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A defect consisting of a substitutional indium and an interstitial iron ion in silicon has been studied us-
ing the electron-paramagnetic-resonance (EPR) technique. The defect is found to appear in two different
configurations, where the iron ion occupies two different interstitial positions near the substitutional in-
dium ion. In the first case the symmetry is trigonal and in the second case orthorhombic. For the ortho-
rhombic configuration, two EPR spectra were detected and they were found to originate in transitions
within the two Kramers doublets of a spin-% system with a large zero-field splitting. These two spectra

show a very complicated hyperfine structure, which could be successfully explained by taking the
hyperfine, nuclear Zeeman, and quadrupole interactions into account. Based on the result of the
analysis, we suggest that both the trigonal and the orthorhombic spectra originate in the *T’, state of the
*F ground state of Fe* (3d7), split by a cubic crystal field.

I. INTRODUCTION

Pairs made up of a transition metal and a group-III ac-
ceptor in silicon have been extensively studied in recent
years. In particular, the physics of the pairs between iron
and shallow acceptors has stimulated a great deal
of research ever since the pioneering electron-
paramagnetic-resonance (EPR) work of Ludwig and
Woodbury.! They studied the iron-boron, iron-gallium,
and iron-indium pairs and determined that the micro-
scopic structure has trigonal symmetry for FeB and
FeGa and orthorhombic symmetry for the Feln pair.
They suggested that these defects consist of an acceptor
on a substitutional site and an iron atom on the nearest
(FeB and FeGa) or next-nearest (Feln) interstitial site.
Later, van Kooten, Weller, and Ammerlaan found two
different FeAl pairs, one with trigonal and one with or-
thorhombic symmetry,? and recently Gehlhoff, Irmscher,
and Kreissl studied the FeGa defect in the orthorhombic
configuration.> They also detected new EPR spectra for
the orthorhombic FeAl and FeGa pairs. To explain the
existence of two orthorhombic EPR line sets, they pro-
posed a model in which the spin is  and the zero-field
splitting is large. It is suggested that the EPR transitions
take place within the two Kramers doublets of the § =3
system. The energy levels of these defects have been
determined using space-charge techniques.*>

Interest in iron-acceptor pairs increased considerably
in 1985 when Chantre and Bois in their deep-level-
transient-spectroscopy (DLTS) measurements observed a
metastable behavior of the FeAl pair, i.e., they showed
that the defect could switch between trigonal (nearest-
neighbor, or possibly fourth-nearest-neighbor) and ortho-
rhombic (next-nearest-neighbor) configuration.® Later it
was shown that the FeGa and Feln pairs also possess
metastable properties.” From the DLTS measurements it
was quite clear that each configuration gives rise to a
deep donor in the band gap. By combining EPR and
DLTS measurements, Gehlhoff, Irmscher, and Rehse
demonstrated the correspondence between the two
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different configurations and the two hole traps for FeAlL?

In spite of these efforts, there are still open questions
about iron-acceptor pairs which need to be solved. The
DLTS measurements have revealed two different
configurations for the Feln pair, while only one of them,
the orthorhombic, is detected by EPR. For FeAl and
FeGa there are two different EPR spectra for the ortho-
rhombic configuration, while for Feln only one is report-
ed. Furthermore, if we interpret the Feln spectrum in
the same way as in the case of FeAl and FeGa (S =3,
large zero-field splitting) and assume that the observed
resonance is the one within the lower doublet, then we
get the opposite sign for the axial fine-structure parame-
ter compared with FeAl and FeGa. These problems were
recently solved, as reported in three communications by
us, where we reported the finding of the EPR spectrum
corresponding to Feln in the trigonal configuration,® and
the detection of a second orthorhombic spectrum which,
in fact, was shown to be the spectrum corresponding to
the ground state.!®!! The aim of this paper is to present
a complete analysis, including the hyperfine structure, of
the orthorhombic EPR spectra and to derive the elec-
tronic structure of the Feln pairs.

