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An investigation was carried out on the excited state of the F& center in various alkali halide crystals as a
function of temperature. Results are presented on the time dependence of photoconductivity and lumines-
cence following excitation by a very short, 10 8 sec, pulse of light. The data can be interpreted in terms
of a simple energy-level diagram of the F center consisting of a ground state and an excited state. Estimates
are given of the depth of the excited state below the conduction band hE, the frequency factor for thermal
ionization 1/ro, and the radiative lifetime v g, for KC1, KBr, KI, and NaCl. The radiative lifetime ~g depends
upon the alkali halide, but may be as long as 10 ' sec. Suggestions are made for understanding this long life-
time in view of the large oscillator strength of the F center. The effect of F-center concentration and also
of an admixture of AI centers is discussed.

I. INTRODUCTION

'HE F center in an alkali halide crystal is known
to be an electron trapped at a negative-ion

vacancy. A simple energy-level diagram for the center
would consist of a 1s ground state and a 2p excited state
lying a few tenths of an electron volt below the bottom
of the conduction band. The situation is complicated,
however, by the fact that upon excitation the lattice
relaxes around the center. The interaction between the
electron and the ionic lattice is strong and furthermore
cannot be treated in the continuum approximation, at
least as far as the ground-state wave function is con-
cerned. "Nevertheless, recent experimental results' on
F centers excited by very short pulses of light show that
the temperature dependence of the lifetime, the Quores-
cent yield and the photoconductivity can be interpreted
in terms of the familiar two level model. This model
leads to the following simple equations for the lifetime
of the excited state 7-, the fluorescence yield pz, and the
yield of free electrons q;, to which photoconductivity is
proportional:
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The first of these equations follows by simply acMing a
temperature-dependent probability for thermal ioniza-
tion 1/r;= (1)ro)e ~s~ "r to the probability for radiative
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recombination 1/rs. A temperature-dependent non-
radiative recombination term is neglected. Also, re-
trapping of free electrons in the empty F center is
omitted since only a small fraction of the total number
of centers are excited during a pulse and there is strong
trapping by other F centers.

In the aforementioned experiments' it was found that
the excited-state lifetimes determined from the decay
of photoconductivity and luminescence were identical.
Moreover, the values of radiative lifetime vg were
unexpectedly large, being of the order of 10 ' sec rather
than 10 ' sec.4 More complete results are given in the
present paper. These include the effect of F center
concentration as well as the influence of M centers on
the excited-state lifetime.

II. EXPERIMENTAL DETAILS

The F band was excited by a pulse of light having a
width of 0.018 p,sec at half-maximum. This light pulse
was derived from a spark between stainless steel elec-
trodes, separation 1 mm, in nitrogen gas at a pressure of
about 3 of an atm. A capacitor of 1000 ppF was dis-
charged in an arrangement having an inductance as low
as 5)&10 H, operating as a relaxation oscillator from
a supply potential of 5000 V. A narrow region of wave-
length suitable for excitation of the F band was selected
by means of filters from the broad spectrum emitted.
In some cases, a range of shorter wavelengths was used
for the purpose of exciting one or more of the J bands. '
This procedure was useful for purposes of comparison,
since the L transitions lead to excited states which are
not bound. Fluorescence was detected with a photo-
multiplier, type 7102, while the pulses of photocon-
ductivity were amplified by a low-noise cascode preamp
and wide band oscilloscope. Single transient waveforms
were photographed, analyzed, and replotted on semi-
logarithmic graph paper. Lifetimes were determined
from the slopes of such plots, v hile the relative yiel(ls
were obtained from the pulse heiglits, ~vith suit;t. blc
optic;I. l attenuators pl;t, ce~l in the ligli t be't. nl.
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All the results reported here were obtained with
crystals additively colored by heating in the appropriate
alkali vapor. Samples cut from the colored crystals were
placed in an oven for 30 to 60 sec and were then
quenched from high temperature by placing on a copper
block. The temperature before quenching was 600'C
for KCl and NaCl, 400'C for KBr, and 350'C for KI.
The samples were 0.5—1.0 mm thick and about 5 mm
square. They were handled under red safelight condi-
tions following coloration and quenching.

