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A theoretical study is given of the vibronic energy levels of doubly ionized iron in the tetrahedral po-
tential of a II-VI compound. The orbital doublet and triplet states of Fe** experience energy shifts due
to the spin-orbit and spin-spin interactions and to Jahn-Teller couplings of the doublet and triplet mani-
folds with overtones of phonons of I'; and I's symmetries, respectively. The positions of the optical ab-
sorption lines in the near and far infrared are accounted for with excellent accuracy taking the orbital
splitting A=2530 cm™!, spin-orbit coupling A=—95 cm™!, spin-spin interaction p=0.7 cm™!, and
Jahn-Teller interactions E¥ =2 cm™! and E{} =275 cm™! describing coupling between the 3d elec-
trons and phonons of energies #iw; =28 cm ™! and #iws=40 cm ™! of symmetries I'; and T's, respectively.
The oscillator strengths (electric- and magnetic-dipole) are obtained for transitions within states in the
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orbital doublet as well as between these levels and the orbital triplet.

I. INTRODUCTION

The present paper deals with an investigation of the
energy-level spectrum of doubly ionized iron in a
tetrahedral environment. A first approach to this study
is based on the crystal-field theory. The 3D term of the
free ion separates into an orbital doublet and an orbital
triplet, where the former lies below the latter in energy.
The energy of separation is denoted here by A. Following
the nomenclature of Koster et al.,! we denote these man-
ifolds by °T'; and °Ts, respectively. The spin-orbit in-
teraction splits the tenfold Ty level into five, approxi-
mately equidistant, levels of symmetries I';, T'y, I'3, T's,
and T,, listed in order of increasing energy. The orbital
angular momentum L of these levels is quenched so that,
in first order in the spin-orbit interaction, AL-S, the sepa-
rations of these states vanish. Here S is the total spin
operator of the ion, and A the strength of the spin-orbit
coupling. In second order in A, admixture of the T, and
T'5 multiplets leads to the above-mentioned splittings in
which adjacent levels are separated by 6A%/A. The
fifteenfold degenerate °T's manifold splits in first order in
A as if it had an effective orbital angular momentum I
with 7=1 and a spin-orbit coupling equal to —AI-S.
Defining F=I+S8, since S =2, the °T's states split into
levels whose additional energies are 3A, A, and —2A and
degeneracies 3, 5, and 7 corresponding to F =1, 2, and 3,
respectively. In second order these degeneracies are lift-
ed further. For F =1, the symmetry is characterized by
I's which, for iron (A <0), is the lowest electronic level
originating from the °T's multiplet. For F =2, the level
splits into a triplet 'y and a double I';, while for F =3
the splitting is described by I's+I'y+TI';. The electron-
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phonon interaction couples these states with the vibra-
tional modes of the crystal and their overtones, giving
rise to a series of energy levels. These are described as
vibronic levels, i.e., admixtures of electronic and vibra-
tional excitations.

Optical-absorption due to the presence of transition-
metal ions of the iron group in compound semiconduc-
tors has been investigated by many authors.?””7 Slack,
Ham, and Chrenko? studied the near-infrared spectrum
of Fe?" in ZnS, CdTe, and MgAl,0,, while Baranowski,
Allen, and Pearson® investigated the same spectral region
in a number of II-VI and III-V compounds with iron and
cobalt. More recently Udo et al.® investigated the
transmission of CdTe:Fe?t and CdSe:Fe?* in the near in-
frared. Far-infrared absorption measurements of the ex-
citation spectrum of Fe?" in ZnS were carried out by
Slack, Roberts, and Ham*® and in CdTe by Slack,
Roberts, and Vallin,? who also extended their measure-
ments to the far infrared. Testelin et al.” investigated the
far-infrared absorption of CdTe:Fe?*.

Crystal-field theory accounts for the general form of
the excitation spectrum but fails to provide an explana-
tion for the spacing of the energy levels in the T'; and
T'5 multiplets or for additional transition which do not
find a place in this theoretical model. 46 To account for
these discrepancies, Slack, Ham, and Chrenko? proposed
a model in which the °T's5 multiplet is modified by a
strong coupling of the 3d electrons of the magnetic ion
with vibrational modes of the host crystal, i.e., the dy-
namic Jahn-Teller effect.®’

For the purpose of this investigation, the vibrational
modes of the crystal are best classified according to the
site symmetry of the magnetic ion rather than according
to the space group of the host. From symmetry con-
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siderations, it follows that matrix elements of the
electron-phonon interaction, Hep, between states in the
°T'; multiplet vanish for a phonon mode of symmetry I's,
while matrix elements between states in the >T's multiplet
need not vanish for phonons of symmetries I'; and T's.

