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Luminescence from Color Centers in KMgF3
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A study of the emission from electron- and p-irradiated KMgF3 crystals reveals bands at
407, 465, 590, 600, and 750 nm. By means of polarized bleaching experiments the bands at
465 and 590 nm can be assigned as due to F3 and F~ centers, respectively. In addition, the
temperature dependence of both the widths and peak positions of the emission bands can be used
to predict approximate values for the absorption energy of the defects responsible for these
bands. The predicted absorption is very close to that observed for F& and F3 centers. This
lends further confidence to the assignments. The 600-nm emission is believed to be due to
Mn2' impurity ions.

I. INTRODUCTION

Recently there have been several investigations
of radiation-induced defects in KMgF3 crystals. '
These experiments have dealt primarily with the
identification of the optical-absorption bands arising
from these defects and with the kinetics of the de-
fects themselves. Very little work has been done
on the emission from the various defect centers.
%e felt that it would be highly desirable to study
the emission from irradiated KMgF3 and make as-
signments of the observed bands to defects induced
by radiation or present as impurity.

KMgF3 has the cubic perovskite structure and in
this structure the F center has a D4„symmetry,
Fe(M) centers have Ce„symmetry, and Fe(R) cen-
ters have C3„symmetry. Optical bleaching with
the appropriate wavelength of [1I0j and/or [100j
polarized light has been shown to result in aniso-
tropic absorption characteristic of (110) oriented
centers (Fe) at 282 and 445 nm and (111) oriented
centers (F,) at 250 and 395 nm. ' Once the defects
have been rearranged into orientations which are
no longer random it should be possible to observe
polarized luminescence from these defects, and to
use this polarized emission to identify the defects
responsible for the various emission bands seen
after irradiation. Thus, the purpose of this paper
is to determine the luminescence bands due to E~
and F3 centers and to measure the temperature de-
pendence of the half-width and peak positions of
these bands.

II. EXPERIMENTAL PROCEDURE

The crystals were grown by the Stockbarger
method in an argon atmosphere using purified
starting material. A graphite crucible was used
and the growth rate was 2 mm/h. ' An impurity

ABSOR PT ION
(TABLE I )

SAMPLE ORIENTATION
EM IS SION
(TABLE II)

UK2

UK2:— Q K'2,~e
Ub = (Xi('I

A

UK =U'=~ [ex+ e. j

uzz+~ (e,+ —'(e, -e„))
u„;=~ (ez+~ (e„-e,))

P(ex ez)

Uxj . Ux)

l)

E X C I TING

L IGHT

DEFECT ORIENTATION
(IOO &TYPE CENTERr-------q

) )

.C
I ) ) I

I I

) I

I

I I

~ --I----- i

& ill)TYPE CENTER

~d
rI =Bx
e6
r2 =BY

r3 =B7

~pl ~ wag g
l'I =By el'I =Bz
+ICI p, ~&2 s

e r~=-ex~rz=ez
+1T2

~r3=ey r3=-ex

ri-+ez+ez). i~=+(ez- ez)

iz=P(e, -ez) ~is=~(ex+ ez)

r3=~(BY+ezj r6=~(ex ez~

i =P(ez+ez+ez)

r&
——(ex+BY-ez)

r =~~(ex-ev+ez)

(ex BY ez)

FIG. 1. Schematic illustrations of the sample orien-
tation with respect to both the incident light and the de-
tection systems for absorption and emission and of defect
.orientations in cubic crystals.

analysis of these crystals has been published pre-
viously. 3

Specimens about 1 mm thick were cut from the
crystal ingots and polished. Irradiations were per-
formed either with Co y rays or 2. 0-MeV elec-
trons. %'hen low-temperature measurements were
desired a Sulfrian liquid-helium cryostat was used
and the required temperature was maintained either
with an electrical heater system or by using the ap-
propriate liquified gases or freons. The tempera-
ture of the samples was monitored during irradia-
tion and optical measurements by means of a
platinum resistance thermometer mounted in the
sample holder.

