
PHYSICAL RE VIEW B VOLUME 9, NUMBER 6 15 MARCH 1974

Macroscopic length changes due to the aligu~ent of elastic dipoles in KCl
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The creation of defects in a crystal leads to distortion of the lattice. Using the model of an elastic
dipole for the defect the mechanical interaction of defects with the lattice can be described by double
force tensors. Anisotropic defects as H and V„centers in a&kab halides lead to an anisotropic
distortion of the crystal. These defects are created in different (equivalent) orientations inducing an
isotropic (macroscopic) length change. This equivalent distribution of defects can be disturbed by
irradiation with polarized light, thus turning defects from one orientation to another. This results in a
change of the macroscopic dimensions of the crystal and the length change in different directions of
the crystal is a measure for the anisotropy of the distortion field induced by the defect. If a suf5cient
amount of anisotropic defects can be turned from one orientation into another, the corresponding
macroscopic length change can be measured in different directions. In addition, the concentration of the
turned defects is measured via optical-absorption measurements and the double force tensor for the H
and the V„center in KCl is determined.

I. INTRODUCTION

The creation of lattice defects leads to a change
of most of the macroscopic features of the crys-
tal. Defects in the alkali halides, especially,
give rise to characteristic absorption bands in the
otherwise transparent range between about 0. 1 and
6 eV. Via optical-absorption measurements, in-
formation about the various defects and their con-
centrations can be obtained very easily. In gen-
eral, defects also have a strong elastic interaction
with the host lattice. This gives rise to a distor-
tion of the host lattice. The distortion of the lat-
tice can be described by a force array which
would cause the same distortion in a perfect lat-
tice. The dipole part of the force distribution,
which is called elastic dipole, describes the long-
range part of the distortion field and the macro-
scopic volume change of the crystal. ' H and V,
centers in alkali halides are optically and me-
chanically anisotropic. Both centers are well
known from ESH and optical measurements. The
H center can be described as a Cl~ molecule on
one lattice site or, more generally, as an inter-
stitial atom. The V, center is a Cl2 molecule on
theo lattice sites and represents a trapped-hole
center. Both centers involve an anisotropic dis-
tortion of the crystal. The optical and the elastic
dipole axes are along (110)directions. Due to
the high symmetry of the cubic lattice there exist
six equivalent orientations for (110)oriented de-
fects. These orientations usually are equally pop-
ulated. An experimentally induced change of the
population in different orientations allows one to
measure the components of the elastic dipole ten-

sor. If uniaxial stress is applied to the crystal,
the orientationally degenerate levels split. The
population of the now-energetically-different lev-
els obeys a Boltzmann distribution. The concen-
tration of the defects of different orientations as a
function of applied stress can be measured by op-
tical absorption. This gives information about the
anisotropic part of the double force tensor de-
scribing the elastic dipoles. '

A new method to determine the elastic dipole
tensor will be described here. 4 It takes advantage
of the possibility to rotate anisotropic defects by
polarized light. The anisotropic defects con-
sidered here have a well-defined reorientation
temperature. Above this temperature, defects
will reorientate until all orientations in the crys-
tal are equally occupied. Below this temperature
(10.9 K for H centers in KC1), defects can be ro-
tated only via their excited state, i.e. , by illu-
mination with light of the wavelength of the ab-
sorption band of this center. If this light is po-
larized, only defects with their transition dipole
moment not perpendicular to the electric vector
of the incident light can be rotated. After excita-
tion the orientation of the defects will be distrib-
uted statistically over the six possible orientations.
Thus the orientation of the dipoles that were ex-
cited will be depopulated, and it is possible to
bring defects from one orientation to another.

Rotation of an anisotropic defect involves rota-
tion of the defect-induced strain field, which causes
measurable macroscopic length change of the crys-
tal. Optical-absorption measurements with po-
larized light give information about the defect con-
centration in the different orientations.
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FIG. 1. The six possible orientations of a (110)-ori-
ented defect in a cubic lattice.

At least three sets of measurements in different
directions of the crystal are necessary to calcu-
late the double force tensor for the 0 and the V,
center.

II. LATTICE DISTORTION DUE TO ELASTIC DIPOLES

H and V, centers are both oriented along (110)
axes. Figure 1 shows the six possible orienta-
tions in the cubic lattice. All orientations are
usually equally occupied. Bleaching or application
of external stress will change the population in the
different orientations and for detailed discussions
it is necessary therefore to distinguish between
the possible orientations. For the following cal-
culations the notation 1-6 for the different defect
orientations is used, as shown in Fig. 1. Figure
2 shows the well-known models of an 0 and a V„
center; $, q, f are the coordinates along the main
axes of the defect, and z, y, z are the crystal co-
ordinates.

