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The Jahn-Teller coupling between local vibrations of the host III-V semiconductors and the elec-
tronic orbitals of Fe + substitutional impurities are studied from a theoretical point of view. Cou-
pling to both multiplets resulting after crystal-field splitting is considered. Calculations are per-
formed with just one adjustable parameter, namely, the Jahn-Teller energy (E»). The compounds
GaP:Fe +, GaAs:Fe +, and InP:Fe + are fully discussed, especially the latter. Other III-V semicon-
ductors such as GaSb:Fe +, InAs:Fe +, and InSb:Fe + are referred to for particular applications of
the model. The results for the lower multiplet show good agreement for the predicted lines with
luminescence spectra; the coupling phonon is identified as belonging to the points TA(L) of the
Brillouin zone; values for EJ~ are about 8 cm for this coupling. The coupling to the upper multi-
plet is described in terms of upper limits as the available infrared-absorption spectra do not show
evidence for more than one zero-phonon line. A comparison with similar calculations for II-VI
compounds with Fe + as substitutional impurity is also performed.

I. INTRODUCTION

The manifestation of the Jahn-Teller effect (JTE) for
magnetic impurities in binary compounds is a well-known
fact. ' Extensive calculations have been performed for the
cases of Ni + and Fe + in II-VI semiconductors. The
general conclusion in these cases is that the magnitude of
the vibronic coupling is comparable to the spin-orbit in-
teraction, which means that JTE manifests itself quite
clearly in the spectroscopic properties of these systems.
In the present paper, we attempt to perform similar cal-
culations for the cases of Fe + in III-V semiconductors.

It is likely that the same impurity ion would have a
similar behavior in the II-VI zinc-blende compounds as
in the III-V compounds possessing the same structure.
The main purposes of the present article are to explore
such a possibility, perform calculations, and compare re-
sults both with the available experimental information
and with the already mentioned II-VI systems. The
theoretical madel will be presented in Sec. II.

There is experimenta1 information for some of the III-
V compounds with Fe as a substitutional impurity, using
both absorption and luminescence techniques. Thus
GaP Fe + GaAs Fe + ' and InP:Fe + " ' have
been reported in the literature. There is a general resem-
blance between the spectra of III-V:Fe + with respect to
those of II-VI:Fe +. The former shows the following two
important characteristics in the optical properties: (a)
At very low temperatures there is just one strong zero-
phonon line (ZPL) in the absorption spectra correspond-
ing to the infrared range and (b) luminescence and
higher-temperature absorption spectra show slight depar-
ture from the equally spaced levels within the lower mul-
tiplet as predicted by plain crystal-field calculations. A
survey of the main experimental information related to

the present problem will be included in Sec. III. Special
attention is paid to InP, in which there is much interest
at present. '

These two observations point to indicate a weaker JT
coupling for iron impurities in III-V compounds as com-
pared with the same ion in II-VI compounds. Some
justification for this difference will be given when discuss-
ing the results in Sec. IV.

We shall focus our presentation on two different as-
pects of the problem. First, we discuss the Jahn-Teller
coupling dealing with the E electronic functions of the
lower multiplet and compare these calculations with the
data coming from luminescence experiments. Second, we
investigate the possible vibronic coupling with the T2
upper electronic multiplet using the low-temperature ab-
sorption spectra as experimental information for compar-
ison purposes.

II. THEORETICAL MODEL

The total Hamiltonian H is composed of three terms:
the free-ion contribution H„ the coupling or JT interac-
tion HJI, and the contribution of the vibrational modes
coupled to the localized electrons H, :

H =H, +HJ~+H„.
H, describes the ion in terms of the D multiplet, in-

cluding crystalline field and spin-orbit interaction. HJ~ is
given as a scalar product between a vector in the elec-
tronic space D and a vector in the vibrational space Q.
Finally, H, represents the usual vibrational Hamiltonian
in the harmonic approximation.

