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Tunneling-recombination luminescence between Ago and Ag + in KCl:AgC1
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Appropriate treatment of a KC1:AgC1 crystal results in the trapping of electrons as silver atoms, Ag, and
positive holes as AgC14, Ag'+, centers. Optical excitation of Ag in such a crystal at T & 90 K produces a
luminescence which lasts for many hours after the excitation. Evidence is presented which indicates that this
afterglow results from electron-hole tunneling recombination between nearby Ag and Ag + pairs, similar to
the Ag -Cl~ tunneling-recombination studies we previously reported. We have shown that Ag + centers are
involved in the emission process by preferentially orienting the anisotropic Ag'+ at 6 K by excitation with

polarized light and observing that the afterglow is polarized. Upon warming to 50 K, where the preferentially
oriented Ag + can change orientation, a strong reversal. in the degree of polarization occurs which finally

decays to zero. The characteristics of this luminescence can be understood if we assume: (i) a tunneling-

recombination mechanism in which the orientation of the electric vector of the emitted radiation depends on
the position of the Ag relative to the Ag + and (ii) the tunneling is anisotropic and depends on the location of
the Ag relative to the anisotropic Ag'+. The latter assumption is based on the tetragonal (d-like) symmetry
of the Ag'+ complex. Good quantitative agreement between theory and experiment has been obtained on the
decay kinetics, the degree of polarization, and the polarization reversal.

I. INTRODUCTION

After a crystal of KCl:AgCl has been exposed at
77 K to ionizing radiation, luminescence is ob-
served from the unwarmed 'crystal, which decays
with time but can be detected for many hours after
the ionizing radiation source is removed. The in-
tensity and rate of decay, which does not follow a
single exponential, have been shown to be indepen-
dent of temperature, ' over the range 6-77 K.
These facts show that the luminescence does not
arise from a thermally activated process. It has
been proposed' that this luminescence results from
electron-hole tunneling recombination between
nearby Ag' and Cl," separated by different distan-
ces; in this case the electrons produced by ioniz-
ing radiation are trapped by Ag' to form Ag' and
the holes are self-trapped as Cl, . When the Cl,
are preferentially oriented by optical means, the
tunneling recombination luminescence has a mea-
surable polarization. '

Osminin' and Osminin and Zazubovich' have re-
ported a long-lasting luminescence which they have
attributed to a bound excited state of Ag' in KC1.
This luminescence has some properties which are
very similar to those of the Ag'-Cl, tunneling re-
combination luminescence. In the following sec-

tions we shall show that the luminescence attribu-
ted to an excited state of Ag' is, in fact, another
example of electron-hole tunneling recombination,
but in this ease the hole is trapped as Ag~ and
the electron as Ag'.

II. EXPERIMENTAL PROCEDURE

Single crystals containing about 0.02 mol /z AgCl,
grown from the melt by the Kyropolous method,
were exposed at 77 K to -1.2-MeV "Co y rays
from a 6000-Ci source. The optical absorption
spectra of the crystals were measured with a Cary
14 R specrophotometer. An afterglow was excited
by using an EIMAC VIX-300 Xe arc lamp plus ap-
propriate filters. The luminescence emitted from
the crystals was detected by an EMI 9658 R photo-
multiplier tube; the signal from the photomultipli-
er tube was fed into a Keithley 417 picoammeter
whose output was recorded on a strip chart. Emis-
sion spectra were measured with a scanning mono-
chromator described elsewhere' using a grating
blazed at 500 nm. An Ahrens calcite prism, with
an acceptance angle of about 30 and l-in. ' aper-
ture, was used to analyze the luminescence or to
produce and measure the anisotropy in the Ag"
absorption bands.
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III. EXPERIMENTAL RESULTS
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Crystals of. KCl:AgCl were exposed to y rays at
VV K for 0.5-2 min, warmed to 250 K in the dark
for about 2 min„and then cooled to VV K. After
this treatment the crystal contains Ag and Ag"
(see Sec. IV of Ref. 6). Excitation of the crystal
at VV or 6 K with light absorbed by the Ag' band,
which peaks at 425 nm, redistributes trapped elec-
trons among the silver impurities in the crystal
and produces an afterglow. Figure 1(a) shows a
plot of the logarithm of the intensity I of the after-
glow at 6 K as a function of the logarithm of the
time after the end of a 30-sec exposure at 6 K to
490-nm light. The data can be approximately fit-
ted to a straight l.ine but show undulations about, the
straight line which are both marked and reproduc-
ible. It is obvious from Fig. 1(a} that the afterglow
does not follow a simple exponential decay, but
much more closely an I~( o' law.