The model of an elastic dipole can be used to
describe the elastic interaction of an anisotropic
defect. The interaction energy of an elastic di-
pole with an external strain field is defined as

U= -P ~ E, (1)

in analogy to the electric dipole, which interacts
with an electric field. P is the double force tensor
characterizing the elastic dipole, and z describes
the external strain field in continuum approxima-
tion. The double force tensor describes the defect-
induced stress around the defect, and has the same
symmetry and the same transformation behavior
as the distortion tensor.

The H and V, centers in a fcc lattice are of
orthorhombic symmetry. In principal axes, the
double force tensor P can be written as

The distortion in a cubic 1attice due to a [110]-
oriented orthorhombic defect can be written as

with

xx

0 o a„/

1
&xx = x(~~~+ ~eC) ~

I I
Exx 2 (Ct4 en) o

$7), r

FIG. 2. 8 and V„centers in alkali halides.

&gg= &gg )

&«, g», &&& being the strain components along the
main axes of the defect, induced by one defect and
normalized to one atomic volume. Application of
Hooke's law gives the connection with the double
force tensor
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with S,» being the elastic compliance constants of
the crystal along its main axes, and (a/2)s being
the atomic volume. The macroscopic length

change in one crystal direction, owing to reorien-
tation of anisotropic defects, is nov obtained as
a projection of all distortion components along this
direction multiplied by the corresponding change
of the defect concentration.

Length-change measurements along the [001],
[110], and [111]directions are sufficient to de-
termine all components of the double force tensor
of the defect. The defect-induced length changes
are described:

(a) length change parallel to [001],

4l
=C»4Cj 4+4«&C56

001

1
s f[S11P + S1s (P*.+ P,*)]«1-4+ (S11P..+ 2S1s P..) &cs4];(~/2J

(b) length change parallel to [110],

= S (t'yy + C g)4gC1 4+ egg(+ CS + PCS) Cgy(PCS DCS)
l &so

S11+2S1S S11+S1s 1p„„+ pgg hc1 4+ [S11p»+S1s(pgg+pgg)](cgcs+ncs) —sS44p»(ncs —ncs)

(9)
(c) length change parallel to [111],

1= (q c(4+ 1 egg)kclss + (A%44+ 3 egg)+ cs44
j.il

2 s( [-, (S11+2S1s)P„+sP„—SsP44, ]yn cs1sN+(S11+2S1s)(P + sP„)+ sS44P»] cs44}. (10)

h, c, is the change of defect concentration in the gth

orientation.

C1 4= Cl+ C2+ Cg+ C4y

C5g = C5+ Ce,

C248- C2+ C4+ CS

C185 = C1+ CS + C5 4

HI. OPTICAL FEATURES OF H AND V» CENTERS

The aBowed optical transitions of C12 molecule
centers were derived in analogy to the spectrum
of the free Cl2 molecule. The strongest optical
transition of the free molecule as well as the Cl
centers are in the near uv and are strongly o

polarized.
Light with its electric vector perpendicular to

the center axis-i. e. , w polarized-is only weakly
absorbed and vill be neglected in the following dis-
cussions. 5 ~ The defect concentrations contribut-
ing to the opti, cal absorption can be obtained from
Smakula equation,

nf = (const)k 0,
~here n is the number of centers per unit volume,

k ~ is the absorption coefficient at the band maxi-
mum, H is the half-width of the absorption band,
and f is the oscillator strength.

The oscillator strength f is usually defined for
absorption vith unpolarized light. For anisotropic
defects it is necessary to define oscillator
strengths in all three different possible polariza-
tions. There are f, for the (110)or molecule
axis, f, and f, for the two directions perpendicu-gg t2
lar to the molecule axis. ' With f, large compared
to f, and f, , one obtains

f= HSf. +f., +f.,) = Sf. ~

The value of f is independent of the polarization
direction of the incident light. If the centers are
not equally distributed over the different orienta-
tions, this equation is not valid any more. The
different orientations give different contributions
to the absorption. One obtains

c, being the defect concentration in the different
orientations and

fSki f c 1
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TABLE I. Oscillator strengths f~' along the directions
[001], [110], and [111]for the six possible orientations
of the oscillator. Notation i is according to Fig. 1.