We follow here the approach of assuming a linear JT
Hamiltonian that couples the vibrational field to the elec-
tronic field. In principle, a distribution of phonons with
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different energies could couple. However, not all of these
vibrational modes possess the same coupling strength.
We suppose here a dominant local mode representative
for such a coupling with energy denoted by Ace. From
previous treatments for the II-VI compounds that have
the same structure and similar lattice dynamics, ' ' we
consider here the doubly degenerate modes E only, with
creation (annihilation) operators represented by a s and a,
(a& and ci, ). The coupling Hamiltonian can now be writ-
ten as

HiT =QAcoE&T[(a

&+as�)D&+(a,

+a, )D,], (2)

where EJT is the so-called Jahn-Teller energy and De and
D, are appropriate operators of symmetry E acting on
the electronic orbitals.

Not all the vibrational modes couple with the same
strength to the d electrons of the impurity ion; symmetry
plays an important selective role. ' Moreover, local vi-
brations of the appropriate symmetry (associated to
different branches of the phononic spectrum) couple
differently to the variety of localized electronic functions.
For the sake of simplicity we describe the coupling pho-
nons in the form of just one representative vibrational
mode of the surrounding tetrahedron of anions. The ap-
propriate points of the Brillouin zone having E vibration-
al modes are those represented by TA1(IC), TA2(K), and
TA(I. )

"
The corresponding vibrational Hamiltonian is given by

H, =fico(aecis+a, a, +1) .

The total Hamiltonian given by previous equations is
then diagonalized with respect to a set of functions span-
ning both the vibrational and electronic spaces, which are
referred to as vibronic functions. We choose here to form
these functions in the adiabatic limit since EJT is expect-
ed to be small. We will present next the way the two vib-
ronic bases needed for the present applications are
formed.

Iron substitutes for the cation in III-V compounds and
would release three electrons if the bonding would be en-
tirely ionic. In practice, Fe + is also present in these sys-
tems (even Fe+ is possible). The local symmetry at the
site of the Fe ion is given by the point group Td.

The six d electrons of the doubly ionized iron atom
couple to form a D atomic ground multiplet, which the
crystalline field unfolds into a E ground multiplet and a

T2 excited multiplet, separated by an energy 10IDql.
Second-order spin-orbit interaction further splits E giv-
ing five equally spaced levels which can be labeled as y„
f4 j 3 p 5 and y 2 in order of increasing energy. The
upper T2 multiplet splits into three branches: r5, alone,
r4. , r, in the second one, and r», r4b, I, in the last one.
Further splitting within the branches is due to second-
order spin-orbit interaction. A diagram of such an
energy-level scheme is presented in Fig. 1.

The details of the treatment of the states corresponding
to the T2 multiplet were already given in previous pa-
pers, ' and will be omitted here. However, we summa-
rize and reformulate the main aspects of the splitting of

101Dq I

'E Y2-
v,

FIG. 1. Energy-level diagram corresponding to the Fe + sub-
stitutional impurity in zinc-blende-structure compounds, up to
second-order perturbation theory in spin-orbit interaction.

the lower E multiplet in order to provide the basis for
the discussion below.

The energies of the five levels coming from the lower
multiplet, up to third-order perturbation theory in spin-
orbit interaction, can be expressed in the following
way: '"

y2 4cr [ 1 —..2
I
x

I /( lo IDql )],
y~..3~[I—3

I
~

I
/(1o IDql )],

y3..2o [1—5lx /( loIDql )],
y4 ~ [1—51~1 /( lo IDql )],

(4)

where A. is the spin-orbit parameter and

~=6~'/(»IDql) . (5)

5=cr[1—5lkl/(10IDql)] .

It is possible now to reformulate the set of equations (4)
in the following way:

The energy of the true ground state has been defined as
zero for convenience.

We introduce now a unit of energy which will be con-
venient for the discussion of the unequal energy
differences among the five levels:
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y, :4&+»~I~I j'(10IDq
I ),

y5..35+6cr [A, [/(10[Dq ( ),
y3:25,

y4..5,

N=n+m . (9)

Vibronic functions can now be formed in the Born-
Oppenheimer approximation. The maximum number of
vibrational quanta N considered in the construction of
the vibronic basis can be increased up to the limit that
the computational facilities allow. However, we have
found that stable solutions for the energies of the four ex-
pected lines (variations of less than l%%uo) are reached for
N=5 which we will use in the remainder of the calcula-
tions involving states of the lower electronic multiplet.

