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We investigate the dependences of dislocation exoelectron emission on the temperature and on 
the F-center density in alkali-halide crystals. We show that the dislocation exoemission is an 
activation process, with respective activation energies 0.24,0.44,0.2 1, and 0.17 eV for KC1, NaC1, 
KBr, and LiF, respectively. Luminescence is observed when additively colored crystals are de- 
formed. The results favor an Auger mechanism of dislocation exoemission. The dislocation veloc- 
ities in the sample surface layers are estimated from an analysis of the experimental data. 

Dislocations that are moved by plastic deformation in- 
fluence strongly many physical properties of crystals.' Dis- 
location motion causes emission from 11-VI semiconductors 
and from colored alkali-halide crystals (strain luminescence 
SL),1-3 alters the crystal center s t r u ~ t u r e , ' ~  enhances many 
luminescence bands (strain sen~itization),~ produces a dislo- 
cation ~ u r r e n t , ~ , ~  and so on. The foregoing and other pro- 
cesses, in which linear defects influence crystal properties, 
are due mainly to dislocations that move in the volume of the 
crystal, and can therefore be classified as volume processes. 
This approach disregards the motion of the dislocations in 
the crystal surface layer and of their interaction with the 
sample surface. This gap can be filled by dislocation exoelec- 
tron emission (DEE) which occurs when the dislocations 
move.7 Indeed, the depth from which an electron can escape 
from the crystal in the course of exoelectron emission is 10W6 
cm, so that it is expedient to use DEE to study the interaction 
between dislocations and centers located near and on the 
surface of the crystal, and to investigate the dynamic charac- 
teristic of dislocations in the surface layer of a sample. 

Before employing DEE as a research method, however, 
it is necessary to investigate its mechanism in detail. This is 
indeed the purpose of the present study, devoted to the tem- 
perature characteristics of the DEE in colored alkali-halide 
crystals (AHC) and the dependence of the DEE on the F- 
center density; we estimate also the dislocation velocity as 
they emerge to the crystal surface. Our results favor the Au- 
ger mechanism proposed for the DEE by Molotskii.' 

EXPERIMENTAL TECHNIQUE 

We investigated KC1, NaC1, KBr, and LiF crystals 
grown from the melt and not specially doped. The samples 
were chipped off the junction plane. A typical sample mea- 
sured 3 X 5 X 15 mm. Color centers were produced by two 
procedures: photochemical coloring by y or x-rays, and ad- 
ditive coloring. Photochemical coloring was carried out at 
293 K using a Co60 source. The irradiation dose was varied in 
the range lo4-lo7 rad. 

Additive coloring was produced by heating the sample 
in the alkali-metal vapor at a temperature 100" below the 
melting point. The F-center density varied with the duration 
of the coloring. The number of centers in the samples was 
determined from the profile of the absorption band, using 

the Smakula fo r rn~ la .~  Our samples showed after irradiation 
only one band corresponding to the F centers. The densities 
of the other electronic centers was negligibly small. 

The emission was recorded with the setup described in 
Ref. 7. The sample was cooled by nitrogen vapor from a 
portable dewar in heat exchangers placed on the upper and 
lower punches. The temperature was regulated with heaters 
placed in the portable dewar and with a VRT-2 high-current 
temperature regulator. The temperature sensors for the 
VRT-2 were thermocouples placed on the upper and lower 
punches near the investigated sample. The temperature was 
maintained constant within + 0.5" in the 300-90 K range. 

The weak emission ,of the additively colored crystals 
was recorded with an FEU-106 photomultiplier cooled to 
- 35" C and with a photon-counting system based on an 

NTA-1024 multichannel pulse analyzer. The number of 
noise pulses of the cooled photomultiplier was 1 count/sec at 
an anode sensitivity 1000 A/lum. The photomultiplier was 
cooled with an MTE-F thermoelectric microrefrigerator 
commercially produced in the USSR. 