The various alkali halide crystals were purchased
from the Harshaw Chemical Company. There was no
detectable absorption, fluorescence, or photoconduc-
tivity in the uncolored crystals under F-band irradia-
t. ion. Hence, impurities were present in sufFiciently low
concentration not to be the source of electrons. How-
ever, impurities played a role in the trapping of photo-
electrons in lightly colored samples. It is well known'"
that shallow electron traps can produce, in an appro-
priate temperature range, a "lifetime" for the photo-
conductivity that is essentially a measure of the time
spent in traps. Such efI'ects were observed in these
crystals when the F-center concentration was of the
order of 10"/cm'. It was possible, however, to distin-
guish between these effects and the effect of interest
here: the lifetime for release of the electron from the
excited Ii center into the conduction band. At F-center
concentrations above 10"jcm', shallow trapping was
not significant. In this concentration range, the shallow
traps were unimportant compared to the deep trapping
of the I' centers. Electron trapping at Ii centers leads
to the formation of Ii' centers which are only stable for
about 10 ' sec near room temperature. This time, how-
ever, is essentially infinite compared with the time of
observation, 10 to 10 ' sec.

Even in the absence of shallow trapping, one might
expect the time spent by the photoelectron in the
conduction band would be a contributing factor to the
measured photoconductive lifetime. This was never the
case in these experiments. Even at low F-center con-
centrations, the lifetime of the free conduction electron
was less than 10 sec. With F-center concentrations
above 10"/cm', it should be less than 10 ' sec.

In the measurement of photoconductivity, it is
necessary to apply an electric field to the crystal. Be-
cause of the short free lifetime of the conduction elec-
trons, the distance of drift in the field was very small,
usually 1/1000 of the crystal thickness. Under these
conditions, the signal is proportional to the applied
fieM. In the interest of a good signal-to-noise ratio, a
high field is desirable. On the other hand, it is known
that ionization of the excited Ii center is enhanced in a
high field by the mechanism of the internal Schottky
egect, operating in this case on the excited state. " It
was necessary to timid;i, compromise between these two
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'A. Rose, Phys, Rev. 97, 322 (1955).
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conHicting factors. The electric fields used were in the
range 2—7 kV/cm. In this range, the effects of internal

Schottky emission were small, but measureable. A

correction was applied when significant. The correction,
which consisted of a shift in the temperature scale, was

determined by varying the field at selected points, and

extrapolating to zero field. The magnitudes of the
corrections ranged from 1 to 5'K.

III. RESULTS

A. E Centers in KCI

The relative photoconductivity of a crystal of KC1
containing 2&(10'6 F centers jcm' is shown as a, function
of the temperature in Fig. 1.. The curve for F-band
irradiation follows the familiar form reported previously

by several authors, particularly by the group at
Gottingen. 9 The rapid decrease in the photoconductivity
with temperature in the region near 100'K has been
established as the freezing-in of the excited state, in
accordance with Eq. (3). However, the curve is some-
what distorted by the variation of the mobility with
temperature. The curve shown for I.-band irradiation
has not been reported before. Since the excited state
reached in the I. transition lies above the bottom of the
conduction band, the absorption band should be photo-
conducting at all temperatures, so that the curve shows

only the change of mobility with temperature. How-
ever, a small, but well-defined dip occurs in this curve

Io'

~ IO~—I-

A

OI-
O~ IO-
Q.

UJ0

LLI

lK

IO—

20 50 IOO I50 200 250
DEGREES KELVIN

I'IG. 1. Relative photoconductivity of KCl sample number 9,
for irradiation in the F band (Corning filters CS-4-94 plus CS-3-71)
and in the I.bands (filter CS-7-54). No correction has been applied
for the small efkct of the electric field which was 3.3 kV/cm.
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in about the same place as in the P-band curve. There
are two possible explanations for this behavior: (1) The
higher excited. state reached in the I, transition decays
part of the time into the first excited state before
autoionization occurs; (2) the dip is caused by trapping
at n centers (empty F centers). Since such trapping is
predominantly into the excited state, competition
between thermal re-emission and decay to the ground
state takes place in the same way as when an P center
is raised into the first excited state by light. Thus, one
expects an enhanced trapping at just the temperature
where the photoconductivity of the P center declines.