Vibronic functions are constructed for each one of the
electronic levels y, , considering the symmetric powers of
the irreducible representation associated to the vibration-
al functions. This can be illustrated in the following way:

y.E, ~ E ~ E, and y .E (10)

Sorting the resulting vibronic functions according to the
symmetry properties, it is possible to break down the
Hamiltonian matrix into submatrices for an easier diago-
nalization.

We can form the basis of vibronic functions corre-
sponding to the upper multiplet in a similar way, which
has been already presented in quite a detailed manner. '

We briefly summarize here the main aspects of the corre-
sponding basis in order to set up the notation.

The zeroth-order vibronic functions for the upper Tz
level can be denoted by ~ I;(I,N), s ), where N is the to-
tal number of vibrational quanta given by Eq. (9), I 1
represents the electronic level, while I; represents the
final irreducible representation of the vibronic functions
with component s. We can form the vibronic functions
for the lower multiplet by means of a similar procedure.
In this case we adopt the same notation except for the use
of lower-case Greek letters, namely,

~ y; (y~, N), s ).

It is now obvious that the two low-lying differences,
namely, y3

—
y4 and y4

—y„should be exactly the same
and slightly smaller than the next possible difference

p 5 p 3 A departure from this result is an indication for
a Jahn-Teller effect.

Level y2 is not considered in the analysis since it does
not show up in luminescence spectra. Since the symme-
try of the low-lying level of the upper multiplet is I 5 and
the electric dipole transition is represented by a I 5 opera-
tor, the selection rules allow for connection only with the
levels contained in the Kronecker product:

~5 ~5 71+F3+74+ V5

If n and m are the occupancy numbers of modes 0 and
e, respectively, then the total occupancy number is N,
given by

The diagonalization of these two different Hamiltonian
matrices is performed with the following considerations.
In both cases the crystal-field parameter 10~Dq~ and
spin-orbit parameter ~A, are kept fixed. The latter is tak-
en as the free-ion value, namely, 100 cm '. The crystal-
field parameter is adjusted so as to give the threshold
transition I 5,

—
y& without any further adjustment for a

particular system. The energy of the coupling phonon
can be taken as a variable; however, it must correspond
to one of the phonons possessing local modes of symme-
try E. The Jahn-Teller energy is then the only true ad-
justable parameter in the diagonalization processes.

III. REVIEW OF EXPERIMENTAL RESULTS

TABLE I. Vibrational energies (in cm ) of phonons with lo-
cal component E for three III-V semiconductors.

GaP' GaAs InP'

TA1(E)
TA2(rC)
TA(L)

130
104
83

120
79
62

105
68
55

'Reference 18.
Reference 19.

'Reference 20.

The energies of the possible phonons having local corn-
ponent E are given in Table I for the three semiconduc-
tors under consideration. ' The presence of the im-
purity can modify the frequency of the local modes; how-
ever, the approximate values of the coupling modes and
their relative magnitudes as going from one compound to
the other should follow the experimental data given in
Table I.

However, we must separate the vibronic coupling to
the upper multiplet with respect to the coupling to the
lower one. The electronic functions are different in these
two cases, which means that the we must consider two
different coupling phonons as well. Since the charge dis-
tribution is also different in these two coupling mecha-
nisms, the magnitude of the coupling (hence, EJT ) can
vary from one multiplet to the other one.

The most important part of the optical spectra
comprises all of the y; I 5, transitions (i = 1,4,3,5) al-
lowed via electric dipole interaction. In luminescence
spectra these four lines are clearly present and the equal
separation among the y levels can be readily tested. The
main experimental results are summarized in Table II. It
is clear that the spacing among the lines is not equal,
which provides evidence for a weak Jahn-Teller coupling.

