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density-of-states curve which should be more Gaussian
in character than in bcc iron. In a calculation, in I, for fcc
iron with a Gaussian density of states, it was found that
the shielding of the 3s electron by d-like electrons could
lead to smaller values of 4's, '(0) as the volume decreased.
Such a behavior would counteract the expected increase
in. 44, '(0).

We feel the above treatment permits a reasonable

qualitative understanding of the data. On the other
hand, a more realistic treatment of the impurity problem
and its relation to the volume should be attempted.
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The optical absorption of substitutional Fe'+ impurities in natural single crystals of cubic ZnS has been
measured in the far infrared (10 to 100 cm ') at temperatures from 4 to 25'K. Several absorption peaks are
identified with electric- and magnetic-dipole transitions between the five spin-orbit levels of the 'E ground
term of tetrahedral Fe'+. The positions and absolute intensities of these peaks agree reasonably well with
crystal field theory and with values obtained for the various parameters from previous measurements of
the optical absorption in the near infrared. The separation E.

'

of the spin-orbit levels of the 5E term is found
to be 15.2+0.4 cm '. Oscillator strengths for the transitions are in the range 5)&10~ to 5&(10 . Lifetimes
for spontaneous radiative decay of the excited levels are calculated to be of the order of —,

' to 30 h, and actual
lifetimes are therefore determined by nonradiative processes. These observations support the conclusion
that no pronounced Jahn-Teller effect occurs in the 'E state of Fe'+ in ZnS.

I. INTRODUCTION

'HE present work is a study of the optical absorp-
tion of Fe'+ impurities in ZnS crystals at low

temperatures in the far infrared. The measurements
were made on natural crystals of cubic ZnS at tempera-
tures between 4 and 25'K in the wavelength range from
100 to 1000 p (wave number 10 to 100 cm '). Previous
studies" of the low-temperature thermal conductivity
of crystals of CdTe and MgA1204 containing Fe'+, and
studies' of the optical absorption in the near infrared
of Fe'+ impurities in ZnS, CdTe, and MgA1204 have
shown that there exist low-energy excited states of the
Fe'+ ions lying in the range 10 to 100 cm ' above the
ground state. If light may induce transitions to these
excited levels from the ground state, or among these
excited levels when they are thermally populated, then
absorption peaks should be observed in this region of
the far infrared. In the work reported here, several such

absorption peaks are found for Fe'+ in cubic ZnS, and
their positions and intensities are compared with theory.

The Fe'+ impurity ions substitute for Zn'+ ions in
natural crystals' of cubic ZnS and thus occupy lattice
sites of tetrahedral symmetry. The ground term of
Fe'+(3d') should then be 'E, which is split in second

i G. A. Slack and S. Galginaitis, Phys. Rev. 133, A253 (1964).
2 G. A. Slack, Phys. Rev. 134, A1268 (1964).
' G. A. Slack, F. S. Ham, and R. M. Chrenko, Phys. Rev. 152,

3'/6 (1966).

order by spin-orbit interaction. The previous optical
studies' of the Gne structure of the E—+ 'T~ absorption
band supported the predictions of crystal Geld theory
for the 'E term, ' indicating that '8 is split into five
uniformly spaced spin-orbit levels with an interval of
about 15 cm '. These results indicated that Fe'+ in
ZnS does not undergo a static Jahn-Teller distortion in
the sE state. While a dynamical Jahn-Teller effect was
proposed' to account for the levels found for the 'Tg
state and may be present as well in 'E, no evidence was
obtained that indicated that such an e6'ect was strong
enough in 'E to cause any marked change in the spin-
orbit splitting of this state from that given by crystal
Geld theory. These conclusions are given further sup-
port by the results of the present investigation.

