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Electron-paramagnetic-resonance identification of a trigonal manganese-indium pair in silicon
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A new, defect-related electron-paramagnetic-resonance (EPR) spectrum in silicon doped with in-

dium and manganese is reported. The spectrum shows trigonal symmetry, and the involvements of
Mn and In in the defect are proven from the observed hyperfine interactions. A complicated and

unusual fine-structure behavior shows that the zero-field splitting and Zeeman energies are of simi-

lar magnitude, a so-called intermediate case. The analysis of the experimental data gives strong evi-

dence that the microscopic nature of the defect identifies it as being a nearest-neighbor pair of inter-
stitial Mn and substitutional In, and that the EPR spectrum originates from the S&~2 ground state
of the Mn + ion in a crystal field of cubic symmetry with a strong trigonal distortion, i.e., from a
(Mn, In, ) pair.

I. INTRODUCTION

Manganese is one of the most extensively studied
transition-metal (TM) impurities in silicon and has played
an important role for the understanding of such defects.
The information on Mn has been obtained from many
different experiments. Electron-paramagnetic-resonance
(EPR) investigations have given detailed information on
the identity, symmetry, and electronic structure, ' while
combined EPR and neutron activation measurements
have determined the temperature-dependent solubility.
From space-charge measurements the electronic proper-
ties of the defects have been characterized, ' and the
electronic structure has been analyzed from optical
data. ' Of special interest is the pioneering EPR investi-
gation by Ludwig and Woodbury, ' which showed that
isolated manganese can exist in different charged states,
both in interstitial (Mn;, Mn, , Mn;+, and Mn; +) and
substitutional (Mn, and Mn, +

) lattice sites. This in-
formation, together with data obtained on other TM im-
purities, was used to suggest a model by which the elec-
tronic configuration of the TM impurities could be pre-
dicted. These, and later experimental and more funda-
mental theoretical studies, have resulted in a comprehen-
sive picture of the electronic structure of isolated Mn. '

From EPR investigations it is also well known that
Mn, alone or in combination with other impurities or de-
fects, forms different types of complexes. The type and
concentration of these complex defects depend strongly
on the heat treatment, cooling procedure, and concentra-
tion of background impurities in the silicon crystal. One
such Mn complex is the Mn4 cluster, which was recently
investigated in detail by EPR. Other examples are the
pairs between Mn and different impurities. Of these, the
MnAu, MnPt, MnB, MnA1, and MnZn pairs were

discovered and identified by Ludwig and Woodbury, '

while the MnCu pair was studied by Dietrich et al. '

The successful exploration of pairs of iron and group-
III acceptors" ' has resulted in a renewed interest in
EPR investigations 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. So far, the
EPR spectra of (MnB)+ and (MnAl)+ have been ob-
served, " but only the (MnB)+ pair has been investigat-
ed in more detail. ' The spectra both show trigonal sym-
metry, and are interpreted as being due to a nearest-
neighbor (NN) pair of Mn, . + and B, and Al, , respec-
tively. The spectra 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 next-nearest-neighbor (NNN) configuration,
as was reported for the neutral (Fe;+A, ) pairs (with
A =Al, Ga, In), ""' ' has not, however, been observed for
the positively charged manganese-acceptor centers. The
electric behavior of the (MnB) pair has been character-
ized by space-charge techniques and a combination of
space-charge and EPR investigations, ' and the position
of the (MnB)+ energy level has been determined to be
E, —0.5 eV. Similar midgap positions have been report-
ed for the corresponding MnA1 and MnGa levels. '

In contrast to the other Mn-acceptor pairs, no experi-
mental data on the MnIn pair have ever been reported.
We have searched, therefore, for such a defect by codop-
ing Si samples with Mn and In. A new EPR spectrum,
showing great complexity, has thus been discovered. In
this paper the new spectrum will be identified as a trigo-
nal pair of Mn and In, and the analysis wi11 show that the
spectrum arises from the ground-state manifold of the
(Mn +In ) defect.
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II. EXPERIMENT

The samples were prepared from Czochralski grown,
indium-doped, silicon crystals with an In content of
about 10' cm . The manganese doping was performed
by encapsulating a small piece of metallic manganese and
a carefully etched I 110] oriented Si:In sample in an eva-
cuated quartz ampule. The ampule was heat treated for 1

h at 1150'C. After the diffusion process the sample was
rapidly quenched by dropping the ampule into water.