The system InP:Fe + is the one that has been most
studied among the cases under consideration. " ' Re-
cent information includes mixed systems of the kind
In& „Ga P. ' We will choose InP:Fe + in order to illus-
trate in a detailed manner the calculations to be reported
in Sec. IV. Let us review this system in a more complete
way. Far from some small discrepancies among the ex-
periments, " ' four lines are unequally spaced. The suc-
cessive separations would be 14—15, 24—26, and 42 —43
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TABLE II. Calculated energies (in cm ') of the first three
excited states for the three indicated semiconductors. In
parentheses we give the experimental values as taken from the
references quoted in the text. The values (in cm ') for the vi-

brational quanta and Jahn-Teller energy used in the present cal-
culations are listed in the last two rows.

QaPa b GaAs' pd c,e

E(y4)
E(y )

E(y5)

13 (13)
24 (24)
40 {40)

14 (14)
24 (23)
41 (40)

15 (15) (13.7) (15)
25 (25) (24.3) (26)
43 (43) (42.3) (43)

Ace TA(L)
EJT

'Reference 7.
Reference 8 ~

'Reference 12.
Reference 11.

'Reference 13.

83
8

62
8

55
7

cm ', showing a slightly enhanced effect of the unequal
energy difference as compared to GaP:Fe + or
CxaAs:Fe +. Another interesting feature of the lumines-
cence spectrum of InP:Fe + is that beyond the leading
four lines there is a broad band between 60 to 85 cm
approximately. " Between 90 to 95 cm ' there is a clear
absence of emitted lines while over 100 cm ' there arises
a second band which is broader and weaker than the
former.

Not given in Table II are the intensities of the lines.
For all of these three systems the characteristics of
luminescence spectra are the following: there is one dom-
inant line (I &,

—y4) with intensity about three times the
intensity of the other three lines (I ~,

—y„ I 5 7 3,
I 5, —y5) which have comparable intensities among
themselves.

On the other hand, infrared-absorption experiments
will connect the same y levels with all the vibronic states
originating in the I levels of the upper multiplet. These
spectra are very sensitive to temperature as the upper y
levels have to be populated in order to produce an ab-
sorption. At very low temperatures (less than the separa-
tion of about 20 K between consecutive pairs of y levels),
only absorptions originating from the ground state y &

can
be expected. Special attention to the ZPL will be paid as
they contain information about the admixture of states
originated in the vibronic coupling.

The absorption spectra of Fe + in II-VI compounds
differ appreciably from the above description, CdTe:Fe +

being the best-known example. ' ' In this system up to
three ZPL connecting y, I 5, are observed at liquid-
helium temperature.

The known infrared-absorption spectra of Fe + in
GaAs, GaP and InP (Refs. 7—14) do not show evidence
for more than one quite strong ZPL. This is an indica-
tion for a weak coupling. It is clear that no definite nu-
merical values for EJT can be obtained from this rather
qualitative experimental information. However, we will
try to propose an upper limit for EJT consistent with the

experimental observation of just one strong ZPL in the
absorption spectra.

IV. RESULTS AND DISCUSSION

Parameters 10~Dq~ for the crystalline fields of the
different compounds are taken from spectroscopic data,
while

~

2
~

for the spin-orbit interaction is taken as the
free-ion value, namely, 100 cm

A. Coupling to the lower multiplet

Let us tackle the problem of Jahn-Teller coupling for
the E lower multiplet in the first place. As we do not
have any indication for the possible energy of the cou-
pling phonon, we shall use three different values for each
system in accordance with the experimental values
given in Table I. The Jahn-Teller energy is left out as
the only adjustable parameter. For each tetrad
(10~Dq~, k., %co,Eir), a complete diagonalization of the
Hamiltonian is performed on a vibronic basis defined up
to N vibrational quanta. The energies of the levels are
then compared with the level scheme that can be ob-
tained from experiment. The resulting wave functions
lead to the calculation of the intensities of the four ob-
served lines. Once agreement is found for a large enough
value of the total vibrational quantum number, this is
brought down to a value N where the first energy
difference (y4 —y, ) does not vary more than 1% with
respect to the value for N + 1. We then say that the solu-
tions are already stable for X. For all the results concern-
ing the lower multiplet, X will be 5.

The diagonalization procedure just described was per-
formed for the systems GaP:Fe +, GaAs:Fe +, and
InP:Fe +. We shall use the last one of these cases to do a
more detailed discussion. Actually, the situation of the
other two is quite similar to the one of InP:Fe +. The
main results for the three systems are summarized in
Table II.

