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The peculiarities of multiplication of electronic excitations have been investigated in wide-gap alkali halide
crystals where, in contrast to semiconductors, free and self-trapped excitons as well as free and self-trapped
holes coexist. In particular, the luminescent methods for separation and quantitative investigation of the for-
mation processes of secondary excitons have been elaborated. These methods are based on the investigation of
the dependence of the intensity ratio for two different emissions from the same crystal as a function of the
energy of exciting photons. The excitation spectra of triplet~p! and singlet~s! emissions of self-trapped
excitons as well as of impurity luminescence have been measured, using synchrotron radiation of 12 to 32 eV,
for high-purity KI, KBr, and doped KI:Na, KI:Tl, KBr:I, KBr:Tl crystals at 8 K. The analysis of the intensity
ratio spectra for two emissions allowed us to separate the regions of secondary triplet exciton formation in KI
~13–15 and 26.5–29 eV! and KBr ~15–17 and 28–30 eV!. The threshold photon energy for the formation of
a secondary exciton has been experimentally determined to be equal to 13.160.2 eV in KI and 15.260.2 eV
in KBr. The probability of secondary exciton formation by hot photoelectrons reaches the main maximum at
0.5–0.7 eV above the value of threshold energy. The energy transport to impurity centers by free triplet
secondary excitons has been revealed in KI:Na and KBr:I crystals. The decay of 3p54s cation excitons in KI
and KBr, generated by 20-eV photons, leads to the formation of a double amount of electron-hole pairs.

I. INTRODUCTION

In semiconductors electronic excitations~EE’s! formed by
radiation in the long-wavelength region of intrinsic absorp-
tion are being investigated in detail. The effect of multipli-
cation of electron-hole (e-h) pairs was revealed at the irra-
diation of semiconductors by photons with energy exceeding
the value of the energy gapEg by several times. Inelastic
scattering of hot photoelectrons~photoholes!, created due to
the photoabsorption, on valence electrons leads to the forma-
tion of two to threee-h pairs ~see, e.g., Refs. 1 and 2!.

In comparison with semiconductors EE’s have some pe-
culiarities in wide-gap ionic crystals. In alkali halides~AH’s!
a strong electron-phonon interaction causes a transformation
of a hole into a self-trapped state. As a result, a dihalideX2

2

molecule located at two anion lattice sites, i.e.,VK center, is
formed.3 At low temperaturesVK centers are immobile and
their hopping motion becomes possible atT5100–200 K.3

The phenomenon of self-trapping of excitons was also de-
tected for AH’s at low temperatures. In some crystals~NaI,
NaBr!, aX2

2 hole component of a self-trapped exciton~STE!
can be considered as aVK center, while in the majority of
AH’s the symmetry of the STE differs from the symmetry of
theVK center.4

In spite of a strong electron-phonon interaction in the re-
laxed exciton states, the coexistence of free excitons~FE’s!
and STE’s, caused by an activation barrier between the states
of FE’s and STE’s, has been revealed at liquid helium tem-
peratures in alkali iodides and in some bromides.5 For mo-
lecular crystals the same effect was predicted by Rashba.6

The energy transfer by FE’s at large distances to luminescent
impurity centers7 as well as the typical edge emission at the

direct optical formation of FE’s~Ref. 8! appear due to the
coexistence of FE’s and STE’s in AH’s. Although there is no
activation barrier between energy states of free and self-
trapped holes, the holes, optically formed at band-to-band
transitions, have time to migrate before self-trapping at tens
of interanion distances and to ionize impurity centers.9,10

The coexistence of free and self-trapped EE’s in AH’s
causes the fundamental peculiarities in the processes of mul-
tiplication of electronic excitations~MEE’s!. Besides the uni-
versal mechanism for semiconductors and insulators, which
involves the creation of secondarye-h pairs by hot photo-
electrons, the excitonic mechanism of MEE’s has been de-
tected in AH’s doped by luminescent impurities.11 This
mechanism provides the energy transport to impurity centers.
The investigation of the excitonic mechanism of MEE’s has
been extended to low temperatures using the emission of
STE’s.12–14However, several secondary effects~selective re-
flection of radiation by a crystal surface, nonradiative decay
of mobile EE’s at the surface, etc.! impede the investigation
of the excitonic mechanism. Recently, we have developed a
method which allowed us to separate and quantitatively in-
vestigate, in KBr, the process of secondary exciton~SE! for-
mation by synchrotron radiation~SR! due to the inelastic
scattering of photoelectrons on valence electrons.15 This
method is based on the analysis of the intensity ratio spec-
trum for two different emissions from the crystal, one of
which is induced mainly by excitons and the other bye-h
recombinational processes. We have later succeeded in ap-
plying this method to NaCl~Ref. 16! and YAlO3 crystals.