f 00i

fo
1/2
1/2
1/2
1/2
0
0

f iio

fo

1/4
1/4
1/4
1/4
0

fo

0
2/3
0
2/3
0
2/3

The experimental method described here is
based on the combined measurement of the macro-
scopic length and the optical absorption of the
crystal. Optical-absorption mes. surements with
polarized light give information about the defect
concentration in the different orientations. Rota-
tion of the anisotropic defect by illumination with
polarized light involves rotation of the defect-in-
duced strain field, which causes measurable mac-
roscopic length change of the crystal. This ex-
periment can be done in different directions of the
crystal and the double force tensor, describing the
elastic interaction of the defect with the lattice
thus can be obtained. Figure 3 shows the experi-
mental setup for such an experiment. For length-
change measurements an inductive transducer is
used with an accuracy of (b, l/l)=5x10 ~. This in-
ductive transducer is mounted inside the cryostat
to avoid any error due to long transmission rods.
The analyzer light hits the crystal perpendicular
to the direction where the length change of the

13 (2 r(

/ /

with ~, the angle between the direction of the elec-
tric vector of the analyzer light and the main axis
of the defect. Table I gives the values f &

' for
three different experimentally interesting direc-
tions. For equally distributed defects, Eq. (13)
can be replaced again by Eqs. (11)and (12).

IV. EXPERIMENTAL PROCEDURE AND RESULTS

crystal is measured, and the polarization of the
analyzer light is either parallel to the direction
of the length-change measurement or perpendicu-
lar. One of the mirrors can be taken off and put
in again, highly reproducible in order to do the
bleaching with a light source much stronger than
that of the analyzer. The defects are created ini-
tially at 6 K by irradiation with a 150-kV x-ray
tube, usually operated at 100 kV, 18 mA. Figure
4 shows a typical absorption spectrum. The solid
curve shows the absorption for equally distributed
defects right after x irradiation. Measurements
with [001] and [010]polarized light give the same
absorption. Subsequent illumination with light
polarized along [001] depopulates all orientations
except those perpendicular to the [001] direction.
Thus the absorption polarized along [001] de-
creases, whereas the absorption polarized along
[010]grows. This is shown in the curves (a) and

(b) of Fig. 4.
Figure 5 shows the results for one direction.

The relative length change is measured in the
[001] direction, and the optical-absorption mea-
surement is done for [001] and [010]polarization.
The cubes below the drawings show schematically
the experimental procedure.

The experiment starts with the irradiated crys-
tal; the defects are equally distributed over the
different orientations. Now the crystal is bleached
in the [100] direction with the light polarized in
the [001] direction. The concentration of all de-
fects that are not perpendicular to the electric
vector of the bleach light decreases, and the con-
centration of the defects in orientations perpen-
dicular to the electric vector grows. After com-
pletion of this bleach, the concentration in four
orientations is reduced by approximately 50%.
These orientations are no longer shown on the
schematic, although they are not completely
bleached out.

offer J-irrodiotion:
g&0 I E,„,(~„ll(0071ond

7 5 onetyser

aller bleach (@~IIl001jl:
--E,„,„,ll(001) (oJ
—-Eo„oIy„,I/1070J (bJ

05-

FIG. 3. Experimental setup. 1, cryostat; 2, crystal;
3, optical window; 4, x-ray window; 5-7, spectrom-
eter; 8, x-ray tube; 9 and 10, mirror; 11, polarizer;
12 and 13, light source for bleach.

0
ZJIO 3'00 400 500 600 nm

FIG. 4. Absorption spectrum of KCl after x irradia-
tion at 8 K.
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polarized optical absorp-
tion (345 nm) after bleach
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[001] and [010] polarized
light, respectively.
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Now the first data points are taken. The total
length of the crystal has decreased in the [001]
direction; that means the defects in the new ori-
entation induce less dilatation in this direction. For
the next bleach, the polarization is turned by 90',
which leads to a reorientation of the defects from
the (001) plane to the (010) plane, as shown in the
schematic. This procedure can be repeated
periodically and is shown here for eight successive
steps.

Figure 6 shows the results for another mea-
surement. The crystal is cut and oriented for
relative length-change measurements in the [110]
direction. Bleaching and optical-absorption mea-
surements are done in the [110]and [001] direc-

tion. The schematic at the bottom again demon-
strates the procedure: The experiment starts
with an equal distribution of the anisotropic de-
fects over the six possible orientations. Bleach-
ing with [001]polarized light in the [110]direction
depopulates the orientations in (100) and (010).
Then the crystal is bleached with [110]polarized
light. This leads to a saturation for defects with
dipole axis along [110]and all other orientations
are depopulated. Subsequent change of polariza-
tion of the bleach light does not give any change
of this stabilized situation. This is verified for
the length-change measurements as well as for
the optical-absorption measurements. Only a
small change can be noticed for the last three sets
of data points. H and V, centers together con-
tribute to the optical-absorption band which peaks
at approximately 345 nm. One of the main diffi-
culties in this experiment results in the strong
overlap of the two absorption bands of the H and

dkr~o

8k

(001J
lrmr /Mr

///~a/

(110J
p~ g(pplJ f~(llpJ f~~ (pplJ ~~(»pJ

1 2 4 5

FIG. 6. Relative length change, [001], and [110]
polarized optical absorption (345 nm) after bleach of
H and V& centers with [001] and [110]polarized light,
respectively.