B. Polarization of luminescence and anisotropic tunneling

When a, crystal at 6 K containing Ago and Ag". is
excited with [001]polarized light propagated along
[010] and absorbed by the 630- or 460-nm band
(both are w transitions') of Ag", the Ag" complexes
can &e oriented' such that almost all of them have
the fourfold symmetry axis along the [001]direc-
tion (see Fig. 2); subsequent excitation of Ag' re-
sults in an afterglow which is polarized. Figure
1(b) shows data for such a crystal ln which the Ag
were preferentially oriented by exciting with 641-
nm [001]polarized light and then Ago was excited
with 490-nm [001] light (which also improved
slightly the preferential orientation of Ag~}. The
degree of polarization of the luminescence,

c loo] cooll x

Ic~oo&+ Icoo~s I~+ ~c

where the subscripts indicate the orientation of
the electric vector of the light detected, is plotted
as a function of time after the end of the second ex-
citation. I' is observed to be nearly constant at
about 0.23 but goes through maxima at times which
correspond to an undulation above the straight line
in Fig. 1(a}, and through minima at times which
correspond to an undulation below that straight
line.

The degree of polarization of the afterglow was
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I'IG. 1. (a) Intensity of the afterglow, in arbitrary
units, is plotted as a function of time at 6 K for a
KGl: AgG1 crystal which had been exposed to 0.8 min

'

y rays at 77 K, then warmed to 250 K for 2 min, and
finally excited for 30 sec at 6 K with 490-nm light. $3)
This crystal was then excited at 6 K for 3 min with f0011
polarized 641-nm light followed by 1.5 min with [001]
polarized 490-nm light. The degree of polarization. I'. of
the afterglow at 6 K is plotted as a function of time on
the same scale.

X

[eo]

FIG, 2. The x, y, a coordinates, the (100) directions
of the crystal, and the model of the Ag~ center and its
three possible orientations, The square indicates the sil-
ver and the circles the nearest-neighbor chlorines in the
KG1 lattice.
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also followed 3s a function of temperature. Figure
3 shows data for a crystal containing Ago and pxe-
ferentially oriented Ag~; before warming, this
crystal was allowed to stand at 5 K in the dark for
Rn Rglng t1Dle of 3 Il Rftel" Ag excitation took
place. The term aging time" is defined as the
time between initiation of the afterglow by Ag ex-
citation, during which time the crystal is in the
&ark at a fixed temperature, and some subsequent
treatment. Figure 3(a) shows a plot of f„and I,
versus temperatux'e. As the crystal is warmed at
a rate of about 6 K/min, as shown in Fig, 3(b),
P stays. constant at 0.23 until, - at about 45 K, it
begins to drop shaxply. Above 45 K the Ag" re-
orients' at a rate which increases very rapidly with
T; as the concentrations of Ag + in the three ox'-
lentRtlons approach equality, the degx'ee of polRr-
ization goes to zero, reverses sign, and finally
passes through a minimum of -0.63 at about 57 K.
Above about 60 K the reorientation rate is suffic-
iently rapid that the course of the polarization does
not depend on further warming, but it depends on
time; P approaches zero as time increases. The
strength of the reversal in P inc1eases directly

FIG. 3. KCl: AgCl crystal containing Ago and prefer-
entially oriented Ag2+ centex's was excited for 2.5 min
with I,001] polarized 490-nm light at 6 K and then allowed
to stand in the dark at 6 K for 3 h. After this '"aging time"
the crystal was warmed at a x'ate of 6 K per min and I„
and I~ were measured, {a) shows a plot of I~ {dashed
line) and I~ {solid line), in arbitrary units, and (b)
shows the degree of polarization as a function of T.

with the degree of initial orientation of Ag", with
the "aging time, " and with the rate of warmup. As
will be demonstrated in Sec. VA, these effects
which have been described arise from the aniso-
tropic tunneling between nearby Ago-Ag~ pairs,

. and from the fact that the luminescence from an
Ag'-Ag" pair is polarized.

