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Single crystals of NaCl, KC1, and KBr were grown from the melt in an oxygen atmosphere, and their 
optical absorption, fluorescence excitation, and fluorescence emission spectra were measured at 300°, 77°, 
and 4.2°K. The weak absorption band caused by oxygen was the same in all three crystals, and did not vary 
with temperature. The band had maximum absorption at 5.0 ev and a half-width of 1.0 ev. All fluorescence 
excitation spectra contained a component identical to this absorption band. The fluorescence emission 
spectra consisted of a series of peaks in the wavelength range 4000-10 000 A, with an approximately equal 
energy separation of 1000 cm-1. At 300°K, 12 to 15 peaks were resolved, and at 4.2°K each of these peaks 
split into 4 to 6 components. From these optical results and from paramagnetic resonance experiments, it 
is concluded that 02~ molecule-ions located in anion sites in the crystal are responsible for the absorption and 
fluorescence. 

INTRODUCTION 

A YELLOW fluorescence is always associated with 
the presence of hydroxide impurity in alkali halide 

crystals.1 Its structure has been investigated by Hon-
rath2 and Ewles and Barmby.3 However, the fact that 
the fluorescence is excited at wavelengths outside the 
hydroxide absorption band indicates that it is not due 
to the hydroxide ion itself. The appearance of a strong 
fluorescence without a corresponding increase in the 
hydroxide absorption band in crystals grown in oxygen 
supports this conclusion. In this paper the optical 
absorption and fluorescence excitation spectra asso­
ciated with the yellow fluorescence will be described, 
and more accurate data for the fluorescence emission 
presented for the three alkali halides NaCl, KC1, and 
KBr. We will also discuss the nature of the fluorescent 
centers. 

EXPERIMENTAL 

Crystals 

All crystals used in this investigation were pulled 
from molten salt contained in a platinum crucible, using 
Harshaw seed crystals suspended from a rotating water-
cooled rod. The crucible and seed holder were enclosed 
in a silica tube, through which oxygen gas was circu­
lated. Thermocouples for controlling the temperature 
of the melt were sheathed in platinum. The heaters 
were mounted outside the silica tube. 

Crystals were grown at a rate of approximately 2 
in./hr, and cooled down to room temperature in about 
2 hr after completion of growth. Specimens were then 
cleaved from the crystals without further treatment. 

The mechanical properties of crystals grown in oxygen 
differ from those of pure crystals. This was indicated 
by the ease with which they were cleaved, and by the 
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1 H. W. Etzel and D. A. Patterson, Phys. Rev. 112,1112 (1958). 
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3 J. Ewles and D. S. Barmby, Proc. Phys. Soc. (London) B69, 

670 (1956). 

fact that the cleaved faces were exceptionally free of 
steps. 

Optical Absorption Measurements 

In the visible and ultraviolet regions (200 m/z to 
750 m û), optical absorption was measured with a Perkin-
Elmer Spectracord recording spectrophotometer, model 
4000. In the infrared region (2.5 p to 15 p) a Perkin-
Elmer Infracord recording spectrophotometer, model 
137B, was used. A metal cryostat in which specimens 
were clamped to a copper block cooled with liquid 
nitrogen was used in the measurement of absorption 
at 77°K. 

The optical absorption due to oxygen was extremely 
small, and special precautions were necessary when 
measuring it. Specimens about 1 cm thick were used, 
and careful corrections were made both for surface 
reflection losses and internal scattering, by subtracting 
from the results the absorption of pure crystals of the 
same thickness. Furthermore, at 77°K it was found that 
butane from the O rings used in the window mountings 
condensed on the crystals. Although the extra absorp­
tion caused by the condensation was small, it was 
enough to cause serious errors in the determination of 
small absorption coefficients. The effect was eliminated 
by removing the O rings and attaching the windows to 
the cryostat with Edwards' Picein black wax. 

Fluorescence Measurements 

The apparatus used for fluorescence measurements 
has already been described.4 It has, however, been im­
proved in the following respects: A foreprism mono-
chromator was placed at the entrance slit of the excita­
tion monochromator to reduce stray light in the exciting 
light, and a 1600-w xenon lamp (Osram XBO 2001 S) 
was used as the exciting light source. 

Excitation spectra were obtained by measuring the 
fluorescent emission as a function of the exciting wave­
length, with the detection monochromator set at a 
wavelength (about 510 m/x) for peak fluorescence 

1 F. R. Lipsett, J. Opt. Soc. Am. 49, 673 (1959). 
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FIG. 1. Absorption spectrum of NaCl+KCN crystal grown in 
oxygen. 0.1M% KCN added to melt. Crystal thickness 3.20 cm. 
Measured at room temperature. 

emission. The results were corrected for the variation 
with wavelength of the exciting light intensity. This 
calibration was made with a special thermistor bolom­
eter (Optitherm detector made by Barnes Engineering 
Company) without a window, placed at the focus of 
the exciting beam. 