EXPERIMENTAL RESULTS AND THEIR DISCUSSION 

According to the notions deduced from investigations 
of dislocation lumine~cence,~ dislocations moved by plastic 
deformation capture electrons localized in electronic traps, 
such as Fcenters. If the center electron is localized in space, 
it becomes quasi-free when captured by a dislocation. The 
electron can move together with and along the dislocation. 

The energy released when electrons captured by dislo- 
cations recombine with hole centers can ionize electrons lo- 
calized on anion vacancies or captured by dislocations. This 
can cause electron emission. As shown earlier,7 however, 
dislocation emission is observed both in photochemically 
and in additively colored crystals. The latter are known to 
have no hole centers and the described Auger process cannot 
account for the dislocation exoelectron emission of the sam- 
ples investigated by us. Molotskiix suggests that the centers 
at which the electrons liberated by the dislocations combine 
can be the deep traps present on the sample surface. Such 
traps are, for example, potassium ions adsorbed on an ideal 
surface of a KC1 crystal. Such a trap is located 4.27 eV away 
from the bottom of the conduction band. The dislocation 
band in KC1 is located at - 2.1 eV below the bottom of the 
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conduction band. The described Auger process excites 
therefore a dislocation electron on the bottom of the conduc- 
tion band. Further thermal ionization of these electrons 
gives rise to dislocation electron emission. It must be noted 
that the traps on which the dislocation-captured electrons 
recombine can also be volume and surface centers, for exam- 
ple interstitial C10 ions. 

The DEE process can be schematically represented in 
the following form: 

where L is the deep trap, e, is an electron on the dislocation 
(D ), and e and e0 are electrons on the bottom of the conduc- 
tion band and in vacuum, respectively. 

TEMPERATURE CHARACTERISTICS OF DISLOCATION 
EXOEMlSSlON 

If the Auger mechanism of DEE is realized, the tem- 
perature dependence of the dislocation exoemission is deter- 
mined by two processes, viz., capture of F electrons by a 
dislocation (first stage) and thermal ionization of electrons 
located on the bottom of the conduction band (third stage). 
Investigations of dislocation luminescence have shown that 
capture ofFelectron by a dislocation is an activation process 
with an activation energy Ud coinciding with the activation 
energy of strain luminescence. The energy needed for ther- 
mal ionization of an electron from the bottom of the conduc- 
tion band to the vacuum depends on the crystal electron 
affinity X. The dislocation exoemission should therefore 
have an activation energy 

The dependences of the DEE and of the dislocation lu- 
minescence of a KC1 crystal are plotted in coordinates 1n.J 
and 1/T in Fig. 1. It can be seen from the figure that both 
DEE and SL are activated processes. The activation energy 
U,, of the dislocation exoemission exceeds the activation 
energy U, of the dislocation luminescence. For KC1 crystals 
we have U,, = 0.25 eV and U, = 0.08 eV. U,, is the same 
for photochemically and additively colored crystals. 

Similar temperature dependences of the DEE were ob- 
tained for the NaC1, KBr, and LiF crystals investigated by us 
in which, likewise, U,, > U, . The values of U,, for NaC1, 

t n  7, re]. un. 

FIG. 1. Temperature dependences of the dislocation exoemission for KC1 
crystals: curve I--dislocation exoemission (Cphotochemically colored 
crystal, 0-additively colored crystal): curve 2--dislocation lumines- 
cence; curve 3-photostimulated exoemission. 

KBr and LiF crystals are respectively 0.33, 0.21, and 0.17 
eV. 

To determine the values o f x  in experiment we investi- 
gated the temperature dependence of the electron photoe- 
mission (EFE) stimulated by F light. The EFE intensity also 
decreases exponentially with decreasing temperature. For 
KC1 the value o fx  was found to be 0.16 + 0.2 eV. It must be 
noted that our value of x can differ from the true electron 
affinity, since the deformed samples have an alternating-sign 
mosaic of charges, and the field of the mosaic leads to local 
variation ofx. 

Comparing the activation energies of the DEE, SL, and 
EFE processes we conclude that relation (1) is satisfied for 
KC1. This favors the Auger mechanism of dislocation exoe- 
mission. 