The EPR measurements were performed at the X band
using a Z%6 ERS 230 spectrometer equipped with a
fixed temperature cryostat (T=20.4 K) and a Bruker
ESP 300 spectrometer equipped with a He gas-fiow cryo-
stat for variable temperature measurements.

III. EXPERIMENTAL RESULTS AND ANALYSIS
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In samples codoped with Mn and In a complicated
EPR spectrum was observed. The spectrum, which de-
pends strongly on the angle between the crystal axes and
the magnetic field, is shown for the three main directions
(Bll(110), (111), and (100)) in Fig. 1. The sixfold
hyperfine splitting observed in these main directions
clearly shows the involvement of one Mn atom (I=—,',
100% natural abundance) in the defect. A closer inspec-
tion of the high-field line group in the Bll(111) direction
(see Fig. 2) reveals a further splitting of each Mn
hyperfine line into ten components. This proves the
hyperfine interaction with one In atom. The indium iso-
topes " In (4.28% natural abundance) and " In (95.72%
natural abundance) both have nuclear spin I= ', , and, —

since their gyromagnetic ratio is close to unity, they will
effectively give rise to only one tenfold hyperfine splitting.
This reasoning assumes that only the allowed nuclear
spin transitions (b,m,„=0)are of importance, and, as will

be shown later, this is actually the case in this particular
direction. In Fig. 2, a stick spectrum is also drawn,
which shows, firstly, the positions of the hyperfine transi-
tions caused by Mn (dashed lines) and, secondly, the posi-
tions caused by the further splitting due to In (small solid
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FIG. 1. Experimental EPR spectra of the {Mn'+In ) pair for
the three main directions, obtained at T =20 K and using a mi-

crowave frequency of 9.01 GHz. The single resonance at 320
mT is due to the surface signal.

lines). For clarity the stick spectra for In have been
drawn only for the outer lines. The intensity variation of
the experimental lines in Fig. 2 is a result of the overlap
between hyperfine split lines of In. For arbitrary direc-
tions the manganese and indium hyperfine interactions
become very complicated because of the simultaneous oc-
currence of allowed and forbidden hyperfine transitions.
This is due to a strong mixing of the nuclear states. In
the case of indium this mixing is due to the fact that the
hyperfine, the quadrupole, and the nuclear Zeeman in-
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FIG. 2. HyPerfine splitting of the fine-structure transition M = —3 ~M' = —
—,
' for B

~~
( & ] ] ) ( g =p ) at 7 =2p K

of the st&ck spectrum show the sixfold splitting caused by the manganese hyperfine interaction. Each of those lines are further split
into 10 1'nes by the indium hyperfIne interactions {indicated as small solid lines}. For simplicity that splitting is only shown for the
two outer manganese hyperfine transitions.
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field is rotated in a crystal [110] plane. Left side: p o o
possible fine-structure transitions. The bold lines reAect transi-
tions within t e t ree ra

' h' h th Kramers doublets (solid bold lines for
transitions wit in t e

' h' h ~+ —') doublet, dashed bold lines for tran-

sitions within t e
~ 2

ou e,h ~+ —') d blet and dotted-dashed bold lines
' h' th ~+ —') doublet). The thin solid linesfor transitions wit in t e

show transitions e w't' between different Kramers dou lets. Right
olid circles. n orderside: The experimental data are given by solid circles. n or er

to facilitate a comparison with the left figure, e p
calculated angular dependence for which experimental data ex-
ist are indicate y ind b th'n solid lines. The letters show the
different parts o t e ne-sf h fi - tructure transitions which are de-
scribed in Sec. III.