The fact that the F-band photoconductivity does
not continue to fall according to Eq. (3) at very low
temperatures is well known. This low-temperature
residue is most likely a photoconductivity arising from
some other centers, such as P-center aggregates, or
metal colloids.

Although the curve of photoconductivity vs tempera-
ture deviates from Eq. (3) because of the factors
mentioned, the curve of relative fluorescence yield
follows the theoretical expression given by Eq. (2) very
well. This is seen in Fig. 2 for the same crystal. In this
figure, the solid line is a plot of Eq. (2) with appro-
priately chosen parameters, while the points are
measured values.

Equations (1) and. (2) predict identical temperature
dependence for the fluorescence yield and the lifetime
of the excited state. The lifetimes for this specimen are
given in Fig. 3. The lifetime values obtained from
fluorescence pulses fall nicely on the same curve as
those obtained from photoconductivity. The data

follow a curve that has the general form Eq. (l), bui
it is not possible to fit it exactly. The solid curve has
been 6tted to the data in the region of the rapid fall, at
the expense of the low-temperature points. This gives
parameters vrhich are not greatly diGerent from those
obtained from the Quorescence yield. The tendency of
the low-temperature points to rise above the solid curve
will be discussed later in connection with the question
of the long radiative lifetime. Data from photocon-
ductivity are not available at low temperatures, because
the yield becomes vanishingly smaH. The photo-
conductivity which does remain at 1.ow temperatures
exhibits a decay constant which is at least an order of
magnitude shorter than that of the Il center.

Figure 4 shows the photoconductivity of a crystal
with 15-fold higher concentration of Ii centers. Two
differences are noted: First, the low-temperature residue
of the F-band curve is greater than before. Since
absorption measurements show that a measurable M
band is present at this concentration, a relationship
between these centers and the low-temperature residue
is suggested. Second, the dip in the I.-band curve near
100'K is reduced so that this curve follows the change in
mobility more closely. If the dip is caused by trapping
at o. centers, then it should be reduced at higher F-
center concentrations because of the increased com-
petition by deep trapping at Ii centers.

The dependence of the fluorescence yield on the
temperature was essentially the same as shown for the
previous sample in Fig. 2. One difference was a small
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Fro. 2. Relative fluorescence of KC1 sample number 9 for
irradiation in the P band. The solid Hne is a plot of Eq. (2) with
b,E 0.164 eV and ~g/~o 7.5X10'.

FIG. 3. Lifetimes of fluorescence and photoconductivity of KCl
sample number 9, determined from the shape of the same pulses
whose pulse heights are given in Figs. 1 and 2. A shift of 5'K has
been made in the photoconductivity points to compensate for the
6eld of 3.3 kV/cm. The solid line is a plot of Eq. (1) with AB=0.142 eV, v@=0.578 psec, and 2/~o=1. 2X10~~ sec-L.
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amount of Quorescence at high temperatures, arising
from M centers. This Quorescence was excited by
irradiation in the Ii band.

In order to illustrate the dependence of the lifetime
on F-center concentration, curves of the Quorescence
lifetimes vs temperature are shown in Fig. 5 for three
different concentrations. There appears to be no
signi6cant diAerence in the lifetime between the samples
with 2)&10" and 2&&10" F centers/cm', but the life-
time at low temperatures is smaller by about 20% for
the sample with 3&&10"P centers/cm'.

3. Other Materials

In addition to KCl, investigations were made of the
I' centers in KBr, KI, and NaCl. Since the results are
very similar to those for KC1, only a few interesting
examples are shown here. The photoconductivity of a
sample of KBr with 4&(10"F centers/cm' is shown in
Fig. 6. The loss of photoconductivity takes place at a
lower temperature than for KCl. (For KI, the tempera-
ture is still lower. ) One interesting feature of this curve
is the complete absence of the dip in the I.-band curve.
Another sample of KBr, with a smaller concentration
of Ii centers, showed the usual dip, as did all samples
of KCl, KI, and NaCl. This clearly shows that the dip
is a structure-sensitive phenomenon.