DEPENDENCE OF THE DISLOCATION EXOEMlSSlON 
INTENSITY ON THE F-CENTER DENSITY 

The number of electrons trapped by dislocations (n, ) is 

where v is the dislocation velocity, r the effective radius of 
interaction of the dislocations with the F center, T the elec- 
tron lifetime on the dislocation, and nf and F-center density. 
The effective radius of the dislocation interaction with the F 
center and the electron lifetimes on dislocations were deter- 
mined in Refs. 1 and 2. For a KC1 crystal at T = 300 "C their 
values are respectively r z b  (where b is the Burgers vector) 
and T Z  3 - sec. 

The number of electrons emitted by a plastically de- 
formed crystal is 

According to Ref. 8 

where & is the rate of plastic deformation, P, the probability 
of recombination of dislocation-captured electrons with 
deep traps, Po the probability of Auger ionization, and P, the 
probability of thermal ionization of electrons from the bot- 
tom of the conduction band into the vacuum. 

P, is defined as 

where a, is the recombination cross section and n, is the 
density of the deep surface traps. The probability Po of ob- 
serving at least one dislocation in a segment 2R0 equal to 
double the Auger-ionization radius (R,) is8 

where R, = (rn, LIT)-' is the average distance between the 
electrons on the dislocations. 

The probability P, of thermal ionization of an electron 
is defined as 

where wo is a frequency factor and T, is the lifetime of an 
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electron in the conduction band. The density of electron flow 
out of the crystal in the course of plastic deformation is 
found from (2)-(7) to be 

where 

b a = - ~ , G ~ T U ~ O ~ T ~  exp - - 
b 

( & ) , p=ZR~rur.  (9) 

In the derivation of (8) no account was taken of the Auger 
ionization of the F centers, since its probability is consider- 
ably lower than Po (Ref. 8). It follows from (8) that at 
n <(2R0rvr)-' = fl -' the DEE is proportional to n;, and if 
the inequality is reversed (nf sfl - I )  the intensity is a linear 
function of the F-center density. 

The experimentally obtained relation between the dis- 
location exoemission intensity and the F-center density is 
shown in Fig. 2. The figure shows it to be nonlinear. It can 
therefore be approximated by the function (8), by choosing 
the values ofa  andflsuch that the theoretical relation comes 
as close as possible to the experimental. It follows from Fig. 2 
that at a = 1.5. 10-l5 cmW3 a n d p  = 1.7. 10-l7 cmP3 the 
agreement between the experimental curve and the theoreti- 
cal Eq. (8) is quite satisfactory. This indicates that the DEE is 
a consequence of the discussed Auger process. 

An important consequence of the considered Auger 
mechanism of the DEE is the presence of an emission band in 
additively colored crystals, with a maximum located in the 
region of the transition of the dislocation electron to a deep 
electron trap. In KC1 this energy is -2 eV (Amax = 6000 
A).' The radiation produced by plastic deformation of addi- 
tively colored KC1 crystals was observed by us in experi- 
ment. Owing to the weak emission intensity (J=: lo4 pho- 
tons/cmz . sec at an F-center density nf = 5 . lOI7 cm-3 and 
at a deformation rate & = lou4 sec-I) we were unable to 
determine exactly the position of the maximum of the emis- 
sion band. An analysis of the spectral composition of the 
emission by using band filters allowed us to place the maxi- 
mum of the emission in the 5800-6400 b; region. 

The agreement of the experimental temperature and 
density dependences with the calculated ones and the pres- 
ence of luminescence of additively colored samples is evi- 

7, rel. un. 