The effect of this anisotropic tunneling can also
be seen in a crystal which does not contain prefer-
entially oriented Ag~. %hen a crystal containing
Ag' and Ag~, populating equally the three (100) di-
rections, is excited at 6 K with nonpola, rized light
Rbsox'bed by the Ag bandy the Rftex'glow 18 stimula-
ted. If the crystal remains at 6 K for an "aging
time" of 3 h and is then warmed at a rate of 6 K/
min, the results shown in Fig. 4 are obtained.
The afterglow intensity drops slowly until about
45 K where it begins to rise through a maximum at
about 55 K, and then decays.
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FIG. 5. Uncorrected emission spectra of the Ago-Cl2
and the Ag -Ag2+ afterglows.
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PIG. 4. Results fox" a crystal treated sixnilarly to that
of Fig. 3 except that the Ag, had not been preferentially
oriented and the excitation was with unpolarized light.
The intensity of the afterglow, in arbitrary units, is
plotted vs T.
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C. Emgssgon spectra

The uncorrected emission spectra of the Ago- Cl,
tunnel emission afterglow and the Ag'-Ag" tunnel
emission afterglow, taken with the same equipment
and under the same conditions, are shown in Fig. 5,
The Ag'-Ag" emission is clearly displaced to long
wavelength and is distinct from the Ag'-Cl, emis-'

sion. The fuB width at half-height of these two
emissions is about 0.5 eV. No measureable change
in the spectral characteristics has been observed
from 3. min to 3 h after the generation of the after-
glow.

IV. DISCUSSION

After a KCl:AgCl crystal is exposed at 77 K to y
rays a persistent afterglow is observed which has
the spectral characteristics shown by the dashed
curve of Fig. 5. This luminescence has previously
been shown to arise from tunneling recombination
between nearby pairs of Ago and Cl, . After an
"aging time" of several hours at 77 K, this lumin-
escence has decayed about two orders of magnitude
because those pairs having the shortest lifetimes
are destroyed; however, the luminescence can be
regenerated by excitation with light absorbed in
the 425-nm Ago &bsorption band. Excitation in this
Ago absorption band produces, with high quantum
yield, electrons in the conduction band:

Ag' ""'"-Ag'+ e .
These electrons are then captured by either Ag+ or
C12:

e +Cl, -2Cl" „

Ol

e +Ag Ag

Since the concentration of Ag' in these experiments
is much greater than the concentration of Cl,",
reaction (3) predominates. Thus the light excita-
tion causes a spatial redlstrlbutlon of Ag', some
of which now will be close to Cl,", and results in
a regeneration of the afterglow.

On the other hand, when the crystals are exposed
at 77 K to y rays, warmed to 250 K, cooled to 77
K, and then excited with light absorbed in the Ag'
band, an afterglow is generated which has the
emission spectrum shown by the solid curve in
Flg. 5. This emission spectx'unl ls different from
that of the Ag -C12 afterglow. Warming the crys-
tal to 170 K causes Cl, to diffuse slowly through
the crystal. As the temperature is raised further
this diffusion rate incx eases and by 250 K the fol-
lowing reactions' have occurred:

Cl, +Ag'- 2Cl +Ag++ luminescence,

Cl, +Ag'-Ag '+2C1 .
Again because the concentration of Ag' is much
greater than that of Ag', reaction (5) predominates
andalarge fraction of the Ag is preserved. Thus,
after this thermal. treatment, the crystal contains
equal concentrations of Ag and Ag" and no Cl~ .
Excitation of Ago in such a crystal at VV K cannot
yield Ag'-Cl, emission since no Cl, is present;
however, redistribution of Ag will occur but in
this case some Ag will be close to Ag2'. We pro-
pose that the luminescence generated results from
electron-hole tunneling recombination between
nearby Ago-Ag~ pairs, similar to the case of Ago-
Cla paixs, but the trapped hole is Ag instead of
Cl,".

Osminin' and Osminin and Zazubovich' have at-
tributed the emission generated as described in the
above paragraph to a long-lived bound excited state
of Ag'. However, several of our experimental re-
sults are in disagreement with this assignment:

(i) The afterglow can only be generated when Ag"
is present.

(ii) The afterglow does not have a. simple expo-
nential decay which would be characteristic of a
single excited state.

(iii) The afterglow only shows polarization when
Ag" has been preferentially oriented by excitation
with polarized light; therefore, Ag" must be in-
volved in the luminescence process.

Figure 1 shows a plot of afterglow intensity ver-
sus time at 6 K. The intensity and rate of decay
are independent of temperature up to 40 K and
only very minor changes are observed to temper-
atures above 77 K. Thus, the process responsible
for the luminescence is not thermally activated.
The three characteristics of the luminescence list-
ed above and the additional fact that (iv) the after-
glow is not the result of a thermally activated pro-
cess, are consistent with the pxoposal that the
emission results from tunneling recombination be-
tween Ago-Ag~ pairs.