17

The aim of the present study was to investigate quantita-
tively the formation processes of SE’s ore-h pairs by SR for
pure and doped AH’s at 8 K. A comparison of our experi-
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mental data with the results on MEE processes in AH’s, pre-
viously obtained either by other optical18 or
photoelectric19–22methods, allowed us to prove the existence
of SE’s in AH’s and to discuss the detailed mechanisms of
their formation.

II. LUMINESCENT METHODS OF INVESTIGATION OF
SECONDARY EXCITONS

The energies of optical formation of excitons are
Ee55.5–8.5 eV and the energy gaps areEg56–9 eV for
alkali iodides, bromides, and chlorides. Consequently, sec-
ondary excitons in these AH’s can be formed by photons of
hn.Eg1Ee511–17 eV. We used SR of 5–32 eV in order to
investigate excitons and especially SE’s in AH’s at 8 K. At
these conditions an intensive luminescence of STE’s is ob-
served and the mean free path of FE’s before self-trapping in
iodides and in some of the bromides is about several thou-
sands of the lattice constant.5,8

The experiments were carried out at beam line 52 in
MAX-Laboratory in Lund, Sweden~550 MeV storage ring!.
Relevant details of the experimental setup have been de-
scribed in previous papers.15,17 The excitation spectra were
measured at equal quantum intensities of the excitation fall-
ing onto the crystal. A typical optical slit width of a primary
monochromator was 0.16–0.24 nm. In order to obtain a fresh
surface, the crystals were cleavedin situ under ultrahigh
vacuum conditions~1029 mbar!. Cubic-face-centered KI and
KBr crystals of high purity as well as crystals doped by
homologous impurity ions~KBr:I and KI:Na! were the main
objects of the present study. Single KBr and KI crystals were
grown by the Stockbarger method from salts after a special
purification cycle involving a melt treatment in Br2 gas flow
~for KBr! and a manyfold recrystallization from the melt.
The content of impurity ions was on the level of 0.01–3
ppm. Only the concentration of Cl2 in KBr and Br2 in KI
was about 20 ppm. The content of impurity ions in a doped
crystal was estimated by means of optical methods and is
given in parentheses: KBr:Tl~300 ppm!, KBr:I ~50 ppm!,
KI:Tl ~100 ppm!, and KI:Na~10 ppm!.

Quantitative studies of SE formation and the separation of
this process from electron-hole formation are based on the
investigation of the efficiency ratio spectrum for two differ-
ent emissions from the same crystal. One of the selected
emissions~intrinsic or impurity! should be mainly excited by
triplet excitons, whereas the other emission should be due to
the recombination of electrons with holes. We have recently
applied this method to pure KBr and NaCl, where the triplet
p component of STE luminescence can be mainly excited
via the excitonic mechanism, while the singlets lumines-
cence of STE’s arises due to thee-h mechanism.15,16 The
reasons for the dominant appearance of STEp emission on
the direct optical formation of excitons withn51 as well as
s emission on the recombination of electrons with self-
trapped holes have recently been discussed in detail.23 The
optical formation of FE’s withn51 leads mainly to the cre-
ation of ‘‘off-center STE’s,’’ while the recombination of elec-
trons with relaxed holes causes the formation of ‘‘on-center
STE’s.’’4,23,24

We have elaborated another version of the efficiency ratio
method, which is based on a difference in the values of mean

free pathl of free excitons and holes before self-trapping in
AH’s. This difference is caused by the existence of an acti-
vation barrier between the energy states of FE’s and STE’s
and its absence at the self-trapping of holes.5,6 At low tem-
peratures the values ofl for holes are significantly smaller
than those for FE’s.5 This is why, at optimum concentration
of luminescent impurity centers, the excitonic mechanism
leads to more effective excitation of impurity luminescence
than thee-h mechanism. We have recorded sequentially the
excitation spectra for two different emissions from the crys-
tal using identical recording conditions~the same slit width,
step size, etc.!. The influence of a selective reflection of SR
by a crystal surface can be excluded and the near-surface
losses significantly reduced if we use the intensity ratio spec-
trum for these two emissions, connected with excitonic and
e-h mechanisms, respectively.

III. ELECTRON-HOLE MECHANISM OF MEE’s

In cubic AH’s the minimum of ans-like conduction band
and the top of ap-like valence band are located at theG
point of the Brillouin zone. An analysis of the optical char-
acteristics of KBr and KI has shown that at 10 K the value of
Eg equals 7.55 and 6.31 eV, respectively.