Fluorescence emission spectra were measured with 
the exciting light set at a wavelength of 275 rriju. The 
wavelength of the detection monochromator was varied 
at constant speed, and a record obtained from the out­
put terminals of a micro-microammeter. No corrections 
were made for the variation of photocell sensitivity and 
monochromator efficiency with wavelength. The detec­
tion photomultiplier tubes used were an E M I 6256B 
for the wavelength range 4000-7000 A, and an RCA 
7102, cooled with liquid nitrogen, in the wavelength 
range 6000-10 000 A. 

The method of mounting crystals for the measure­
ment of emission and excitation spectra at 77°K was 
the same as that used in absorption measurements. A 
spurious blue fluorescence, consisting of three peaks, 
caused by condensed butane, was removed by the sub­
stitution of Picein wax for O rings. 

Crystals were cooled to 4.2 °K for emission measure­
ments in a metal cryostat in which helium gas was 
used for heat transfer. The small enclosure containing 
the helium transfer gas was immersed in liquid helium, 
and was connected by means of a metal capillary tube 
to a vacuum gauge, which was used as a gas thermom­
eter to measure the temperature of the crystal. 

OPTICAL ABSORPTION 

The absorption bands produced when NaCl, KC1, 
and KBr are grown in oxygen are shown in Figs. 1 — 3. 
The bands are unusual in three respects: (i) They are 
very broad and very feeble, (ii) they do not change 
their shape or position in cooling from 300° to 77°K, 
and (hi) the shape and position of the bands are almost 
the same for NaCl, KC1, and KBr. They consist, in all 
three halides, of an absorption band whose peak is 
somewhere below the wavelength limit of the instru­
ment used (200 m^), and a smaller broad absorption 
band with a maximum absorption at about 248 m t̂ 
(5.0 ev) and of half-width about 1.0 ev. 

The brightest fluorescence and greatest absorption 
occurred in crystals grown in oxygen from a melt 
doped with 0.1 mole% KCN. However, infrared ab­
sorption measurements on long crystal specimens indi­
cated that only hydroxide, carbonate, nitrate, and 
nitrite ions were present. No cyanide or cyanate ab­
sorption bands could be detected, so that the fluores­
cence must have resulted from products of decomposi­
tion of the cyanide. 

The very large hydroxide absorption band occurring 
in KBr and KC1 crystals doped with KCN overlapped 
the oxygen absorption band to such an extent that 
accurate measurements of oxygen absorption were im­
possible. However, the hydroxide absorption band in 
NaCl (185 mju)5 is sufficiently removed from the oxygen 
absorption band that the overlap is negligible. The 
relatively large oxygen absorption of an N a C l + K C N 
crystal is shown in Fig. 1. 

In Fig. 2 the absorption of a KC1 crystal grown in 
oxygen is shown. The hydroxide band produced by 
hydrolysis is not large enough to overlap the oxygen 
absorption band. In KBr, however, the hydroxide and 
the oxygen bands are so close that overlap cannot be 
avoided. In Fig. 3, curve (a) is the absorption of an 

WAVELENGTH mu 

210 220 230 240 260 280 300 

1 

c V> 

1 

°/> 

i l l ! 

I I I I 
KC£ GROWN IN OXYGEN [ 

i i . i i i i i i • i 

I 

77°K 

i i 1 i*"** 
5.0 4.5 

PHOTON ENERGY ev 

FIG. 2. Absorption spectrum of KC1 crystal grown in oxygen. 
Crystal thickness 1.007 cm. Measured at 77°K. 

6 The value of 190 m̂u previously quoted by one of the authors 
[J. Rolfe, Phys. Rev. Letters 1, 56 (1958)] is incorrect. The error 
was caused by stray light in the spectrophotometer used in the 
region below 200 m/z. The authors are grateful to Dr. H. W. Etzel 
for pointing this out. 
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undoped crystal grown in oxygen. Obviously, there is 
an hydroxide absorption band present. (This could be 
recognized experimentally with certainty, since the 
hydroxide band narrows on lowering the temperature 
to 77°K, whereas the oxygen band is unaffected.) Curve 
(b) is a computed hydroxide absorption band of reason­
able absorption, which is subtracted from (a) to give 
the corrected curve (c). Since there was no a priori 
reason to choose a curve (b) of this particular absorption 
coefficient, the left-hand side of curve (c) has not been 
definitely established. Curve (d), referring to a crystal 
containing calcium, which suppresses the hydroxide 
absorption,1 is more reliable in this region. 