II. EXPERIMENTAL DETAILS

The samples were prepared from a Czochralski-grown,
indium-doped silicon crystal with a resistivity of 2 {2 cm.
The crystal was oriented and pieces were cut
(2.5X2.5X 10 mm?®) with the long axis parallel to {110).
After evaporating iron onto the surface of the crystals, a
sample was placed in a closed quartz ampoule. In the
case of isotope doping, the evaporated iron was replaced
by a piece of iron enriched to 96% in >'Fe placed next to
the silicon crystal. The ampoules were then evacuated
and filled with argon gas. The diffusion took place at
1200 °C for 2 h before the samples were rapidly quenched.
The EPR measurements were either performed in a Bruk-
er ESP 300 spectrometer together with a helium-flow cry-
ostat from Air Products, or in a ZWG ERS 230 spec-
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trometer equipped with a liquid-hydrogen bath cryostat
and a special, triaxial goniometer to facilitate the exact
orientation of the sample. The spectrometers work in the
X band, and the measurements were performed at tem-
peratures between 4 and 40 K. In both spectrometers the
sample could be illuminated in situ.

III. EXPERIMENTAL RESULTS AND ANALYSIS

In all samples the two previously reported spectra, LW
and Lu4, of the orthorhombic iron-indium pair were
detected.!” Furthermore, upon illumination the trigonal
Feln spectrum, Lu2, was observed.” In Ref. 9, the Lu2
spectrum was analyzed in the effective spin S’ = formal-
ism, and the effective g’ values as well as the hyperfine
parameters were determined. These values are here given
in Table I.

Also, the orthorhombic spectra can be analyzed using
the effective spin S’=1 model, but, as was shown in Ref.
10, these spectra correspond to transitions within the two
Kramers doublets of a zero-field-split, spin-3 system.
The appropriate spin Hamiltonian can be written as

Hpg=D[S}—1S(S+1]+E[S}—5]]

+.U’B[ngxSx +gyBySy +ngzSz] ’ (1)
where x,y|[{110) and z||{100) and all symbols have
their usual meaning. The zero-field splitting

A=2(D?+3E?)!'? is much larger than the microwave
photon energy used and, therefore, only transitions
within the two Kramers doublets of the S =3 system can
be detected. This is the reason the spectrum can be treat-
ed approximately as two independent spectra and ana-
lyzed each with the §'=1 formalism in the magnetic-field
range available with the spectrometer magnet used. The
connection between the two representations can be ob-
tained from perturbation-theory solutions for the eigen-
values of Eq. (1), from which effective g’ values can be
calculated for both doublets. A simpler procedure is to
expand the exact eigenvalues of Eq. (1), which exist if the
magnetic field is parallel to one of the three principal
axes,'? to second order in the ratio of Zeeman interaction
to the zero-field splitting between the doublets. In this
approach the values of the effective g’ values (S'=1 for-
malism) are functions only of the real g values (S =2 for-
malism) and the ratio between the two fine-structure pa-
rameters E and D. This procedure was used in Ref. 10 to
determine the real g values and the ratio E /D in the stan-
dard axis system.!? If the assumption that guzB <<A is
insufficiently fulfilled for this approach, then higher-order
contributions to the effective g’ values must be taken into
account. Since these contributions contain terms with a
magnetic-field dependence, the effective g’ values ob-
tained vary with the microwave frequency. In the
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present case the S’=1 formalism is a good approxima-
tion for the observed transitions if the magnetic-field
directions in the vicinity of the y axis are excluded. The
breakdown of the approach using effective g’ values for
By is connected with the additional degeneracy between
the states of the lower (if D <0) or upper (if D > 0) dou-
blet which occurs for any given value of E/D
(0=<E/D = 1) when B is along the y axis at

g,upB;=2D[2E/D +2(E/D)*]' .

Clearly, if hv<AE,,  (the maximum splitting
|E,—E,| between the two states of the doublet) in the
magnetic-field range (0,B;), three lines may occur for
Blly. When B is rotated away from the y axis, the two
high-field lines will move toward each other and disap-
pear at a certain angle (looping transitions) which is
dependent on the magnitude of the microwave photon
energy. With the effective g’ value approach, only the
line at the lowest field is described. In the present case,
hv>AE, .., as can be seen in Fig. 1, and therefore only
the line at the highest field can occur for B|y. With the
magnetic field in the vicinity of the y direction, the two
lower lines turn into the high-field line in a very small an-
gular region. The complete angular dependence of the
EPR transitions is plotted in Fig. 2. The crosses
represent experimental points and the solid lines the cal-
culated rotation pattern using the real spin S =2, togeth-
er with Eq. (1) and the parameters summarized in Table
II. However, the value and sign of the parameter D were
deduced from the temperature dependence of the intensi-
ties of the two transitions corresponding to LW and Lu4
and using the determined ratio E/D.!®!! A determina-
tion of the fine-structure parameters from line positions
was not possible because of the very weak dependence in
the experimental region being used.