Earlier studies' "of optical reQectivity and absorp-
tion within the wavelength range examined in the
present work have been reported for ZnS but have been
concerned with ZnS itself and not with impurity ab-

4 W. Low and M. Weger, Phys. Rev. 118, 1119 (1960).
~T. Liebisch and H. Rubens, Sitzber. Preuss. Akad. Wiss.

1919,876 (1919);1921, 211 (1921).
6 J. Strong, Phys. Rev. 38, 1818 (1931).
7W. M. Sinton and W. C. Davis, J. Opt. Soc. Am. 44, 503

(1954).' H. Voshinaga and R. A. Oetjen, J. Opt. Soc. Am. 45, 1085
(1955).

9 H. Yoshinaga, Phys. Rev. 100, 753 (1955).IM. Balkanski, M. Nusimovici, and R. Le Toullec, J. Phys.
(Paris} 25, 305 (1964).
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sorption bands. These previous studies vrcre made at
300'K over the range 40 to 500 cm '. They showed
that ZnS is reasonably transparent from 40 to 150
cm ' at 300'K and that the rcQection loss at one sur-
face is about 25/q. No previous work on the absorption
bands of impurities in ZnS or any other II-VI com-
pounds in the 10 to 100 cm ' region is known. There
have been reports on the far-infrared absorption spectra
of transition and rare-earth metal impurities in other
compounds. " "

In this paper vre 6rst describe the experimental tech-
niques and present the experimental results. The theory
for the spin-orbit levels of the 'E state is then reviewed,
and the theoretical predictions for the oscillator strengths
of electric and magnetic-dipole transitions among these
levels are developed. These predictions are compared
with the experimental values in the final section of the
paper.

II. SAMPLES AND EXPERIMENTAL
TECHNIQUE

The far-infrared measurements were made using a
ruled grating monochromator described previously by
Roberts and Coon."Radiation from the monochromator
was admitted to a helium cryostat containing the sam-
ple and the detector through a 12-mm-diam vertical
light pipe. The samples werc placed over openings on a
horizontal turntable in a chamber heM at a 6xed tem-
perature in the liquid-helium or liquid-hydrogen range.
This turntable was arranged so that any of several
samples or a blank hole could be placed in the path of
the radiation. A germanium bolomcter, mounted in a
separate chamber belovr the sample, was used to detect
and measure the transmitted radiation. The bolometer
was operated in surroundings at about 1.1'K, inde-
pendent of the temperature of the sample. In order to
stabilize their temperatures, the sample and the bo-
lometer were maintained in helium gas at a nominal
pressure of 100 mTorr. Sample temperatures were
measured with carbon-resistance and vrire-vround

copper-rcsls tancc thcl momctcl s.
The eight diferent single-crystal samples vrere cut in

the shape of Oat disks, with an area of 1.3 cm' and thick-
nesses of 0.2 to 0.4 cm. The surfaces were polished to
mirror smoothness under visible light, and the tvro Rat
faces vrere cut with an angular tilt of from 1' to 3 of
arc. This tilt; helped to reduce interference effects vrhich
occur in thin samples at these long wavelengths. Four

"A. Hadni, Phys. Rev. 136,A 758 {1964).
'2 J. C. Hill and R. G. %'heeler, Phys. R,ev. 152, 482 (j.966).
'~ E. D. Nelson, J. V. Wong, and A. I.. Schamlovr, Phys. Rev.

{tobe published)."J.Y. %ong, M. J. Berggren, and A. L. Schawlovr, in Pro-
ceedings of the Johns Hopkins Conference on Optical Properties of
Ions in Crystals, Baltimore, 1966 {to be published)."S.Roberts and D. D. Coon, J.Opt. Soc. Am. 52, 1023 {1962).

TABLE I. Description of the single crystals of natural cubic ZnS.

