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semiconductors: CdTe:Fe + and CdSe:Fe +
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The near-infrared electronic transitions of substitutional Fe + in the tetrahedral environment in the
zinc-blende II-VI semiconductor CdTe and in the trigonal environment in its wurtzite counterpart CdSe
are studied with Fourier-transform spectroscopy. In CdTe:Fe +, the transitions correspond to initial
states in the 'I, orbital multiplet whose separation involve o =( ~A ~

/6) and (A~/b, ), where A. is the spin-
orbit coupling and 5, the crystal-field splitting. The final states are sublevels of the I 5 orbital multiplet,
lying 6 above I 3, their separations are in the main fixed by the magnitude of A,. The appearance and
the increasing intensity of several electronic transitions, as the temperature is changed from 2.0 to
—12.0 K, can be accounted for in terms of the magnetic levels which lie above the nonmagnetic I l

ground state, taking into account their increasing thermal population as well as their degeneracies. The
corresponding energy levels in CdTe:Fe + and CdSe:Fe + show additional splittings in the latter due to
the lower trigonal symmetry. The electronic transitions in CdSe:Fe + show splittings and polarization
effects associated with the trigonal symmetry. Phonon-assisted electronic transitions are observed in
both CdTe:Fe + and CdSe:Fe +.

I. INTRODUCTION

In the tetrahedrally coordinated II-VI diluted magnetic
semiconductors' (DMS) a fraction of the group-II ions
are replaced by magnetic ions such as Mn +, Co +, or
Fe + from the transition-metal group. The II-VI DMS's
most extensively studied' are those in which Mn + ions
are incorporated in various A uB vr hosts, e.g.,
Cd& „Mn„Te, Zn& „Mn„Te, Cd& „Mn„Se,
Zn& „Mn„Se, and Hg& „Mn„Te. The composition
ranges in which these ternary A &' „Mn„B alloys can
occur in a homogeneous phase and the crystal structure
they display depend on the crystal structure of the parent
3"B ' material. ' The unique magnetic properties of
Mn-based DMS alloys can be traced to the magnetic be-
havior of the Mn + ion, viz. , (1) the interaction between
the manganese spins and the spins of the conduction-
and/or valence-band electrons, known as the sp-d ex-
change interaction and (2) the Mn +-Mn + antiferromag
netic coupling (J; ) between the manganese spins. Mn-

based II-VI DMS's have been intensively studied for the
following reasons: (1) Mn + can be incorporated over a
large composition range in the A B host without
afFecting its crystal structure, and (2) Mn + possesses a
S5&2 ground state with a very small crystal-field split-

ting permitting a complete theoretical analysis of experi-
mental results. Recently the interest in DMS alloys has
extended to other magnetic ions besides Mn +. Bulk
crystal growth of DMS's incorporating Co + and Fe +

has been accomplished in a limited composition range,
e.g., x ~ 0. 13 for Cd, „Fe„Se. On the other hand, by us-
ing molecular-beam epitaxy (MBE), single-crystal epi-
layers of Zn, „Fe„Se(Ref. 4) and Zn, „Co„Se (Ref. 5)
have been grown on GaAs substrates over a significantly
larger composition range, viz. , 0 ~ x ~ 0.22 and

0 x ~ 0. 10, respectively. There are significant
differences between the electronic configurations of
Mn +, Fe +, and Co + when incorporated into the II-VI
semiconductors; thus the magnetic properties traced to
these differences in the resulting DMS's are of consider-
able physical interest.

The focus of the present paper is the near-infrared
transitions of Fe2+ in CdTe and CdSe observed at low
temperatures with a Fourier transform spectrometer as a
function of temperature. They are interpreted in the con-
text of the electronic level structure calculated by Vil-
leret, Rodriguez, and Kartheuser incorporating the crys-
tal field (tetrahedral in CdTe and trigonal in CdSe) and
the spin-orbit interaction.

II. EXPERIMENTAL PROCEDURE

Single crystals of CdTe:Fe + and of CdSe:Fe + were
grown by the vertical Bridgman technique from presyn-
thesized binary compounds; prior to the synthesis, Cd,
Te, and Se were purified by double vacuum sublimation
and Fe was outgassed in vacuum at 1050'C; all the start-
ing constituents are of 99.9999'f/o purity. Single crystals
with nominal concentrations of iron lower than
-5X10' cm were grown using a two-step procedure
in which pure CdTe (CdSe) was added to single crystals
of CdTe:Fe + (CdSe:Fe +

) of significantly higher concen-
tration of Fe +. Throughout the remainder of the paper
only the nominal Fe + concentration of the samples is
specified.