The dynamic Jahn-Teller effect on the °T'; multiplet of
Fe?" coupled to a I'; phonon was investigated by Vallin!®
and, later, by Testelin et al.” Vallin concluded that the
far-infrared excitation spectrum of Fe?' in CdTe is con-
sistent with a weak Jahn-Teller energy of E;;=4.2 cm ™,
assuming a phonon energy #iwo=38 cm™!. Testelin et al.”
reach similar conclusions but fit their data with
E;;=2.510.3 cm~! and #%©=28+0.5 cm™!. Rivera-
Iratchet, de Orie, and Vogel'! considered the near-
infrared data of Refs. 2 and 5 for Fe?* in CdTe using
E;1=240 cm™! and a Ty phonon of energy #w=40
cm™!. Martinelli, Passaro, and Pastori Parravicini'?
have made an analysis of the near-infrared absorption in
CdTe:Fe?™ using Haydock’s recursive method.!® They
fit the data with E;1 =232 cm ™! and a I'; phonon of en-
ergy io=36 cm ! (A=2585 cm™ ! and A=—100 cm ).
Savona, Bassani, and Rodriguez'* have made a study of
the oscillator strengths and of the dynamic Jahn-Teller
effect in CdTe:Fe?*. On the basis of the evidence involv-
ing phonon-assisted transitions, ® they argued that the en-
ergy levels in the 5F5 multiplet of Fe?" are modified by a
strong coupling to a I's phonon. Agreement with the
data®S is obtained with a Jahn-Teller stabilization energy
E;;1=255 cm™! and a phonon energy #iw=~40 cm™, in
substantial accord with Ref. 2.

In this paper we describe both the near- and far-
infrared spectra of Fe’* in CdTe consistently using the
same material parameters. Specifically, we consider a
strong electron-phonon coupling between the electronic
states of the °I's multiplet with a phonon of symmetry IT" 5
and a weaker one between the °T'; states and a I'; pho-
non.

The analysis of this work is described in Secs. II-IV.
Section II displays the effective Hamiltonian of the Fe?™
ion in the tetrahedral potential together with the
electron-phonon coupling, while Sec. III is concerned
with the calculation of the energy levels. Section IV is
devoted to the study of the selection rules and oscillator
strengths for optical transitions. Comparison with exper-
imental work and further discussion form the subject of
Sec. V. For convenience here we give the numerical
values of the parameters appropriate for an isolated Fe2+
at a cation site in CdTe, as obtained in this work. With
the notation used here we have A=2530 cm™!, A=—95
cm™!, and the spin-spin interaction parameter p=0.7
cm™!. The I's phonon, of energy #io=40 cm ™!, interacts
with the °I's multiplet of Fe?>" with a Jahn-Teller stabili-
zation energy Eyr =275 cm™!. The electron-phonon cou-
pling used for the °I'; multiplet is characterized by
E;p=2 cm™! and #iwo=28 cm~!, the symmetry of the
phonon being T';.

II. EFFECTIVE HAMILTONIAN

The °D term of the free Fe?" ion in a field of T, sym-
metry splits into an orbital doublet (I";) and an orbital
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triplet (I'5), as we already mentioned in Sec. I. Denoting
by |[M.) (M;=2,1,0, —1, and —2) the orbital wave
functions of the free ion, the symmetry-adapted state vec-
tors in the crystal field are

71=10)
Hy,=2712(12) +]—2)) )
e=i2712(|1)+]|—1))

T {e,=2"Y2(—|1)+|—1)) )
e=i2 V22— 2)+|—=2)).

The state vectors ¥, and y, behave as 2z2—x2—y? and
V3(x2—y?), respectively, under the operations of T,
and €, €,, and €; transform as yz, zx, and xy (or x, y, and
z). The cubic axes are here called x, y, and z. The spin-
wave functions are denoted by 7, ¥,, €, €,, and &;, and
their behavior under the symmetry operations is identical
to that of the states listed in Egs. (1) and (2). The °T,
multiplet contains the states generated by the product
wave functions involving orbital and spin parts according
to MNeTl;=TelNel; and I,eTs=I,@e5 and are
denoted by the symbols a, B, v, 8, or € depending on
whether they belong to I'y, I',, T3, T4 or Ty, respectively.
They are displayed in Table I. In a similar fashion we ob-
tain the states of the S5Ts multiplet from
rs®(Tels)=I,+I3+20,+2Ts. The spin-orbit in-
teraction is diagonalized to first order in A by the vectors
shown in Table II, i.e., the off-diagonal terms in L-S be-
tween states of the same symmetry in the ST's multiplet
vanish. The matrices of L-S for the different states in
Tables I and II are given in the Appendix.
The effective Hamiltonian is