Sample
no. Source

Color in Impurity concentrationb
bulla eo' Fe Cd Mn Co Others

R118 Picos de Europa, Yellow 5.412 41 10 &0.2 &0.2 &0.2
Santander, Spain

R140 Shiraita, Echigo, Yellow- 5.411 350 45 9 3 & 1
Japan brown

X-ray lattice parameter in A..
b The Fe concentration was determined by a solution colorimeter, the

others by an emission spectrograph. The concentrations are given in units
of 10'8 atoms/cm3 ~

samples each vrere cut from two different large single
crystals of cubic ZnS, labeled R118 and R140. These
large crystals are described in Table I. Both were
single crystals of cubic ZnS containing iron, and werc
obtained from natural mineral deposits. The optical
absorption of these samples in the near infrared and
visible from 1000 to 35 000 cm ' at 300'K and below
has been reported previously. ' These results showed
that most, if not all, of the iron impurities vrere in the
form of Fe'+ substitutionally incorporated for Zn2+.

The relative transmissivity of the sample at diferent
vrave numbers f was determined by comparing the re-
sponse of the bolometer to the radiation passing through
the sample to that received when the blank hole in the
turntable was substituted for the sample. The absolute
transmissivity could not be determined so easily, how-
ever, because the temperature and sensitivity of the
bolometer varied as the sample was moved, and it was
dificult to correct for this change. The transmissivity
T of a sample with plane, nearly parallel faces is related
to the absorption coeKcient 0, by

where Iz denotes the intensity of the transmitted light
beam, I, the intensity of the incident light beam, E. the
fraction of energy rejected at normal incidence at one
ZnS-air interface, and t the sample thickness. Interfer-
ence effects were neglected in deriving Eq. (1), and they
vrere not observed in our w'edge-shaped samples. The
second term in the denominator has a maximum value
of about 0.05, and this term was left out in calculating
the results of our experiments. In the present case, E.
may be calculated directly from the index of refraction,
and, is nearly constant in the wave-number range con-
sidered. The vrave-number dependence of e vras there-
fore determined by the relative transmissivity at
different vrave numbers. An absolute reference was
estimated by assuming that e ' was very close to unity
for a&10 cm '.

A survey of the data in the literature on the low-
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Fro. 2. The optical ab-
sorption of natural cubic
ZnS crystal R140 versus
wave number at sev-
eral temperatures. The
transitions principally re-
sponsible for the vari-
ous peaks are indicated
by (A-8). The spec-
trometer resolution is
indicated.
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was no indication in the previous optical studies' of
Fe'+ in ZnS that such sects caused any marked change
in the relative energies of the spin-orbit levels of 'E as
given in (4). This conclusion is given further support
by the measurements reported in this paper. The condi-
tions necessary for a static Jahn-Teller distortion in the
'E state of tetrahedral Fe'+ have been discussed by
Goodenough. '4 He has shown that the anisotropy tend-
ing to stabilize a distorted configuration shouM in fact
be weaker for an isolated tetrahedral Fe'+ ion than in
the corresponding case of an octahedral complex in-
volving for example Cu'+. In agreement with this con-
clusion, crystals of FeA1204" and FeCr2S4,"which are
normal spinels with the Fe'+ at the tetrahedral A sites,
are found to remain cubic down to liquid-helium
temperatures, although FeCr204 is tetragonal below
—138'C.'~ However, even when a static Jahn-Teller
distortion does not occur, a dynamical Jahn-Teller
e6'ect may change the energy levels from those pre-
dicted by crystal field theory. "Such an eGect may in
particular diminish the splitting interval K between the
levels (4) from the value given by Eq. (5), without

affecting the order of the levels or their uniform spac-
ing. ' For Fe'+ in ZnS, however, the interval K obtained
in the previous studies' and again in the present work
agrees quite well with the crystal-Geld value in Eq. (5)
obtained using the free-ion value for X and the observed
cubic field splitting A. %bile such good agreement may
be fortuitous and should not be regarded as conclusive
proof that Jahn-Teller effects are entirely negligible in
the 'E state, in this paper we shall for simplicity ignore
Jahn-Teller effects in calculating the oscillator strengths
for transitions among the various levels. As we shall see,
the agreement between the oscillator strengths calcu-
lated on the basis of crystal field. theory and the experi-
mental values is reasonably good, but of course the
limits of uncertainty for the experimental intensities

"J.B. Goodenough, J. Phys. Chem. Solids 25, 151 (1964).
»%.L. Roth, J. Phys. (Paris) 25, 507 (1964).