The optical surfaces of samples were prepared by
grinding with carborundum of successively finer grit, fol-
lowed by polishing with 3-pm diamond paste and 0.05-
pm alumina. For polarization measurements on
CdSe:Fe +, a crystal with wurtzite symmetry, the sam-
ples were prepared with the c axis parallel to the polished
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faces.
The infrared adsorption spectra were recorded with a

BOMEM DA.3 Fourier transform spectrometer ' with
an unapodized maximum resolution of 0.0026 cm '. In
order to improve the signal-to-noise ratio each spectrum
was coadded 20—50 times. Typical resolutions used in
our measurements were 0.1 and 0.5 cm ', with the spec-
trometer operated in the vacuum mode. For the spectral
range of interest a liquid-nitrogen-cooled InSb detector'
was used. For polarization measurements an AgBr wire
grid polarizer was used to select the electric vector E
along a desired direction.

A variable-temperature stainless-steel optical cryostat"
was used for measurements over a desired temperature
range. The temperature of the sample was monitored
with a calibrated thermometer installed at the sample
mount and controlled by an automatic temperature con-
troller allowing the temperature of the sample to be
varied from 4.2 up to, say, 300 K, with a temperature sta-
bility of better than 0.1 K. For measurements requiring
temperatures below 4.2 K, the sample chamber is first
filled with liquid helium and then pumped. The optical
windows of the cryostat consisted of a pair of epoxy
sealed "clear tran"' at helium temperature (inner win-
dows) and a pair of cesium iodide at room temperature
(outer windows).

III. THEORETICAL CONSIDERATIONS

A. Energy state of Fe~+ in a site
of tetrahedral ( T& ) symmetry

small parameter are shown in Table I. An exact diago-
nalization of the matrices has also been performed.

B. Energy states of Fe in a site of trigonal (C3„)symmetry

In a crystal with wurtzite symmetry the tetrahedron of
atoms surrounding the iron impurity is slightly distorted
along the [111]direction and the site symmetry is C3„.
The trigonal distortion has to be included in the calcula-
tion of the energies of the levels. For this purpose it
would be useful to know the strength of the trigonal dis-
tortion compared to the tetrahedral part of the crystal
potential and to the spin-orbit interaction. If the trigonal
field is small compared to the latter, perturbation theory
is appropriate. Such an approach was used in Ref. 6.
The corrections to the energies of the I 3 and I 5 states
caused by the trigonal Geld are given in Tables VII and
VIII of Ref. 6 in terms of two parameters b and c; the re-
sulting energy levels are shown on the right in Fig. 1.
Note that the ordering of the I, and I 3 levels originating
from the two I 5 sublevels of I 5 multiplet of Td is re-

versed with respect to that in Fig. 4 of Ref. 6. The order-
ing shown in Fig. 1 takes into account the experimentally
determined parameters obtained in the present study. If
no assumption is made regarding the relative strengths of
the tetrahedral potential, the spin-orbit interaction, and
the trigonal distortion, then one must diagonalize exactly
the 25X25 Hamiltonian matrix. It is easily seen, from
symmetry considerations, that this matrix splits into a
5X5, a 4X4, and two 8X8 submatrices corresponding to
the I „I 2, and I 3 states, respectively, as shown in Ref.
16.

The experimental results described in this paper are in-

terpreted in terms of the energy levels of doubly ionized
iron in a zinc-blende semiconductor such as CdTe where
Fe + substitutes Cd + at random sites with Td symme-

try. The lowest term of the Fe + ion is D; from Hund's
rules the lowest level of the free ion is 'D4. In a crystal
field of symmetry Td the D term splits into an orbital
doublet I 3 and an orbital triplet I 5. It can be shown'
that the I 3 states lie below the orbital triplet separated
by 5, the crystal-field splitting. The spin-orbit interac-
tion, kL 8, splits the 10-fold I 3 and the 15-fold I 5 mul-

tiplets as indicated on the left of Fig. 1 (see also Ref. 14).
In Fe +, the strength of the spin-orbit coupling, A, , is neg-
ative. In addition it mixes the states associated with the
'r, and I 5 orbital states giving rise to corrections to the
energies proportional to powers of the parameter
o = ~)(,

~
/b, . Since the operator AL.S is invariant under al1

the operations of Td, only states with the same symmetry
can be mixed by this interaction. Therefore, it is
sufficient to consider matrix elements between states be-

longing to identical rows of each irreducible representa-
tion reducing the problem to the diagonalization of two
3 X 3 and two 2 X 2 matrices. These have been given else-
where' in connection with the study of the magnetic
properties of Fe-based DMS's. We have extended the
calculations of Ref. 15 to include corrections to the
excited-state energies up to order o. . The eigenvalues
obtained from perturbation calculation with o. as the
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FIG. 1. Schematic diagram of the electronic energy levels of
the 'D term of Fe + in Td and C3„ fields taking into account the
crystal field and the spin-orbit interaction. For clarity, the ener-

gy separations in the diagram are not to scale. The ordering of
the sublevels of Fe + in CdSe correspond to the parameters
displayed in the last column of Table VII. The crystal-field

splittings 5, 6&, and 63 are defined in Eqs. (55}—(57}in Ref. 6.
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TABLE I. The energy eigenvalues of the Fe + levels corresponding to the 'I
3 and 'l

5 states. 6 is

the crystal-field splitting parameter, )(, is the spin-orbit coupling parameter, and o =
~
A,

~
/b.