V. ANISOTROPIC TUNNELING AND POLARIZATION
OF THE AFTERGLOW

A. Arguments leading to a model

In this section we address physical arguments
leading to a model with which we can calculate
some of the salient features of the afterglow. In
order to understand some of the features of the
polarization we will consider some properties of
Ag which have already been reported. ' Ag has
the electron configuration 4d9. Since the Ag" ion
is substituted for a E'. ion in the lattice it is nom-
inally surrounded by octahedral symmetry. Un-
der these conditions the 4d hole level is split into
a doublet and a triplet with a doublet lower in en-
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ergy. The degeneracy in the ground state is re-
moved by a Jahn-Teller distortion involving a
small inward displacement of four chlorines in a
plane and a small outward displacement of the
other two chlorines. The ESR spectra of Ag" iri-
dicate that the hole on the Ag~ is primarily shared
by the silver and the four chlorines which have
moved inward, and to first approximation is not
shared by the other two chlorines. The complex,
which can be approximated by AgC14'", has tetra-
gonal symmetry with a fourfold axis along the two
chlorines which are extended along the z axis, see
Fig. 2(a). Optical studies have shown that absorp-
tion bands at 340, 460, 560, and 630 nm belonging
to Ag" are all quite anisotropic and are w polar-
ized, i.e. , th6 transitions are allowed for. light
with electric vector perpendicular to the fourfold
axis. Under a normal distribution, equal numbers
of complexes have their fourfold axis along the
three (100) directions of the crystal. However, at
6 K, it has been shown that excitation of Ag~ with
polarized light can cause a redistribution of these
fourfold axes so that they are almost all pointed
along a single (100) direction. The optical aniso-
tropy shown in Fig. 6 results from the preferential
orientation of Ag~ so that their fourfold axes are
along [001J.

It has also been shown that this Ag" anisotropy
will persist if the crystal is kept at sufficiently
low temperatures. However, if the crystal is
warmed to 50 K the anisotropy is soon lost since
the thermal energy causes the fourfold axis of the
Jahn-Teller distortion to hop among the three pos-

FIG. 6. Absorption spectra taken with [100]-and[001]—
polarized light of a KCl:AgCl crystal containing Ag" and
Ag + centers at 6 K. The solid curve shows spectra with
randomly oriented Ag2 centers. Spectra taken after the
Ag +. centers had been preferentially oriented by exciting
at 6 K with [001] polarized 460-nm light are shown,
dashed and dotted, when measured with [100] and [001]
polarized light, respectively.

sible (100) directions. The center of gravity of
the hole stays on the Ag~ but the bonds of the four
chlorines that share the hole are broken causing
the square planar complex to hop among the orien-
tations A, B, and C of Fig. 2.

After most of the Ag" have been aligned into
orientation A. , the crystal is excited with light ab-
sorbed by Ag to produce an afterglow. Using a
photomultiplier and analyzing prism to observe the
light emitted in the y direction, we observe that
the component with electric vector along x, I„ is
greater than that along z, I, . In fact, I„/I, = 1.6
so that P = 0.23. P stays constant at about 0.23
with some minor oscillations [as shown in Fig.
1(b}Jover periods of several hours. These oscil-
lations in P with time as well as the undulations
observed in the decay curves are very likely in-
fluenced by the discreteness of the lattice. As. the
decay time increases the separation of those Ag'-
Ag pairs of importance in the luminescence pro-
cess increases. These distances are properties of
shells of positive ion sites surrounding the central
Ag" and because of the discreteness of the lattice
the number of sites per unit length does not vary
smoothly as a function of separation.

If the temperature of the crystal is raised, P be-
haves as is shown in Fig. 3(b). When the crystal
reaches 50 K, the disorientation temperature of
the Ag" complex, P changes sign and shows a
much greater negative polarization on reversal
than the original positive polarization. This nega-
tive polarization eventually goes to zero after sev-
eral hours. The magnitude of the reversal depends
upon the degree of preferential orientation of Ag",
the length of time the crystal is allowed to stand
at 6 K, and the rate of warming past 50 K.

We believe that the results which we have report-
ed can be understood if we argue along the follow-
ing lines.

(i) The luminescence arises from tunneling be-
tween nearby pairs of Ag'-Ag".