FIG.  2. Dislocation-exoemission density vs Pcenter density: points-ex- 
perimental data, solid line-plot o f  J = an,[l - exp( - p n f ) ]  at 
a = 1.5 . 10-l5 cm-3 andp = 1.7 . lo-" cmP3. The inset shows the set- 
up for loading the crystal and recording the dislocation exoemission with 
a VEU-6 secondary electron multiplier ( 1 )  and the dislocation lumines- 
cence with the FEU-106 photomultiplier (2) o f  the NTA-1024 multichan- 
nel analyzer (2,4);  5-vacuum chamber. 

dence that dislocation exoemission of electrons is indeed a 
consequence of an Auger process. For a final determination 
of the type of center participating in the DEE process it is 
necessary to establish the spectral composition of the radi- 
ation emitted when the dislocation-liberated electrons com- 
bine with deep traps on the surfaces of additively colored 
crystals. 

QUANTITATIVE ESTIMATES 

After determining in experiment the activation energy 
of the DEE process, calculating the constants a and fl [(8), 
(9) ]  from the dependence of the dislocation exoemission in- 
tensity on the F-center density, and calculating the number 
of photons emitted following deformation of additively co- 
lored crystals, it becomes possible to estimate quantitatively 
a number of important parameters. Some are, for example, 
the velocity v of emergence of a dislocation to the surface, the 
density n, of deep electronic traps, and the quantum yield of 
the strain luminescence of additively colored crystals. 

The experimental value of the coefficient fl = 2R0vrr is 
1.7. lo-'' cmP3. Putting Ro = 5 loW7 cm (Ref. 8), 
r = 3 . loW8 cm, and T = 3 - sec we get v = 1.9 cm/sec. 
The quantity v obtained in this manner is the dislocation 
velocity in a surface layer - loW6 cm (the depth from which 
an electron can be emitted). 

Let us estimate the dislocation velocity vo in the interior 
of a sample. It is known that 

s=Lvob/2Q, 

where fl is the volume of the sample, L = Nda the total 
length of the moving dislocations, U, is the number of mov- 
ing dislocations, and a the linear dimension of the sample. 

The number of moving dislocations, as well as their 
density, depends on the degree of deformation of the crystal. 
Assuming Nd =: lo6 cm-2 (Ref. 10) for E=; 1 % and & = 10W4 
sec-' (these are the values of E and & for which J = J (nf) plot 
of Fig. 2 was obtained), we get v o z  lo-' cm/sec. Thus, the 
dislocation velocity in the surface layer v is larger by two 
orders of magnitude than the average dislocation velocity uo 

in the volume of the crystal. This is not surprising, since the 
velocity of the dislocation emerging to the surface is deter- 
mined mainly by image forces and can exceed considerably 
the dislocation velocity in the interior of the sample." 

The radiation intensity in plastic deformation of additi- 
vely colored samples is determined from the relation8 

where 7 is the luminescence quantum yield. Using this equa- 
tion we can determine from the experimentally measured 
intensity JL and from the calculated coefficient a: 

JL 
q = - o0.ro exp ( - ~ l k T )  ; 

assuming wo = 6 .  lOI3 sec-' and 7, = lop7  sec we obtain 
7 = 1.33 - lop3. This value is smaller by an order of magni- 
tude than the intracenter luminescence (IL) of Cu' centers 
in KC1:Cu (Ref. 4) and agrees with the IL quantum yield of 
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the centers participating in this process. 
Dislocation exoemission of electrons can serve also as a 

method of determining the density n, of the surface traps. 
Indeed, it is easy to determine n, from (10): by putting 
us = 5 -10-l3 cm2 (Ref. 8) we get n, -1 1.6 . lo9 crnp2. The 
obtained value of n, is much less than the limiting density of 
the surface traps. Therefore the deep electron traps in the 
subsurface region and on the surface can indeed serve as 
recombination centers for the dislocation electrons, and the 
energy released in this process can go to excitation of other 
dislocation electrons into the conduction band, followed by 
thermal activation into the vacuum. 

Thus, the Auger mechanism of electron exoemission 
from semiconductors and dielectrics, first considered by 
Tolpygo and Sheinkman,12 describes also the dislocation 
electron exoemission produced when colored alkali-halide 
crystals are deformed. 

We thank M. I. Molotskii for a helpful discussion of the 
results. 
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