G. Shirane, D. E. Cox, and S. J. Pickartp J Appl. Phys. 35,
954 {1964)."E.R. %hippie and A, %old, J. Inorg. Nucl. Chem. 24, 23
(1962)."F. S. Ham, Phys. Rev. 138, A1727 {1965).

TmLE II.The absorption peaks of Fe~+ in cubic ZnS in the far
infrared. (A-8} is the pair of spin-orbit levels giving rise to the
transition principally responsible for the absorption peak: A
= lower level, 8=upper level; T is the temperature at which ab-
sorption was measured; v is the wave number at the absorption
peak; a, is the optical absorption coefEcient at absorption peak,
corrected for background absorption in the ZnS; lV is the width of
absorption peak at o;=go. ,„,I is the normalized intensity of the
absorption line as defined in Eq. (3).

Transi-
Sample tion

T &max
('K) (cm '} (cm ') (cm ') W/v 10I

R118 (1-2)
(2-4}
(1-4)

(1-5)

4.2 14.6+0.2 0.5
25 31.1&0.3 0.1
4.2 45.1~0.2 1.2

12 45.0+0.2 1.1
25 43 +1 0.5
4.2 60 ~5 0.05

1.5
3.5
5.2
47
5.0

10

0.10 6.6
0.11 2.8
0.12 55
0.10 41
0.11 20
0.16 5.2

R140 (1-2)

(2-4)
{1-4)

(1-5)

4.2 14.6~0.2
25 14.8+0.4
25 30.8~03
4.2 45.9+0.2

25 46.4+0.3
4.2 60.9%0.5

25 63 &2

1.8 3.5
0.3 4.5
0.4 4.7
3.5 5.6
0.8 8.6
0.4 10
02 5

0.24 5.8
0.30 1.0
0.15 1.4
0.12 21
0.19 5.3
0.16 4.1
0.08 1.1

Reference 3, Table IX.

are broad enough to preserve this agreement even if the
calculated value should be subject to appreciable cor-
rection. Dynamical Jahn-Teller effects may in fact help
account for some features of the experimental results
which do not appear to be wholly in accord with the
crystal field theory. An attempt to assess more pre-
cisely the importance of such sects in the 'E state
will, however, be left to future investigation.

Optical transitions among the levels Nos. 1—5 of ~E
occur by both magnetic- and electric-dipole processes.
The transitions allowed by the formal selection rules"
for such processes are shown by arrows in Fig. 3.
The magnetic-dipole transitions among these levels
arise predominantly from the coupling 2PS H of the
spin S to the magnetic vector I of the incident light.
Electric-dipole transitions would not occur at all if the
wave functions of the levels (4) were pure 'E, since the
electric-dipole moment (like the orbital angular mo-
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involved in a given transition may be populated in
thermal equilibrium, the expression (6) has been written
to take account of stimulated emission as well as of
absorption.

The oscillator strength f(A,B) may be separated into
two parts

f(A,B)=f,(A,B)+f (A,B),

arising, respectively, from electric- and magnetic-dipole
transitions. For the former we have

0- 6 f.(A,B)= (4w~~~»/&d~) Z l(Aal R elB&) I', (8)
a, b

Fro. 3. Allowed transitions (arrows) among the spin-orbit
levels of the '8 term of I'e'+ ions in ZnS permitted by the selection
rules for electric- and magnetic-dipole processes. Transitions
between levels not joined by an arrow in the figure are for-
bidden under the indicated process. The numbers accompanying
the arrows are the values for the relative oscillator-strength pa-
rameters p, (A,B) and p (A,B) LEqs. (13) and (16) of the textj
appropriate to the transition from the lower to the upper level
(initial state A to anal state 9).