t tions have comparable strength .hs. In the case oferac i
manganese the mixing is caused by the effective mag netic

compara e eble electronic Zeeman and zero-field interac-
rfine atterntions. In this latter case the manganese hyperfine p

depen s on ed d the quantum number of the electronic spin
transition. This was extensively studied or

(Mn, B, pair. The intensity of all forbidden transi-
tions is equa to zero w en1 hen the magnetic field is oriented
exactly a ong e zion the z (trigonal) direction of the defect. But

ensitiesalreaay a sma mid ll salignment gives measurable intensi ies
of the or i en I—f b'dd (b, =+1) nuclear spin transitions o

akmanganese. ecause oB f such a small misalignment, wea
forbidden lines outside of the allowed hyperfine transi-
tions can be observed in Fig. . '

p
stood for anforbidden transitions can only be understoothese or i en r

M=+ —' t M'=+ —', sinceelectronic spin transition from
the theory predicts that only in that case do two of the

'
d (6 +1) manganese nuclear spin transi-

om letefall outside the six allowed ones. The comp etetions a ou si e
analysis of the hyperfine interactions will be preresented in
a later pu ication. ebl' ' . W do conclude, however, that the
observed hyperfine interactions prove that the defect con-
tains one Mn and one In atom.

The measured angular dependence of the electronic
spin transitions is plotted as solid circles on the right side
of Fig. 3. The solid circles represent the fine-structure
positions, w ic, which have been estimated as the center of

't f the measured hyperfine structure transitions.gravi y o
The intensity of the transitions depends strong y

not be ob-angle. Therefore, in many cases the lines canno
served for all directions. The low field resonance pattern
between 0 and 330 m T, denoted a in Fig. 3) indicates a

trigonal symmetry and, using the simp e spin
B ' S', the effective g' values (assumingPa 'g '

S'= —') were determined to be gI~
=2.00 an gi =

This behavior is expected for transitions wit in a
2

a +1/2)
doublet of a trigonally distorted spin- —', system wit a
large zero- e sp i in-fi ld s litting (characterized by the zero-field
sp»n1'tting parameter D). In the strong zero- e imi
(D)& sB), the expected g' values would e go-

' =6. However, the deviation from g~ =~ ~ ' =6 and the ob-
servation of several groups of lines

' 'g. ggin Fi . 3 su ests that
the fine-structure splitting is not dominating over t e
Zeeman splitting in the experiment.

From the observations described above, it can be con-
cluded (a more-detailed motivation will be given below
that the spectrum is caused by electronic spin transitions
wit in a &&2 groun

' h' S und state of a 3d manganese ion which
experiences a trigona isl distortion of the cubic crystal field
from an associated indium ion. e p'~ ~ ~

s in Hamiltonian o
such a manganese-indium pair can e w

'~ ~ ~

written as (ne lect-
ing the quadrupole and nuclear Zeeman hyperfine terms
discussed above) 14, 18

H =HcF+Hz+HM„+Hi„,

HCF =D[S, —
( —,

' )S(S+1)]—[(a —F)/180180][35S —30S(S+1)S, +25S, —6S(S + 1)+ 3S (S + 1 2]

+ a[S,(S++S )+(S++S3 )S, ],36

Hzg ipsBS+gip~(SB+SyBy)
Mn

(3)

(4)
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where all symbols have their usual meanings. A con-
venient way to analyze the spectrum in this formalism is
to apply perturbation theory. This is possible in our case
since the zero-field splitting energy is large compared to
the Zeeman and hyperfine splittings for the transitions
within the ~+ —,

' ) Kramers doublet. The information from

such a perturbation treatment has, in fact, already been
used to determine the symmetry and spin state of the de-
fect. The perturbation theory is, furthermore, useful for
an estimation of the zero-field parameter D. Such an es-
timated value can be used as an initial value for the pro-
cedure of exact diagonalization of the energy matrix used
later, a procedure which is necessary for a description of
the whole angular dependence. Using perturbation
theory up to the third order and neglecting the hyperfine
interactions, it can be shown that the experimental g'
value of a transition within the