Figure 7 shows the photoconductive lifetimes for two
crystals of KBr with diGerent concentrations of Ii cen-
ters. No Quorescence measurements were made on KBr
or KI, because the wavelengths of emission were beyond
the long-wavelength limit of the photomultiplier.
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FIG. 5. Lifetime of Quorescence of KCl samples number 8, 9,
and 10, plotted together to show the effect of concentration.

Table I summarizes the results obtained by fitting
Eqs. (1) and (2) to the data obtained from a number
of crystals. The last column of the table gives the value
of the capture cross section of the a center, using the
relation between the escape-frequency factor 1/ro and
the capture cross section 0. obtained for a simple trap-
ping level by the method of detailed balancing:

0 =3.3X10 "g(m/m*) (1/T') (1/ro),
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Pro. 4. Relative photoconductivity of KC1 sample number 10,
for irradiation in the F band, and the I.bands. No correction has
been made for the applied field, which was 6.9 kV/cm.

I I I I

0 25 50 75 IOO l25
DEGREES KELVIN

Fn. 6. Relative photoconductivity of KBr sample number 2,
for irradiation in the Ii band (Corning filter CS-3-68) and the I,
bands (filter CS-7-54). No correction has been applied for the
electric field of 3.8 kV/cm.
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where g is the degeneracy of the trapping level, and
m/I* is the relative effective mass for the conduction
band states. Since the accuracy of determining 1/r, is
not very high, the value of a obtained is probably no
better than the right order of magnitude. The value
obtained for Nacl is particularly uncertain, since only
one crystal was examined, and there was considerable
evidence of aggregate-center formation in this sample.

IV. DISCUSSION OF RADIATIVE LIFETIME

Smakula" has shown that the absorption of the E~'

center may be interpreted semiclassically with an
oscillator strength approximately one. Mot t a~d
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Fro. 7. Photoconductive lifetime vs temperature for two samples
of KBr. Field corrections were 1' for sample number 1 and 2' for
sample g 2. The solid line is a plot of Eq. (1) with hZ=0. 135 eV,
7g=1.11psec, and 1/rp=1. 4X10 sec '.

Gurney" estimate the lifetime of the inverse process of
emission to be 2X10 ' sec. A more detailed calcula-
tion by Markham4 gives 6)(10—' sec. This raises the
question of how one reconciles these numbers with the
observed values, e.g. , 6X10 ' for KCl. At best, the
experimental result is too large by a factor of 30.

There are two possible reasons why the emission
process may not be well represented as the inverse of
the absorption process: (1) After absorption, the elec-
tron may drop into a lower excited (metastable) state.
(2) The electron may remain in the same electronic
level, but the wave function of the excited state may be
drastically altered by the relaxation of the lattice ions. '
The large Stokes' shift in the Auorescence spectrum
suggest that a large lattice relaxation does actually
occur. If this results in a very large orbit for the excited
state, then the overlap integral between the two states
could be reduced after relaxation. If the transition
probability can be influenced to such a great extent by
the change in the mean value of the configuration
coordinate between the excited state and the ground
state, this means that the transition probability is very
sensitive to the value of the configuration coordinate.
Such a state of affairs would cast doubts on methods
used for establishing configuration coordinates empiri-
cally, for it is ordinarily assumed that the electronic
transition probability is independent of the value of the
configuration coordinate. '

Let us consider the alternative possibility (1) of a
second excited level being involved. This would pre-
sumably be a state having the same parity as the ground
state. Since the Ii center possesses a center of inversion
(for the rigid lattice), there will be no transition moment
connecting this state to the ground state. This accounts
for the lack of any corresponding absorption band.
However, there are two ways in which the electron can
return to the ground state, both involving the aid of
thermal vibrations. In the first way, the center may be
raised back up to the level of opposite parity as a result
of thermal vibrations. That is, the ratio of the time

TABLE I. Depth of the excited state of the F center below the conduction band, AJ; radiative lifetime, rz,. frequency factor, 1/Tp.,
and estimated capture cross section for a negative-ion vacancy or a center.