/'( /N
cm' /

y q /

/ 'y
dkoro

(001J (010J (001J (010J (001J (010J N01J (010J EBI

FIG. 7. Absorption constant of H centers (~) and

V& centers () after successive steps of bleaching with

[001] and [010] light.
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TABLE II. Constants used to analyze the optical-
absorption data of this experiment.

Absorption X(nm) E(eV) H (eV)
band

the V~ center, which are located at 335 nm for the
H band and at 365 nm for the V~ band. The two
bands can be separated, assuming that the II band
as well as the V, absorption band are of Gaussian
shape9:

F
H
Va

535
336
365

2.32 0.169
3.69 0.66
3.40 0. 81

0.53
0.90
0.48 kgb

= kg max+ kg~ max exp —0.692 2(z„-E„) '
~a J

TABLE III. Length change and optical absorption of F, H, and V„centers
due to optical reorientation of H and V~ centers.

(a) Length-change measurements along [001]

Crystal
No.

Polarization
of bleach

light

~ooi ~oioH H

(cm ) (cm ) (cm ')

V
~oio

(cm ') (cm ')

(~l/l) ooi

(10 )

001
010
001
010
001
010
001
010

001
010

010
001
010
001

—4.45
+4. 13
-4.73
+5.17
—6.40
+6.40
—5.97
+4.90

—9.39
+4.39

+.150
—8.29
+8.09
—9.06

+1.05
—4. 13
+3.35
—3.43
+4.03
—4.22
+3.78
—3.69

+1.76
—1.45

—2. 04
+4.39
—5. 06
+4.20

—2. 96
+3.90
—4.76
+2.12

2 ~ 71
+0.94
—1.03
+0.79

—4.13
+0.73

+1.26
—7. 05
+2.41
-4.10|

~)oi

+0.37
—3.14
+3.34
—3.63
+1.13
—1.38
+0.62
—0.72

+0.04
—0.57

2 ~ 27
+1.55

3y 13
+0.57
"a~iio

—9.80
—4. 13
—8. 83
—3.31

—12.14
—1.10
—4.01
—0.69

—12.00
—6.62

—10.35
—10.22

3 ~ 73
—4. 01

—2. 10
+1.11
—2;40
+2.16
—1.89
+1.83
—1.53
+1.53

—2. 64
+1.58

+0.50
—3.71
+3.53
—4. 00

(cm ') (cm i) (cm ') (cm-')

001
110
001
110

—6. 87
+2. 16
—2.41
—0.55

+0.41
—4.25
—0.67
—1.99

2 ~ 72
—0.37

2 ~ 37
+l. 84

—1.75
—1.42
—0.26
—0. 80

—5. 80
—12.14
—8.42
—2. 62

—1.57
+0.50
—0.69
+0.12

(b) Length-change measurements

~iio ~ooiH H

along [110]

«l/l)iio

(cm i) (cm ) (cm+) (cm ') (cm ') (10 )

001
110
001
110

+0.69
—6.94

+.73
—0.60

—3.66
—1.49
—0.77
+0.12

+0.15
—5.19
+0.54
+1.02

—3.19
—1.34
—0.78
+0.06

-8.83
—18.35
—4. 00
—7.04

+0.61
+1.30
+0.26
—0.17

110
001

—8.49 —5.79
+1.45 —1.42

—4. 65
0

3 ~ 33
—1.57

—21.66
—5.38

+1.99
+0.38

(c} Length-change measurements along [111]

~oi&H

(cm ) (cm ) (cm ') (cm ') (cm ')

(&l/l) i,
(10 6)

111
011
111
011
11i
111
111

—6.94
+5.51
—4. 84
+3.97
—3.88
—3.05
—0.47

—3.45
—3.47
+9.34

-11.94
+4.92
+4. 76
—0.20

—2. 57
+1.50
—2. 08
+1.74
—2. 06
—0.23
—0.09

—1.56
—5.97
—0.16
—0.58
+5.20
+l.30
+0.49

—13.24
-4.14
—5.52
—9.53

7 ~ 32
—8.00
—1.10

+0.42
—0.70
+0.84
—0.60
+0.65
+0.60
+0.12
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TABLE IV. Relative length change and optical ab-
sorption of I', H, and Vk centers due to F-light bleach.