Optical-absorption measurements were made
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FIG. 2. Plot of the emission intensity at 590 nm due
to 436-nm light excitation vs the absorption coefficient
at 445 nm.

using a Cary-14 or Cary-15 spectrophotometer
with matched Polaroid HNP'8 uv polarizers. Po-
larized bleaching was accomplished with a mercury
lamp, appropriate filter, and a polarizer. The
luminescence detection system consisted of an
EMI-9558 or an RCA-7102 photomultiplier tube,
cooled to dry-ice temperature to reduce dark cur-
rent, mounted to a 1-m Zarrel1. -Ash monochromator.
The detection system was calibrated using a stan-
dard quartz-iodine lamp with calibration traceable
to the Bureau of Standards. In the case of lumi-
nescence measurements the calibration for polar-
ized emission is difficult since the monochromator
has a preferential polarization and the exciting
light in some cases must be reflected from a mir-
ror which also gives preferential polarization. VYe

feel the calibration for polarized light is reliable
to about 10%. The sample is placed at about a 45'
angle from both the exciting light direction and de-
tection direction and is slightly off-angle to mini-

mize reflection of the exciting light into the detec-
tion system. A diagram of the sample orientation
with respect to the excitation and detection systems
is shown in Fig. 1.

III. THEORY

Although the theoretical calculations for polarized
absorption and emission by oriented defects have
been published in the past' in the interest of clarity
and especially since sample orientation plays a
major role in the calculations, we will briefly re-
view these calculations as they apply to our experi-
mental situation. Figure 1 is a schematic of the
sample orientation, with respect to both the exciting
light and the detection system, and of the orientation
of different types of defects in a. cubic lattice. The
major electric dipole axis is designated o, the di-
pole axis perpendicular to o but in the same (100)
plane is shown as m„and the dipole axis perpen-
dicular to both of these directions is labeled m~.

The unit vectors e„, e„and e, are the [100], [010],
and [001] directions, respectively. For the case
of absorption when the incident light is polarized
along a direction g the interaction of this light with
the various defect configurations z~, where P is
either the major electric dipole axis 0 or one of
the minor electric dipole axes m, or 7tz, results in
an absorption coefficient given by the expression

Here V, ~„and m2 are factors unique to the dipole
axes and contain several constants, ' and n, is the
number of centers whose major axis 0 lies along
one of the orientations shown in Fig. 1. The re-
sults of this type of calculation are shown in Ta-
ble I for light propagating along the U„2, U~.z, and
[001]directions, The notation nrem denotes the
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absorption coefficient for light polarized along
the U~ direction. The square of the direction
cosine between light propagating in the U~, ~ direc-
tion and polarized along the direction U~a and x3
and r-6 is denoted as —,

'
~; and —', y is the square of

the direction cosine between U~~ and x~ and x,.
For the sample orientation used in this experiment,
i.e. , 45' to the incident beam, 5 = (~2+ 1)~ and
y= (~2- 1} . When the light is perpendicular to
the sample face, the equation is much simplified

TABLE I. Absorption coefficient for linearly polarized light as a function of the type of center.

Absorption coefficient

Q.gf(e) = o.~'f{e)
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as can be seen from the expression for e,.».
Now we will compare the relative intensities of

the polarized emission from (110)- and (ill)-type
centers. The emission may be written in the form

)PI ~g
1~&=&~~&~l~~'&r ~l l&~' Ural ~

mhere p is a. constant and j and 3 denote the polar-
ization of the excitation and emission respectively,
e. g. , j, i=1, 2 and Uz, and Uz. &

are the polariza-
tion vectors shown in Fig. 1 for emission. Note
that the emission is not required to be from the
same state involved in absorption and the cases
g, pB= &r, w„wB have also been considered. The
computed intensities are shown in Table II. The
second rom in each case gives the value for a ran-
dom distribution of centers. The absorption coef-
ficients for the directions connected with these
measurements are also given in Table I. %'hen

both polarized emission and absorption data are
available an intercomparison of the tmo sets of
data allows a determination of the defect population
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FIG. 7. Gaussian plot of the 465-nm emission band
for a sample temperature of O'K.

for the various orientations shomn in Fig. 1.

IV. RESULTS

Vfhen a sample of KMgF3 is irradiated with 2. 0-
MeV electrons or Co y rays and is then excited
with light of mavelengths 254, 313, 365, 436, 405,
or 5&7 nm various emission bands are observed.
We will first consider the emission due to E2 cen-
ters which is excited by 436-nm light and occurs
at 590 nm, then the emission due to E3 centers
which can be excited with 405-nm light and occurs
at 465 nm, and last the emission bands mhich occur
at 407 and 600 nm.