H=HO+VC(Td)+)\’L.S+HSS+HJT ) (3)

where H is the Hamiltonian of the free ion omitting the
spin-orbit interaction and the spin-spin interaction!>

Hgs=—p[(L-SP?+1L-S—1L(L+1)S(S+1)]. 4

The tetrahedral potential V,(T,) gives the separation A
between the °T'; and °T'5 multiplets. The electron-phonon
coupling Hy is given by

2 2
Hy=%o, 3 (afa;+ 1)+ 3 (af+a)U®

i=1 i=1

3 3
+iws 3, (b]b;+ 1)+ 3 (bf+b,)US . )
ji=1 j=1

Here a; (a,T) is a destruction (creation) operator for a
phonon belonging to the i row of I';. A similar statement
is applicable to b;, where j labels the rows of I's; and #iw;
and fios are the energies of phonons of symmetries I,
and I's5, respectively. The 5X5 matrices U,-m and U }5)
consist of 2 X2 and 3 X 3 blocks along the diagonal corre-
sponding to the matrix elements of the electron-phonon
coupling between the orbital states v, and y, for the first
block and €, €,, and €; for the second. The 2X2 blocks
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TABLE 1. Electronic wave functions for the *T'; multiplet of Fe** in a tetrahedral potential. The
wave functions listed in the first column are linear combinations of the product states in the first row
with the coefficients given below.

Y171 Y172 Y271 Y272 ¥1€1 Y1& Y1&; ¥2€1 Y2€2 Y283
la) L 1
V2 . . V2
B> 5 V1
|?’1) -1 L—
V2 . . V2
ly2) R
180 —1v3 -1
18,) 3 -1
185) 1
le;) -1 %\/3
lex) ——% _%‘/3
les) 1

of UY and U are —(#iw;E Y )%, and (#iw,EY) %0,
with o, and o, equal to the usual Pauli matrices. The
3X3 blocks are —(#w;E}Y ) 2(2M%3 —M?—M?2) and
~(ﬁa):;E";(T:?))1/23[/2(1‘4'%
are given in Egs. (19) in Savona, Bassani, and Rodri-

guez.

—M3) where M|, M,, and M,

The off-diagonal blocks of U and U are

equal to zero. The 2X2 blocks of U, U, and UY’
consist of zeros , while the 3X3 blocks are simply
(3%iwsESY /2)'*M; (j=1, 2, and 3). The off-diagonal
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2X3 blocks contain the following nonvanishing matrix

elements:

<7’1|U(15)|51>:<1’1|U(25)|62

__.3—1/2<,y2| U(15)|€1>

23_1/2(7’2|U(25)|52>=“%<7’1|U(35)l€3>

= — (5)4y1/2

Even though symmetry considerations do not rule out

TABLE II. Electronic wave functions for the °I's multiplet of Fe?* in a tetrahedral potential. The wave functions listed in the first
column are linear combinations of the product states in the first row with the coefficients given below.

€171 €72 €€, €€, €1€; €7 €72 €€, (213} [Z13] €7 €372 €€, €8 €8
la’) L 1 1
x/31 \/31 V3
' S - Z
|’}’1) Ve V6 ‘/3
lv3) L _1
oy L L _L e
! V2 V6 v’6 V6
&) o1 _L
2 | ve V2 v'6 1 v’6
' 1 —_— 2
183) 3 V8 Vi
Y3 S S—— -1 1
! 2 2V3 V3 V3
187) T § 1 _1
2 V3 2 2V73 V3
187) - L 1
3 1 V3 V3 V3
s A VE VE
’ = 1 o
et Ve “v Ve V3
) ; Vi Vi % 1
" 3 _ —_ _
€ Vs U 1 . Vi .
" —_— —i —_— e
lex) 1 i Vo U | VG
" . - —_ _l
|€3) V5 V5 \/5
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the presence of the matrix elements containing E}¢’ and
E}}), the energy shifts are not sensitive to the values
chosen for them. In fact, the quantity E}3’ appears in
second-order perturbation connecting I'; and I'5 orbital
states which are separated by A~2500 cm™~!. Thus the
effect of E}f is reduced by E}f’ /A which, if E}} were
of the order of E{3 would be about 10™!. If, as is reason-
able to assume, the primed and unprimed Jahn-Teller en-
ergies are comparable, and since E 3 is weak (as deduced
from the comparison between the theory and the far-
infrared measurements), the effect of E}?’ on the °T';
multiplet is negligible in comparison with the effect of
E(}. Because of these considerations we have set E;{’
and E} equal to zero. The results of numerical calcula-
tions in which we set E}3' =E{} and E;{’ =E'3 do not
differ significantly from those in which the primed quan-
tities are set equal to zero.