Infrared absorption measurements were also made 
on all the crystals used in these experiments. The thick­
ness of the crystals used in these measurements ranged 
from 1 to 4 cm. Absorption bands of hydroxide, cyanate, 
cyanide, carbonate, nitrate, and nitrite ions were found 
in various combinations in the crystals, but no correla­
tion between the intensity of fluorescence and the 
magnitude of any of these bands could be found. In 
particular, the infrared absorption of the crystals con­
taining KCN, which had by far the most intense 
fluorescence, was examined very carefully, using crystal 
thicknesses between 3 and 4 cm. Hydroxide, carbonate, 
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FIG. 3. Absorption spectra of KBr crystals grown in oxygen. 
Crystal thicknesses: No. 56: 0.733 cm; No. 69: 0.609 cm."Meas­
ured at 77°K. 
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FIG. 4. Fluorescence excitation spectra of NaCl, KC1, and KBr 
crystals grown in oxygen. Measured at 77°K. 

nitrate, and nitrite absorption bands were the only 
bands present, and were no more intense than those 
present in feebly fluorescent crystals. I t is therefore 
concluded that there is no infrared absorption in the 
range 700-4000 cm - 1 associated with the presence of 
fluorescence in the crystals. 

FLUORESCENCE EXCITATION 

Fluorescence excitation spectra obtained at 77°K are 
presented in Fig. 4. Accurate results could not be ob­
tained at wavelengths lower than 230 m/j because the 
energy in the exciting light at these wavelengths was 
too small either to stimulate appreciable fluorescence 
in the crystal or to be accurately measured with the 
bolometer. The fluorescent efficiency of the absorption 
peak occurring at wavelengths less than 220 m/z, (Figs. 
1-3) could not, therefore, be measured. 

Comparison of Figs. 1-3 and Fig. 4 reveals that while 
there is a general agreement between fluorescence excita­
tion and absorption spectra, there are other components 
present in the excitation spectra which do not appear 
in the absorption spectra. Though excitation could be 
measured with greater accuracy than absorption, the 
cause of the discrepancy does not lie in the experimental 
error of the absorption results. The explanation is that 
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FIG. 5. Fluorescence emission spectra of NaCl crystal grown in 
oxygen, measured at room temperature and 4.2°K. Recorded with 
6256B phototube. 

excitation measurements are complicated by energy 
transfer between different fluorescent systems present 
in the crystal. The three curves for KBr crystals in 
Fig. 4 can be used to verify this. The excitation spectrum 
has at least two components, at 5.0 ev and 4.7 ev, and 
in curve (a) there is a third component at about 4.6 ev. 
The component at 5.0 ev is assigned to oxygen, in agree-
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FIG. 6. Fluorescence emission spectra of KC1 crystal grown in 
oxygen, measured at room temperature and 4.2°K. Recorded 
with 6256B phototube. 
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ment with the absorption, and the component at 4.7 ev 
is assigned to cuprous ion impurity. It can be shown by 
measurements on alkali halide crystals with sensitive 
fluorescence apparatus that cuprous copper is a common 
impurity in alkali halide crystals.6 In well-annealed 
crystals the copper is mostly precipitated, but may be 
easily brought into metastable substitutional solution 
by heating to about 650 °C and cooling fairly rapidly. 
In all alkali halide crystals we have observed, it is then 
possible to detect copper fluorescence. In KBr the 
excitation and absorption spectra of cuprous ion (in 
solution; the precipitated impurity is optically inactive) 
are identical, with a maximum at 4.69 ev at 77°K. In 
KC1 and NaCl the respective values are 4.78 ev and 
4.87 ev. The excitation spectrum of KC1 shows a 
definite component at 4.8 ev, and the existence of a 
component at 4.9 ev in NaCl is not impossible. In the 
case of NaCl the 5.0-ev oxygen component and the 

PHOTON ENERGY e v 

WAVELENGTH m,i 

FIG. 7. Fluorescence emission spectra of KBr crystal grown in 
oxygen, measured at room temperature and 4.2°K. Recorded 
with 6256B phototube. 

4.87-ev cuprous component are close enough together 
that neither is fully visible. 

We are thus led to the conclusion that the system of 
alkali halide with oxygen and cuprous impurities has 
an impurity-sensitized luminescence, with copper as 
sensitizer and oxygen as activator. 

The nature of the third component in the excitation 
curves, which appears at about 4.6 ev for both NaCl 
and KBr, is not known. 