Site symmetry Td Level Energy eigenvalue

( —24K.~/6) [1—2o —20o + ]
( —18K. /6) [1—o —15o'+ ]

( —12k. /b, )[1+o —1 1o +...]
(
—6A. /6)[1+o+o + . ]

0

b, +3k, +(1812/56)[1+(63o/25)+(4003o /625)+ ]
6+ A, + (6k2/b )[1—3o —5o ~+ ]

b, +A+ (12K~/b, )[1+o —1 lo 2+ ]
6—2)(,+(12K~/56)[1 —(32o /25) —(44~2o~/625)+ ]

5—2A, +(12k, /b, )[1—20o + ]
b, —2A, +(241(, /6)[1 —2cr —20o + ]

C. Selection rules and relative intensities of transitions

Table II shows the allowed electric dipole transitions
for both Td and C3„symmetries deduced from group
theory. The assignment of the experimentally observed
absorption lines to the theoretically allowed transitions is
complemented by a study of their intensities. A calcula-
tion of the absolute intensities of transitions requires a
knowledge of the energy eigenstates including mixings
with excited configurations such as 3d 4p or 3d 4f, due
to the odd-parity part of the crystal potential. But we
content ourselves by calculating relative intensities only
obtained from symmetry considerations alone. This is ac-
complished by making use of the theory of group repre-
sentations to study the transitions between states of Fe +

in a site of Td symmetry. We first note that the transition
between the I 3 and I 5 orbital states is allowed in the
electric dipole approximation and that the matrix ele-
ments of the electric dipole moment operator, d, between
initial and final states belonging to these orbital multi-
plets can be expressed in terms of a single parameter,
since I 5 X I 3

=I 4+ I 5 contains I 5 only once. Following
Villeret, Rodriguez and Kartheuser' we designate by u;
(i =1,2) the I'3 ground-state orbital wave functions and
by v„(a.= +,0, —} the eigenstates of the I s orbital multi-
plet. These wave functions are taken to be normalized
and behave as (2z —x —y, ~3( xy )) and
( —2 '/ (x+ I'y ),z, 2 '/ (x iy ) },res—pectively, under the
operations of Td. Here x, y, and z are projections of the

position vector r on the cubic axes of the crystal. The
combinations of the components of d and the functions
u&, u2 belonging to I4 and I 5 are obtained from the
Clebsch-Gordan coefficients for Td. These allow us to ex-
press the matrix elements of d between u; and v„ in terms
of a single parameter, say do. They are

2 ' (x—iy) ( ')'—(x—+iy)

2z
2' —(x+i )

The total intensity of the electric dipole transition from
I 3 to I 5 in the absence of the spin-orbit interaction is

obtained from Eq. (1) adding the squares of the magni-
tudes of the matrix elements incoherently and multiply-
ing by the spin degeneracy to yield Iv =15~do~ . We cal-
culate the intensities of transitions between the spin-
orbit-split states in terms of do, using Eq. (1) and the
wave functions for the spin-orbit-split levels given in
Tables VI and VIII of Ref. 14. The relative intensities
are obtained dividing the calculated matrix elements,
properly squared, by Io. The results are displayed in
Table III; for transitions between degenerate states, the
squares of the magnitudes of the matrix elements of d are
added incoherently.

TABLE II. Selection rules for electric dipole transitions
showing the allowed transitions for both Td and C3„site sym-
metries.

IV. EXPERIMENTAL RESULTS

A. CdTe:Fe2+

Td
Initial state Final state Initial state

C3,

Effc
r,
I ~

I3

Final state

Figure 2 shows the optical-absorption spectrum of
Fe + in CdTe at the temperature T =5.7 K and
n (Fe + ), the concentration of Fe~+, of 5 X 10' cm . In
addition to the very strong and sharp absorption lines be-
tween 2250 and 2300 cm ', several additional weak and
broad features appear at higher wave numbers. We first
focus on the features labeled X&, Y, I,II, . . . . As the tern-
perature is raised in small increments, from 2.0 to 8.8 K
(see Fig. 3), I and X, become broader, whereas II in-
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creases in intensity significantly and broadens above 8.8
K; Y is noticeably broader than the other lines at all tem-
peratures. The behavior of II is a clear signature of a
transition originating from a level lying above the ground
state, but separated from it by a small energy; its initial
state is thus increasingly populated with increasing tern-
perature. The temperature dependence of II is further il-

TABLE III. The normalized relative intensity of the allowed
electronic transitions of Fe + in CdTe. According to the energy
diagram shown in Fig. 1, the allowed transitions are labeled as

( A ~B),where A and B are shown after the colon in the desig-
nation of the irreducible representations of each energy level,

i.e., A =1,2, 3,4, 5 and 8 =1,2, 3,4, 5,6.