III. ENERGY LEVELS

To find the eigenvalues of the Hamiltonian operator (3)
we start with a set of symmetry-adapted wave functions
which are linear combinations of products of electronic
and vibrational states. The phonon states and their over-
tones are classified according to the irreducible represen-
tations of the group 7;. We denote by AB(n), B®An),
and C{*(n) (i =1 and 2), the overtones of the I'; phonon;
n is the order of the overtone which is taken to be n <6.
The symbols A4, B, and C indicate the irreducible repre-
sentation to which each overtone belongs; 4, B, and C
correspond to the I';, T',, and T'; irreducible representa-
tions of T,. Similarly we use the notations A 5X(n),
B®(n), C(n), D{*(n), or E*N(n) (i =1,2; j =1,2,3) to
designate overtones of order n of a I'5 phonon which be-
long to the I'y, I',, I'3, I’y or I'5 irreducible representation
of T;. These states are obtained using a projection opera-
tor formalism. Care must be taken, when for given n
there are two or more overtones of the same symmetry,
to ensure that the states are chosen to be orthogonal to
one another. In Table III we give the classification of the
overtones of a I'; phonon up to n =6. The overtones of
the I'5 phonon were obtained using the method of Ref.
14. It was necessary to consider overtones up to order
n =6 for the I'; phonon, and » =10 for the I'; phonon,
in order to obtain convergence in the energy values of the
vibronic states.

Symmetry-adapted vibronic states, i.e., combinations
of products of electronic and vibrational states, were ob-
tained using the Clebsch-Gordan coefficients for the
group T, as found, for example, in Ref. 1. We do not
display these states to save space. Here we mention a few
examples. The state @ 4 (0)) belonging to I'; is a prod-
uct of the electronic state |a) and of the phonon vacuum
state 4(0)=10,0)=0,0,0). The state

272y, P (D)) +y,C P (1)) ]

also belongs to I'; as follows from Unso6ld’s theorem. The
set

_—;-lelcl(n))+-;?V§|€1C2(n)) >
—1e,Ci(n)) —1V73|e,Ch(n))
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and

le;Cy(n))

generates the I's representation of the group (for n = 1).
Even though the I'5 phonons do not couple to the elec-
tronic °T'; states via H eps it is necessary to include in our
basis the states involving electronic levels in the °T"; man-
ifold and I'5 phonons. The reason for this is that the
spin-orbit interaction alters the spacing of the levels after
modification by H,.,. However, a good approximation is

TABLE III. Symmetrized overtones of a I';(7,;) phonon of
order n(0<n <6).

n Symmetry State
0 I, 490) 10,0)
1 T, c®) [1,0)
c®(1)  o,1)
2 r A(JD 1 1
1 (2) —‘/—512,0>+‘/—-2|0,2>
r; c$(2) %lz,o)—%lo,z)
cP2) —I1,1)
3. I, 493) 1[3,00—1v3|1,2)
r, B®(3) 10,3)—1v3|2,1)
r; c3) 1v3[3,0)+11,2)
Cc(3) 1v3|0,3)+1]2,1)
4 T, A494) 1/314,00+1/20,4)+1[2,2)
I, CP4) ‘%M,o)——‘/l—ilo,u
(3) __1 1
CcP(4) 1‘/§I3,1> 1‘/511,3>
r, c® —= —= -3
3 CP(4) ‘/18|4,o>+1/8|o,4> 1v73[2,2)
Ci@ =31 —T}.E|1,3>
5 T, A4%(5) —‘%Is,o)—ﬁlfi,z)—%ll,“
L, B9S)  —340-2Z23)+220s)
3 s———
r. c® 2 —1/2
3 CP(5) ‘/311|3,2> \/2,1|1,4>
(s 2 —_< s
(5) ‘/2_2_|4,1> vu'ﬁ”“/n'&”
L; G5 1V 813.2)+3//31L,4)+1/150)
) 3V BRI+ T D+ =105
6 T, A%6) 1(v56,0)+V5]0,6)+V3]4,2)+V3[2,4))
I, 4"%6) 2172”6,0)—|o,6>—w/1_5|4,2)+1/1_5l2,4>)
r, B®6) 1(v103,3)—Vv3|51)—Vv3]1,5))
r, c{®(6) ‘1/5(x/1_5]6,0)—\/-1§|0,6)+l4,2>—|2,4))
cP6)  —L(V5|51)+V35]1,5)+v63,3))
r; C¥(6) L(v36,0)+v6|0,6)—v5|4,2)—v5(2,4))
cy9(6) %(ls,l)—ll,s))
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obtained by restricting the basis to states containing over-
tones of only one vibrational mode.

With the set of basis vectors obtained in this fashion,
we can proceed with the diagonalization of the Hamil-
tonian matrix. The dimensions of the I'y, I',, I'3, I'y, and
"5 matrices are 342, 321, 659, 965, and 983, respectively.