A. F2(S'90 nm) Emission

In order to show that the 590-nm emission band
is connected with Ea centers two experiments were
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Emission intensity
ratios (590 nm) [110)

Polarization of bleaching light
[ 1001 (1101 random

I12/Ii 1

I„/I22

I2,/I, j

0. 252

0.673

0.427

0. 186

1.06

0. 22

0. 12

l. 20

0. 122

0.30

1, 20

0.25

Defect distributions

n3+n6

n4+n5

0.94n

1.75n

1.77n

1, 54n

1.36n

1.15n

1.93n

1.55n

6
1 ~

n =6 ~in'
j=1

1.98n

0. 87n

1.75n

1, 40n

2n

TABLE III. Emission intensity ratios for samples
bleached with polarized light and the defect distributions
determined from the ratios.
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performed. First, the emission intensity of the
band was measured as a function of the absorption
coefficient at the peak of the Fz optical-absorption
band (445 nm). The results are illustrated in Fig.
2 and the straight-line relationship suggests that
the 590-nm band is due to I'~ centers. The second
study dealt with orienting F~ centers with polarized
254-nm light and then observing the emission to
find the band or bands that were polarized. In Ta-
ble III, the observed polarized luminescence values
are analyzed by the relations for the o.-o case in
Table II and the defect distributions, present after
polarized bleaching, are determined. Using these
values and the relations m, =0.290 and ~~=0. 480
which are obtained from the polarized absorption,
the agreement between the emission and absorp-
tion measurements can be evaluated as shown in
Table IV and appears to be very good. Thus, the
experimental results again suggest that the 590-nm
band is due to Fz centers.

A study of the variation with temperature of the
half-width, W, i2, of the 590-nm band was also
performed. A Gaussian plot for the 590-nm band
at 196 K is portrayed in Fig. 3. There is some

W, i2(T) = W, ia(0)[coth(Rd, /2kT)j'i (3)

B. F3(465 nm) Emission

Studies similar to those described above for E~
centers were carried out for E3 center absorption
and emission. Figure 6 indicates a definite rela-
tionship between the emission band at 465 nm and
the absorption band due to E3 centers (395 nm).
Moreover, after the F3 centers are oriented by a
polarized optical bleach the emission at 465 nm is

uncertainty as to the accuracy of the low-energy
side of the band because of other emission bands
and absolute calibration problems. The band is
assumed to be symmetric and the energy difference
between the high-energy side and the peak is used
as a measure of the half-width. This procedure
will give a slightly different value for S'»~ since
the band is probably not a true Gaussian. The
variation with temperature of the half-width and
the peak position e ~ for the 590-nm band is shown
in Fig. 4. Figure 5 shows a plot of
coth

[Willa(T)/W&iz(0)j

vs 1/T. A value of the fre-
quency of the dominant interacting phonon mode of
~, =3.4@10' sec ' is obtained from the slope of the
line in Fig. 5 and the expression '

TABLE IV. Observed and predicted absorption coefficients from oriented F& centers.

[110] bleach [110] bleach

Abs. coeff.

CLii0

Predicted abs. from
luminescence

3.30o pg

3. 88og

3, 71(rg

3.59o.g

Obs. abs.
coeff.

5, 2

7. 0

6.4

6. 1

Predicted abs. from
luminescence

4. Olayz

3.21(r~

3.40o yz

3 220+

Obs. abs.
coeff.

5. 9

4. 3

3.9

3. 8

Qg2/ QE2

0. 87

1, 03

0. 74

l. 05

l.25

l. 05

l. 37

1.03
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also polarized. These results suggest that the
465-nm emission is due to E3 centers.

A study of the temperature variation of the half-
width of the 465-nm band was made in addition to
the above experiments. Figure 7 shows a Gaussian
plot for this band for data taken at 4 K. The tail
seen on the low-energy side of the emission results
from a small 590-nm emission band which is also
excited by a 405-nm excitation. The variation with
temperature of W, &~ is given in Fig. 8 where a plot
of coth-'[W, »(T)/W«, (0)] vs I/T can be analyzed
to yield a dominant phonon mode frequency , of
4. 0 &10" sec-'.

C. Other Emission Bands

As mentioned earlier, emission bands at 407 and
600 nm are observed in these irradiated crystals.
Both of these bands are seen at 77 'K after irradia-
tion with electrons when the crystal is excited with
either 254-, 313-, or 365-nm light. The 407-nm
emission, which is depicted in Fig. 9, shows a
rapid decrease in quantum efficiency above 77 'K
and is most easily observed when only E centers
are present in the crystal. Thus, it is tempting
to attribute this emission to F centers, but much
work must yet be done before such an assignment
can be made. On the other hand, the 600-nm emis-
sion band has all the characteristics of impurity
emission. The quantum efficiency of the emission
increases with increasing temperature, crystals
doped with Mn show a bright orange emission close
to 600 nm, and Mn+ emission in MgF~ occurs at
590 nm. Therefore, we believe that this band is
due to the trace amounts of Mn present in our
crystals. The 60Q-nm emission band is shown in

Fig. 10 for several different exciting frequencies.
When a crystal is irradiated at low temperatures,

warmed to room temperature, and then recooled
to 77 'K new emission bands are observed. In
particular, since the warming allows E centers
to aggregate, the 690- and 465-nm bands described
above are observed. In addition, after aggregation
occurs excitation with 577-nm light produces an
emission band at 750 nm.