25 Figure 1 presents
the excitation spectrum of Tl1 center luminescence for a
KBr:Tl crystal at 295 K. The direct excitation of Tl1 impu-
rity centers in the regions ofA, B, andC absorption bands
~4.8, 5.6, and 6.0 eV, respectively! leads to the appearance of
a broadband emission~3.2–4.2 eV! with a quantum yield
h50.960.1.14 The efficiency of Tl1 luminescence is low on
the direct formation of excitons by 6.660.1-eV photons, and
the value ofh starts increasing athn.7 eV up to a practi-
cally constant valueh'0.5 at 7.6–14 eV. Thee-h pairs are
formed at band-to-band transitions. After a fast relaxation,
holes undergo the transformation into a self-trapped state
forming VK centers in KBr.3 At 295 K, theVK centers are
highly mobile and interact with Tl1, thereby forming Tl21

centers. The recombination of an electron with Tl21 takes
place via an excited state of Tl1 and leads to the appearance

FIG. 1. Excitation spectra of Tl1-center emission in a KBr:Tl
crystal at 295 K~s andd! and 72 K~solid line!. Radiation from a
discharge source was used in measurements~s! in the spectral
range up to 13.5 eV. The quantum efficiency of Tl1 emission on the
direct excitation of impurity ions by 4.8-eV photons is taken equal
to unity.
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of Tl1 luminescence. In KBr:Tl~300 ppm!, less than half of
thee-h pairs recombine with Tl1 emission, while the recom-
binations in othere-h pairs mainly induce the formation of
point defects~F centers, etc.!.14 The efficiency of Tl1 emis-
sion sharply increases athn.14 eV, and the value ofh ex-
ceeds unity in the range 15–28 eV. Similar to many other
systems,11 the so-called effect of photon multiplication is ob-
served in KBr:Tl. More than onee-h pair is formed after the
absorption of one photon, causing the appearance of recom-
binational luminescence withh.1. The quantum yield of the
photoelectron emission also exceeds unity in the region of
22–29 eV in a thin film of KBr at 295 K.19,22

According to Fig. 1, cooling of KBr:Tl down to 72 K
freezes the hopping diffusion ofVK centers and decreases the
efficiency of Tl1 center luminescence by 7–8 times. How-
ever, even at 72 K a part of the holes, generated by 17–
22-eV photons, is still able to reach Tl1 ions and ionize them
with subsequent radiative recombination of electrons and
Tl21 centers. This effect can be interpreted~similar to other
systems9,10! as a low-temperature migration of hot primary
and secondary holes toward impurity centers. The coexist-
ence of free and self-trapped holes determines two different
e-h mechanisms of MEE’s in AH’s. It is important to men-
tion that the threshold energies for these two mechanisms at
TÞ0 K can be different because relaxed or partly relaxed
holes are formed not only due to photoionization of the an-
ions situated at regular lattice sites, but also on the ioniza-
tion, by photons of lower energy, of halogen ions which are
displaced from equilibrium positions on account of thermal
fluctuations. In the last case a hole is formed directly in a
self-trapped state and can participate only in a hopping mi-
gration, not in a coherent one.

IV. EXCITONIC MECHANISMS OF MEE’s

Besidese-h processes, also excitonic processes play an
important role at the irradiation of a semiconductor by pho-
tons, the energy of which is lower than the value ofEg .
However, the contribution of excitonic processes to semicon-
ductor absorption athn.Eg is extremely low due to a large
effective radius of an exciton and a small value of the oscil-
lator strength. In wide-gap AH’s an effective exciton radius
is comparable with the lattice constant and the oscillator
strength for transitions with the formation of excitons is
large. This circumstance significantly facilitates the investi-
gation of the excitonic processes even on the background of
intensive band-to-band transitions.

Let us consider some typical results by the example of KI
and KI:Na crystals. Figure 2 shows the emission spectra of
KI on the excitation by photons of various energy. The irra-
diation of the crystal by 7.7- or 13-eV photons, which create
separate electrons and holes, causes the appearance of two
well-known emission bands at 4.15 and 3.31 eV. These sin-
glet ~s! and triplet ~p! components of STE emission arise
due to the recombination of electrons with relaxed self-
trapped holes. The so-calledEx emission~2.8–3.2 eV! can
be also excited in the region of the generation ofe-h pairs at
8 K. The Ex emission band is not elementary and has not
been strictly interpreted yet. In some works theEx emission
is interpreted as the third emission band of STE’s,24 while a
part of the emission in this spectral region is undoubtedly

connected with the radiative annihilation of STE’s near ho-
mologous impurity ions~Br2 and Na1!.26 According to Fig.
2 the irradiation of KI by 5.95-eV photons causes the effec-
tive emission of 2.8–3.2 eV, whiles and p emissions of
STE’s are weakly excited in this case. The 5.95-eV photons
generateG~1/2,3/2! orthoexcitons~the first number indicates
the angular momentum of an electronj e and the second of a
hole j h! with total angular momentumJ51.26 Photons of
5.95 and 5.83 eV effectively excite the emission at 2.85 and
3.05 eV caused by the decay of STE’s near Na1 or Br2