FLUORESCENCE EMISSION 

Fluorescence emission spectra of NaCl,.KG, and KBr 
crystals grown in oxygen are shown in Figs. 5-7. Com-

530 540 550 
WAVELENGTH m/i 

FIG. 8. Portion of the fluorescence emission spectrum of NaCl 
at 4.2°K, with identification of peaks shown in wavelength tables. 
Pass band of detection monochromator 1.16 A. 

plete wavelength measurements are presented in Tables 
I and II. The wavelength scale of the fluorescence 
apparatus was calibrated with a mercury lamp. The 

6 A more detailed report on this subject will be published shortly. 

WAVELENGTH m/x. 

FIG. 9. Portion of the fluorescence emission spectrum of KC1 at 
4.2 °K, with identification of peaks and inflection (I) shown in 
wavelength tables. Pass band of detection monochromator 0.66 A. 
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540 
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FIG. 10. Portion of the fluorescence emission spectrum of KBr 
at 4.2°K, with identification of peaks and inflection (I) shown in 
wavelength tables. Pass band of detection monochromator 0.66 A. 

estimated accuracy of the readings is ± 2 A. The experi­
mental traces used for measuring the wavelength of the 
emission peaks were recorded on a considerably ex­
tended wavelength scale compared to Figs. 5-7; 
examples of the detail visible on a full-scale recording 
are shown in Figs. 8-10. which show the most intense 
peaks in the emission spectra at 4.2 °K. 

At room temperature the emission spectra consist of 
8 or 9 peaks, which are almost equally spaced in energy. 
The separation is about 1000 cm -1. The apparent de­
crease in intensity of the peaks towards longer wave­
length is due to the falling off in sensitivity of the photo-
cathode of the detecting photomultiplier. 

At 4.2°K a great deal of fine structure becomes 
visible. I t is immediately seen that the emission spec­
trum of KC1 is quite different from that of NaCl and 
KBr. In KC1 each peak at room temperature splits into 
two large peaks each with fine structure, whereas in 
NaCl and KBr one sharp peak appears, with subsidiary 
structure developing around it. At 4.2°K the fluores­
cence is more intense than it is at room temperature, but 
no measurements have been made on the variation of 
fluorescence intensity with temperature. 

The emission spectra at 77°K are not recorded here, 
since they do not provide any further useful information. 
However, the appearance of the emission spectrum of 
KC1 at 77°K provides an indication of how the double 
structure arises on reducing the temperature from 300° 
to 4.2°K. At 77°K only peaks S and D (Fig. 9) are re­
solved, but the intensity of peak D is only one-fifth of 

that of S. Thus the double structure arises as the 
temperature is lowered by the appearance and gradual 
increase in intensity of the peak system CDE. In NaCl 
and KBr the change in the spectra when the tempera­
ture is lowered is simply due to a narrowing of each 
individual component until four peaks are visible at 
4.2°K. 

Attempts were made to observe polarization of fluores­
cence, at three temperatures, 300°, 77°, and 4.2°K. The 
exciting light was polarized along the [100] or [110] 
direction by means of a Glan-Thomson polarizing 
prism, and the fluorescence emission was analyzed by 
means of a Polaroid film. No polarization of the fluores­
cence was observed. 

DISCUSSION 

We will discuss the nature of the impurity centers 
which cause the absorption and fluorescence phenomena 
described above. (From the general agreement between 
fluorescence excitation and optical absorption spectra, 
we assume that absorption and fluorescence are caused 
by the same center). Although a number of different 
treatments or impurity additions will cause the fluores­
cence to develop,1-3 the common factor is the presence 
of oxygen. Also, from the structure of the fluorescence 
emission, we may assume that the oxygen is part of a 
molecule, with a vibrational frequency of about 1000 
cm -1 . However, the oxygen cannot be bound into a 
molecule with the anion of the crystal, as suggested by 
Honrath,2 because the vibrational frequencies of mole­
cules of oxygen with bromine or chlorine differ from 
each other by about 150 cm -1, whereas the separation 
of the fluorescence peaks in KC1 and KBr differs only 
about 10 cm -1 . The absence of any infrared absorption 
connected with the fluorescence suggests that the center 
is a symmetrical oxygen molecule, three forms of which 
are possible: 02

+, 02 , and O2"". The vibrational fre­
quencies of 02+ and O2 are accurately known, and are 
1876 and 1580 cm -1, respectively. The vibrational fre­
quency of O2 - is not known, but an approximate calcu­
lation of its value may be made by using Clark's rule.7 

If the internuclear distance of 02~~ is taken as 1.28 
±0.02 A,8 the result is 1260±70 cm"1. Allowing for the 
fact that the accuracy of Clark's rule is about ± 5 % , 
and also that the vibrational constants will be slightly 
different in a molecule in a solid, the agreement with 
1000 cm - 1 from the fluorescence spectra is reasonable. 
Thus, from the optical measurements we can tenta­
tively postulate that 02~ is responsible for the absorp­
tion and fluorescence. 