(ii) The tunneling is anisotropic and the aniso-
tropy is determined by the symmetry properties
of Ag and Ag". Consider the anisotropic Ag~ in
orientation A of Fig. 2; since the hole spends very
little time along the z axis, an Ag' on this z axis
will have a low probability for tunneling while an
Ag' along the x or y axis at the same distance from
Ag will have a much higher tunneling probability
because the hole spends much more time along the
x and y axes.

(iii) The electric vector of the emitted light lies
along the line joining the Ag' and Ag" which under-
go tunneling recombination. The, polarization of
the luminescence emitted when an Ag'-Ag" pair
react cannot be determined simply by the proper-
ties of a state, or states, of Ag or Ag', since,
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if this were the case, the absolute value of the po-
larization upon reversal (Fig. 3) could never be
larger than the initial polarization with the Ag~
preferentially oriented.

As a crystal containing Ag~ in the A. orientation
"ages, " tunneling is taking place much more rapid-
1y, for pairs of a given separation, with Ag' along
x and y than along z. Thus„with time the initial
distribution of Ag' around Ag" changes to one in
which there is a much higher concentration of pairs
at a given distance along z than. along x or y. Upon
warming the crystal to 50 K where the Ag~ can hop
to orlentatlon C

~
lt finds Ag which hRve high tun-

neling probabilities and which yield luminescence
with electric vector predominantly along the z axis
thus giving the observed large reversal of P. An
analogous situation hoMs if the complex hops to
orientation B. The incxease in the strength of the
reversal of P with "aging time" at 6 K is also ac-
counted for.

Whether the Ag~ complexes are oriented with
polarized light or whether they are randomly or-
iented, the anisotropic tunneling described above
occurs. Thus, warming a randomly oriented sam-
ple which has been "aging" at 6 K causes a burst
of luminescence, when the Ag~ change orientation,
and results in the curve shown in Fig. 4. Glow

peaks usuaBy encountered arise from thermal acti-
vation and release of an electron or hole from a
trap and subsequent radiative electron-hole recom-
bination; however, this glow peak does not origin-
Rte from such R process but from the anisotropic
tunneling that has preserved some close pairs
with a tunneling probability which is initially low
but becomes high when the nearby Ag~ reorients.
The extended tail on the high-temperature side of
the peak does not arise from a temperature depen-
dence of the tunneling process but from the new
distribution of tunneling lifetimes involving Rn in-
creased number of pairs with lifetimes less than
or equal to the "aging time. " If the tunneling pro-
cess secre isotropic there would be no glow peak
at all.

At VV K one can produce the same tunneling re-
combination luminescence with roughly the same
decay characteristics as that produced at 6 K, Fig.
i(a). Since no anisotopy can be produced in the
Ag" distribution at VV K no polarization in the
luminescence can be produced. Yet for a crystal
containing oriented Ag~, as shown in Fig. 2(a),
when the temperature is raised from 6 to 77 K a
reversed polarization persists which decays to
zero in several hours. The reason that a polar-
ization is evident at VV K in this case is relat;ed
to the change in angular distribution, produced by
anisotropic tunneling, which cannot be immediate-
ly reversed by rapidly raising the temperature,

i.e. , temperature has very little or no effect on
the tunneling rates, and the lifetimes which give
the anisotropy are less than or comparable to the

Rglng pe 1 lod.
Further proof that anisotropic tunneling is play-

ing an important role can be seen in the lifetime
of some components of the luminescence on rever-
sal. After an "aging time" of a minute or two we
are measuring lifetime components of about min-
utes; while after several hours the lifetimes are
of the order of hours, On the other hand, I„
immediately after reversal, shows some life-
time components of the order of minutes even
though the crystal had been "aging" for several
hours. This indicates that some close Ag' along
the z' direction had very low tunneling probabilities
per minute before reorientation took place.

Above the disorientation temperature of 50 K the
fourfoM axis of the Ag~ complex hops rather rap-
idly among the A, I3, and C orientations of Fig. 2.
Thus, in the reversal experiment described in
Fig. 3, above 50 K at any given time there are
equal populations among the three directions. If
all of the complexes couM be forced into only the

or only the C orientation, a larger reversal
would be expected. In fact the largest reversal
should occur if all the Ag were put into the C or-
ientation because the x component would be the
weakest in this case. %e have attempted to pro-
duce the reversal by excitation with light of proper
polarization to change the orientation of Ag . Very
intense light of wavelength 630 nm has been found
to produce the desired reorientation in times of the
order of 1 min. However, in order to observe the
maximum reversal, it is important that the aniso-
tropic distribution produced by tunneling not be
disturbed by liberating electrons into the conduc-
tion band with the exciting light. We have been able
to produce the expected reversal by optically
changing the orientation from A. to 8 or A. to C.
However, we have not been able to obtain the high
degree of reversal expected because even at 630
nm the Ag has some slight absorption; this exci-
tation produces electrons in the conduction band
which are captured by Ag' to produce new Ag',
thus changing the distribution of Ag about Ag
and attenuating the degree of reversal.