The EPR spectrum of the orthorhombic Feln pair
shows a rather complicated hyperfine structure (see Figs.
3-5). However, in the x direction the LW spectrum,
which represents transitions within the upper doublet,
shows a clear hyperfine splitting into ten lines, proving
the existence of one indium ion in the defect.!® Natural
indium consists of two isotopes, 4.3% ''*In and 95.7%
5In, which both have a nuclear spin I =2. Provided
that there are only allowed hyperfine transitions, the
hyperfine structure will consist of two sets of ten lines.
However, since the nuclear gyromagnetic ratio is almost
the same for the two isotopes and since the natural abun-
dance is much larger for !°In, only one set of ten lines
can be detected. Isotope doping with *'Fe (I =1) gave a
further twofold splitting of the EPR lines (see Fig. 3 in
Ref. 10) and it was thereby proved that the defect respon-
sible for the spectrum consists of one In and one Fe atom.
However, a detailed investigation shows a more compli-

TABLE 1. Spin-Hamiltonian parameters for the trigonal *’Fe!!*In pair. The spectrum is analyzed within the effective spin S =1

formalism.

g] =6.3840.01
g1 =1.08+0.01

|4} |=37£1)X107* cm™!
|4 <3X107* cm™!

|4} |=(1.240.3)X10"* cm™!
|41 =(

i 3+1)X10"* cm™!
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FIG. 1. Energy-level positions as a function of the magnetic
field for a spin-% system and the parameters given in Table II.
The magnetic field is applied in the y direction.

cated structure, also in the x direction. Four of the ten
lines are twofold split and there are also several addition-
al lines with lower intensity, as shown in Fig. 3. An even
more complex hyperfine structure is observed for the oth-
er principal directions, for intermediate directions of the
magnetic field as well as for transitions within the lower
doublet, because of the simultaneous appearance of al-
lowed and forbidden hyperfine transitions. In order to
describe the hyperfine structure the spin Hamiltonian
[Eq. (1)] must be complemented by

H=Hj.+Hy+Hf; , )
Hijp=A.S1, + 4,51+ 4,81,

—gnun[B. I, +B,I,+B.1,], 3)
HEP=P{[I2—T(I+D])+n[I2-121} , 4)
HEs=A,S I, +A,S,I,+A4,S,1,, (5)

where Eq. (3) represents the hyperfine and nuclear Zee-
man and Eq. (4) the quadrupole interactions with the in-
dium isotopes. Equation (5) is important only when dop-
ing is done with iron enriched in *’Fe (I =1), since natu-
ral iron comprises 97.8% of isotopes with I =0. The
terms, reflecting the iron nuclear Zeeman interaction are
omitted because its influence is estimated to be very small
and not measurable. The principal axes of the hyperfine
and quadrupole interaction tensors were assumed to coin-
cide with those of g and D. In order to describe the
hyperfine interaction, the total spin Hamiltonian, which
is defined by Egs. (1) and (2), was numerically diagonal-
ized and, thus, the energy eigenvalues and eigenfunctions
were found. From this it is possible to simulate the EPR
spectrum and fit the spin-Hamiltonian parameters to the
experimental one. In Figs. 3 and 4 such a comparison of
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FIG. 2. The part of the calculated (using the S =3 model)

angle-dependent resonance pattern which could be experimen-
tally measured (up to 1.4 T). The experimental points are in-
cluded. In the inset, the complete pattern is shown.

the hyperfine structure is shown for B|x and B]||y for the
transitions within the upper Kramers doublet (the LW
spectrum). The close similarity between the experimen-
tally determined and the calculated spectra is striking.
The parameters determined in this way are given in Table
II. Because of the complicated structure and the bad
signal-to-noise ratio, it was not possible to determine the
A, (Fe) value within the limits of this work.

The additional structures observed in the experimental
spectra are caused by the interaction with the neighbor-
ing »Si ions (I =1, 4.7%) in the different shells. This
was not considered in the simulated spectra, because the
resolution of the EPR spectra is too poor to make a
reasonable fit of the silicon hyperfine constants of the
different shells.

According to our analysis, the Lu4 and LW spectra
correspond to transitions within the lower and upper
doublets of a S =3 state with a large zero-field splitting.
Therefore, in the S =% formalism the hyperfine structure
of the Lu4 spectrum should be described by the same spin
Hamiltonian as the LW spectrum. In Fig. 5 the experi-
mental Lu4 spectrum (top) with B in the z direction is

TABLE II. Spin-Hamiltonian parameters for the orthorhombic *’Fe''*In pair. The spectrum is analyzed using Eq. (1) and § =3.