Material

Kcl

KC1
NaC1
KBr
KI

Sample

7

Average:
1

1,2
8

Method'

FY
FL
FY
FPL
FY
FPL

PL
PL
PL

AE
(eV)

0.157
0.145
0.149
0.142
0.164
0.142
0.150
0.074
0.135
0.110

~ ~ ~

0.565
~ ~

0.588
~ ~ ~

0.578
0.577
1.00
1.11
2.22

1/7.p

(10» sec- )

3 54c
0.96
4.08o
1.20

13.00'
1.20
4.03
0.12

14.00
3.50

(10 "cm'}

17
1.6

114
36

a FY ~fluorescence yield; FL =fluorescence lifetime; FPL fluorescence and photoconductive lifetime; PL =photoconductive lifetime.b Based on the assumption m m* and a degeneracy of 2 for the P* level.
o Calculated from rg/~o, using the value of rs obtained from the lifetime data.
' A. Smakula, Z. Physik 59, 603 {1930)."N. F. Mott and R. W. Gurney, 1.'lectronic Processes in Ionic Crystals (Oxford University Press, New York, 1940), p. 136.
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spent in the upper state to the time spent in the lower
state will be proportional to exp( —AE'/kT) where AF'
is a thermal activation energy. Hence, the transition
probability would be the transition probability from the
upper state multiplied by the above factor. The trouble
with this mechanism is that it predicts "r~"~ ac at
T~o. In order to compare with the experimental
results, we need a mechanism for emission which can
occur at the lowest temperatures.

The other possibility under (1) is that the transition
between states of like parity is permitted by a perturba-
tion term in the Hamiltonian which does not have
inversion symmetry. This means, in effect, that the
eigenstates will no longer have definite parity, i.e., the
perturbation will mix nearby states of opposite parity.
Then, the matrix element for the radiative transition
will be small, but definite. The most logical origin of
such a perturbation is in the thermal vibrations of the
lattice. Unsymmetrical vibrations will produce a
potential energy function which does not possess
inversion symmetry. Since the amplitude of such
vibrations increases with temperature, 7-R will increase
with decreasing temperature, reaching a limiting value
at low temperature set by the zero-point vibrations.
9'ith 7 g dependent on the temperature, the curves for
qg and 7- will not have the same temperature depend-
ence. The eRect will be that qg will saturate below the
freeze-in of the ionization, while 7. ~vill continue to
increase with decreasing temperature until the zero-
point vibrations are the only remaining ones. This is in
qualitative agreement with the experimental results.

V. RESULTS ON THE INFLUENCE OF M CENTERS

It has been suggested that when M centers are
present in a crystal, the energy of an excited I' center
may be transferred to an M center. "This suggestion
was based partly on the observation that after a crystal
containing only Ii centers has been exposed to light at
room temperature to form M centers, the fluorescence
of the remaining F centers is quenched, and M-center
luminescence is produced upon illumination with F-
band radiation. If this process occurs, and can be inter-
preted in terms of the simple kinetic model discussed
earlier, then one would expect a quenching of the
luminescence by M centers to be accompanied by a
reduction by the same factor in the yield of photo-
conductivity, and in the lifetime of the excited state.
Several experiments which were carried out for the
purpose of testing this hypothesis will now be described.

Figure 8 shows the relative Auorescence yield of a
crystal of KCl containing 2X10' F centers/cm', hrst
after quenching, and then after subsequent exposure to
light in the Ii band at room temperature. The appear-
ance of the high-temperature t.uminescence character-
istic of the M center is seen. If this luminescence is
subtracted from the curve at low temperatures, a four-

"J.T.ambe and W. D. Compton, Phys. Rev. 106, 684 (1957).
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FIG. 8. Relative fluorescence of KCl sample number 9, first after
quenching from 600'C, and second after exposure to Ii band
irradiation at room temperature to produce M centers. The M
band was undetectable in the first case, while in the second case
n~/o, y =0.10.
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FiG. 9. Photoconductivity of KCl sample number 9 for E band
excitation after quenching, and after subsequent irradiation at
room temperature to produce M centers. In the second case
o.~/ay =0.16.

fold reduction in output is obtained for the low-
temperature luminescence to be identiied with the Ii
center. The ratio of absorption maxima for the two
absorption bands was naf/nF=0. 10 after irradiation.

