
295 K is caused by the thermal dissociation of Tenters in  with E,;;<2 eV and hot photoelectrons with linearly in-
RbCI:TI. The recombination of electrons, thermally releasedcreasingE,;, at the increase of exciting photon energy.
from TI° centers, with TF* leads to the appearance of TI  Photons withhv=28.4—16.0 eV cause the ionization of chlo-
recombination phosphorescence at room temperature. rine ions (P8 CI~) with the formation of HPE’s. A simul-

V. CONDUCTION ELECTRONS AND PHOTOELECTRIC
EMISSION IN A RbCI FILM
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FIG. 5. EDC's of a RbClI thin film for various exciting photon [N @ RPCI thin film at 295 K.

energies at 295 K.
13-19 and 21-28 eV. The low-energy peak is caused by the

taneously formed photohole gains only a small part of thdonization of chlorine ions, while the ionization of Rhions
photon energy. takes pla_ce in RbCI attv_> 17 eV. The distinct maximum at
Besides CT ionization, photons ohv>22 eV cause the 16.1 eV in the absorption spectrum of RbCl was convinc-
ionization of the 4° shell of Rb". EDC’s for these exciting ingly interpreted as the formation ofpd5s Rb* cation ex-
photon energies are shown in Fig. 5. The photoemission dfiton and a shoulder at 16.9 eV was hypothetically ascribed
the electrons withE,;,>11 eV is caused by the photoioniza- 0 the threshold of cation photoionizatidgy..** The last
tion of CI~. The photoionization of cations is responsible for Nypothesis was confirmed later by the investigation of cross-
the appearance of two groups of the emitted electronduminescence, the emission that arises due to the radiative
En<2 eV andE,,=3-10 eV. The average energy in the "€combination of electrons from the halide valence band and
second group increases linearly with the risehof How- @ holes formed in the narrowp? Rb* cation band. The
ever, if Ey, reaches the value of 7-8 eV, the number of fastinfeshold excitation energy of 5 eV crossluminescence
emitted electrons significantly decreases simultaneously witRAUa!SEqc=17 eV in a RbF crystd’ The comparison of
the increase of the number of slow emitted electrons. Th&ation excitations in RbCl, RbBr, and RbRef. 22 allows
process of MEE with the formation of secondary anion ex-US to expect that the photoionization threshold pf Rb*
citons or e-h pairs causes such overdistribution between tH8 RbCl is close to the one in RbF. Unfortunately, the cross-
number of slow and fast emitted electrons. luminescence in RbCI should be located in a spectral region
Figure 6 shows the dependence of the number of emitteff 7—9 €V and should be strongly weakened due to nonradi-
electrons with a giverE,;,, on the exciting photon energy. ative Auger transitions with the formation of secqndary
The energy of conduction electrons inside a crystal is higheFE'S. Therefore we failed to determiiig, in RbCl by using
by a value of an electron affinifffor RbCl y=0.5 eV (Refs.  the excitation spectrum of crossluminescence. The detailed

9 and 23. There are two maxima for every value Bf;,, at study of the piezoreflectivity of RbCl crystals made it pos-
sible to conclude thaE 4~17.3 eV?®

We obtained approximately the same value Qf. by
means of photoelectric measurements also. Figure 7 depicts
the dependence of peak intensityumbej ratio for slow
(Ewin<2 eV) and fast emitted electronkls/N; on the excit-
ing photon energy ofiv=13-30 eV. The value dfls/N; is
less than unity ahv=13.0-16.8 eV, reachad,/N;=1.05
at 16.9 eV, and sharply increases at further rishof A
similar effect was earlier observed in KCE{.=20.8 eV}
and interpreted as the manifestation of inelastic scattering of
HPE's on valence electrons that cause the formation of sec-
ondary e-h pairé.In RbCl the situation is more complicated.
The sharp increase of the number of slow emitted electrons
athv=17-19 eV(see Fig. 7 can be connected not only with

Photon Energy (eV) the multiplication of e-h pairs, but also with the photoioniza-
tion of the 4p® shell of Rb" that produces slow conduction