D =(—4.9£1.0) cm™!
E /D =0.05210.006

AP=(13.6£0.1)X107* cm™!
A"=(—3.0£0.1)X107* cm™! 7= —5.5+0.2
AP=(—6.3+0.1)X10"% cm™!

Pﬁ“ =(—0.54+0.02)X107* cm™!

gN=1.12+0.05

8, =2.07+£0.02
g, =2.05+0.02 | 4F|=(5.240.2)X107* cm™"
g, =2.09+0.01 |47¢]=(7.5£1.0)X10"* cm™!
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FIG. 3. (a) Experimental and (b) simulated hyperfine struc-
ture of the spectrum arising from the upper doublet (LW spec-
trum) with the magnetic field in the x direction.

shown together with the calculated one (bottom) using
exactly the same parameters as for the LW spectrum.
This fact and the similarity between the experimental and
calculated spectra are independent and additional proof
that the two spectra originate from the same defect.
Qualitatively, the complex hyperfine structure can be
explained in the following way: The eigenstates of the
Zeeman and fine-structure interactions given by H(1)
[the Hamiltonian in Eq. (1)] for the electronic transition
considered here are denoted |, ) (initial state) and |4, )
(final state). Since in the present case the splitting caused
by the hyperfine and quadrupole interactions described
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FIG. 4. (a) Experimental and (b) simulated hyperfine struc-

ture of the upper doublet (LW spectrum) with the magnetic field
in the y direction.
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FIG. 5. (a) Experimental and (b) simulated hyperfine struc-
ture of the lower doublet (Lu4 spectrum) with the magnetic field
in the z direction.

by Eq. (2) is small compared to that given
by the electronic Zeeman and fine-structure terms
[H(2) <<H(1)], the electronic parts of the eigenvalues of
H(2) are to a good approximation given by
(Y |H(2)|¢, ), with k =i, f. In this approximation the
whole hyperfine spin Hamiltonian H (2) is diagonal in the
electronic spin states. The indium hyperfine interaction
described by Eq. (3) can be exactly diagonalized in the in-
dium nuclear spin states by a suitable transformation of
the indium nuclear axes. These interactions cause a split-
ting of both electronic states into ten equidistant levels,
each of which we will label |¢);,m ) and |¢;,m"), respec-
tively. Here the indium nuclear quantum numbers m and
m’, which can take the values —%,— 7, ..., +3, refer to
the quantization axes z'(i) and z'(f) of the nuclear spin I
in the electronic states |4, ) and |4 ). The relative tran-
sition probability for a nuclear transition m<>m’ during
an electronic spin transition ¥;<>¢, is given by
|d,.m8)|%, where d,,,,(8) are the real elements of the ir-
reducible representation of the rotation group and §
denotes the angle between the nuclear quantization axes
in the two electronic states |¢,) and |¢,)."* With the
magnetic field parallel to one of the principal axes
(x,y,z), the angle 6 amounts to 180° and, therefore, only
the 21 +1 allowed hyperfine lines with m =m' appear.
However, for intermediate directions of the magnetic
field 8#180°, i.e., the (2I +1)* “allowed” and “forbid-
den” hyperfine transitions can occur. Including the
quadrupole interaction described by Eq. (4), the quantiza-
tion axes of the nuclear spin in both electronic states are
changed, with the result that 6 180° for all directions of
the magnetic field and, therefore, forbidden hyperfine
transitions will occur also for B||(x,y,z). The changes of
the axes z'(i) and z'(f) and therefore the changes of the
magnitude of & are determined by the relation between
the magnitude of the components of the hyperfine and
quadrupole tensors and the nuclear Zeeman term. Also,
the surprising symmetric splitting of four of the ten
hyperfine lines for the upper doublet with B||x thus finds
a simple explanation. In this case the quadrupole interac-
tion causes only a very small deviation of the nuclear spin
quantization axes from the quantization directions of the
effective electronic spin parallel (final state) or antiparal-