S. Calculation of the properties of the afterglow

In order to calculate some of the properties of
the Ago-Ag~ afterglow, it is first necessary to
consider the distribution of Ago and Ag centers
in the crystal. During the growth of the KC1:AgC1
crystal from the melt we assume that the Ag' ions
are distributed at random among the positive ion
lattice sites. We also assume that subsequent
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treatments cause no preferential migration of the
Ag' ions, so that electrons and holes are distribu-
ted among a small fraction of these randomly dis-
tributed Ag' ions to form Ag' and Ag, respective-
ly.

The afterglow is initiated by optical excitation of
Ag' which puts free electrons into the conduction
band. Those electrons then recombine with Ag",
influenced by the long-range Coulomb attraction,
or with the more numerous Ag', to which the elec-
tron is bound by a short-range potential. Since
Ag~ has a larger capture cross section than Ag'
has for a slow free electron, it is relatively unlikely
that an electron mill be captured by an Ag' if an
Ag~ is nearby. Accordingly, at the end of the. ex-
citation of the Ag', t=0, we expect the relative
probability of finding an Ag' at a site p, from any
given Ag~ to be small for small p and to increase
and approach a constant as p increases. We shall
describe the distribution by A', (p, ) =Ã,(1 —e "~ "' );
in these experiments N, is approximately 10 ' and
is equal to the fraction of positive ion sites occu-
pied by Ag'. Between the "aging time" of 1 and
1000 min the total number of Ag and Ag~ in the
crystal decreases by one-half to 1%& during the de-
cay of the afterglow; therefore, the average con-
centrations of these species can be considered to
be constant and since N, is so small we do not have
to consider the possibility that two or more Ag
are approximately equally close "nearest" neigh-
bors to a given Ag~. We shall take our unit of
length to be the nearest-neighbor separation in
KCl, a=3.145 A, and shall arbitrarily choose A.

= 8a. A larger value than this makes no difference
in our calculated results. A smaller value influ-
ences the results for long observation times, that
is, the intensity of luminescence falls off faster
at long times and the polarization decreases at
long times.

The luminescence arises from a radiative two-
center transition of the extra electron on Ag', and
involves the overlap of this wave function with that
of the Ag~ 4d hole. The former is a 5s-Like func-
tion, and the latter has the symmetry of

~

(x' —y'}/
p') for an Ag" in orientation A of Fig. 2. One does
not really know the radial parts of these functions.
Neither electron nor hole is bound by Coulomb at-
traction, nor is either potential even approximate-
ly a square well; thus, there is no assurance that
a simple exponential radial dependence is correct.
However, it has long been considered the only
reasonable and feasible approximation, ' and we
adopt it. Thus, we shall picture the Ag~ hole
wave function as [(x' —y )/p ]U„(p)exp(-k, p) mea-
sured about its origin, and the Ag' electron wave
function as U, (p —p,.) exp(-k,

~
p —p,. ~

) around its
origin at p&. Here U„and U, are the periodic parts

of the Bloch functions of the valence and conduc-
tion bands of KCL. This approach is common in
the effective mass approximation in semiconduc-
tors, and has been used successfully, though less
justifiably in a formal sense, in alkali halides.
Thus, the dipole matrix element is that between
the valence and conduction band, independent of
direction in the cubic KC1 crystal, and the coef-
ficient is that of the product of the envelope func-
tions along the line joining the two centers. The
intensity of the p. component of the luminescence
from an Ag' atom at p, is proportional to

8'p,. ~ —"' ',~' e ~'&,

where W(p, ) is the transition probability for tun-
neling recombination with the Ag~ in orientation
A of Fig. 2, p, =x, y, or z, and %depends on k,
and k, .