V. DISCUSSION AND SUMMARY

In a previous paper it was pointed out that the
phonon modes interacting most strongly with the
ground state of F and Ea centers have an average
frequency of 3.4 &10'3 sec '. Our results in this
investigation indicate that the same frequencies
are active in interacting with the excited states of
the Ea and E3 centers. This means that, at least
within the restrictions of the simple theory where
~, =co~, we can predict the Stokes shift for the
luminescence bands due to E~ and Es centers since
we can determine the Huang-Hhys factor from the
expression"

S= [W„,(O)/2. 36II~]'

and the energy of the emission z from"

(4)

EApg 285%

where E», is the absorption energy of the defect.
From Egs. (4) and (5) absorption from Ea centers
is predicted to occur at 426 nm (2. 91 eV), whereas
it actually is at 440 nm (2. 81 eV). In the case of
the Jl, center the prediction is 367 nm (3. 38 eV)
and the experimental value is 395 nm (3. 14 eV).
The Huang-Hhys factors are 13.7 for the F3 emis-
sion and 17.9 for the E~ emission process. This
latter value can be compared with the S= 11 num-
ber determined for E~ centers in the absorption
process. The high S numbers characteristic of
these defects indicate that zero-phonon lines will
not be observable. ' This precludes the construc-
tion of relatively accurate configuration coordinate
diagrams since zero-phonon lines are a necessity
for an unambiguous interpretation. However, such
diagrams can be constructed from the information
given above if desired. '

A consideration of Tables III and IV suggests
that only light polarized along the m electric-dipole
axis of the defects is efficient at reorienting cen-
ters. This observation is further verified by at-
tempts at bleaching not in the 270-nm region (where
the absorption is due to w transitions) but in the
445-nm band itself. In this case, no reorientation
of centers was observed. The distribution of de-
fects shown in Table III for the different polariza-
tions of bleaching light suggests that E2'centers re-
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orient by 60 jumps, e.g. , a defect with a [110j
x, orientation can only jump to f3, 4, r5, and r6 ori-
entations. As mentioned earlier the good agree-
ment between the absorption coefficient ratios pre-
dicted from the polarized luminescence measure-
ments and those values actually observed, as given
in Table IV, indicates that the emission is due to
Ez centers and that it is primarily a O.-o transition.

Dreyfus and Schneider' have investigated the
reorientation of E„centers and Ez centers, respec-
tively. Schneider found that Fz centers reorient
indirectly by the formation of E~ centers which then

absorb light and rotate. goshen the reoriented E~
centers capture electrons then reoriented F2 cen-
ters are formed. E~ centers have not yet been
observed in KMgF3; however, our data are not
inconsistent with this interpretation.

In summary it has been shown that E~ centers
have absorption. transitions at 282- and 445-nm and
an emission at 590 nm. E3 centers absorb light of
250 and 396 nm and emit light of 465 nm. Both of
these color centers can be reoriented by polarized
bleaching light, but the exact mechanism for this
reorientation is not yet known.
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The interaction between strain and order parameter at the structural transition in SrTi03
is investigated by ultrasonic measurements of attenuation, velocity shifts, and stress de-
pendence of the transition temperature T, . A method is described by which measurements
of domain attenuation are used to correct the velocity data below T,. Also, biaxial pressure
has been successfully used to suppress the domain structure in the tetragonal phase. By
comparing the experimental results with the consequences of aphenomenological configura-
tional potential the interaction parameters are deduced. The model is found to correlate
the experimental results in a consistent way. The hydrostatic-pressure dependence of T, is
predicted to be dT,/dp = 0. 5 x 10 K/dyn cm . Critical effects in sound velocity and attenua-
tion are briefly described.

I. INTRODUCTION

During the past few years the compound SrTi03
has attracted increasing attention from different
branches of solid-state physics. The primary rea-
son for the interest in this material is the fact that
its structural transition is associated with a con-
densation of a (triply degenerate) lattice mode, often

referred to as a soft mode. SrTi03 has, in fact,
become a major testing ground for the soft-mode
theory of solid-state transitions. ' Furthermore,
SrTiO3 belongs to a family of perovskite-type com-
pounds —including, for instance, KMnF3, LaA103,
and CsPbCl, —possessing cubic symmetry in the
high-temperature phase (T & T,). In the low-tem-
perature phase (T & T,) different symmetries are