Figure 9 shows the photoconductivity of the same
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Fzo. 10.Lifetime of fluorescence of KC1 number 9 under E-band
excitation, before and after the production of M centers by
exposure to F-band irradiation at room temperature.

sample. The crystal was freshly quenched, after which
the M band was again produced by irradiation. In this
case n~/nF=O 16 Adr. ast. ic change in the whole
appearance of the curve is brought about by the
production of 3f centers. Three effects are noted: (1)
The low temperature residue is enhanced; (2) the
ionization of the F center in the region near the start of
the freeze-in ( 150'K) has been reduced by a factor
of 10; (3) there is a tendency for the loss of photo-
ionization to recover as the temperature is increased.
A weak photoconductivity was observed upon irradia-
tion in the vicinity of the M band, as reported by
Parth. "

The above results clearly show the marked decrease
in the ability of the F center to fluoresce and photoionize
after M' centers are produced by irradiation with F light
at room temperature. According to the notion of energy
transfer from F centers to M centers, one would expect
a similar decrease in the lifetimes.

The lifetimes of fluorescence for this sample before
and after the production of M centers is shown in
Fig. 10. These measurements were made from the same
pulses used in determining the relative Ruorescence
values given in Fig. 8, so there is no question about the
achievement of identical conditions. Contrary to the
results of fluorescence and photoconductive yields, the
lifetimes show little if any change after M centers are
produced.

At high temperatures, where only M center lumines-
cence remains, the lifetime is short, about 6X10—' sec.
As the temperature is lowered, the slower F-center
component is observed, mixed with the faster N-center

"N. Sarth, Z. Physik 149, 370 {1957).

component. At the lowest temperatures, the slow com-
ponent comprises about 90% of the pulse. In Fig. 10,
the lifetimes given are for the slow component only. The
highest temperature points are slightly inaccurate
because the two components were of comparable
magnitude in this region.

Similar observations were made on a sample of KCl
containing 3)&10'r Ii centers/cm'. At these higher con-
centrations, a very small M band was evident, even in
the quenched sample, whereas after irradiation n~/o~
was often as high as 0.40. In all cases, irradiation was
stopped before an appreciable R2 band appeared. Under
these conditions, the F-center luminescence was essen-
tially zero after irradiation, while the M luminescence
was substantial. The lifetime of the latter was found to
be 60 nsec and essentially independent of temperature
between 100' and 300'K. This result is for excitation in
the F band. An attempt to observe the lifetime of N
luminescence under M-band excitation was unsuccessful
because the emission band was too close to the absorp-
tion band.

VI. DISCUSSION OF THE EFFECT OF M CENTERS

The preceding results show clearly that transfer of
energy from an excited F center to an M center is not
a process which competes with the normal processes of
Quorescence and photoionization. If any such transfer
takes place, it must happen very quickly, so that in
eGect those F centers which can transfer energy do so
with 100% eKciency, while those which cannot are
completely unafI'ected. This implies that the M center
involved would have to be very close to the F center it
quenched. In the experiment reported here, one can
estimate, that each 3f center quenched 7 F centers.
The reason why so many F centers would cluster about
each M center is not clear.

An alternative explanation lies in the assumption
that the quenching of F-center fluorescence and ioniza-
tion is caused, not by the M centers themselves, but by
the experimental conditions which produced the 3f
centers, During the irradiation, each F center is photo-
ionized about 100 times. The fact that the F band
shrinks only slightly during the whole irradiation is a
result of the fact that the electron is nearly always re-
captured by an n center to reform a new F center. The
n center involved may be one which has just been
created through F-center ionization, or it could be one
which was already present in the crystal.