The probability that a pair separated by p& at t
= 0 would still exist at time t is

-zexp —Ct ' ' e, '~
pg

Here C is a proportionality constant having the di-
mensions of t"' and includes such factors as the
normalization of the wave functions, the transition
moment between U„and U„and other crystal pa-
rameters. We do not know C, and shall treat it
merely as a normalization constant for the time
scale. Henceforth, we shall treat Ct as a dimen-
sionless time parameter, and call it t .. Similarly
we.do not know the value of E in our units of a '.
We expect it to represent the longest range of the
radial components of the wave functions of the
electron and hole. A value of 3 seems reasonable
in terms of the bleaching distance attainable in a
few hours. Calculations with greater and smaller
values have been carried out with no significant
differences.

Finally, we write the total intensity of the p, -po-
larized component of.the luminescence as

X2 — 2 2

I (f)=BQ (p, /p )'N (l —e "& '"} ~- ' e "&

X2 2 2

x exp -t ',~' e-"&
Pg

where B is a constant and the sum runs over all
the neighboring positive-ion lattice sites able to
contribute in the greatest time of interest. In

practice, the circumstance that the concentrations
of Ag' and Ag" decrease by about 2% to 1%

during experiments of several hours duration
serves to fix the distance scale. That is, no sig-
nificant bleaching can occur beyond 10a, or more
than 1% of the Ag and Ag" would disappear, but in
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FIG. 7. (a) Calculated intensity according to Eq. {7), in
arbitrary units, of tunneling luminescence between Ag
and Ag as a function of t. {b) The degree of polarization
for Ag as oriented in Fig. 2(a) as a function of t on the
same scale.

order to account for about ~% bleaching the dis-
tance must be at least 6a.

The introduction of additional powers of p in
W (p,. ) tEq. (6)] were found to have no significant
effect; that is, one can write the radial dependence
as e ", p'e ", or p'e "without noticeable effect
on the results. It is customary to omit factors of
powers of p in favor of the dominance of the ex-
ponential function for large separations, and we
do so here.

We have performed the sum in Eq. (7) out to
values of

~
p;

~
(typically 10 or 12) such that addi-

tional terms contribute no more than 0.1 j~ to the
total. In Fig. 7(a) is shown the calculated total in-
tensity of the afterglow from a sample with ran-
domly oriented Ag~ as a function of t, and in Fig.
7(b} is shown the degree of polarization on the
same t scale. Shorter and longer times corres-
pond, respectively, to smaller and larger recom-
bination distances p, The resemblance of the
curves of Fig. 7 to the experimental results of Fig.
1 is substantial. The deviations are also notice-
able, that is, the oscillations in the calculated de-
gree of polarization are more pronounced than the
observed ones, and the calculated decay of inten-
sity with time is somewhat less rapid (slope
= -0.78} than is observed (slope= -0.91). Curves
similar to those of Fig. 7 have been obtained for
smaller and larger values of.K, of course with dif-
ferent reduced time scales.

The initial distribution may not be adequately
described by the function 1 —e & . As stated
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FIG. 8. (a) Calculated intensity, in arbitrary units, of
tunneling luminescence between Ag and Ag2+ as a func-
tion of t assuming a random distribution of Ag about

P
Ag2 . {b) The degree of polarization as a function of t.

earlier, if the number 8 were increased the shapes
of the calculated curves would be almost unchanged

A

for the range of t exhibited here. Figure 8(a) and
8(b) show the calculated results for the case where
the initial distribution of Ag' with respect to Ag~
is random, i.e. , the number 8 is replaced by zero.
The slope of -0.89 calculated for this case is in
better agreement with the experimental value of
-0.91, but the average value of the degree of po-
larization and the magnitude of the oscillations
are in worse agreement.

'The magnitude of the undulations observed in
the decay of the luminescense intensity with time,
Fig. 1(a), are very similar to those of the calcu-
lated results, Figs. 7(a) and 8(a). However, as
seen above, the experimentally observed oscilla-
tions in P with time, Fig. 1(b), are much smaller
than those obtained in the calculations, Figs. 7(b)
and 8(b). It seemed possible that taking into ac-
count the zero-point motion of the lattice might re-
duce the oscillations in the calculated P. Consider
an Ago-Ag" pair separated by (b, b, c) with the Ag"
fourfold axis along z; if the ions are located ex-
actly on the lattice sites, tunneling recombination
would never occur according to our model, since
x' —y'= 0. However, if zero-point motion should
bring the Ago to a rela, tive position (b+ 6, b —6,
c), then the tunneling probability would not be
zero. We have estimated the effect of zero-point
motion for 6= 0.1a on I„and I, as a function of f;
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for Ag' located at the sites which could have an
appreciable effect. We find that taking the zero-
point motion into account in this manner does re-
sult in a reduction in the oscillations in P but only
by a very small percentage and cannot account for
the discrepancy between experiment and theory.