Allowed Relative Allowed Relative
transition Label intensity transition Label intensity

lustrated in Fig. 4, where the results on a sample with a
higher concentration of Fe + are displayed; II is
significantly stronger, consistent with the higher concen-
tration of Fe + and its striking temperature dependence
is again clearly evident. Figures 3 and 4 also show the
temperature and concentration dependence of X», simi-
lar to that of II, again indicating a transition originating
from a level lying above the ground state. However, XII
is not as sharp as II rejecting its association with X&, as
will be discussed later. Additional lines III and IV are
also observed in this sample. Figure 3(a) shows the
transmission spectrum at T =2.0 K. Lines I, X&, and Y
remain very strong, but lines II, X», III, and IV, present
in Fig. 4, are now obliterated. The absence of these lines
at 2.0 K, strongly corroborates the assignments for II,
III, and IV in which the initial states are the higher-lying
levels of the split orbital ground state I 3.

In Table IV, column 3, we list the experimental values
for the energies of lines I-IV and the assignments based
on their temperature and concentration dependence, in-
terpreted in the context of the theoretical calculations.
In column 4 we list the values obtained from the pertur-
bation results of Table I whereas those obtained from an
exact diagonalization of the Hamiltonian are listed in
column 5. Following the energy diagram shown in Fig.
1, we label the transitions as ( A ~8), where A and 8 are
shown after the colon in the designation of the irreduc-
ible representations of each energy level, i.e.,
A =1,2, 3,4, 5 and B =1,2, 3,4, 5, 6.

30 I I I
I

l I I I I

40

30—
(a)

T=2.0 K

40

30 T=4.6 K

~O0

20— 20—

10—

20

II X„

10

O
~~
(0n 10—

0 gX)
I

12

ff fff f ft
I X) Y I X) Y I X)

~o 00

0 I

2250
V)

~~
40

V)

Cd

30

L

~

t tt x,

2300 2350

(e)
T=7.5 K

40

30

t x
I

I I I I i I

2250 2300 2350

T=8.8 K

I & & i l

2500

20

10— &p — II

2250 25502350 2450

Wave number (cm )
FIG. 2. Transmission spectrum of Fe + in CdTe with Fe +

concentration, n(Fe +
) =5 X 10' cm, sample thickness

t =0.291 cm, and temperature T=5.7 K. The various elec-
tronic transitions are labeled I, II, X&, and Y. The vertical scale
in the inset has been expanded in order to highlight the various
phonon assisted transitions which are indicated by the vertical
arrows: LA, TO, and LO are the phonons involved with the
electronic transitions I, X& and Y.
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FIG. 3. Transmission spectra of Fe + in CdTe with

n(Fe +)=SX10' cm, t =0.291 cm, and (a) T=2.0 K, (b)
T=4.6 K, (c) T=7.5 K, and (d) T=8.8 K.
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We compare the relative intensities of I, II, and III at
4.5 K predicted from Table III and observed in Fig. 4 by
taking due account of the Boltzmann factor,
exp( bE jk&—T), controlling the thermal population of
I 4.2 and I 3.3 levels of the I 3 multiplet. The intensities
of I, II, and III were determined by calculating the area
under the curve representing absorption coeScient versus
wave number. For line I a curve fitting was necessary
due to its strong absorption leading to almost zero
transmission close to the peak position. The experimen-
tal value for the ratio of the intensities of I and Il

Wave number (cm ~j

FIG. 4. Transmission spectra of Fe + in CdTe with
n(Fe +)=5X10" cm ', t =0.160 cm, and (a) T=4.5 K, (b)
T=5.5 K, (c) T=7.0 K, and (d) T=10.2 K. Additional elec-
tronic transitions III and IV are observed in these spectra.

=1.1X10; of I and III =4.3X10; and of II and
III=38.0, while theoretically these ratios are expected to
be 1.9 X 10, 5.4X 10, and 28.4, respectively. The exper-
imental results and the theoretical values are in reason-
able agreement.

The transition from the I &.1 ground state to the I 5:4
excited state should also appear at the lowest tempera-
ture for the same reason as does line I and with compara-
ble intensity as can be seen from Table III. It should ap-
pear at an energy -5A, above that of line I. We have
made a search for this transition -2800 cm ' but failed
to observe any indication of it. Its absence is puzzling.
We note that Baranowski, Allen, and Pearson' also did
not report any feature in this energy range which could
be ascribed to this transition [see Fig. 1(c) in their paper].