The energies of the lowest four vibronic levels with
maximal zero-phonon component for the case of
InP:Fe + are plotted in Fig. 2 as a function of the Jahn-
Teller energy. The energy of the ground state (y, at
E3T=0) is defined as zero through all of this paper. The
three different phonon energies given in Table I were con-
sidered in the analysis.

By simple inspection of these graphics, it is possible to
realize that JTE implies that the second energy difference
is always smaller than the first one. The phonon energy
and or the magnitude of the coupling can make this
difference noticeable.

In Fig. 2 the position of the levels according to the
spectroscopic data is represented by means of three
different horizontal straight lines in accordance with the
experimental values reported in Table II." ' We have
drawn circles at the intersection of our calculated results
and one of the lines representing the experimental results
(we have chosen the values of Koschel et al. since they
are sort of an average of the three experiments). No cir-
cles are drawn for the second line due to the large error
that would be introduced depending on the experimental
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InP
5a = 105 cm' t(Al(K)]
10 iDqi 3060 cm'

I/I = 100.0cm' (a)

60.
InP
4t = 58cm' [TA2(K)]
)0 I+I = 3060cm'
I~I = 100.0cm'

&i
(cm') (cm')

40.

30.

20. 20.

X K + X

10. 10

I I

8 10 12

60.

50

I t
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E~T (cm')

Inp
~& = 55 ah~ [TA (L)]
)alod) = SO6O cm'

0 2 8
I I I

18

EJT (cm)

30.

KOSCHEL et ai. ('1977)

„LEYRAL et al, . ('I988)
THONKE et at. (1989)
PRESENT CALCULATIONS

0
0

I 1 I I I I f

I

2 4 6 8 10 12 'l4 16 18 20
E» (crn

FIG. 2. Energy differences among the four low-lying vibronic levels corresponding to the E multiplet. Experimental values for
InP:Fe + are shown by means of horizontal lines. Three different vibrational energies are reported: (a) phonon TA1(K) with
Ace=105 cm '; (b) phonon TA2(K) with Aco=68 cm '; and (c) phonon TA(L) with Ace=55 cm '. A better simultaneous coin-
cidence is reached for the latter at about E» =7 cm
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(cm')
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40.. 5,0
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4,0

namics lead to good adjustment for one value of EJT in
each case.

In Table II we summarize the numerical results. We
would like to stress the generality of the treatment, deal-
ing with different phonon energies and different spectro-
scopic data. However, the three found values for the
Jahn-Teller energies are very similar among themselves.
This tends to indicate that the vibronic coupling is pri-
marily related to the impurity ion and its surrounding
symmetry. A similar result was observed for the vibronic
coupling within the upper multiplet of II-VI com-
pounds.

We now turn our attention towards the intensity of the
luminescence lines connecting the lower level of the
upper multiplet with the four levels under consideration.
In Fig. 3 we represent the relative oscillator strength

f; If& of the four possible lines I 5, -y, for the three
systems under consideration. We have used here the
values of EJT that lead to a good adjustment for the ener-

gy differences in accordance with Table II. We report
relative intensities choosing transition (I 5, -y, ) as a unit
to express the intensity of the other lines.

Let us go back to the particular system InP:Fe +. In
Fig. 4 we give a diagram of the vibronic energy levels.
Arrows of appropriate width represent the relative inten-
sities after including the JT coupling. It follows from
Fig. 4 that the band between 60 and 85 cm ', the absence
of emission as we increase in energy, and the appearance

]20.

EJT
(crn"),

In Sb
1QIDql = 2%5 crn'

Ill = 100 cm"

hid = 33 Cm

EJ,= Scm"; N=5

N W/lli

q

/

j
I

J

/

7

Qr 52

1,2

4,2

5,1
1,1

4132
3,
1'

5,0

of a weak and broad band over 100 cm ' can be ex-
plained at least qualitatively from the calculations report-
ed here.