We turn now to a consideration of the reversal
of the polarization of the afterglow when the crys-
tal is warmed and the Ag~ can disorient (see Fig.
3). A realistic calculation is difficult during the
warm-up period when the degree of orientation of
the Ag~ is changing rapidly. Instead, w'e have cal-
culated the distribution after a period of "aging, "
t o, and then assumed that the Ag~ are instantan-
eously disoriented, and calculated the values for
I„and I, after that instant. That is, we calculate

x exp —t() 2

(10)

(11)

+ ~4 5 + 4 4 &-SPg

The calculated results, Fig. 9, show a discon-
tinuous jump in both I, and I„at I' = 0 (fo is taken
to be Q.l & 10') followed by a rapid drop as elec-
trons on the very close and now favorably located
(high tunneling probability) Ag atoms tunnel to
Ag" ions. Both I, and I, increase at g'=0, the lat-
ter increasing more because of the greater region
now having become newly available to favorable
tunneling conditions.

The fact that I„ increases upon disorientation
[Fig. 3(a)] is particularly significant, and demon-
strates the azimuthal dependence of the tunneling
probability. For example, with the Ag" oriented
as in Fig. 2(a), consider any recombination proba-
bility that depends only on the polar angle mea-
sured from the fourfold axis, z, of the prefer-
entially oriented Ag", and let I, be less than
I„(=I,). Any reorientation must enhance I, and
must inevitably reduce I„and I,. But it is ob-
served (see Fig. 3) that I„increases upon reorien-
tation, hence, there must be an additional angular
dependence such that the newly oriented Ag" ions

-can find favorably located Ago atoms such that I„
and I, increase. This is a natural result of our
model, e.g. , Ag' located at (+m, am, l) sites will
not have recombined with Ag" in the original or-
ientation for any E, but many of them readily can
in the new orientation, thereby increasing both I,
and I, (or I,) as observed.

The initial burst of luminescence shown by these
curves at I,

"=0 may appear to be too large, how-
ever this burst is very short lived so the area,
proportional to the number of photons emitted, is
small. The more rapid the warming of the crystal,

If
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the closer the experimental conditions approach
this description of the instantaneous disorientation
of the Ag" ions and the closer the experimental
results approach the calculated results.

An identical calculation with t, chosen to be 2.7

times larger shows very similar results, but with
a substantially greater percent increase in I„and
I, when the Ag" are disoriented. This is to be ex-
pected in the model, and is observed experimen-
tally. When t, is increased both I„and I, decrease;
however, the number of pairs located at unfavor-
able angles does not decrease as fast and therefore
have a larger impact on reorientation.

VI. CONDITIONS FOR LARGE REVERSAL OF I'

Anisotropic tunneling and a reversal of I' on

warming have also been observed in the Ag'-C}.,
system. The polarization of the afterglow in this
case is almost twice as great as that of Ag'-Ag"
but the reversal is far less. We believe that the
tunneling is very anisotropic in the Ag'-Cl, case
but that the reversal is limited by the mechanism
of reorientation which is different in the two
cases. Ag" reorients by changing its configura-
tion by 90 because the fourfold axes are along
cube edges. In the case of Cl, its axis lies along
a (110) direction. Experiments show that on re-
orientation the axis of Cl, changes by 60' per

jump. ' Thus, it takes at least two jumps to change
the orientation by 90'. A 60" jump yields lumi-
nescence with equal I„and I, components. In this
case z is along the molecular axis of the pre-
ferentially orientated Cl, which we assume to be
[101], x is along [101]and y is along [010]. The
molecular axis of the preferentially oriented Cl,
is along z, and the tunneling probability per unit
time for a given separation is highest for an Ag'
along the molecular axis. Only when the total jump
is 90 is the I„component larger than the I, com-
ponent; therefore, the anisotropy contributed by
these Cl, is reduced by the four times as nume-
rous Cl, which have jumped through 60 and con-
tribute no anisotropy. In addition when Cl, re-
orients it moves one lattice spacing and thus
changes the Ag' distribution around it with each
jump while the center of gravity of Ag" does not
move. Thus, Ag" is an especially good system
to obtain a very large polarization reversal.
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