impurity ions, respectively, in KI.26

Our experimental data for KI and KI:Na show that the
intrinsic luminescence of STE’s dominates on the recombi-
national formation of STE’s with the participation of relaxed
VK centers. On the other hand, the impurity emission, con-
nected with small concentration of impurity centers~1–10
ppm!, can be effectively excited due to the direct optical
formation of G~1/2,3/2! excitons. The same result was ob-
tained earlier for KI and KI:Tl and interpreted as the direct
manifestation of the coherent migration of FE’s at large dis-
tances toward impurity centers at 8 K.5,7 The activation bar-
rier between energy states of FE’s and STE’s can be over-
come due to thermal fluctuations on heating of KI up to
20–50 K. This causes the increase of STEp emission and
the decrease of the mean free path of FE’s as well as lower-
ing of the efficiency of impurity luminescence. The edge
emission of FE’s sharply decreases in the same temperature
range 20–50 K also.5,8 It was shown earlier27 that the recom-
bination of electrons withVK centers does not excite the
edge emission of FE’s. By means of these well-known pecu-
liarities of excitons, we have succeeded in separating thee-h
and the excitonic mechanisms of MEE’s in doped KI. Even
in a crystal with a small concentration of impurity ions, FE’s,
with large values of the free mean path, can excite an emis-
sion of impurity ions, whereas holes do not reach impurity
centers at low temperatures because of their fast self-
trapping. The subsequent recombination of electrons with
self-trapped holes leads mainly to the appearance of STEs
emission.

FIG. 2. Emission spectra of a KI crystal on the excitation by
5.95–22-eV photons at 8 K. Every emission spectrum is normalized
to unity at its maximum.
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In Fig. 3 we present the excitation spectrum of STEs
emission~4.15 eV! measured in the region of 12–30 eV for
KI:Na at 8 K. The intensity ofs emission~I s! increases
between 13.5 and 19 eV and is approximately constant in the
range 19–30 eV. Similar to other AH’s, the numerous
minima of I s in KI:Na correlate with the intrinsic reflection
~absorption! maxima for a KI crystal.28 We have measured
the excitation spectrum of 2.9 eV luminescence which cor-
responds mainly to thep emission of STE’s near Na1 impu-
rity centers. Figure 3 also shows the intensity ratio spectrum
for this STE emission near Na1 and for STEs emission
~INa/I s!. The INa/I s spectrum represents the ratio of two pro-
cesses, the excitation of impurity emission by FE’s and the
recombinational formation of STE’s. The value ofINa/I s is
practically constant at 12–13 eV, sharply increases in the
region of 13–14 eV, and then decreases in the range up to
16.5 eV. The second maximum ofINa/I s occurs at 26.5–29.0
eV. We interpret these two maxima ofINa/I s as an increased
efficiency of anion exciton formation in these spectral re-
gions. The formation of SE’s is observed on the background
of photocreation of primarye-h pairs ~12–14.5 eV! and of
primary as well as secondarye-h pairs ~14.5–19 eV!. Be-
sides electron transitions between valence and conduction
bands, the transitions starting from the core 5s2 shell of the
I2 ions also occur in the range 16–19 eV in KI. In this
region the complicated structure of the spectra, presented in
Fig. 3, can be partly connected with the transitions from the
core 5s2 I2 shell.

A fragment of theINa/I s spectrum at 12–18 eV for KI:Na
is reproduced in Fig. 4~a! together with the intensity ratio
spectrumI Tl/I s for total emission of Tl1 centers~there are
two components of Tl1 emission at 3.7 and 2.8 eV! and STE
s emission in KI:Tl at 8 K. There are typical maxima of
INa/I s and I Tl/I s in the region 13–15 eV. The concentration
of impurity ions in KI:Tl ~100 ppm! is by an order of mag-
nitude higher than in KI:Na~10 ppm!. This explains the
more obvious~relative to the regions 12–13 and 15–18 eV!
maximum in KI:Na. In KI:Tl the Tl1 emission can be excited
not only by secondary FE’s, but also due to the recombina-
tion of electrons with Tl21 centers formed by hot~unrelaxed!
holes. In KI:Na the mean free path of holes before self-

trapping is not sufficient for their localization near Na1 im-
purity ions, the concentration of which is low~10 ppm!.

Figure 4~b! depicts the intensity ratio spectrum~I I/I s! for
the 3.5 eV luminescence, caused by I2 center excitation by
FE, and thes emission of STE’s~4.42 eV! in KBr:I at 8 K.
Similar to the intensity ratio spectrum forp ands compo-
nents of STE’s, measured previously in a pure KBr crystal,15

the value ofI I/I s stays approximately constant at 13.5–15
eV, sharply increases in the range 15–16 eV, and then de-
creases to the initial value at 18 eV. We interpret the maxi-
mum in theI I/I s spectrum as a direct manifestation of SE
formation. The region of SE formation in KBr is shifted by 2
eV toward higher energies relatively to that in KI. The value
of this shift agrees well with the differences between the
values ofEg ~7.55 and 6.31 eV! andEe ~6.76 and 5.83 eV!
for these crystals.