FIG. 6. Number of emitted electrons with definite kinetic energy €lectrons. With the increase of exciting photon energy at
Ewin @s a function of exciting photon energy in a RbCl thin film at 19—24 eV the value oN; significantly decreases—photons
295 K. with higher energy produce more energetic conduction elec-

kin

Number of Electrons with Definite E,,
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trons. The next increase M;/N; in RbCI takes place at E

hy=26 eV and ahv=28 eV because the energy of conduc- 255 . @

tion electrons, formed at the photoionization of cations, be- g
CB

Our photoelectric data are in good agreement with the
data obtained by luminescent methods and confirm that - Mo eIk
photoionization of anions or cations by 18—19 or 28—-29 eV, I = L

le. ]I
E

comes sufficient for the formation of secondary excitons or ® 4
e-h pairs. § %

respectively, leads to the appearance of 8.5 eV conduction
electrons able to create secondary e-h pairs. Conduction elec- A
trons with the energy of 7.5 eV can create secondary anion l

excitons. The irradiation of RbCl by photons of 15.6—16.0 or

24.5-26.0 eV provides the formation of such conduction AVB
electrons.

According to Fig. 6 photons of 13.5-15.0 and 14-16 eV Eec
produce in RbCI conduction electrons with the energy of 5
and 6 eV, respectivelywith respect to the bottom of the
conduction bandthat are close to the optical excitation en-
ergy of TI" up to P, and 3P, states. So, these data confirm s ———— CVB
our conclusion on the excitation of Tlcenters by hot con- . : . .
duction electrons in RbCI:TI. It is necessary to mention that < & SChgm?fr'C. energy-level diagram of an alkali chloride
the irradiation of RbCl by 22—25 eV photons leads to thecrystal doped with TT impurity ions. Symbols are explained in the

. text.
appearance of 5—6 eV conduction electrons also. Our lumi<~

nescent data prove the excitation of Tio A andB states on , :
RbCI:TI irradiation by 22—25 eV photons at 295 K. The (Waved arrows for the formation of a secondary e-h pair

photons with such energy are not able to create secondaﬁ?ase 3 in Fig. Bor a secondary anion excitdnase 2. If a
e-h pairs, while they cause the increasefofuminescence ot conduction electron meets a‘Tktenter the latter can be

efficiency (see Fig. 2 The spin-orbit splitting of the g¢  €XCited toA, B, C, or D states. The process of Ticenter
shell of Rb" (0.9 eV),*?is significantly higher than that for excitation by HPE up tdA state is illustrated in the figure

the 3p° shell of CI~ (0.1 eV). This is one of the reasons for (€ase 1as well.

peak broadening d&tv>21 eV in comparison to the peaks at The lower part of Table | conta_ins the experime_ntally de-
hre <16 eV (see Fig. 6. Further investigation of the influ- termined threshold photon energies for the creation of sec-

ence of spin-orbit splitting on the process of ' Texcitation ongﬁry anion excitonsEg, Er) and secondary e-h pairs
by HPE'’s at low temperatures is needed. (ES", ESN) as well as for the excitation of TIto A andB
states Efy, Efx andEf,, Ef) by hot conduction electrons
formed due to the photoionization ofp8 CI~ anions(the
lower indexa, e.g.,EY) or 4p® Rb* cations (the lower
index c, e.g.,Eth). The main values presented in Table |
A detailed consideration of the band structure of a crystaiere determined at 4.2—-10 K. At 295 K, the valuesEgf,
is needed for the understanding of MEE mechanisms. Thér A, B, andC absorption bands decrease by less than 0.1
electronic structure of alkali halides has been investigate@V, while the value oE.,, decreases by 0.3 eV. The values
theoretically(see Ref. 29, and references theyeifhe first  of threshold photon energies given in parentheses were ob-