The origin of X&, X», and Yis not yet clear. XI and Y
appear in conjunction with I, at all temperatures, indicat-
ing that they too originate from a ground state. Accord-
ing to Fig. 1, at the lowest temperature, with I &, 1 alone
populated, only I &.1~I 5.1 and I &. 1 —+I 5.4 are expected
to appear in the absorption spectrum, but with a separa-
tion of -5A, , A, being the spin-orbit coupling parameter.
As shown in Table IV, we ascribe I to I &.1~I 5:1, thus

allotting no assignments for X&, X», and Y consistent
with the energy level scheme; I &.1~15.4 should be
separated from I by -500 cm ' with !A,!

—100 cm
Thus X&, X», and Y do not appear to be associated with
an isolated Fe + ion. It is therefore of interest to explore
if they could arise from Fe + complexes such as pairs of
Fe'+.

The Hamiltonian of an Fe +-Fe + pair can be written
as the sum of two Hamiltonians of the form given in Eq.
(1), Ref. 6, one for each of the ions plus a term expressing
the antiferromagnetic exchange interaction between the
two ions. The Fe +-Fe + pair wave function is then tak-
en as a linear combination of products of the single-ion
wave functions. A detailed picture of the energy levels
associated with the Fe + pairs in CdTe requires the diag-
onalization of a 625 X 625 matrix corresponding to
I 3x I 3 I 5x I 3 I 3x I 5 and I 5x I 5. In the ab-

sence of exchange interaction, the levels arising from
I 3 X I 5 and I 5 X I 3 are degenerate and separated

TABLE IV. The near-infrared absorption lines of Fe + in CdTe. The assignment of the observed
transitions follows the nomenclature ( A ~B), where A is one of the levels of the split orbital ground
state 'I

3 and B is one of the levels of 'I
5 excited orbital state, as illustrated in the energy level diagram

depicted in Fig. 1. The theoretical values were calculated using 6=2470 cm ' and A, = —91 cm '. (6
and A, were selected in order to achieve the best fit between the experimental data and the theoretically
calculated values for the energies of the various transitions. )

Line no. Assignment
Experimental values

(cm ')
Calculated values (cm ')

Perturbation theory Exact

I
II
III
IV

(1~1)
(2~1)
(3~1)
(4~1)

2282.8
2264. 1

2256.3
2231.9

2282.6
2267.2
2251.4
2231.2

2283.2
2267.3
2251.3
2231.1

x,
x„
F

Fe + complex
Fe2+ complex
Fe + complex

2293.8
2275. 1

2309.0
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from the ground orbital states I 3X I 3 by 6, equal to
the crystal-field splitting in the single ion. The exchange
interaction removes this degeneracy causing shifts of the
order of 2JNN, the constant defining the antiferromagnet-
ic coupling of nearest neighbors (NN), typically —10
cm ' in the diluted magnetic semiconductors. ' The
Fe +-Fe + antiferromagnetic interaction may be visual-
ized to arise in a manner not unlike the van der Waals in-
teraction between spherically symmetric noble-gas atoms.
Analogous to the virtual excitations to p states resulting
in fluctuating electric dipole moment of each noble-gas
atom, interaction between the two nonmagnetic Fe +

ions could have their origin in fluctuations in the magnet-
ic dipole moment of one causing a similar fluctuation in
the other. This model needs to be explored quantitative-
ly. The levels I 5X I"5 lie at an energy 26 above the or-
bital ground states. The exchange interaction is much
smaller than 6 and in first approximation we can infer
that transitions between the ground state and the excited
states of the Fe + pair will occur at energies close to
those for the single Fe + ions. The energies associated
with X& and Y are 2293.8 and 2309.0 cm ', respectively.
From the argument presented above for the Fe +-Fe +

pairs, we tentatively attribute X&, X&& and Y to electronic
transitions associated with complexes such as pairs of
Fe + in CdTe. More specifically, one could identify X,
and X&& as the counterparts of I and II of isolated Fe + in
an Fe + complex, viz. , as transitions originating from a
ground state of an Fe + complex and a level lying above
this ground state and terminating in a common final
state, with XI& disappearing at the lowest temperatures.
For a sample with n(Fe +)=1.3X10' cm, Fig. 5(a)
shows the dramatic decrease of X, and the disappearance
of Y, while I remains distinctly visible, with an intensity
consistent with the lower concentration of Fe +. This re-
sult indicates that X& and Y are related to Fe + com-
plexes and not to single Fe + ions.