47 ELECTRON-PARAMAGNETIC-RESONANCE INVESTIGATION OF . . . 7029

lel (initial state) to the x axis, because the quadrupole in-
teraction is strongest in this direction. The spectrum is
therefore essentially determined by the allowed transi-
tions m —m'=0 and only a few weak, forbidden transi-
tions appear. This behavior is evident from the calculat-
ed energy levels, which are shown in Fig. 6. The equidis-
tant splitting of the ten hyperfine levels in both electronic
states described by |x;,m ) and |x;,m’) is changed by
the quadrupole interaction. The diagonal terms of the
quadrupole interaction with respect to the quantization
axis shift the energy levels but not, in the approximation
considered, the transitions, since the levels are displaced
equally proportional to m? in both electronic states and
the selection rule for the hyperfine transitions m —m’'=

is unchanged. However, apart from a small shift of the
energy levels, the off-diagonal elements of the quadrupole
tensor cause a mixing of the states |x;,,m) with
|x;;m+2) and |x;,m') with |x;,m'£2). Choosing the
eigenfunctions |/ ) as linear combinations of |m ) func-
tions with m differing by 2, the 10X 10 Hamilton matrix
for each electronic state reduces to two 5 X5 submatrices.
The coupling coefficients are larger the smaller the energy
distances between the states are. In our case the energy
differences between the |x;+3), |x;,+72), and |x;, +3),
as well as between the [x,,—3), [x;,—7), and
|x £ —%5), levels become very small. Therefore, the
eigenfunctions |x;,+2) and |x;,+3) are essentially
linear combinations of |x;+3) and |x;,+3). The mix-
ing of the other states is comparatively small. Because
the relative transition probability of the nuclear spin
transitions is given by |{m|m')|? it is clear that there
will be EPR transitions from |x;, +~%) and |x;, +§> to
lxs,+3). Since the two levels |x;,+3) and |x;,+3)

Hyperfine Nuclear Quadrupole
interaction Zeeman interaction
interaction

have almost the same energy, the two transitions will
take place at almost the same magnetic field. In other
words, the |x;,+3) to |x/, +7Z) transition seems to be
split into two EPR lines. The next “split” is given by the
corresponding transitions from the same initial levels to
the ]xf, +'§ ). In a similar way the two other “split” lines
are the corresponding transitions caused by the strong
mixing of the |x;, —2) and |x;, —3) levels.

IV. DISCUSSION

In analogy with the other neutral iron-acceptor pairs,
the neutral Feln pairs can be well described by a substitu-
tional, negatively charged acceptor with a closed shell
and a positively charged iron ion at an interstitial posi-

tion.'®!® The electronic structure of such a pair is there-

fore expected to be identical to that of the Fe™ state in a
cubic field with a trigonal or orthorhombic distortion. In
a cubic crystalline field the *F ground state of the 3d’
Fe* ion is split into two orbital triplets, *T, and *T,, and
an orbital singlet, * 4,, with the *T, state lowest in ener-
gy. This orbital triplet state is further split by the trigo-
nal or rhombic fields caused by the acceptor ion. The
schematic energy-level diagrams for the trigonal and or-
thorhombic defects are shown in Fig. 7. In accordance
with the experimental results, the splitting behavior is
given for a positive sign of the axial crystal-field parame-
ter 8,, for both cases.

The calculation of the g values and the zero-field-
splitting parameters D and E of the Fe' and other relat-
ed pair centers in silicon is a complex task. Following an
approach originally proposed by Abragam and Pryce,'®
this problem has been treated by several authors!’~!° by
restricting the calculation to the 12 base states of *T’; us-
ing an effective orbital momentum L’'=1 and including
the orbital contributions of excited states to the *T,
ground state through effective Landé factors. Within the
(2L'+1)(28 +1) manifold, the effect of the axial and
rhombic fields and the spin-orbit interaction can be writ-
ten as

H=Hc+H , 6)

FIG. 6. Energy scheme of the nuclear levels for the initial
electronic state of the upper doublet (LW spectrum) with the
magnetic field in the x direction. The levels are labeled with
their magnetic quantum numbers, taking the x axis as the
quantization axis.

Free Cubic Tetragonal Rhombic LS -
lon Field Field Field

Magnetic Free Cubic Trigonal LS- Magnetic
Coupling Field lon Field  Field Coupling Field

FIG. 7. Energy-level scheme for the 3d’ electronic
configuration in a cubic crystal field with an orthorhombic (left)
and a trigonal distortion (right).
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TABLE III. Determined crystal field 8,, and 8,;, and orbital Landé a parameters for the trigonal and orthorhombic iron-indium
defect. Also shown are the calculated and experimentally determined effective g’ values in the S'= 1 approach and, for the ortho-

rhombic defect, the energy distance A between the two lowest Kramers doublets.