It is clear that the calculated relative intensities agree
well with the experimental result for InP:Fe + that gives
one dominant line (the second one), three slightly weaker
lines with similar intensity, a band due to superposition
of several weak lines, and a region without emissions fol-
lowed by a second band weaker and broader than the first
one. The comment concerning the four lines holds for
each of the three cases where it is possible to obtain
spectroscopic information: GaP:Fe +, GaAs:Fe +, and
InP:Fe +. No bands have been reported in the available
spectra for GaP:Fe + and GaAs:Fe +. Our calculations
give a weak indication for a first band in the case of
GaAs:Fe + and none for the case of GaP:Fe +.

It is tempting to extend our calculations to the other
III-V semiconductors where there is no experimental in-
formation due mainly to their narrow energy gaps:
GaSb:Fe +, InAs:Fe +, and InSb:Fe +. We can use the
frequencies of the TA(1.) phonons to be consistent with
the calculations and discussions above. The energies of
these phonons have been taken from the litera-
ture, ' ' and the values are 46 cm ' for GaSb, 44
cm ' for InAs, and 33 cm ' for InSb. We have used 8
cm ' for EJT common to these three systems, which is
consistent with Table II and subsequent discussion. It is
interesting to notice that a value of 7 cm ' has been re-
ported for the same kind of coupling in the isostructural
compound ZnS:Fe +. In Fig. 5 we report the calculat-

1,0

20 30

4,0

FIG. 4. Energy-level scheme corresponding to Inp:Fe +.
Levels are denoted by means of j,N in correspondence with the
notation ~y;(y, ,X),s ) defined in the text. Arrows illustrate the
transitions from the excited I 5, level; the widths of the arrows
are proportional to the calculated intensities.

1,0

FIG. 5. Energy-level scheme corresponding to InSb:Fe + us-

ing plausible values for the physical parameters. Notation and
conventions are the same as defined in Fig. 4.



1586 VOGEL, MUALIN, de ORUE, AND RIVERA-IRATCHET

B. Coupling to the upper multiplet

The action of the JTE on the I levels is better shown
in low-temperature absorption spectra. However, the

"0-oooooooooo oooo oooo oooooooooo o o oooo oooo oo

Gap
h&u = 104 cm' [TA2 (K)]
I&l = 100cm'
N=14

0 ~ ~ ~ ~ ~
~ ~ ~ ~ ~a a s L 4 ~ 0 v v

'T I

0 50 100

~ ~ 0
~ ~ ~ ~

150, 200E„(cm')

"0.-ooooooo ooooooooooooo oo oooo ooo ooo ooooo ooo

GaAs
$1~ =79cm' [TA2 (K)]
lal = 100cm'
N =14

(b)

a0
0 50

~ ~
~ ~ ~~ ~

100

~ ~
~ ~ ~

150 E1T

3 ~ ~

~ ~

2..

( )) 200

10-—oo ooooooo ooooooooo oooooo oooo oo oooo ooo ooo

0.5

InP
'hu) = 68 cm [TA 2 (K)]
I) I

= 100cm'

N =14

(c)

.3.

a0
1

0 50

~ a ~
~ ~ ~

~ ~ ~~ ~
J.

100

~ ~
~ ~ ~

2 rL

150
EJT

200
(crn" }

FIG. 6. Relative intensities corresponding to the three lead-
ing absorptions b';(y, ,N), s ) ~I,(I „,N), k ) in sequential
order as energy increases. Three di6'erent systems are con-
sidered: (a) for GaP:Fe +, (b) for GaAs:Fe +, and (c) for
InP:Fe +. In all of these systems there would be just one dom-
inant zero-phonon line if EST ( 150 cm

ed values for both the energy differences and the relative
intensities of the luminescence lines associated to the sys-
tem InSb:Fe +. That is to say, if the interband lumines-
cence could be subtracted from the experimental data,
the possible lines to be observed would be those
represented in Fig. 5. It is clear that more lines and
bands would appear showing the importance of the JT
coupling in this system. A situation quite similar to the
one described here was found for CdTe:Fe + where both
the unequal difference among lines and the presence of
extra ZPL were interpreted as clear indication of a
detectable JT coupling. '

available experimental information shows that only one
ZPL is possible, namely, ~y&(yt, 0),a ) ' ~I 5(I 5„0),k ),
where k runs over the three components of I 5. This is a
manifestation of a weak JTE. In order to approach this
observation from a quantitative point of view, we propose
that any other possible ZPL is at least one order of mag-
nitude less than the ZPL already characterized. This al-
lows us to define an upper limit for the effect. Let us just
recall that, in the case of iron in II-VI compounds, the
first two or three ZPL have comparable magnitude. ' '

The diagonalization of the Hamiltonian is then per-
formed fixing IO~Dq~ and A, in the way described above,
fixing the Ace values in accordance with Table I and vary-
ing just one parameter: EJT. Thus the upper limit on the
JT energy is directly obtained.

