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An electron-paramagnetic-resonance {EPR) investigation of silicon doped with gallium and man-

ganese shows a defect-related spectrum with trigonal symmetry. The proof that Mn and Ga are involved
in the defect is based on the observed hyperfine interactions. A complicated fine-structure behavior re-
sults from the fact that the zero-field and Zeeman splittings are of similar magnitude, a so-called inter-
mediate case. The analysis of the experimental data gives strong evidence that the defect is a nearest-
neighbor pair of interstitial Mn and substitutional Ga, and that the EPR spectrum originates from the

S5&2 ground state of the Mn + ion in a crystal field of tetrahedral symmetry with a strong trigonal dis-
tortion, i.e., from a {Mn; +Ga, ) pair. A comparison between dift'erent Mn-acceptor pairs suggests that
the size of the pairing acceptor is the main reason for the observed diA'erences in the strength of the tri-
gonal zero-field splitting.

INTRODUCTION

Electron-paramagnetic-resonance (EPR) investigations
of manganese and manganese-related defects in silicon
have contributed substantially to the understanding of
the properties of transition metals in silicon. From EPR
investigations manganese is known to appear as isolated
point defects in different charge states in both interstitial
and substitutional lattice sites, in pairs with acceptors as
well as in clusters. ' The results obtained from these in-
vestigations, space-charge measurements, optical mea-
surements, ' and from theoretical studies" ' have
given a comprehensive picture of the electronic structure
of Mn-related defects.

The successful studies of pairs of iron and group-III ac-
ceptors have resulted in a renewed interest in EPR inves-
tigations of the corresponding Mn-acceptor pairs. '
For instance, the question whether or not the Mn-
acceptor pairs show metastable properties similar to the
Fe-acceptor pairs' ' ' is of considerable interest. Mn-8
and Mn-Al pairs are already known from the pioneering
work by Ludwig and Woodbury, ' but only the Mn-8 pair
has been investigated in detail. Recently, also, the Mn-
In pair was thoroughly studied in an EPR investigation.
In contrast to the Fe—group-III acceptor pairs, the
Mn —group-III acceptor pairs apparently show no metas-
tability. The EPR spectra obtained on the positively
charged Mn-acceptor pairs show trigonal symmetry and
are interpreted as being due to a nearest-neighbor pair of
Mn; + and 8&, A1&, or In&, respectively. The spec-
tra are successfully analyzed using a spin Hamiltonian
with S =

—,', corresponding to a model in which the spin
properties originate from the S5&2 ground state of a
Mn + ion in a trigonally distorted cubic crystal field.

The electrical behavior of the Mn-8 pair has been
characterized by space-charge techniques and a com-
bination of space-charge and EPR investigations. ' The

position of the (Mn-8)+ energy level has been deter-
mined to be E, —0.5 eV. Similar midgap positions have
been reported for the corresponding Mn-Al and Mn-Ga
levels.

In contrast to the other Mn-acceptor pairs, EPR data
on the Mn-Ga pair have not been reported. We have,
therefore, searched for such a defect by codoping Si sam-
ples with Mn and Ga. An EPR spectrum showing great
complexity has thus been discovered. In this paper the
spectrum will be identified as a trigonal pair of Mn and
Ga, and the analysis will show that the spectrum arises
from the ground-state manifold of the (Mn +-Ga ) de-
fect. Finally, the trigonal zero-field-splitting parameters
obtained for the (Mn-Ga)+ pair will be compared with
the corresponding parameters of the other Mn-acceptor
pairs.

EXPERIMENT

The samples were prepared from Czochralski-grown,
gallium-doped silicon crystals with a Ga content of
10' —10' cm . The manganese doping was performed
by encapsulating metallic manganese and a carefully
etched I 110I-oriented Si:Ga sample in an evacuated
quartz ampule. The manganese was allowed to diffuse for
1 h at 1150'C, and the sample was thereafter rapidly
quenched by dropping the ampule into water.

The EPR measurements were performed in the X band
using a ZWG ERS 230 spectrometer equipped with
fixed-temperature cryostats (T=20.4 and 1.4 K) and a
8ruker ESP 300 spectrometer equipped with a He-gas-
Aow cryostat for measurements at different temperatures.

EXPERIMENTAL RESULTS AND ANALYSIS

A complicated EPR spectrum was observed in samples
codoped with Mn and G-a. The spectrum, which depends
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FIG. 1. Experimental EPR spectra of the (Mn +-Ga ) pair
for the three main directions, obtained at T=20 K and using a
microwave frequency of 9.239 GHz. The single resonance at
329 mT is due to the surface signal.

strongly on the angle between the crystal axes and the
magnetic e, is sfi ld shown for the three main directions
(B~~(110), (111), and (100)) in Fig. 1. The sixfold
hyperfine splitting observed for some transitions in the
main directions proves the involvement of one Mn atom
(I =—', 100% natural abundance) in the defect. The2'

O ~high-field, fine-structure transition for BLL ( 111) i ~=0; 0
is the angle between the magnetic field and the trigonal
C& axis) shown in the inset in Fig. 1 reveals a further
splitting of each Mn hyperfine line into mainly four com-
ponents. This shows that a second atom with nuclear
spin I =—' is part of the defect, and as will be described2