All the above-mentioned data support undoubtedly the ex-
istence of the excitonic mechanism of MEE’s, which can be
experimentally detected on the background of thee-h
mechanism~see Sec. III! by the analysis of the intensity ratio
spectra for two emissions of the crystal. A comparison of the
behavior of excitation spectra for impurity luminescence and
STE emission shows that in a crystal at 8 K~with a small
concentration of impurity centers! the energy transfer to
these centers occurs with the participation of FE’s. Accord-
ing to our analysis, the initial stage of MEE’s at low tem-
peratures is connected with the formation of highly mobile

FIG. 3. Excitation spectrum of 4.15 eVs emission of STE’s~s!
and the intensity ratio spectrum~n! for impurity emission of Na1

centers~2.9 eV! and s emission of STE’s measured for a KI:Na
crystal at 8 K.

FIG. 4. ~a! The intensity ratio spectrum~s! for total emission of
Tl1 centers~components at 3.7 and 2.8 eV! and s emission of
STE’s ~4.15 eV! measured for a KI:Na crystal at 8 K. The intensity
ratio spectrum~n! for impurity emission of Na1 centers~2.9 eV!
ands emission of STE’s measured for a KI:Na crystal at 8 K.~b!
The intensity ratio spectrum~n! for p ~2.3 eV! ands ~4.42 eV!
emissions of STE’s measured for a KBr crystal at 8 K. The spec-
trum of F-center creation~s! by synchrotron radiation measured
for KBr:Tl at 295 K using the luminescent method. The light sum of
Tl1 impurity luminescence stimulated in the maximum of
F-absorption band was taken as a measure ofF centers created by
SR.
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secondary FE’s, the energy of which can be effectively trans-
ferred at large distances to impurity centers.

A natural question arises whether the immediate forma-
tion of SE’s in a localized state is possible under certain
conditions. Our experimental results are in favor of the direct
formation of localized SE’s at least at 295 K. It is known
~see, e.g., Ref. 29! that heating of AH’s leads to a significant
increase of the Urbach tail of fundamental absorption, which
is caused by the direct formation of excitons in a self-trapped
state. At 10–20 K the intrinsic absorption of KBr sharply
decreases from the maximum value 106 cm21 at 6.79 eV
down to 102 cm21 at 6.72 eV, while at room temperature the
same decrease of the absorption constant occurs between
6.65 and 6.2 eV, i.e., in a significantly wider energy region.29

We have succeeded in revealing the process of SE decay
with the formation of anF-H pair of Frenkel defects in
KBr:Tl at 295 K by measuring the creation spectrum of
stableF centers.30A fragment of this spectrum is reproduced
in Fig. 4~b!. A comparison of the spectrum ofF-center cre-
ation with the spectrum ofI I/I s for KBr:I shows that the
function of SE formation at 8 K has a sharper rise than that at
295 K. The range 14.2–15.2 eV, connected with the forma-
tion of SE’s by hot photoelectrons in KBr at 295 K, can be
considered as an analog of the Urbach tail of exciton absorp-
tion. In our opinion, SE’s can be formed at 295 K either in a
free state~as at 8 K! or directly in a localized state. Quanti-
tative investigation of this effect has still to be performed,
however.

V. CREATION OF SECONDARY EXCITONS BY HOT
PHOTOELECTRONS

Important information about the formation of SE’s can be
obtained by the analysis of the threshold photon energiesE th

0

for the creation of SE’s. Table I presents our experimentally
determined values ofE th

0 ~accuracy60.2 eV! along with the

threshold energies for the formation of secondarye-h pairs,
E th

6 ~accuracy60.3 eV! for AH’s at 8 K. The valuesE th
0 and

E th
6 are compared with the previous values ofEg , obtained

by many authors. Comparisons are also made of the energies
of the direct generation ofG excitons withn51 in different
electronic states and the binding energies ofG paraexcitons,
EB5Eg2Ee

p ~Ee
p is the formation energy ofG~1/2,3/2!

paraexcitons withJ52!. All energies, presented in Table I,
were obtained in the temperature range 4.2–10 K.

The possibility of cooperative absorption of a photon by
two ions with direct formation of two excitons in solids has
been proposed by Dexter.37 According to theoretical esti-
mates, the probability of this process is by several orders of
magnitude lower than that of photon absorption with the for-
mation of one EE. Experimental evidence of the formation of
two excitons due to the cooperative absorption of a photon is
not yet available. The threshold energy for this process is
expected to beEth52Ee . The values ofE th

0 ~see Table I! are
significantly higher than 2Ee . Furthermore, one photon of
hn>E th

0 undoubtedly creates ane-h pair and an exciton. In
pioneering work on the detection of SE formation in AH’s at
295 K, it was proposed thatE th

05Eg1Ee andE th
652Eg .

11 So
E th

62E th
05Eg2Ee5EB . At the same time it was also pro-

posed that in AH’s the effective mass for a hole is more than
one order of magnitude larger than that for an electron. Our
experimental values ofE th

0 and E th
6 satisfy the inequalities

E th
0.Eg1Ee , E th

6.2Eg , andE th
62E th

0.EB . An attempt at a
qualitative interpretation of these inequalities will be made
below.