To make contact with the experimental data in
CdTe:Fe’* we must select the parameters #iw;, #iws, E Y,
E{}, A, A, and p in a way consistent with the known
characteristics of the host crystal and the magnetic ion.
Several choices of these parameters were tried. The final
results were obtained in the following way. We first fixed
fiw; and fiws to agree with those of Refs. 7 and 14, and
selected values of A and p near the known values for the
free ion'® (namely A=—104 cm™! and p=1.04 cm™!).
A tentative value of A was selected and A, p, and E{}
were varied to fit the transitions in the far infrared.
These do not depend critically on the choice of A in the
vicinity of 2500 cm™!. The value of the T's—°T'; orbital
splitting A was adjusted using the transition labeled I by
Udo et al.,b varying E{}). The present value of A differs
from that of Ref. 6 because of the downward shift of the
lowest level in the °T's multiplet due to the Jahn-Teller in-
teraction. We note that the range of values of E{3 and
E(3 yielding a satisfactory fit to the data is rather nar-
row. Figures 1 and 2 show the dependence of the lower-
lying energy levels in the °T'; and °T'5 multiplets as func-
tions of E{3 and E\3, respectively. It is necessary to
recognize that, via the spin-orbit interaction, the dynamic
Jahn-Teller effect in the °I's multiplet modifies the
energy-level spacings in the °T'; multiplet. The choice of
A and p is not unique but is limited to a narrow range.
Besides our preferred choice (A=—95 cm™! and p=0.7
cm™!), satisfactory agreement was also obtained with
A=—102cm !and p=0.18 cm .
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FIG. 1. Energy levels of the low-lying vibronic levels origi-
nating from the T'; multiplet of Fe?* in CdTe as functions of
the Jahn-Teller energy E{¥ describing the interaction between
the electronic T, states and the I'; phonon. The remaining pa-
rameters are those specified in the text. The energies are mea-
sured from the ground state E;.
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FIG. 2. Energy levels of the lower vibronic levels originating
from the T's multiplet of Fe** in CdTe as functions of E{} mea-
sured from the ground state E,. The remaining parameters are

given in the text.

The energy levels of the system are labeled by the irre-
ducible representation of T, to which they belong. In
Table IV we list those states which we attribute to the ob-
served transitions, including the experimental and calcu-
lated values of the transition energies. We give their
symmetry by the index 1,2,. . .,5 of the irreducible repre-
sentation in the notation of Koster et al.! and an alpha-
betical index which simply gives the order of increasing
energy. The first I'5 level, for example, is labeled by 5,
the second (in the °T's multiplet) by 5’, and the third by

TABLE IV. Energies and oscillator strengths of far- and
near-infrared transitions in Cd,_, Fe, Te. The first column gives
the theoretical assignments of the lines. Columns 3 and 4 give a
comparison between experimental and calculated transition en-
ergies. In the last column are the calculated values of the oscil-
lator strengths. The experimental labels are those of Ref. 6. Pa-
rameters used are A=2529.9 cm~!, A=—95 cm™!, p=0.7
cm™l) ;=28 cm™!, fiws=40 cm™!, E}=1.97 cm~!, and
E{Y=275cm™!.

Expt. energy Calculated Oscillator
Transition Expt. label (cm™!)  energy (cm™!) strength
1—-4 18.6° 18.7 1.60x 1077
1—5¢ 66.0% 65.7 4.14x1077
1—5d 74.0° 74.2 3.15x1077
5b—5'a v 2231.9° 2232.8 3.19X107°
35 I 2256.3° 2258.5 1.69X107°
4—5 I 2264.1° 2264.2 3.24x10™*
455 X, 2275.1° 2275.1 1.22X107*
1—5’ I 2282.8° 2282.9 1.23Xx107*
1—5a X, 2293.8° 22939  1.04X107*
1—-5b Y 2309.0° 2309.0 1.05X107*
1—5' 2312.2 6.04X107°
1—5'd 2317.8° 2318.9 8.42X107°

2Reference 7.
bReference 6.
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5", with obvious similar notations for the other states.
E(3 was adjusted so that the spacings between lines I, X;,
and Y agree with the near-infrared data® and E Y to yield
agreement with the far-infrared data.>’ Figure 3 graphi-
cally shows the procedure followed. In the lower part of
the figure all parameters are fixed at the values listed in
Table IV except E}¥, while a similar situation prevails in
the upper part except that E{} is allowed to vary. The
dashed vertical line shows the adjustment of E}¥ and E {3
to the spacings of the transitions which we attribute to
the observed lines.