~ 2T) doublet of an orbit-
al singlet system with spin S has the following angular
dependence

gz =3gx[1 2[gxpa—B/(2D)] ] . (10)

In order to determine the three parameters g~~, g~, and D,
it is necessary either to measure the spectrum at two
different microwave frequencies or to measure g' at some
intermediate angle to a very high accuracy. The first al-
ternative was not possible, and the second alternative is
not realistic in our case due to the uncertainty in line po-
sition and angle determination. Since our purpose at the
moment is only to estimate the zero-field splitting param-
eter, we use the approximation that the real

g~~
and gJ

values are both close to 2, which is indeed expected for an
S ground state. From Eq. (10) it is now straightforward
to estimate that ~D~ =0.5 cm . This simple calculation
shows that the energy of the zero-field splitting for the
MnIn system is of the same order of magnitude as the
Zeeman energy at the resonances and, consequently, an
analysis of all transitions using perturbation theory is not
suitable for this system.

In order to proceed 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 Hamiltonian, including the crys-
tal field and the electronic Zeeman interactions [Eqs. (2)

g'(8)=[g~~ +(k g, —
g~~ )sin 8]'

X [1 (n /4—)[(g~p, sB) /(2D)] F(8))

with

k = [S(S + I ) + I /4] '~

n =[S(S+ 1)—3/4]'

and

F(8)=sin 8[[(k g f+2g~~ )sin 8

—
2g)~ ]/[(k g~

—
gl )sin 8+g((]) .

With the magnetic field oriented along the trigonal crys-
tal axis, i.e., 8=0, Eq. (2) reduces to g'=g~~, while at
8=m /2, Eq. (2) gives for S=

—,
'

TABLE I. Spin Hamiltonian parameters of the (Mn; +In, )

pair.

gi
D
a-F

2.005+0.005
2.005+0.005
0.520+0.005 cm
0.015+0.002 crn
{54.9+0.5) X 10 cm
(53.7+0.5) X 10 crn
(9.0+0.1)X 10 cm

~3X10 cm

and (3)], a good agreement between the measured and cal-
culated line positions and intensities could be obtained
for the whole angular dependence of the fine-structure
transitions. The results of the theoretical calculations are
shown in Fig. 3. On the left side all possible EPR transi-
tions are included as solid bold lines for transitions within
the ~+ —, ) doublet, dashed bold lines for transitions within
the ~+ —,

' ) doublet, dotted-dashed bold lines for transitions
within the ~+T) doublet, and thin solid lines for transi-
tions between different Kramers doublets. On the right
side of Fig. 3, the calculated curves for which experimen-
tal data exist are included as thin lines in order to show
the good agreement between theory and experiment. The
parameters g~~, gz, D, and a —F, which were found to give
the best fit of the experimental points, are given in Table
I. The hyperfine constants determined in the main direc-
tions are also included in Table I.

In the following discussion of the results of the calcula-
tions it should be noted that the good quantum numbers
in the low-magnetic-field region differ from those in the
high-magnetic-field region. Of course, in the range in
which most of the spin transitions occur, there are no
good quantum numbers, but in order to keep track of the
energy levels in the discussion we will designate them
with the low field quantum numbers.

The energy structure of the ground-state multiplet of
the S~&2 system as a function of magnetic field has been
deduced from the calculation of the energy matrix, and
the results for the magnetic field along the high symmetry
axes are plotted in Figs. 4 and 5. The line group denoted
by a in Figs. 3—5, corresponding to transitions within the
~k —,') doublet, has already been discussed above in the
frame of perturbation theory. A second group of transi-
tions, denoted b in Figs. 3—5, is identified as a transition
within the ~+ —,') Kramers doublet. In agreement with

the experimental results, this transition has, according to
the calculations, no measurable transition probability for
the magnetic field oriented along the trigonal axis. It is,
however, allowed in other directions, particularly in the
perpendicular direction where the states are extremely
mixed.