An interband impact ionization is the most probable cre-
ation mechanism of severale-h pairs by one photon of
hn>E th

6 . An inelastic scattering of a sufficiently energetic
electron on valence electrons leads to the formation of a
secondarye-h pair. From a quantum-mechanical point of
view, the impact ionization is equivalent to the intraband
Auger transition with the formation of a secondarye-h pair

TABLE I. Threshold photon energies for the formation of secondary excitons~Eth
0 ! and secondary

electron-hole pairs~Eth
6!; formation energies for transverse and longitudinal excitonic states~Ee

T andEe
L! and

paraexcitons (Ee
p) with different angular momentum for an electron (j e) and a hole (j h) ~J is a total angular

momentum!; energy gaps (Eg) and binding energies for paraexcitons (EB). All energy values~in eV! are
obtained in the temperature range 4.2–10 K.

j e j h J KI KBr NaCl

Eth
0 13.1 15.2 18.0

Eth
6 14.0 16.5 19.5

Eg 1/2 3/2 6.31a 7.55a 8.77a

Ee
p 1/2 3/2 2 5.83b 6.76f

Ee
T 1/2 3/2 1 5.85c 6.79f 7.97a

Ee
L 1/2 3/2 1 5.95d 6.95g 8.17

Ee
T 1/2 1/2 1 6.80a 7.30a 8.10a

Ee
L 1/2 1/2 1 6.90e 7.45g 8.30

EB 1/2 3/2 0.48 0.79 0.80

aRef. 25.
bRef. 31.
cRef. 32.
dRef. 33.
eRef. 34.
fRef. 35.
gRef. 36.
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owing to the energy release at a transition of a primary pho-
toelectron to a lower level inside a complicated conduction
band.

Generally, the strict theoretical estimation ofE th
6 in crys-

tals with complicated conduction and valence bands is a dif-
ficult task ~see, e.g., Ref. 2! which has not been solved yet.
In order to elucidate the main peculiarities of thee-h mecha-
nism of MEE’s in cubic-face-centered AH’s, it is useful to
consider a simplified form of the theory for a system with
two parabolic energy bands, the extrema of which are located
at theG point of the Brillouin zone,k50.38 The process of
impact ionization by hot photoelectrons takes place accord-
ing to the laws of conservation of the energy and the quasi-
impulse~wave vectork!. The direct interband transition with
a photon absorption causes the creation of a hot conduction
electron with effective massme and a hot hole in a valence
band with effective massmh . The energy absorbed by a crys-
tal, hn2Eg , is divided between a photoelectron and a pho-
tohole in accordance with the ratiomh/me . If the interaction
with phonons is neglected andme/mh,1, a hot photoelec-
tron gains a larger part of the photon energy. This primary
electron is able to ionize a crystal and to create a secondary
e-h pair if its energyEi exceeds the value ofEg . The in-
equality Ei.Eg must be fulfilled in order to conserve the
total wave vector on the inelastic scattering with the forma-
tion of a secondarye-h pair. In this case the threshold pho-
ton energy for the impact ionization of a crystal by a hot
photoelectron38 is

Eth
652Eg~11me /mh!. ~1!

The value ofE th
6 equals 2Eg in crystals withme!mh . If

me5mh , E th
654Eg and an electron and a hole are both able

to form a secondarye-h pair.
If the interaction of a hot photoelectron with phonons is

taken into account, the conservation ofk takes place even at
Ei5Eg and the threshold energy for the formation of a sec-
ondarye-h pair39 is given by

Eth
65Eg1Eg~11me /mh!. ~2!

Figure 5~a! illustrates the situation described by the formula
~2! for different values ofme/mh . In crystals withme/mh50,
E th

6 equals 2Eg , and atme/mh51/3, E th
6 equals 7Eg/3. The

maximum value E th
653Eg corresponds to the case

me/mh51, when a hot photoelectron and a hot photohole
both have sufficient energies to form a secondarye-h pair
~participation of phonons provides the conservation of the
total wave vector!. In AH’s me,mh and the total width of a
valence bandEn,Eg , which is why only photoelectrons
take part in the process of MEE’s. In all crystalsE th

6.2Eg
because a part of the absorbed energy is transferred to a
photohole. In order to obtain the experimentally determined
values ofE th

6 for KI, KBr, and NaCl crystals, the values of
me/mh , 0.22, 0.18, and 0.22, respectively, must be used in
formula ~2!.

Using a simplified theory, we have obtained the threshold
photon energy for SE formation@compare with formulas~2!
and ~1!# as

Eth
05Eg1Ee~11me /mh! ~3!

if the interaction of hot photoelectrons with phonons is taken
into account and

Eth
05Eg1Ee~112me /mh! ~4!

if it is neglected. Figure 5~b! illustrates the impact excitation
of a crystal with the formation of SE’s@according to formula
~3!# for different values ofme/mh .

Using formulas~2! and ~3!, we obtain

Eth
62Eth

05EB~11me /mh!. ~5!