IV. SELECTION RULES
AND OSCILLATOR STRENGTHS

Table V gives selection rules for electric-dipole (E) and
magnetic-dipole (M) transitions between energy levels of
a quantum system in a tetrahedral field.

Electric-dipole transitions between the levels originat-
ing from the 3d% configuration in the free ion are, of
course, forbidden because of their parity. However, the
tetrahedral potential lacks inversion symmetry and,

EJ_T(S) ( em %)
[o] 50 100150200 250 300 350
T L L] T T L]
“-
‘6
3]
Lal
M
1
al
<]
__ 70 [Tee) - ITy) '
60 '
- [PSEEEEE
O 50 |
~ !
o 40 |I
', 30 F [Tg)-1Ty) I
m :
20 !
[T)-1Ty) |
10 :
1 1 1 i
00 0.5 1 1.5 2.5
(3) -1y
EJ_T ( cm )

FIG. 3. The transitions attributed to the experimentally ob-
served lines. In the upper part of the figure the calculated ener-
gies are given as functions of E{} with the remaining parame-
ters as in the text. In the lower part of the figure the transition
energies are displayed as functions of E}. The vertical dashed
line represents the best fit to the far- and near-infrared absorp-
tion data (Refs. 2-7).

COLIGNON, KARTHEUSER, RODRIGUEZ, AND VILLERET 51

TABLE V. Selection rules for optical transitions: electric di-
pole (E), magnetic dipole (M), and forbidden (F) in the dipole
(electric or magnetic) approximation.

I I, I, r, Ts
T, F F F M E
r, F F F E M
T, F F F EM EM
r, M E E,M EM EM
T E M E,M E,M E,M

hence, mixes the 3d % configuration with odd-parity states
in the configurations 3d°4p and 3d°4f. This mixing has
been calculated by Savona, Bassani, and Rodriguez. '* It
is shown that the transition probability depends on a sin-
gle matrix element denoted by {&;|3,z,ly,), where
states €; and y; are the orbital states defined in Sec. II
corrected in first-order perturbation to include the ad-
mixture of odd-parity states resulting from that part of
the tetrahedral potential which behaves as xyz. The sum
over a includes all electrons in the ion. Within the
point-ion approximation the coefficient associated with
this term in the T, potential equals (20/V'3)ze2R ~%,
where z is the effective charge (taken here equal to 2) and
R is the nearest-neighbor distance. For CdTe, R =2.8 A.
This model yields a value of the spacing A seven times
smaller than that observed.!* Thus we conclude that the
crystal is not purely ionic but is also significantly co-
valent. Instead of the nearest-neighbor distance one
should substitute the distance from the magnetic ion site
to the center of charge of the ligands. From the experi-
mental value of A we estimate this distance to be R ~2
A. Using the results of Ref. 14, we find

<e3 Sz, y1>=0.07}&,
a

in good agreement with the value obtained in Ref. 7 from
the ratio of electric-dipole to magnetic-dipole intensities.

The oscillator strength for an electric-dipole transition
between states i and j of degeneracies /; and /;, respec-
tively, is

Felh,))=C2may; /#)[(e,+2)/3]

L Ij
X2 2
k=1 Kj=1

(rjaKj|2ra'€|ri:Ki> 2. (6)

Here #iw;; is the energy separation between states i and j,
€, (for CdTe, €, =7.1), the optical dielectric constant of
the crystal, €, the polarization of the incident radiation,
m, the free-electron mass, and the states are labeled by
their irreducible representations and the rows «; and «;
to which they belong.

The oscillator strength for the magnetic transitions is
given by

fM(i,j)=(ﬁwijew/2mc2)
Lo
X3 i [{T;,x;[(L+28)-(ex%)|T;,k, ) |2

k=1 Kj=1

(7
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where %k is the unit vector parallel to the direction of
propagation of the incident radiation.

We have calculated the oscillator strengths for the
transitions which we attribute to those observed. These
are listed in the last column on the right-hand side of
Table IV. The I')—TI', transition is purely magnetic di-
pole allowed. The I';—T's is only electric dipole allowed
while the oscillator strength of the I'y—T's transitions
contains contributions from both electric-dipole and
magnetic-dipole matrix elements. In this calculation use
is made of wave functions obtained numerically in the di-
agonalization of the effective Hamiltonian described in
Sec. III. The most important terms in these wave func-
tions are given in Table VI. For ease of reading we have
deleted the superscripts 3 and 5 in the labeling of the
phonon overtones. The following must be noted: (i) For
levels |1, |3), |5¢ ), and |5d ) all phonon overtones have
symmetry T's; (i) |4) and |56 ) contain phonon overtones
of symmetry I's (labeled E), while the remaining over-
tones have symmetry I';; (iii) all other levels listed show
only I's-phonon overtones; (iv) 4 (0) is the phonon vacu-
um; and (v) the wave functions in Table VI contain addi-
tional terms involving phonons of either symmetry with
coeflicients which are too small to be significant and that
are, therefore, not listed.