where kcfsg=(Es —Eg), e is a unit vector in the
direction of polarization of the light, and R=g;r; is
the sum of the coordinate operators of the electrons of
the Fe'+ ion. The summation in Eq. (8) extends over
the degenerate states a and b comprising levels A and
8, respectively. The contribution of the magnetic-
dipole processes to Eq. (7) is

rnentum) has no nonzero matrix elements among the
orbital doublet states of 'E. However, the spin-orbit
interaction responsible for splitting 'E admixes appro-
priate combinations of the 'T2 wave functions into the
states (4). Since the odd part of the tetrahedral crystal
field has broken down the parity selection rule to make
5E~ 'T2 transitions electric-dipole allowed and fairly
strong, ' this spin-orbit mixing of 'T2 with 'E provides a
very eRective mechanism making possible electric-
dipole transitions among the levels (4).

The absorption coeiIicient n(t) resulting from induced
transitions among the levels Nos. 1—5 of the Fe'+ is
given" by

wee'kph. „)' (x~ x,)
~(~) =

wee 5 h ) &,& kd~ dsl

Xf(A,B)S(Ea E~ h&r') (6—)—
Here xA is given by

d~ exp( Eg/kT)—
&A

P ds exp( —Es/kT)

and is the fraction of the Fe'+ ions which at thermal
equilibrium is in the level A, which has energy EA and
degeneracy d~. S(t) is a line-shape function which is non-

zero only for t=0 and normalized such that J' „"S(t)dt
=1. The oscillator strength of the transition from
level A to level B is denoted by f(A,B), and the summa-

tions in Eq. (6) should be taken over the Gve levels

given in (4). Since F is taken to be positive, the function

S(Es E~ bc') restric—ts th—e terms contributing to
Eq. (6) to those for which Ez)Ez. Because both levels

f-(A,B)=

x& l(Aol (L+») ('xk) IBt) ls (9)
a, b

A

where k is a unit vector in the direction of propagation
of the light, and AL and hS are the electronic orbital
and spin angular-momentum operators, respectively, of
the Fe'+ ion. The factor (8/8, «)' appears in Eq. (9)
in order to compensate the factor (B,H/ts)s appearing
in Eq. (6); no local-Geld correction is required for a
magnetic-dipole transition because the coupling is with
the magnetic vector of the light. The appearance of
this factor in the expression (9) for the magnetic-dipole
contribution to the oscillator strength is awkward, but
it is necessary so long as we follow the usual practice
of de6ning the oscillator strength of the optical transi-
tion in terms of the strength of the equivalent classical
electric-dipole oscillator.

The matrix elements of R, which according to Eq.
(8) give the electric-dipole part of the oscillator strength
for transitions among the Gve levels (4), are different
from zero because the spin-orbit interaction X(L S)
admixes the wave functions of 'T2 into those of 'E in
proportion to X/h. It has been shown elsewhere' that
the matrix elements of R between 'E and 'T2 depend
upon a single parameter, and that this parameter can
be obtained from the measured oscillator strength of
the 'E —& 'T2 optical absorption band. It is accordingly
possible to relate the electric-dipole intensities of the
transition among the levels (4) to the observed oscillator
strength of the 'E +'Ts band (unless, o—f course, other
excited states besides 'T2 are mixed appreciably with
'E by the spin-orbit interaction —we shall assume these
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(where (L&'el', l T2f) is a particular matrix element of
R between the orbital wave functions of the 'E and
'T2 states). It has been shown' that a' is given to a
good approximation by the total oscillator strength of
the 'E —+ 'T2 absorption band,

O'= Ft.t('E-+ 'Te) .