calculation of the band structure of RbCI has been done bygined at 295 K. To compare the threshold photon energies
Kunz3° Below we will consider only main peculiarities of for the formation of secondary e-h pairs at 8 and at 295 K, it
the band structure in RbCl and KCI. is necessary to consider that anion excitons with2 un-
Figure 8 shows a simplified energy-level diagram of andergo thermal ionization at 295 K causing an additional de-
alkali chloride. CVB and AVB are cation and anion valencecrease oEf’éh.
bands, respectively, CB is a conduction band, and FB is a An analysis of the data in Table | shows that the multi-
band of forbidden energienergy gap The threshold photo- plication of intrinsic EE’s occurs differently in RbCl and
ionization energies of aniong(,) and cationsEyc) as well  KCI crystals. In KCI, Egc>2Egy, in a whole temperature
as the formation energies of anion and cation excitdfis, ( range and after the photoionization opBK * the Auger
and E.. are shown in the diagram. The vacuum level isrecombination of a cation hole and an electron from the ad-
located above the bottom of CB by the value of an electrojacent CI™ with the formation of two e-h pairs is possible.
affinity x. The energy levels, connected with th&, ground  The numerous investigations of crossluminescence in CsCl
state and the\, B, C excited states®Py, *P,, and 'P;) of  (see, e.g., Ref. 32confirm thatEy.=14 eV<2Ey,=16.8
an impurity TI* center or near-impurity excitationsD(  eV. So, the decay of cation excitations with the formation of
state$ are depicted also. The numerical values of the parama double amount of anion EE’s is impossible for energetic
eters shown in Fig. 8 are presented in Table | for RbCl:Tlreasons. In RbCl the situation is especially complicated. At
and KCI:Tl crystals. low temperaturest,.=17.2 eV>2E4,=17 eV and the re-
The energy of HPE, formed on the photoionization of ancombination of an electron fromg Cl~ with a 4p® Rb*
anion or an alkali ion, can be nonradiatively transferredcation hole can, similar to CsCl, cause the appearance of

FB

VI. MULTIPLICATION MECHANISMS OF ELECTRONIC
EXCITATIONS IN RbCI:TI AND KCI:TI CRYSTALS
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TABLE I. Peak positions of the emissiok () and absorption KCI:Tl were presented at the International Conference on
(Eab9 bands of TI" centers(excited up toA, B, C, andD state$;  Luminescence, Prague 1996In RbCI:Tl there are narrow
threshold photoionization energies of aniory)) and cations  anjon and cation valence bands and, hence, heavy cation and
(Eqc) and formation energies of anion and cation excitdgs,@nd  anion holes. Therefore electrons gain practically all the ex-

E.o); threshold photon energies for the creation of secondary anioEeSS energy absorbed by a crystalv(E,) above the
g

i ex e _ . -h e-
excitons €5, EY), secondary e-h pairsEfy’, ER) or for the threshold photon energy for ionization of cations or anions.
According to Table | the values &%, E, Ef} , andEE, in

excitation of TI" to A and B states Ef,, En andEZ,, EZ) by
HPE'’s formed due to the photoionization aniafise lower index i
a) or cations(the lower indexc). All energy values(iin eV) were ~ RDCI are only by 0.3-0.8 eV lower than those in KCI. On

obtained at 4.2—10 K or at 295 §n parentheses the other hand, the values®", EZ, Ef., and EE. in KCI

exceed the similar values in RbCl by 3.5-4.2 eV reflecting
RbCl KCI the difference between the valuestf, in these crystals.
EA 5.10P 5032 Experimentally determined threshold energies for k-
abs ' ' : : A A
EA 4.03° 4.152 citation up to theA state,E;; =14 eV andE;,=22.5 eV only
emis . A A

EB 6.00° 5.922 slightly exceed the valuesEq,+Eg,) and Egct Ejyg- In

EB . 4.90° 5.022 RbCI:TI, TI" centers transform the absorbed energy into lu-

ES, 6.35° 6.372 minescence with a large Stokes shi . E4, = 1.07 eV

EC 7.15: 7.34 7.20; 7.48 and with the creation of more than 50 phonons. If thé Tl
excitation to A state by HPE's, similar to the process of

Eea 7.60°¢ 7.77¢ photon absorption, takes place in accordance with the

Ega g.5d 8.7 Franck-Condon principle(quantum-mechanical c3gsea

Eec 16.19 20.0¢ small difference betweeB, and Egat E4,9 should be ex-

Ege 17.2 20.8 plained as the result of low-energy losses of HPE's before
their interaction with TI" centers in RbCI:T(200 ppm. The

Ep 14.0(13.5 14.3f theory of HPE interaction with impurity centers in wide-gap

ES 15.0(14.2 15.3 crystals is not elaborated. Therefore, it is difficult to estimate

ES (14.5 (15.3f the probability of TI" excitation by HPE’s directly up to the

= 22.5(22.0 26.2 minimum of adiabatic potential fok state. This minimum is

Ep 23.0 26.7 located by~4.5 eV above the minimum for the ground state

Efx 16.0(15.9 16.9" (16.5 in RbCI.TI. The above-mentioned conclusions are valid for

ESh 17.2(16.9 18.0" (17.5 the TI* center in KCI:Tl also.