We now turn our attention to the various broad and
weak absorption features occurring for wave numbers
larger than -2300 cm ' (Fig. 2). These absorption
features are present even at the lowest temperatures indi-
cating that they are related to I, X„and K A close in-

spection reveals that the energies of the weak absorption
features exceed those of I, XI, and Yby fixed values, con-
sistent with the phonon energies of CdTe. We therefore
ascribe these weak absorption features to phonon-assisted
transitions, as already pointed out by Slack and co-
workers. ' ' We list in Table V the various phonons
occurring in CdTe at the center of the Brillouin zone, at
the I point, as well as at zone boundaries, I. and X
points. The observation of these zone boundary phonons
in CdTe has been attributed to impurities (intentionally
or unintentionally introduced in the crystal) and also to
the naturally occurring isotopes in the DMS which act as
simple mass defects. We note here that the experimental
data for phonons at the zone boundary are somewhat
sparse. The energies of the various observed phonon-
assisted electronic transitions in Fig. 2 are tabulated in
Table VI. The calculated values in Table VI, obtained by
adding the phonon energies listed in Table V to the ex-
perimentally observed energies of lines I, X„and Y are in

20

~O0

1 0—
O

~~
M
V)

0-
C5

Xu

(a)

CdTe:Fe

2250 2300

Wave number (cm ~)

2350

20

&o
0

10—
O

~~
V)
M

(b)

CdSe:Fe~
2+

2330 2380

Wave number (cm )

2430

FIG. 5. Transmission spectra of Fe + in (a) CdTe with

n(Fe +)=1.3X10" cm ', t =0.220 cm, T=4.9 K, and (b)

CdSe with n(Fe +)=1.0X10"cm, t =0.126 cm, and T=5. 1

K.

TABLE V. Phonon energies for CdTe in cm

Assignment

LO(I )

TO(I )

LO(L)
TO(L)
LA(L)
TA(L)
TO(X)
TA(X)

169.3
140.0
144.3
144.3
108.3
29.3
148.7
35.0

104.5
36.0

46.0

171.0
140.0

180.0
140.0

105.0
65.0

173
147

'Rowe et al. {Ref.20).
Slack, Roberts and Vallin {Ref. 19).

'Mooradian and Wright (Ref. 21).
Slack, Harn, and Chrenko {Ref. 18).

'Peterson (Ref. 22).

good agreement with the experimental values.
Finally, we record an unusual splitting exhibited by

line II as the temperature is lowered from 4.9 to 2.0 K
shown in Fig. 6. A similar behavior is observed for X&&.

The absence of such a splitting for I indicates that it must
be associated with the initial state of II, i.e., I 4. Whether
this effect is associated with a Jahn-Teller distortion
needs to be established with further experiments.
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TABLE VI. Phonon-assisted transition of Fe + in CdTe. 60

Experimental
values (cm ') Assignment

Calculated values (cm ')
a b c

2388.3
2398.1

2414.1

2420.7
2430.9
2447.6
2464.5
2474.7

I+LA
Xi+LA
Y+LA
I+TO

X, +TO
Y+TO
I+LO

Xi+LO

2391.1
2402. 1

2417.3
2422.8
2433.8
2449.0
2452. 1

2463.1

'Rowe et al. (Ref. 20).
Slack, Ham, and Chrenko (Ref. 18).

'Peterson (Ref. 22).

2387.8
2398.8
2414.0
2422.8
2433.8
2449.0
2462.8
2473.8

2429.8
2440.8
2456.0
2455.8
2466.8
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FIG. 6. Transmission spectra of Fe + in CdTe with
n(Fe +

)= 1.0X 10' cm, t =0.195 cm, and (a) T =4.9 K, and
(b) T=2.0K.

B. CdSe:Fe2+

The optical-absorption spectrum of Fe + in CdSe at
4.5 K with n(Fe +)=5X10' cm is displayed in Fig. 7.
A close resemblance between Figs. 2 and 7 is immediately
evident. Following the notation used for Fe + with Td
site symmetry, here we also label the sharp lines as X, Y,
I, II, and so on. In order to keep the labeling of the opti-
cal transitions for both tetrahedral and trigonal fields
consistent, we use the following notation: (a) the energy
levels which do not undergo further splitting under trigo-
nal field have the same label for both Td and C»', (b) the
levels which split under the trigonal crystal field are la-

2300 2500
Wave number (cm )

2700

FIG. 7. Transmission spectrum of Fe + in CdSe with
n(Fe'+)=5xlp" cm ', t =p.p60cm, and T=2.0K. In addi-

tion to the electronic transitions I, X, and Y phonon-assisted

transitions are identified as combinations of LO or TO phonons
with I, X, or Y.

beled by a number indicating the original tetrahedral lev-
el to which it is correlated (e.g., 1,2,3,...) followed by a
letter according to the number of split levels (e.g.,
a, b, c, .. ). For .example, in Fig. 1 for C3„, the transitions
(i~la) and (i~lb) correspond to those with I I of the
orbital multiplet I'3 as the initial state and the lowest
I 3(C3„) and I I(C3„) of the excited multiplet I's as the
final states.