The previous measurements3 found that for Fe2+ in ZnS

u'= 6.4& 10—4. (12)

It is then straightforward to obtain the spin-orbit ad-
mlxturcs of thc T2 wave fuIIC'tloIls to thc states (4) of
~E and. to calculate the electric-dipole oscillator
strengths (8) among these levels in terms of o,'. We
may express these oscillator strengths as

can be neglected since they lie at substantially higher
energy than 'T2 and should have very small values for
the matrix elements with 'E of either the electric-dipole
moment or the spin-orbit interaction or both). We
introduce the parameter u defined' by

u'= (4rr'III'/II')
l (Ee I

+
I
T21')

I

'

V. INTERPRETATION OF RESULTS

At the lowest temperatures almost all the Fe'+ ions
should be in the ground-state singlet I'I (level No. 1),
the lowest of the five levels given in (4). From Fig. 3
we see that there are only two allowed transitions from
this level, an electric-dipole transition (1-4) to the I'q

triplet at E=3E, and a magnetic-dipole transition
(1-2) to the F4 triplet at Z= II..At 4.2'K, therefore, we
would expect to see only two peaks in the absorption
spectrum in the far infrared, the 6rst at one-third the
wave number of the second. This expectation is in good
agreement with the observation of the two prominent
peaks in Figs. 1 and 2 near 15 and 45 cm '. As the
crystal is warmed, the number of Fe'+ ions in level
No. 2 should become appreciable, and we expect from
Flg. 3 tllRt R llew Rbsorptloll linc (2-4) should RppcRI Rt
a wave number two-thirds that of the higher original
peak, corresponding to both electric- and magnetic-
dipole transitions from the lower triplet I'4 to the
higher triplet I'5. Such a line is in fact apparent in
Figs. 1 and 2 at 25'K, near 31 cm '.

From the observed positions (Table II) of these
three peaks we obtain the value

f.(A,B)=p.(A,B)C„ (13) E=15.2+0.4 cm—' (19)

where the numbers p, (A,B) are given in Fig. 3, and C,
is defined by

C.= (4/9) (&/~)'o' (14)

In putting the results in the form (13), we have related
tile 1atlo X /6 'to K by lllcRIls of Eq. (5)~ RIld wc llavc
used the energy separations of the levels as given in
(4) .From the values for X, 6, and e' found in the previ-
ous work, ' we obtain the value

C,=5.7g 10-'. (15)

if we ignore the contribution of the orbital angular
momentum L to the matrix elements in Eq. (9) in
comparison to that of the spin. This is a good approxi-
mation, since the matrix elements of I among the
levels (4) are diminished, in proportion to the ratio
(X/6). We de6ne C then as

The magnetic-dipole part of the oscillator strengths
may be related to a single parameter and expressed in a
form similar to Eq. (13),

j„(A,B)=p„(A,B)C„, (16)

for the energy interval between the levels (4). This
agrees with the value E=15~2 cm ' obtained from
the previous optical studies in the near infrared. Mak-
ing use of Eqs. (5) and (19) and the previously obtained
value' for 6=3400 cm—', we obtain a value for the
effective spin-orbit parameter

lXl =93W1 cm—' (20)

TAm, x III. Comparison of experimental and theoretical values
for the electric- and magnetic-dipole oscillator-strength parameters
C, and C for optical transitions vrithin SE.

Sour'ce

which is close to the free-ion value" X= —100~10cm '.
From the normalized intensities (Table II) of the

observed absorption peaks (1-2) and (1-4) at 4.2'K,
we may obtain from Eqs. (13) and (16), and from the
values for p, (1,4) and p (1,2) in Fig. 3, experimental
values for the parameters C, and C, which determine
the absolute value of electric- and magnetic-dipole
transitions, respectively, among the five levels (4).
These values are given in Table III, where they are

C = (2EII'/3mc') (8/8 II)'

and give the numbers p (A,B) in Fig. 3. Substituting
values for the parameters in Eq. (17), wc obtsin for
C the value

Experiment
Sample R118
Sample R140

Theory

3.1
1.2

1.1
1.0

C =1.7X10-9.

"Reference 5, Eq. (4.15) and footnote f5.

» C. E. Moore, Atoms' Energy Levels, Natl. Bur. Std. (U.S.)
Circ. No. 461 (U. S. Government Printing and Publishing Ofhce,
Washington, D. C., 1952), Vol. 2, p. 60.