We have already seen evidence that 0, centers are
already present in the quenched sample. Suppose that
there is a class of e centers which are located in regions
of the crystal which are highly disturbed, and suppose
that the effect of this environment on the o, center is
such that when an electron is captured by it, there is a
fast, nonradiative conversion from the F~ level to the
ground state. Such an effect can be made plausible in



LIFETI AIE, Ol" EXCITED F CENTER 41

terms of a distortion of the coniguration coordinate
curves, causing a point of near contact between the
ground state and the excited state. Then it is clear that
F centers will be formed from these n centers preferen-
tially. Firstly, the effective cross section of these a
centers will be greater, because once an electron is
captured into the excited state, it will not be re-ionized
because of the rapid conversion to the ground state.
Secondly, such Ii centers will be more resistant to
bleaching than normal Ii centers. Hence, in the course
of bleaching, there will be a tendency for the F centers
to become concentrated in these disturbed regions of
the crystal. Whether or not this process, if it takes

place, has a direct bearing on the formation of M
centers is a matter of conjecture. However, it can
account qualitatively for the results obtained here.

ACKNO%'LEDGMENTS

The authors beneited greatly from discussions with
Professor W. D. Compton, particularly on the subject
of M centers. The evolution of the Bash lamp described
here was aided by suggestions made by Dr. J. Hartke.
Thanks are due to Professor R. J. Maurer and his group
for advice and suggestions and for providing a number
of materials. Several useful ideas contributed by Dr. A.
Gold are gratefully acknowledged.

PH YSICAL REVIEW VOLUM E 130, NUM B ER 1 1 A P R IL 1963
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In the region of the band edge of a degenerate n-type InSb sample, at fixed wavelength, oscillations in the
absorption have been observed which are periodic in 1/H. The period of these oscillations yields information
about the Fermi surface. In the region of free carrier absorption oscillations in the absorption have been
observed which are periodic in 1jH, the period yielding the free carrier effective mass. The two measure-
ments hold promise of an optical means of measuring both carrier concentration and effective mass of free
carriers in semiconductors.

l. INTRODUCTION

HILE measuring the free carrier Voigt eGect' in
n-type InSb at room temperature we noticed

that in the transverse orientation, there were small
oscillations in the free carrier absorption as the magnetic
field was swept. Theoretical work by Gurevich et al.2 3

led us to investigate the e6ect more thoroughly. They
showed that an oscillatory efI'ect should be observable
in the free carrier absorption and the period of the oscil-
lations would yield the free carrier effective mass. %e
have observed the eBect in n-type InSb both at room
temperature and more clearly near liquid-nitrogen
temperature.

A similar oscillatory eGect is observable in the region
of the band edge absorption in degenerate semicon-
ductors. This phenomenon was previously observed
by Boyle and Rodgers4 in bismuth from which they de-
duced the cross-sectional area of the Fermi surface. Ke

' S. Teitler and E. D. Palik, Phys. Rev. Letters 5, 546 (1960).
L. E. Gurevich and Z. I. Uritskii, Soviet Phys. —Solid State 1,

1188 (1960).' L. E. Gurevich, I. P. Ipatova, and Z. I. Uritskii, Proceedings
of the International Conference on Semiconductor Physics, Prague,
1060 (Czechoslovakian Academy of Sciences, Prague, 1961), p.
328.

'%. S. Hoyle and K. F. Rodgers, Phys. Rev. Letters 2, 338
(1959).

have observed this eBect in e-type InSb containing about
1)&10"carriers/cm' at liquid nitrogen temperature.

2. THEORY

Since the theoretical results given in the two papers
of Gurevich et al.2 I appear to be inconsistent and since
no details of the derivations are given, we prefer to
base our discussion on an elementary qualitative theory.
9/e restrict our attention to simple parabolic energy
bands.

Turning first to interband absorption, we consider
the case of direct transitions from magnetic levels of
a simple parabolic valence band with maximum at
k= 0 to magnetic levels of a simple parabolic conduction
band with minimum at k= 0. The absorption coefficient
in intrinsic material shows maxima for photon energies
given by5

Ace= Eg+M„(l+ ,')+Ace, 2(l+-,'), -
where ~,r and co„2 refer to the conduction and valence
band cyclotron frequencies, respectively, and Ez is the
energy gap in zero magnetic field.

Let us now consider n-type extrinsic material with
carrier concentration A. For simplicity, we take the

' E. Burstein, G. S. Picus, R. F. Wallis, and F.Blatt, Phys. Rev.
113, 15 (1959).