Crystal k H

No.
Vk

(cm ) (cm ) (cm')

7.40 5.46 101.7

{10')

6. 87 2. 99

6.56 2. 63

7. 05 1.70

64. 1

57.4

47. 9

0+ 0. 10 I bleach

-0.04+0. 04 I' bleach

warm up to 40 K

0~0.12 I' bleach
6.77 1.61 45. 7

k =k exp -0.692
H

k +k2(E„—Er „)
H

(14)
with F.; the energy at the maximum of the absorp-
tion band i. k, is the absorption coefficient at the
maximum of the absorption band i obtained from
the 845-nm band, and k& is the absorption co-
efficient of the band i.

Figure 7 shows the absorption separated for H
and V, centers for a typical experiment. Whereas
the H centers can be reoriented without noticeable
annealing, the V,-center concentration decreases
rapidly during successive steps of bleaching. To
be able to correct for possible length changes in-
duced by defect annealing the E-center concentra-
tion has been controlled for all measurements.

Table II gives the values used to calculate the
defect concentrations from optical-absorption
measurements for F, H, and V, centers in KCl.
Table III gives the results for seven crystals with
length-change measurements in the [100], [110],
and [111]directions. Table IV shows the results
for another experiment which studies the anneal-
ing behavior of the irradiation-induced defects due
to bleaching with F light.

V. DISCUSSION

With the results given in Table III and Eqs. (8)-
(10), it is possible to evaluate the double force
tensor for the H center as well as the Vk center.
As an example, Fig. 8 shows the evaluation of
the length-change measurements parallel to [001]
and subsequent optical bleaching with light polar-
ized along [001] and [010], respectively. The
length change is plotted versus the concentration
change 4c& 4, and the slope of the so-obtained
line directly gives P —P„ for the H center in
KCl. During reorientation processes also, defect
recombination takes place. Irradiation-induced
defects are produced as Frenkel pairs and re-
combination takes place via Frenkel-pair recom-

bination. H and F centers recombine leading to
the undisturbed lattice, and V, and F center re-
combination leads to the creation of an ~ center.
To make the proper correction for the annealing
to Eqs. (8)-(10), the following term must be added:

CH ann+ CV ann y

(15)
with 4q, ,+4cv, = 4C~.

k
As could be shown in Fig. 7 the H-band absorp-

tion change due to annealing is negligible compared
to the annealing rate of the Vk centers, so that

CH ann 0
& +CV ann CF

To be able to correct for the V,-center annealing,
a separate experiment has been made. The an-
nealing behavior of irradiation-induced defects
due to E-band bleaching has been studied (Table
IV).

The recombination-induced length change due
to F-light bleach can be written

(16)

With the known values'0 '~ (&v/v)~ =0.6, (nv/v)„
=0.6, and (n v/v) =0 7for K. Br and (nv/v)r =0.6
for KC1, (&v/v)„and (&v/v) were assumed to be
of the same order of magnitude for KC1 and KBr.
With this assumption the volume change of a V,
center was obtained with the results of Table IV,
using Eq. (16) to be (dv/v)~, =0+0.1. This result
corresponds well with the description of the V,
center in KCl as a small polaron. ' Although
ENDOR measurements' show great displacements
of the next neighbors around the defect, the long-
range lattice distortions measured as macroscop-
ic length changes are very small. As a result the
double force tensors for the H and the V, center
are obtained in defect coordinates.

di
ii ( 1ooi

-3 10

"2

~ ~ 4

FIG. 8. Determination of P ~-P~.
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t3. 3

p H 0

(3

3 3)
-2. V 0 (eV);

3 4.3i
double force tensor for a V~ center in KCl,

0 6 0 0

p "~= 0 —0.9 0

(3 3 3.3)
(eV) .

Double force tensor for an H center in KC1, Bachmann and KKn2ig' measured the anisotropic
part of the double force tensor of the H center,

P H PH -'TrPH

in KCl with a different method. They applied
uniaxial stress to the crystal and measured the
change of the population of the now-energetical-
ly-different levels. They obtained P,~ = 3.0 eV
P~»= —5.2 eV, and Pi(=2.2 eV. Using TrP"
= 6.9 eV, this is in quite good agreement with our
results.
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