SLACK, ROBERTS, AND HAM

compared with the theoretical values (15) and (18).
The agreement between theory and experiment is
within a factor of 2 for C for both samples and for C,
for the sample R118 with the lower iron concentration,
the experimental value in all cases being smaller than
the theoretical one. For sample R140 the agreement for
C, is only to within a factor of 5.

Although the transition (1-5) is forbidden for both
electric- and magnetic-dipole processes, there is evi-
dently some absorption due to the iron in both Figs.
1 and 2 in the vicinity of 60 cm '. We are unable to
account for this absorption on the basis of the model
for isolated Fe'+, but we believe it may arise from Fe'+
pairs since this absorption is more prominent in the
sample with the higher iron concentration, or else from
Fe'+ associated with some crystal imperfection. A value
for the intensity I of this line is included in Table II
for completeness, where it is labeled (1-5) because of
its position. In sample R118, this line is somewhat
difFicult to distinguish from the background ZnS ab-
sorption and the wing of the peak (1-4).

As the crystal is warmed above liquid-helium tem-
peratures, the higher levels (Nos. 2—5) of the Fes+ ion
become populated. Since the energy separation of the
levels (4) is uniform, we see from Fig. 3 that transitions
between several diferent pairs of levels now contribute

to a single absorption peak. Moreover, since the higher
level of each pair may now be appreciably populated,
we must calculate the net absorption taking account of
stimulated emission. Comparing our expression (3) for
the normalized intensity I of an absorption peak with
Eq. (6) for the absorption coeKcient, we find that I
is given in terms of the oscillator strengths of the various
transitions by

(21)

where the primed summation is over those pairs of
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Pre. 4. The integrated band intensities I versus temperature T
for crystal R118.The points are experimental. The solid lines are
the theoretical curves for I versus T as matched to the 4.2'K
results for the (1-2), (1-4), and (1-5) transitions. These solid
curves have been calculated for the single transition as shown.
The dashed curve shows the theoretical results for the 45-cm '
band if the calculated intensities for both the (1-4) and (2-5)
transitions are added.

I'zo. 5. The integrated band intensities I versus temperature T
for crystal R140. The points are experimental. The solid lines are
the theoretical curves for I versus T as matched to the 4.2'K
results for the (1-2), (1-4), and (1-5) transitions. These solid
curves have been calculated for the single transition as shown.
The dashed curve shows the theoretical results for the 15-cm '
band if the calculated intensities for the four transitions (1-2),
(2-3), (3-4), and (4-5) are all added.

levels which have the proper separation to contribute
to a given peak. We have used. Eq. (21) to calculate the
expected intensity of the various peaks as a function of
temperature, using the appropriate Boltzmann factors
x, as given following Eq. (6), and the oscillator strengths
as given by Eqs. (7), (13), and (16).The values for C,
and C used in this evaluation were the experimental
values obtained for the given sample at 4.2'K and
tabulated in Table III. The results of this calculation
are shown in Figs. 4 and 5. The solid lines show the
contribution to I from the single pair of levels (including



155 FA R. —I NF RARE 0 0PTI CA L A880RP T I0N 0F Fe'+ I N 2 n8

stimulated emission) which dominates a given absorp-
tion peak at the lower temperatures (and according to
which the peak is labeled in Figs. 1 and 2), while the
dashed lines show the total value expected for I when
Eq. (21) is summed over all participating pairs. The
points show the experimental values. Ke see that the
observed intensity of the peak (2-4) at 25'K agrees
very well with that predicted. Peaks (1-2) and (1-4),
however, have a lower intensity at 25'K than is pre-
dicted when Eq. (21) is summed over the participating
pairs of levels. Both of these peaks agree remarkably
well at 25'K with the intensity calculated for the single
pair (1-2) or (1-4) alone, but this result is probably
fortuitous. Ke might be able to account for such a
result if the absorption peaks due to the transitions
(2-3), (3-4), (4-5), and (2-5) were several times broader
at 25'K than the peaks (1-2) and (1-4), so that only the
latter stand out distinctly from what we have taken to
be the background ZnS absorption. However, calcula-
tion of the effects of random strains in broadening the
peaks shows that (1-2), (1-4), (2-3), (2-5), (3-4), and
(4-5) should be broadened by strain by the same
amount. Moreover, the lifetime of levels Nos. 3, 4, and
5 for nonradiative transitions to lower levels is the
same and is shorter than that of level No. 2, so that
lifetime broadening would also not suffice to make (2-3),
(3-4), (4-5), and (2-5) too broad to be observed so long
as (1-4) is as clearly resolved as it is seen to be at 25'K
in Figs. 1 and 2.