As an example we mention that the oscillator strength
of the I'y—I's; line is obtained adding the contributions
of electric-dipole and magnetic-dipole transitions in
quadrature. The electric-dipole oscillator strength is
9.11X 10™%, while the magnetic-dipole oscillator strength
is 4.29X 1078, Of course, this transition is very weak at
low temperatures because then the population of the I',
level is small.

When they are allowed, electric-dipole and magnetic-
dipole transitions are often comparable between states in
the °T'; multiplet. The reasons for this is that the
electric-dipole transitions are induced by the mixing of
negative-parity states and additional mixing of °T'; and
5T'5 levels by the spin-orbit interaction. The magnetic-
dipole transitions, on the other hand, do not require mix-
ing with odd-parity states. '

V. DISCUSSION

The observed transitions between levels in the °T'; mul-
tiplet are of two types. We attribute three of them,
occurring at 18.6, 66, and 74 cm ™!, as originating from
the lowest level, namely I';. The final state of the line la-
beled 1—4 in Table IV is essentially a purely electronic
state with small phonon and higher multiplet mixing.
The final state of the line 1—5c is again an electronic s
level with a substantial component containing a I'; pho-
non. The most important contributions to the matrix ele-
ment of the electric-dipole moment are

(€;4(0)| 3 2z, |’ 4(0)) ,
(€54 (0) 3 2z,la4(0)) ,

and

(e54(0) 3 z,|laA(0)) .

a

In contrast, in 1—5d, [5d ) has a large contribution of
the state |8,C,(2)), but the transition is dominated by
matrix elements of the electric-dipole moment between
Th&; zero-phonon components in |5d) and |a4(0)) in

1).

A transition labeled 4—5d at 554 cm™! has a
significant oscillator strength of 1.24 X 10~7. However, it
should not be observed at low temperatures. A line at 54
cm ™! is observed by Lu et al.'? in Cd, ¢oFey o, Te which
is absent in the spectrum of CdTe. The temperature
dependence of its intensity is consistent with that of a lo-
cal vibrational mode. To the right of this line, Lu et al.
display a shoulder at 57 cm ™! which is not observed in
Ref. 7 except for a slight asymmetry. Thus we may attri-
bute this feature to the 4— 5d transition.

The parameters have been adjusted so that the calcu-
lated positions of lines I and X; agree with experiment.?*
Line Y is attributed to an electric-dipole transition from
the ground state |1) to |5’b ), the third vibronic state as-
sociated with the lowest I's level in the °I's multiplet
which has only small phonon admixture. The line la-
belled 1—5'd is correlated with the shoulder on the right
of line Y, and is obtained in our calculation without fur-
ther adjustment of parameters. This should has been ob-
served experimentally in Refs. 2 and 6 as well as by Vogel
et al.,'® who carried out absorption as well as lumines-
cence measurements in CdTe:Fe?". Their absorption
spectrum reproduces the features observed by Udo et al.®
Their lines L1 and L2 correspond to I and I, in the no-
tation of Ref. 6 and the features at 2293 and 2309 cm ™!
correspond to X; and Y. The additional structure associ-
ated with the 1—5’c transition at 2312 cm™! is not re-
ported in the existing experimental results.

The position, intensity, and temperature dependence of
the line associated with the 4—5' transition are in excel-
lent correspondence with the observed results for the line
labeled II in Ref. 6. The calculated ratio of the intensities
of lines I and II at 4.5 K is 1.5X 10% which compares
favorably with the experimental value 1.1X 10? reported
by Udo et al.®

The calculated intensities of the lines 1—5'a and
1—5'b identified with X; and Y in Ref. 6 are comparable
to each other and to that of line I. This agrees with the
experimental results® for Fe concentration 25X 10!
cm™? in CdTe. However, at low iron concentration the
measured intensity of line X; is considerably smaller than
that of line I (see Fig. 5 in Ref. 6). A possible interpreta-
tion of this result, advanced in Ref. 6, is that lines X; and
Y originate from antiferromagnetically coupled pairs of
Fel' ions. At this time, we cannot give a quantitative
analysis of this mechanism. Within the framework used
in this paper we are not able to account for the decrease
in the relative intensities of lines X; and Y in relation to
that of line I as the iron concentration decreases below
5% 107 cm ™3,

We identify the 3—5’ transition as the experimental
line III. We note that the wave function of state |3) con-
tains almost 90% of |aC,(1)), i.e., it is essentially the
electronic ground state plus one I', phonon of energy
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#iw;. This determines the energy of the initial state, |7,4(0)) and |€;4(0)). Thus our interpretation differs
namely 24.4 cm ™! above the ground state. However, the from that in Ref. 6, where no phonon coupling was in-
transition probability is determined essentially by the ma- cluded.

trix element of the electric-dipole moment between We remark that the wave functions listed in Table VI

TABLE V1. Vibronic wave functions for the states involved in the transitions considered in Table IV.