ESX 25.0(24.4 28.5(28.0 The functions of frees? atom(Zn, Cd, Hg excitation by

Esh 26.0(25.5 30.0 electrons of various energies up to levels with different mul-
tiplicity are strongly different>33In the case of'S,—3P;

ZReference 14. singlet-triplet transitions, the excitation function for atomic

Reference 19. emission sharply reaches the maximum with an electron en-

‘Reference 31.
dReference 20.
®Reference 9.

Reference 24.
9Reference 22.

ergy increasing above the threshold value. E&— P,
transitions of free atoms the excitation function smoothly
increases with the rise of the enerfpelocity) of electrons
and reaches a weakly manifested maximum at an energy ex-
ceeding the threshold value by 2—3 times. The sharp increase
of probability for singlet-triplet transitions of a free atom in
crossluminescence with the short-wavelength edge &5  the threshold region is caused by effective electron
eV. However,Ey.>E ,+ Ec, and the Auger recombination exchangé?®
of a conduction electron and a cation hole can lead to the A theoretical consideration of peculiarities of excitation
formation of a secondary anion exciton in RbCI. The latterfunctions forns? impurity ions in wide-gap crystals is still
process can be responsible for our failure to detect the crosgbsent. According to our experimental results described in
luminescence in the region of 7—9 eV under the irradiatiorthe previous sections, the efficiencyAfandB emissions of
of a RbCl crystal by a powerful 6 keV electron beam at 8 K.TI * centers sharply increases when the photoelectron energy
Let us return now to the main phenomenon revealed at th&elative to the bottom of CBexceeds by 20% the threshold
investigation of MEE processes in RbCI: Tl and KCI:Tl crys- energy for the TF luminescence excitation by HPE's. The
tals. If the energy of conduction electrons, formed due to theefficiency of TI" phosphorescence excitation by HPEg,
photoionization of anions or cations, is close to the energy ohas sharp maxima at 15.2 and 16.6 eV in RbC(sHe Fig.
optical excitation ofs? impurity ions(TI"), it can be trans- 2) and KCI:TI (Ref. 24 crystals, respectively. Th&,— P,
ferred to TI* centers with the excitation of typic&l andB singlet-singlet transitions are responsible for the appearance
impurity emissions {P;—'S, and 3P,—'S, electron tran-  of this recombination phosphorescence at 295 K. However,
sitions in a free TI ion). the decrease ofy, in the region above the maximum occurs
We revealed the effect of impurity ion excitation by in a KCI crystal due to the effective creation of secondary
HPE's in a KCI:TI crystal also. The quantitative parametersanion excitons by 7.5-8.0 eV conduction electrons. The ef-
of this process are presented in Table I. Part of the data fdiciency of SE formation athv>16.6 eV is significantly
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higher than that of TI center excitation by HPE’s. In RbCl P, state of an impurity ion in a crystal and the excitation
a similar decrease ofy,, can be attributed to the formation of function of singlet-singlet transitions in a free atom.

cation excitations at 16—18 e\(see narrow reflection
maxima in Fig. 3. Formation of secondary intrinsic EE’s
impedes the registration of excitation functions for the, enc-:rQiSngor:I(;;[aSnbetﬁg pgftg/dwﬁPﬁ:te‘?aﬁ)ystf;?eﬁséogig ;ﬁth
state of TI" in a wide energy region of HPE’s in KCI and -ounaaton, wedish INatu ! .

RbCI crystals. Only further investigations of Ticenter ex- Council (NFR), the Royal Swedish Academy of Sciences,

o . . the Crafoord Foundation, the Carl Trygger Foundation, the
citation in crystals with extremely wide energy g&@.g.,  \agn. Bergvall Foundation, and the Royal Physiographic
KF) will allow us to compare the excitation functions for a society of Lund.
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