This difference equals 2EB if me/mh51 andEB if me/mh!1.
Our experimental values ofE th

6 andE th
0 satisfy the inequality

2EB.E th
62E th

0.EB . In formulas~1! and ~4! the interaction
of hot photoelectrons with phonons is neglected and

Eth
62Eth

05EB~112me /mh!. ~6!

In this rough approximation the difference equals 3EB in
crystals withme/mh51. By using the valuesE th

0 , Eg , and
Ee

p from Table I in formula~3!, it is possible to estimate the
values ofme/mh for KI, KBr, and NaCl ~0.17, 0.13, and
0.16, respectively!. These values are smaller than those

FIG. 5. Simplified model of the formation of secondary
electron-hole pairs~a! and secondary excitons~b!. Energy of a con-
duction band (c), a valence band (v), and excitons~e0! as a func-
tion of the wave vector~k! for three different values of the ratio of
effective masses for electrons~me! and holes~mh!. Solid arrows~1!
depict the process of a photon absorption with the formation of a
primarye-h pair. Dashed arrows~2 and 28! show the Auger transi-
tion ~with the participation of phonons! with the formation of sec-
ondarye-h pairs ~a! or excitons~b!.
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based on the data on the formation of secondarye-h pairs in
the same crystals. The difference of theme/mh values, ob-
tained in various ways, illustrates the approximate form of
formulas ~2! and ~3!. The parabolic approximation for the
dispersion in conduction and valence bands is justified in a
limited region aroundk50 only.

Besides the analysis ofE th
0 , important information about

the process of SE formation in AH’s can be obtained from
the intensity ratio for excitonic and recombinational emis-
sions athn.E th

0 . According to the data on electron impact
spectroscopy for free atoms,40 in the case of weakly allowed
optical transitions~e.g.,1S0→3P1 and

1S0→3P2 transitions
in a Hg atom!, the intensity of atomic emission sharply
reaches the maximum with an electron energy increasing
above the threshold value. For the states of free atoms, tran-
sitions to which are allowed by selection rules~e.g.,
1S0→1P1 transition in a Hg atom!, the intensity of emission
increases slowly and reaches the maximum at an energy ex-
ceeding the threshold value by 2–3 times. Our experimental
results show that in KI and KBr the value of the intensity
ratio for excitonic and recombinational emissions sharply in-
creases in the region of 0.5–0.7 eV above the valueE th

0 . In
AH’s such a behavior is expected not for the formation of
spin-singlet G~1/2,1/2! excitons, but for spin-triplet
G~1/2,3/2! paraexcitons withJ52 andG~1/2,3/2! orthoexci-
tons withJ51. According to the data in Table I, the forma-
tion energy of G~1/2,1/2! longitudinal orthoexcitons,
Ee

L~1/2,1/2!, in KI exceeds the valueEg~1/2,3/2!, whereas, in
KBr, Ee

L(1/2,1/2)'Eg(1/2,3/2). Consequently, the formation
of G~1/2,1/2! SE’s in KI and KBr must be expected in the
same spectral region as the creation of secondarye-h pairs.
ThereforeG~1/2,1/2! excitons are not responsible for the
main maxima in the intensity ratio spectra for KI~13.8 eV!
and KBr ~15.8 eV!. Hot photoelectrons form mainlyG~1/
2,3/2! paraexcitons andG~1/2,3/2! longitudinal orthoexcitons
in KI and KBr crystals. The difference between energy states
of these excitons is 0.13 and 0.17 eV for KI and KBr, respec-
tively ~see Table I!. Unfortunately, our experimental accu-
racy is not sufficient to distinguish between triplet para- and
orthoexcitons.

It was recently shown41 that the multiplicity is not
changed due to the transition FE→STE and the optical gen-
eration of free paraexcitons leads to the formation of triplet
STE’s. From our data~see also Refs. 15 and 23!, which show
that the tripletp emission of STE’s is dominant on the for-
mation of SE’s withn51, we can conclude that hot photo-
electrons create mainly triplet FE’s. It is important to men-
tion that contrary to photons, which directly generate
transverse polariton excitons, hot photoelectrons form longi-
tudinal SE’s without a polaritonic component.35

VI. DECAY OF CATION EXCITATIONS

Besides excitons, the hole component of which is local-
ized at halogen ions~anion excitons!, photons with signifi-
cantly higher energy can in AH’s create so-called cation ex-
citons. The hole component of these cation excitons is
localized at alkaline metal ions. In KCl, KBr, and KI, cation
excitons have an electronic configuration 3p54s K1 and they
have been investigated in detail~see, e.g., Ref. 28!.