Figure 6 gives the relative intensity of the three leading
relative intensities f; If, [where i=1,2,3 runs over the
first three levels originated from ~I s(1',N), k ) ] which
have a zero-phonon component due precisely to the ad-
mixture introduced by the JT Hamiltonian. The case of
GaP:Fe + is presented in Fig. 6(a), while GaAs:Fe + is
presented in Fig. 6(b), and InP:Fe + is presented in Fig.
6(c). For EJr over 150 cm ', a second ZPL would begin
to appear. Since this fact has not been observed in the
experiments for any of the different systems considered in
the present analysis, we must conclude that EJT &150
cm ' for the vibronic coupling to the upper multiplet of
Fe + in III-V semiconductors.

In any case we expect that the value of EJT would be
larger for the upper multiplet than for the lower one.
This was the result for the II-VI compounds and should
hold true for the III-V compounds as well. The reason
for this is related to the different electronic wave func-
tions involved in these two couplings. It is possible that
the excited T2 multiplet would be described by external
orbitals while the lower energy E multiplet would be de-
scribed by internal orbitals which are less sensitive to the
vibrations of the environment.

V. CONCLUDING REMARKS

The Jahn-Teller coupling acts on the electronic levels
of magnetic impurities in binary semiconductors. For the
case of Fe + in III-V compounds, the calculations based
on a linear JT Hamiltonian give results that agree with
the spectroscopy experiments. However, we have found
that the coupling to electronic functions of different mul-
tiplets is indeed different both with respect to the active
phonon and magnitude of the coupling.

The unequal difference among luminescence lines of
Fe + in zinc-blende semiconductors is a clear manifesta-
tion of a weak Jahn-Teller effect. A single-phonon and
linear JT Hamiltonian leads to a good quantitative ex-
planation of both the energy and the relative intensities of
the observed lines. Generally speaking, we can say that
the representative phonon has an energy close to the pho-
nons corresponding to the points TA(L) of the corre-
sponding lattice dynamics. On the other hand, the value
of EJT does not vary significantly when going from one
compound to another: About 8 cm ' is an acceptable
common value.
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We also performed calculations using the value
EJT=0.0024 cm ' reported by West et al. for InP.
However, we did not find any noticeable effect for the
phonon energies used in previous analysis for the
different systems under consideration.

The exercise of extending these calculations to those
semiconductors for which there is no luminescence data
indicates that the spectrum of InSb would be extremely
attractive for testing these calculations in a more sensi-
tive way. Such a system is quite similar to CdTe:Fe +

where there are more than just four ZPI. in the spectra.
However, it would be worthwhile to investigate the possi-
bility of performing far-infrared-absorption experiments
in the cases of GaSb:Fe +, InAs:Fe +, and InSb:Fe + in
the case the narrow energy gap allows it. Such an experi-
ment proved to be a very sensitive test for the JTE in the
case of CdTe. Fe +

The JTE does not manifest itself in an appreciable way
for the upper T2 multiplet in III-V semiconductors with
iron as a substitutional impurity. This is not to say that

the effect does not exist. The clear manifestation of this
effect for Fe + in II-VI semiconductors, with both zinc-
blende and wurtzite structures, indicates that the small-
er ionicity of III-V compounds is associated to a less im-
portant vibronic coupling. In the present paper we have
calculated upper limits for EJT such that the resulting
lines would not be clearly observable in absorption exper-
iments. For GaSb:Fe +, InAs:Fe +, and InSb:Fe + a
common value of 150 cm ' could be taken as an upper
limit for the coupling to the upper multiplet.
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