'
~ ~ ~ ~ ~

below, a detailed analysis of this hyperfine interaction, in-
cluding the effects of the natural isotope content of Ga,
unambiguously proves that one Ga is part of the defect.
This reasoning is based on the fact that only the allowed
nuclear spin transitions of manganese and gallium
(b, =0) are of importance in this particular direc-~Mn, Csa

tion.
For arbitrary directions the manganese and gallium

hyperfine interactions become very complicated because
of the simultaneous occurrence of allowed and forbidden
hyperfine transitions. This is due to a strong mixing o
the nuclear states. The reasons for this mixing are the
same as those reported in the cases of Mn-B and Mn-

The measured angular dependences of the electronic
spin transitions are plotted as solid circles on the right in
Fi . 2. The solid circles represent the fine-structure posi-
tions, w ict' hich have been estimated as the center of gravity
of the observed hyperfine-structure transitions. A so, e
intensity of the transitions depends strongly on the angle

FIG. 2. Angular dependence of fine-structure line positions
f h (M +-Ga ) pair obtained at 9.01 GHz. The magnetic

~

'
l tofallfield is rotated in the [110I crystal plane. Left side, plot of a

possible fine-structure transitions. The dashed lines reflect tran-
sitions with a low transition probability. Right side, the experi-
mental data are indicated by solid circles. In order to facilitate
a comparison with the left figure, the parts of the calculated an-
gular dependence for which experimental data exist are indicat-
ed by thin solid lines. It should be noted that also the calculated
intensities agree with the experimental ones.

between the magnetic field and crystal axes. Therefore,
in many cases the lines cannot be observed for all direc-
tions. On the other hand, these intensity variations are o
great importance when assigning the fine-structure lines
to specific spin transitions.

For (Mn-A1), (Mn-B)+, and (Mn-In)+, the analyses
f the fine-structure spectra were simplified yb the facto e

he Mn-B)+that they represent two extreme cases.
and (Mn-Al)+ are examples for which the weak crystal-
field approximation is valid, while (Mn-In)+ shows a be-
havior, at least for the transitions within the S =

—,
' dou-

blet, typical of the strong crystal-field approximation. In
the case of (Mn-Ga)+, the spectrum is much more com-

licated and gives no simple picture of the behavior of an
expected trigonally distorted Mn +(3d ) ion in any of
these limiting cases. As will be shown in the analysis
below, the spectrum is, instead, a clear example of an in-
termediate case, where the Zeernan and the zero-fie d
splittings are of comparable magnitude.

On the assumption that the (Mn-Ga)+ pair shows the
same defect structure as the other Mn-acceptor pairs, the
EPR spectrum will be caused by electronic spin transi-

hin the 6S5/2 ground state of a 3d' manganese
ion which experiences a trigonal distortion of its
tetrahedral symmetry from an associated gallium ion.
The spin Hamiltonian of such a manganese-gallium pair

21can be written as

H Hz +HCF +HM +HQ

Hz=gIIP&B, S, +giga(B S +BySy)
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HC„=D [S, ——,'S(S+1)]—[(a —F)/180]I 35S, —[30S(S+1)—25]S, —6S(S+1)+3S(S+1) j

+(a2'~ )/36[S, (S++S )+(S++S )S,],
HM„=AM„S,I, "+BM„(SI "+S I "),
Ho, = Ao, S,I, '+Bo,(S I, '+S I

(3)

(4)

where all symbols have their usual meanings. Here the
nuclear quadrupole and nuclear Zeeman interactions
have been neglected. The z axis of the coordinate system
(x,y, z) coincides with the pair axis aligned with the C3
crystalline direction, and the x and y axes are chosen ac-
cording to Ref. 22; e.g., for z~~[111], the x and y axes are
given by x(~[112]and ye~[110]. According to the four C3
directions there are four different center positions, two of
which are always magnetically equivalent for rotation
around the (110) axis (as was done in our experiments).
Since perturbation theory cannot be used for arbitrary
directions in a truly intermediate case, we have applied
the method of direct diagonalization of the S =

—,
' energy

matrix. Using a computer procedure for the calculation
of eigenvalues and eigenfunctions for a spin Hamiltonian,
including the electronic Zeeman and the zero-field in-
teraction terms [Eqs. (2) and (3)], good agreement be-
tween the measured and calculated line positions and in-
tensities could be obtained for the whole angular depen-
dence of the fine-structure transitions. The results of the
theoretical calculations are shown in Fig. 2. On the left
all possible EPR transitions are included as solid lines for
large transition probabilities and as dashed lines for tran-
sitions with smaller transition probabilities. On the right
in Fig. 2, the calculated curves for which experimental
data exist are drawn as solid lines in order to show the
good agreement between theory and experiment. This
good agreement also excludes the possibility that there
are other Mn-related lines in the spectrum. The parame-
ters g~~, g~, D, and a —I', which were found to give the
best fit of the experimental points, are given in Table I.