The maxima at 19.85 and 20.1 eV, in the reflection spec-

trum for the~100! plane of KBr measured after cleaving of
the crystal at 8 K, are connected with the excitation of K1 at
theG point of the Brillouin zone.28 This doublet is caused by
the spin-orbit splitting of cationG excitons. An intense re-
flection maximum at 21.23 eV is interpreted as the formation
of 3p54d cation excitations at theX point.28 There are two
shoulders, at 20.5 and 20.7 eV, in the region betweenG and
X cation excitons. The shoulder at 20.7 eV is tentatively
attributed to the photoionization threshold of 3p6 K1.28 The
spectrum ofF-center creation has been measured for KBr:Tl
by means of SR~12–32 eV! at 295 K, and the typical pecu-
liarity in the spectrum was interpreted as a manifestation of
the photoionization of the K1 ion, Egc520.560.2 eV.30

The excitation spectra forp and s emissions of STE’s
~2.3 and 4.42 eV! for KBr at 8 K have been investigated
earlier.15 The intensity ratioIp/I s for p ands emissions of
STE’s is practically constant in the region 18.5–22.5 eV. We
have previously shown15 that a 17–19-eV photon can form
two e-h pairs. We can thus conclude that the decay of 3p54s
cation excitons in KBr leads to the formation of a double
amount ofe-h pairs as well.

The decay of cation excitons with the formation of a
double amount of anion excitons has also not been detected
in a KI crystal. Figure 2 shows that the direct generation of
cation excitons by 20-eV photons causes the excitation of the
same emission bands, as in a case ofe-h pair formation by
7.7- or 13-eV photons. The irradiation of KI by 20-or 22-eV
photons does not lead to an effective excitation of 2.8–3.1
eV luminescence, which dominates in the emission spectrum
on the excitation by 5.95- or 5.83-eV photons, i.e., on the
direct optical formation of anion excitons~see Fig. 2!. The
threshold energy for photoionization of 3p K1 has not been
strictly determined in KI yet. We made an attempt to deter-
mine the value ofEgc using the intensity ratio spectrum
INa/I s for the emission of STE’s near Na

1 impurity ions and
thes emission of STE’s in KI:Na at 8 K~see Fig. 3!. Besides
the maximum in the range 13–14.5 eV, analyzed in detail in
Sec. V, there is a second maximum between 26.5 and 28 eV
which should correspond to the formation of anion SE’s by
hot photoelectrons on the photoionization of 3p K1. Accord-
ing to all theoretical calculations and experimental estimates,
the width of the cation valence band in KCl, KBr, and KI
does not exceed 0.2 eV and the threshold photon energy for
SE formation due to the photoionization of K1, Eth

0c , must be
close to the value ofEgc1Ee . Taking Eth

0c526.560.2 eV
andEe55.83 eV, we obtainEgc520.760.2 eV in KI. Ex-
actly in this spectral region, between the absorption maxima
of G andX cation excitons, there is a shoulder which has
been tentatively interpreted asEgc .

28 In KBr the second
maximum ofIp/I s is located at 28–29 eV~Ref. 15! and our
experimental estimate givesEth

0c527.560.2 eV. In KBr at 8
K, Ee56.8 eV andEgc5Eth

0c2Ee520.760.2 eV.
It should be mentioned that the binding energy for cation

excitons in KBr and KI can be estimated as 0.8 and 0.6 eV,
respectively. According to Table I, these values are close to
the values ofEB for anion excitons.

VII. CONCLUSIONS

Methods for quantitative investigation of secondary exci-
tons in AH’s have been elaborated. The analysis of the inten-
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sity ratio spectra for two emissions, excited by SR of 12–32
eV, allowed us to separate the regions of SE formation in KI
~13–15 and 26.5–29 eV! and KBr ~15–17 and 28–30 eV!
crystals. The formation of a SE is caused by the photocre-
ation of a primary conduction electron~in pair with a hole!,
the energy of which is sufficient to form a triplet SE. Low-
energy regions of SE formation are connected with the
photoionization of anions~5p I2 and 4p Br2! and high-
energy regions with the creation of hot photoelectrons at the
photoionization of cations~3p K1!. Taking KI:Na and KBr:I
crystals as the example, we have revealed at 8 K anefficient
energy transfer~at large distances! to impurity centers and
the excitation of impurity luminescence by free triplet SE’s.

The experimental determination of the threshold energies
for the formation of SE’s in KBr~15.260.2 eV! and KI
~13.160.2 eV! allowed us to eliminate some of the proposed
mechanisms for SE formation. In particular, the decay of a
cation exciton with the formation of two anion excitons has
not been detected. The formation of triplet SE’s in AH’s can
be described as Auger transitions of hot electrons, generated
by photons, to lower-energy levels inside the conduction
band. This process can be roughly interpreted as an inelastic

scattering of hot photoelectrons on valence electrons~impact
excitation of a crystal!.

The values of the threshold energy for thee-h mechanism
of MEE’s ~16.5 eV in KBr and 14 eV in KI! exceed 2Eg

because a part of the photon energy absorbed by a crystal is
transferred to a photohole. In doped AH’s~e.g., KBr:Tl!, the
formation of secondarye-h pairs by primary hot photoelec-
trons causes the excitation of recombinational impurity lumi-
nescence with the quantum yieldh.1. The decay of
G-cation excitons (3p54s) in KI and KBr, generated by
20-eV photons, leads to the formation of a double amount of
e-h pairs.
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