From the experimental values obtained for the oscil-
lator strengths f(A,B) of the transitions 2 —+ B, we
may calculate the lifetimes rs(B,A) of the levels for
spontaneous radiative decay via the inverse process
8—+ A, using the relation"

1 87Isvgg 8 dg fSs'rt)
I f(~,B)

v~(B,A) mcds k h J
(22)

I W. B.Powler and D. L. Dexter, Phys. Rev. 128, 2154 (1962).

Table IV lists the values of re(B,A) derived from the
data of Table II for the observed absorption peaks. The
radiative lifetimes of levels Nos. 2—5 are accordingly of
the order of -', to 30 h. Since these times are very long
compared to lifetimes that we estimate for spontaneous
emission of an acoustic phonon, the decay of the excited
levels of 'E should be due to nonradiative processes
rather than to photon emission.

The agreement between the results of the present
measurements and the predictions of crystal field theory
is on the whole remarkably good, despite the discrep-
ancies which we have noted. This work, therefore,
provides further support for the conclusion from the
previous optical studies' that crystal 6eld theory gives

TABLE IV. Lifetimes for spontaneous radiative decay of ex-
cited levels of 'E, derived from experimental values of the oscil-
lator strength of the observed absorption peaks.

Transition
type'

Oscillator
strengthb

f(A,B)X10'

5

Radiative life-
time' ~g(B,A)

(hours)

28
0.5

2

a e =electric dipole; m =magnetic dipole.
b The value given for f(A, B) is that obtained using Eq. (21) of the text

from the value for I given in Table II, averaged for the two samples: the
4.2'K data was used for transitions (1-2), (1-4), and (1-5), and the 25oK
data for (2-4).

& The radiative lifetime was calculated from the value for f(A. ,B) using
Eq. (22) of the text.

a quite good description of the E ground state for'
Fe'+ in ZnS. The agreement between the value (20) for
the efI'ective spin-orbit parameter X obtained from the
level separation E and the free-ion value is especially
noteworthy. If dynamical Jahn-Teller effects are present
in 'E to any signi6cant extent, they evidently act to
reduce E by less than some 20 to 30'Po, unless of course
for some reason E in the absence of Jahn-Teller coupling
should be larger than given by Eq. (5), or the effective
~X

~
larger than the free-ion value. On the other hand,

a dynamical Jahn-Teller effect would tend to further
improve the agreement between the theoretical and
experimental values for C, and C given in Table III,
since such an effect would act to transfer some of the
oscillator strength of (zero-phonon) transitions among
levels Nos. 1—5 to transitions involving the simultaneous
emission or absorption of a lattice phonon. Thus an
appreciable dynamical Jahn-Teller effect would reduce
the experimental values of C, and C obtained from the
zero-phonon line intensities, in agreement with the
consistent sense of the discrepancy in Table III. How-
ever, this discrepancy may of course simply be because
some of the iron in the crystals is not in the form of
isolated Fe+ ions and therefore does not contribute to
the observed absorption. Finally, the discrepancies
noted in Figs. 4 and 5 with respect to the line intensities
at 25'K might perhaps be due to some intensity loss to
the background resulting from transitions in which a
phonon is absorbed, such transitions again being made
allowed by the Jahn-Teller coupling. These discrep-
ancies may, on the other hand, occur because states
other than 'T2 are admixed appreciably with 5E by the
spin-orbit interaction and thereby change the relative
oscillator strengths of the electric-dipole transitions
from those given by Eq. (13).
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