It should be noted that the electronic spin quantum
numbers M defined by the trigonal crystal-field axis are
not good quantum numbers in the range of the magnetic
field in which the spin transitions occur. In order to keep
track of the energy levels in the discussion, we will desig-
nate them by the high-magnetic-field quantum numbers.

M
5/2

3/2

0 I 2

-1 2

-3/2
-5/2

This is in contrast to the description of the Mn-In pair.
The energy levels of a S =

—,
' system in a cubic crystal

field with a trigonal distortion have been calculated as a
function of the magnetic field. In Fig. 3 this is shown for
the magnetic field oriented (a) parallel with (8=0') and
(b) perpendicular to (8=90 ) the trigonal C3 axis. In the
parallel case there is no mixing of states (neglecting a
small contribution from the cubic fine-structure term in
the spin Hamiltonian); i.e., only 5M=+1, b, m =0 transi-
tions are allowed. (These transitions are, however, only a
part of the spectrum observed in the (111) direction.
The other ones originate in the defects oriented along the
other three trigonal directions which coincide with

TABLE I. Spin Hamiltonian parameters of Mn; +-Ga,

D
D(Mn- Ga) —D(Mn Ga)
a —F

(69~ )

fa (69o )
I

2.004+0.005
2.004+0.005
0.1773+0.0005 crn
—(0.06+0.005) X 10 cm
0.0025+0.0005 cm
(53.2+0.5) X 10 cm
(53.2+0.5) X 10 cm
(5.83+0.03) X 10 crn

(7.40+0.03) X 10 crn

(3.02+0.05) X 10 cm

(3.77+0.05) X10 " cm

500

Magnetic Field (tnT)

1000

FIG. 3. Energy-level diagrams for the (Mn; +-Ga, ) defect
for the pair oriented (a) parallel with the magnetic field

(B~~(111), 0=0') and (b) perpendicular to the magnetic field
(9=90') and which occurs at B~~(110) and B~~(112). EPR
transitions at 9.01 GHz are indicated. For an exact parallel
orientation (a) only allowed, AM=+1, electronic spin transi-
tions have a transition probability not equal to zero (bold ar-
rows).
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The ionic radii were based on the simplified assumption
that a Si crystal consists of residual Si ions in the 4+ oxi-
dation state and paired binding electrons. In this picture
the occupied acceptor has an oxidation state of 3+. The
ionic radii of Si(4+ ) and A (3+), with 3 =B, Al, Ga, and
In, were taken from Ref. 25. A plot of D as a function
of R [A(3+)]—R[Si(4+)] is shown in Fig. 7. It is in-
teresting to note that regardless of whether the Mn-
acceptor pair contains acceptors which are larger
(Al, Ga, In) or smaller (B) than silicon, it leads to the same
sign of the D value. Furthermore, as was already guessed
in Ref. 3, in the case of Mn —group-III acceptor pairs, it
seems that the bigger the size difference between the ac-
ceptor and silicon atom, the larger the zero-field parame-
ter D.

On the other hand, a dependence of D on the different
isotopes of the acceptors was observed for the Mn-Ga
and Mn-B pairs. This isotope effect is, however, more
than 3 orders of magnitude smaller than the differences in
D values discussed above. Therefore, we conclude that
the reasons for the different D values for different accep-
tors and the isotope effect on D are not the same. It has
been argued that the origin of the isotope shift in the fine
structure is essentially vibronic. ' In this model the
vibrations of the atoms which inAuence the resulting elec-
tric field are slightly different for different isotope masses,
and as a result, the zero-field parameter D differs for
different isotopes. The relative isotope shift of the zero-
field splitting parameters, 6D/D, is in this model propor-
tional to the relative mass change 5M/M. The measured
relative isotopic effect for Mn-Ga is 6D /D
= 1.75 X 10 per unit mass change and, for Mn-B,
~oD/D~ =2X10 per unit mass change (boron has the
two isotopes ' B and "B), while in the case of Mn-In, no
isotope effect could be resolved (since In has two isotopes
with " In and " In, with a natural abundance of 96%%uo

and 4%, respectively). This is in agreement with the
fact that the relative mass change 5M/M is much larger
for light elements than for heavier ones.

CONCLUSIONS

An observation of a manganese-gallium pair in silicon
is reported. From an EPR investigation, the chemical
identity is proved from hyperfine interactions with both

—0.50-
(MnIn)

~ 0.25- (MnGa)+

(MnAl)0
(MnB)

0.00-
-0.25 0.00 0.25 0.50

R [A (3+)] —R [Si(4+)] (A)

manganese and galliun:. The defect shows trigonal sym-
metry and an unusually complicated fine-structure behav-
ior because the trigonal zero-field splitting and the Zee-
man splitting in the experiments are very similar. As a
result of a direct diagonalization of the energy matrix, it
is shown that the experimental data can be successfully
explained assuming a S5&2 ground state of a Mn + ion
which is split by a strongly trigonally distorted cubic
crystal field caused by a nearest-neighbor Ga ion. Iso-
tope effects in the fine-structure parameter D are also
measured, and from a comparison between different Mn-
acceptor pairs, it is suggested that the magnitude of D de-
pends mainly on the size of the acceptors.
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