Notation E (cm™!) Wave function

’ 1 1
[1) 0 0.9748|a A (0)) —0.1610|a’ 4 (0) ) —0.1491 ‘—517,01(1))+‘/—§|y202<1)>

1 r 1 ’
+0.0195 Vilylcl(lw—ﬁmq(l)) +0.0272|lad (2))+ - - -

[4) 18.7 0.9525(8;.4 (0)) +0. 0900|8§A(0)) 0.1119/85 4(0)) —0.2421]8,C,(1))
+0.0316 ‘/_la Ez(l))+ ]SzE (1)) | —0.0226]85C; (1)) +0.0281|85C,(1))
~o.o927|e3c2(1)>—0.0191|53c,(2)>+o.o43018,A(2)>+ .

13) 24.4 —0.3876/y,4(0))+0.0518|y1 4 (0)) +0.8935|aC; (1)) —0.1469|a’C (1)} + - - -
I5b) 61.0 0.0638|e, 4 (0)) +0.9848 viillez(l))—Vli—lazElu)) +0.0106|€, 4 (0))
1 ’ 1 ’ 1 ” 1 ”
+0.0934 72|8.E2(1))—75|52E1(1)> —0.1163 lﬁlalEz(m—v_z—lsz E (1))
[5¢) 65.7 0.8016|€; 4 (0)) +0.0652|€; 4 (0) ) +0.0429| € 4 (0)) +0.1488/8,C,(1))
+0.3239]€;C, (1)) +0.4369|6,C,(2) ) —0.0510/85 C,(2)) +0.0483|e,C,(2) )+ - - -
|5d) 74.2 —0.4397|€34(0)) —0.0361]€3 4 (0)) —0.0236|€5 4(0)) —0.3131]8;C,(1))
+0.0992]€;C, (1)) +0.7546(85C,(2) ) —0.2627|8,B(3) )+ - - -
|5") 2282.9 0.4598|€3.4 (0)) —0. 0406|e3A (0))+0.0269|€y 4(0)) +0.4064|€5.4 (2))
—0. 3179{1/_ le,Ez(l))+ IezE (1)))—00972[‘/_ |e;'E2(1)>+‘/_ ley E (1))
[5'a) 2293.9 —0.0255|€3.4 (0)) +0.3420|€5 4 (0) ) —0.0486| €5 4 (0))
’ 1 ”n l ”n
+0.1124|y1E5(1)) —0.1181 72!5,122(1))—‘—/_;!82131(1))
+0.2385 T/%|.s;1v:2(1)>+T/%|e;}zl(1)>]
1 1
+0.0172|y,E;(1)) —0.0274 ‘—/7151122(1))——‘72[52121(1))]
+0.0894 %m;mu»—%;sglzlu))
1 1
—0.0170 7-;]61E2(1)>+—‘/-_—2-162E1(1)>
| S 1.
—0.0499 T/—E—Ie,Ez(l))+—1/—§—lezEl(l))
|5'b) 2309.0 0.4263)€, 4 <0)>+o 0280|e”A (0))—0.0374|e; 4 (0))
—0.3404 Ie,Ez(l))+ lezE (1))]+ -
|5'¢) 2312.2 0.0251]€34 (0)) —0.3049]€3 4 (0) ) +0.4475|€,C,(2) ) +0.3376|€5C,(4) ) + - - -
|5'd) 2318.9 0.0197|€3 4 (0)) —0.2863|€3 4 (0)) +0.069| €y’ 4 (0))
—0.2888 [7§’-l€1E2(1)>+72|62E,(1))J+ e
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are not complete, as indicated by appropriate ellipses.
We have listed the most important terms but additional
components were not displayed. These will appear in the
doctoral thesis of one of the authors (D.C.).
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APPENDIX

The matrix elements of LS between states of the same
symmetry in the wave functions listed in Tables I and II
are

4857
0o —2vé
) Al
for the |a),|a’) submatrix;
0 —2v3
—23 1 (A2)
for the pair |y;),|v}) (i =1 and 2);
0 Ve —2vV3
ve 1 0 (A3)
—2v3 0 -2
for (18,),18;),18!")), (i =1, 2, and 3); and
0 3(%)1/2 2(%)1/2
23 0 (A4)
A0 -2

for the three states |¢; ), |€!), and |€') (i =1, 2, and 3).
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