Calculated values

Experimental values

8ax 6rh A A

Symmetry (cm™) (cm™Y) a (cm™) 8« g g (em™1) g« g g:
Trigonal +377 0 —0.325 1.08 1.08 6.38 1.08 1.08 6.38
Orthorhombic + 1831 95 —0.30 11 0.45 0.42 6.26 10 0.36 0.35 6.26
3.51 4.35 2.07 3.80 4.42 2.07
Hqp =8ax(%—Lz’2)+8rh(L;2—L):2) ) () 8,,=0, and also in this case it is necessary to use the
_ , , , value a= —0.3 in order to get agreement between the
Hys=Ma, LS, +a,L,S, +a,L;S;) , ®) calculated and experimentally determined g’ values. This

where §,, is the axial and 8, is the rhombic crystal-field
parameter, A is the spin-orbit coupling constant, and «;
(i =x,y,z) are the effective Landé factors. In the case of
trigonal symmetry, 8,=0. In a completely cubic crystal
field and without covalence effects, & amounts to —32 in
the weak-field and to —1 in the strong-field limit.2% It
should be noted that in this approach the fourth-order
contributions from the acceptor-induced crystal field are
not taken into account and, therefore, if z denotes the
main axis, there is no differentiation between the trigonal
and the tetragonal case. The combined effect of spin-
orbit interaction and the trigonal or orthorhombic crystal
field splits the ground state into six Kramers doublets,
and the EPR transitions take place within the lowest or
two lowest ones. The applied magnetic field lifts the
remaining degeneracy and the Zeeman interaction can be
described by the Hamiltonian

HZ::U'B[Bx(axL); +2‘sx )
+B,(a,L,+2S,)+B,(a,L,+2S,)] . (9

By combining Egs. (6) and (9), the total effect of the crys-
tal field, spin-orbit coupling, and magnetic field can be
calculated, and, further, by using the eigenvalues and
eigenfunctions obtained, the effective g’ values, as a func-
tion of §,,, 8., and a;, can also be found. The method de-
scribed implies that the 12X 12 matrix within the *T
state has to be diagonalized. To simplify, we restricted
the calculation to a single effective orbital Landé factor
a=a,=a,=a, and used for the spin-orbit coupling con-
stant A=—115 cm ™}, i.e., the value of the free Fe™ ion,
neglecting the reduction of its magnitude when the ion is
incorporated in a semiconductor crystal.

For the trigonal defect 8, =0, and, hence, only two pa-
rameters have to be fitted to the experimentally deter-
mined g’ values: gﬁ =6.38 and g| =1.08. However, in
order to attain these values, the orbital Landé factor had
to be reduced to a=~ —0.3. This is in analogy with the
result from similar calculations on the trigonal FeB,
FeAl, and FeGa pairs.2 The EPR spectrum of isolated
interstitial Fe™ can be predicted in this model by letting

strong reduction of a was discussed by Ammerlaan and
Gregorkiewicz, and covalent delocalization of the d elec-
trons over silicon atoms in the vicinity of the impurity
ion is assumed to be the predominant cause of this
effect.! The result for the trigonal Feln pair is shown in
Table III.

In the case of the orthorhombic pair, it was possible to
find fits with comparable agreement with the experimen-
tal data for different values of a. In this case we made
the assumption that = —0.3 in analogy with the trigo-
nal pairs. Also the relation 8, /8,, should be equal to the
relation E /D =0.052 in the spin Hamiltonian. It is
therefore only one parameter, §,,, which has to be fitted.
The parameters for the optimum fit and the calculated
and experimentally determined effective g’ values are in-
cluded in Table III. The agreement between the theoreti-
cally predicted values and the experimentally determined
ones is not as good as in the trigonal case. The reasons
for this might be that the fourth-order contribution of the
crystal-field distortion is neglected, the rough approxima-
tion to fit the experimental results with one orbital Landé
factor a, as well as the fact that the admixture of excited
states is not included in the calculation.

V. CONCLUSIONS

The iron-indium pair in silicon has been studied using
electron paramagnetic resonance. The hyperfine struc-
tures of the two orthorhombic spectra are analyzed in de-
tail and the proposal that the two spectra are caused by a
spin-3 system is supported. Both the trigonal and ortho-
rhombic spectra are found to originate in transitions
within the Kramers doublets of the *T; manifold of the
crystal field split “F ground state of the Fe™ ion. The
crystal fields caused by the acceptor ion as well as the or-
bital Landé factor are determined.
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