More direct evidence, however, is available from 
paramagnetic resonance experiments. Kanzig and 
Cohen,9 from resonance experiments, have recently 

7 G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., Princeton, New Jersey, 1950), 2nd ed., p. 457. 

8 S. C. Abrahams and J. Kalnajs, Acta Cryst. 8, 503 (1955). 
9 W. Kanzig and M. H, Cohen, Phys. Rev. Letters 3, 509 (1959). 



454 R O L F E , L I P S E T T , A N D K I N G 

demonstrated that the 02~ molecule-ion is present in 
alkali halide crystals treated with oxygen. Measure­
ments of the resonance signals from portions of crystals 
used in these experiments were kindly made for us by 
Kanzig, and it was found that the signals increased as 
the intensity of fluorescence increased. In one case an 
accurate value for the ratio of signals from the two 
crystals KBr+KCN and KBr "pure," both grown in 
oxygen, was obtained. The ratio was 7, whereas the 
ratio of fluorescent intensities, which can be measured 
more accurately, was 6.6. Thus we assume, from the 
optical results and the paramagnetic resonance measure­
ments, that the center responsible for the absorption 
and fluorescence is an 02~ molecule-ion substituted for 
a halide ion in the crystal, aligned along the (110) 
directions, as found by Kanzig and Cohen. 

Some of the results are more difficult to explain, how­
ever. One would expect that some polarization of 
fluorescence would be observed at 4.2 °K. However, the 
local temperature in the vicinity of the excited 02~ 
molecule-ion may be quite high, since a rather large 

I. INTRODUCTION 

IN connection with many of the investigations of con­
ductivity in high electric fields, the Hall effect has 

been of interest because of the possibility of change in 
carrier concentration due to impact ionization or other 
processes. It has become apparent, however, that the 
Hall coefficient R, measured with due care, may change 
in high electric fields even though carrier concentration 
does not. The change in the distribution function, which 
is the basis of the so-called hot carrier effects, can itself 

Stokes shift (2.5 ev) is observed. Perhaps half the 
energy, over 1.2 ev, may be given off as phonons before 
the center emits. This process may destroy any polariza­
tion.10 Also, there is no other evidence to account for 
the fact that the fluorescence emission of KC1 at 4.2°K 
has a quite different structure from the other two 
alkali halides NaCl and KBr. Finally, the very small 
absorption coefficients associated with oxygen might 
be due either to forbidden electronic transitions, or to 
the fact that the observed band is actually a subsidiary 
band, the main band lying in wavelength regions beyond 
our limits of measurement. 
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cause a change in R.1 Changes in the band structure, 
such as change in curvature of energy vs crystal mo­
mentum, as the carriers move to higher energy states 
can also cause a change in R. This seems to be a sizeable 
effect in ^-germanium2 where the curvature of the light-

1 For a calculation of the change in Hall coefficient with electric 
field, under the assumption that scattering is by acoustic modes 
only, see M. S. Sodha and P. C. Eastman, Phys. Rev. 110, 1314 
(1958). 

2 J. Zucker and E. M. Conwell, Bull. Am. Phys, Soc 4, 185 
(1959). 
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A treatment of magnetoconductivity is developed for high electric fields and general energy-band structure 
using a partial solution of the Boltzmann equation in a form similar to that set up by McClure for low 
electric fields. The present treatment is valid when the scattering processes are such that the distribution 
function varies but a small amount over an entire constant-energy surface, or, in the case of the many-valley 
band structure, over the part of a constant-energy surface within each valley. In the latter case, different 
distribution functions must be used for the different valleys. The elements of the magnetoconductivity 
matrix that results are expressed in terms of carrier concentration, total or within each valley, and averages 
over the carriers of a quantity involving the momentum relaxation time and the S tensor defined by McClure. 
This tensor, which depends on the shape of the constant-energy surfaces and on the magnetic-field strength, 
is evaluated for the individual valleys in a nondegenerate many-valley semiconductor. The magnetocon­
ductivity matrix is then in a form convenient for calculation of conductivity and galvomagnetic effects for 
either low or high electric fields. It is used to obtain expressions for anisotropy voltage and Hall coefficient in 
high electric fields involving the number of carriers in each valley, orientation of the valleys, and valley 
averages over quantities involving relaxation time and energy. 