Figure 8 shows the temperature dependence of I, IIa,
IIb, X, and Y. There is a dramatic increase in absorption
for lines IIa and IIb as the temperature changes from 2.0
to 8.1 K; further increase in temperature broadens the
lines. The temperature dependence of IIa and IIb indi-
cates that they could correspond to electronic transitions
originating from I 2.2a and I 3.2b and terminating at
r, :la or I,:lb. The absence of IIa and IIb in the spec-
trum at 2.0 K, shown in Fig. 8(a), confirms that their ini-
tial states lie above I &. 1. The selection rules for the al-
lowed transitions of Fe + for C3„site symmetry are
I', I'„ I I 2, and I 3 I 3 for E!tc, and I, I 3,
I 2 I 3, and I 3~I „I2, I 3 for Elc. Polarization mea-
surements, with E parallel and perpendicular to c, are
presented in Fig. 9. The occurrence of I at the same ener-

gy for both Ettc and Elc implies that the lowest states
r, :la and I,:lb of the orbital multiplet I 5 are coin-
cident within the resolution of the experiment. Similarly
IIb can be ascribed to I 3.-2b~I &. 1b expected for Elc
and I 3:2b~I 3:la, expected for EJ.c and E!tc, respective-

ly, the coincidence of the final-state energies resulting in a
single line as in the case of I. The values of A, , 6, b, and c
are obtained from the positions of the experimentally ob-
served transitions I, IIa, and IIb, taken together with the
coincidence of the final states I, and I 3. These parame-
ters obtained from the data are displayed in Table VII us-
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I
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Experimental
values (cm ')

2375.4
2362.8
2358.0

Assignment

(1~la)+(1—+ lb)
(2a ~1a)

(2b ~ la)+(2b ~ lb)

Perturbation
theory
(cm ')

2546. 1

—93.3
12.5

—28.1

Exact
theory
(cm ')

2550.6
—94.0
28.0

—22.0

X
Y

2391.8
2416.4

Fe + complex
Fe'+ complex
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0 —r 0 0 0 0
a(I &~I 3(Y)): —r 0 s + 0 0 —u

0 s 0 0 u 0
(4)

The tensors are referred to an orthogonal coordinate axes
x, y, z with z~~c and y normal to one of the reflection
planes o,

One of the scattering geometries employed by Scalbert
er al. 23 involves backscattering normal to c (Fig. 3 of
Ref. 23}. The authors have not specified if the incident
light propagates along x or y in the backscattering
geometry. Also it is not clear if the incident light is po-
larized and the scattered light is analyzed. However it
can be easily shown that the I &~I z line at 13.0 cm ' is
forbidden in (yy), (yz), (zy}, and (zz) polarizations if the
incident light is along x as well as in (xx), (xz), (zx), and
(zz) polarizations if it is along y. Thus the observation of
the 13.0-cm ' line in the backscattering geometry may be
due to the resonance conditions under which the spec-
trum was recorded. The I &~I 3 line at 17.6 cm ' is ex-
pected in (yy}, (yz), and (zy) as well as in (xx), (xz), and
(zx) polarizations. Its absence in the spectrum is presum-
ably due to its low intensity.

The results for 90' scattering presented in Fig. 2 of Ref.
23 involve scattered radiation along c and incident radia-
tion polarized either parallel or perpendicular to it.
Again, in the absence of the specification of the direction
of incidence and the polarization of the scattered light,
one can anticipate the appearance of I',~I 2 in (xy) and
(yx) polarizations accessible for incident light polarized
perpendicular to c; the spectrum in Fig. 2(b) confirms this
prediction. However, the observation of the I &~I 2 in
Fig. 2(a), i.e., for incident light polarized along c,
represents a contradiction since it is forbidden in (zx) or
(zy). The appearance of I,~I'3 in both Figs. 2(a) and
2(b) is entirely consistent with the selection rules allowing
it in (xx), (xy), (zx), and (zy) or (yy), (yx), (zy), and (zx)
polarization configurations.

In the far infrared, electric dipole selection rules allow
I ).1~I 3.2b in Elc only and forbid I,:1—+I &.2a in both
E~~c and Elc. However, the energies of these transitions
can be deduced from the positions of the near-infrared
transitions I', :1~I'3:la (line I), I 2.2a ~l 3:la (line IIa),
and I'3.2b ~I'3.la (line IIb), viz. , 12.6+0. 1 cm ' for the
energy separation between I &. 1 and I 2.2a and 17.2+0. 1

cm ' for the energy separation between I &.1 and I 3.2b
of the I 3 orbital multiplet, in good agreement with the
Raman data.

We note that, besides I, X, and Y, other features ob-
served at higher wave numbers, remain strong at the
lowest temperatures. Following the analogous behavior
of the corresponding lines X and Y in CdTe:Fe +, we at-
tribute them also to antiferromagnetically coupled Fe +

complexes. The striking decrease in the intensity of X
relative to that of I and the absence of Y in Fig. 5(b) for a
sample with n (Fe +

) = 1 X 10' cm, as compared to the
results in Fig. 8 for a concentration of 5 X 10' cm, sup-
port this interpretation.

As in CdTe:Fe +, absorption features occur in
CdSe:Fe + in the energy range expected for electronic

transitions in combination with phonons. In CdSe some
of these features are sharp and intense. In Table VIII we

list the zone center phonons observed in CdSe; phonon
energies for other points of the Brillouin zone have not
been reported in the literature. Figure 7 displays the
various features attributed to phonon assisted transitions
and their energies are listed in Table IX; in the table we
also list the energies of I, X, and Y in combination with
the various zone center phonons. A fair agreement is ob-
served between the experimental and the calculated ener-
gies for these phonon-assisted transitions. The lines
A&(2438. 7 cm ') and A2(2513.2 cm ') occur at ener-

gies consistent with acoustic-phonon-assisted transitions;
however, the lack of experimental data for such phonons
prevents an unambiguous identification for these transi-
tions.

V. CONCLUDING REMARKS

TABLE VIII. Phonons in CdSe in cm

Assignment

LO(I, A, )

TO(l, A, )

LO(I,E, )

TO(I,E, )

TA( A3)

'Suh et al. (Ref. 25).
Beserman (Ref. 26).

213
169
214
174

43.5

The present study in conjunction with the theoretical
calculations has provided the identification and ordering
of the transitions from the sublevels of the ground-state
orbital to those of the first excited orbital, both having
experienced a crystal-field splitting. In this context, far
infrared measurements are of interest as they will enable
the observation of transitions within the ground-state
multiplet directly. The observations reported in this pa-
per provide an unambiguous evidence for the energy-level
splitting associated with the trigonal (C3„) symmetry in
the wurtzite structure, as opposed to the tetrahedral ( Td )

symmetry in the zinc-blende structure of the host in
which Fe + has been incorporated. It is of interest to
note that the lowest state of Fe + is nonmagnetic and the
magnetism of Fe-based DMS is an example of Van Vleck
paramagnetism, in which a mixing of the higher-lying
states with the lowest state is observed in the presence of
a magnetic field. This problem has been explored in de-
tail by Villeret, Rodriguez, and Kartheuser' who em-
phasized the anisotropy of the Van Vleck paramagnetism
of even the cubic CdTe:Fe +; in CdSe:Fe + the anisotro-

py is in the main related to the trigonal symmetry and the
associated energy-level splitting. Villeret, Rodriguez, and
Kartheuser' have also made a comprehensive study of
the magnetic-field splitting and shifts of Fe + in DMS.
The results of polarization measurements on CdSe:Fe +

indicate the coincidence of the lowest levels I
&

and I 3 of
the excited multiplet, I,:1b and I 3.1a in Fig. 1, thus
yielding an additional constraint in the parameters in-
volved in the theoretical calculations.
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TABLE IX. Phonon-assisted transitions of Fe + in CdSe at
low temperatures.

Experimental
values (cm ')

2438.7
2513.2
2534.8
2550.2
2555.3
2567.4
2587.5

2629.6

'Suh et al. (Ref. 25).

Assignment

I+TO(A, )

X+TO(A i )

I+TO(Ei )

X+TO(E) )

I+LO(A ) )

I+LO(E) )

Y+LO(A, )

Y+LO(Ei )

Calculated values'
(cm ')

2544.4
2560.8
2549.4
2565.8
2588.4
2589.4
2629.4
2630.4

Besides Fe-based II-VI DMS, other diluted magnetic
semiconductors are worthy of study in view of the simi-
larities and differences in the electronic level structure of
the different transition-metal ions. Co + as well as Cu +

have an odd number of electrons, by Kramers's theorem,
all their eigenstates have even degeneracies and thus must
always exhibit paramagnetism. Fe + and Ni +, on the

other hand, have an even number of electrons and can
have both degenerate and nondegenerate states. It turns
out that in the crystals under study, the ground states of
Fe + and Ni + are nondegenerate and, in the first ap-
proximation, are nonmagnetic but can exhibit Van Vleck
paramagnetism because of magnetic excited states which
are separated by small energies. Thus DMS based on
Ni + will provide a case analogous to Fe-based DMS.
However, the large value of the spin-orbit coupling con-
stant in Ni + will, most likely preclude significant Van
Vleck paramagnetism. In addition, the electronic spec-
trum of Ni + in a Td environment will be simpler than
that of Fe + in view of the larger A, of the former. The
limitations imposed by bulk crystal-growth techniques in
the incorporation of transition-metal ions can be circum-
vented in techniques based on nonequilibrium growth,
e.g., MBE; it is thus of interest to exploit Fourier trans-
form spectroscopy in the study of MBE-grown DMS's
such as CdTe:Co +, CdTe:Cu +, or CdTe:Ni + or their
CdSe counterparts.
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