In principle the same arguments as for the transitions
within the

~
2—,) doublet are valid for transitions within

the ~+—,') doublet, labeled c in Fig. 5. The transition

probability, however, is smaller for the transitions within
the k —,

' ) doublet. Therefore, only a small part of the an-

gular dependence around B~~(110) is measurable.
At higher magnetic fields (B & 400 mT) the Zeeman en-
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FIG. 6. Experimental (solid circles) and calculated (solid
lines) angular variation of the averaged effective hyperfine split-
ting of the M= —,

'~M'= —
—,
' transition for the (Mn, '+In, )

pair at 9.53 GHz and T=4.2 K.

seen that only the lines calculated with a positive D value

satisfy the experimental data, i.e., D =+0.52 as given in
Table I.

The averaged distances between the manganese
hyperfine lines for the ~+ I/2) transitions have a charac-
teristic behavior, which is shown in Fig. 6. In the strong
zero-field approximation (D »gpsB ), first order pertur-
bation theory can be used to describe the observed behav-
ior via the following equations in the S'=

—,
' formalism:

g' A' =g A cos6+k g B sin8

g
2

g
2 cos2g+ k 2g 2 sin2g (12)

Here, k is given by Eq. (7). The calculated dependence of
the effective hyperfine splitting, using the hyperfine pa-
rameters given in Table I, is drawn as a solid line in Fig.
6. The agreement is found to be reasonable.

IV. DISCUSSION

From the experimental data on the hyperfine interac-
tions, it was concluded that the observed EPR spectrum
is caused by a pair defect consisting of one Mn and one
In atom. The angular dependence of the fine structure
has been argued to be determined essentially by the gen-
eral feature of a manganese 3d center with a S5~2
ground state in a cubic crystal field with a dominant tri-
gonal component caused by the associated indium. The
trigonal zero-field splitting energy and the Zeeman ener-

gy at the EPR transitions have, furthermore, been shown
to be of the same order of magnitude, and we are there-
fore faced with a so-called intermediate case (see, e.g. ,
Ref. 19). It is concluded that the microscopic structure
of the defect is a pair consisting of an interstitial Mn
ion and a substitutional In ion located on the nearest-

neighbor site, i.e., a (Mn In ) pair.
This conclusion on the microscopic structure of the de-

fect is supported by several arguments. First, for 3d"
atoms, the —,

' spin system is expected only for Mn + on an
interstitial site, or Mn on a substitutional site. ' ' A
comparison of the spin Hamiltonian parameters, especial-
ly the hyperfine interaction parameters, for the MnIn
pair on the one hand and the Mn; + and Mn, on the
other hand, ' favors strongly an interstitial site for the
manganese ion. Second, it is a commonly accepted fact
that Mn diffuses interstitially and remains in the intersti-
tial lattice site after the crystal is quenched from the
diffusion temperature. The incorporation of Mn on a
substitutional site has only been observed in n-type ma-
terials, when lattice vacancies were simultaneously creat-
ed. ' ' Third, indium is known to occupy a substitution-
al lattice site. The charge state is most probably In
since the inhuence of indium on the electronic structure
of the defect is mainly to produce a strong trigonal
crystal-field distortion. This behavior is characteristic of
a spin-satisfied ion. Fourth, a strong argument in favor
of the (Mn +In ) charge state is the charge compensa-
tion behavior. The EPR spectrum is observed only in
strongly doped p-type samples where the indium concen-
tration is much higher than the manganese concentra-
tion. This means that the Fermi level is pinned at the In
acceptor levels, since the Mn concentration is not
sufFicient to compensate all In acceptors. If the In con-
centration is reduced close to or below the manganese
concentration, the (Mn +In ) EPR signal disappears.
We conclude that the full compensation of the In accep-
tors leads to the occupation of the (Mnln)+~ levels [in
our model (MnIn)+ means the same as (Mn +In )]. The
resulting neutral charge state has, so far, never been ob-
served by EPR. Fifth, the observed preferential forma-
tion of pairs compared to the expected statistical distribu-
tion of Mn, as well as its stability at room temperature,
demonstrates the existence of a strong attractive force be-
tween manganese and indium. We suggest that the ioni-
city of the constituents is mainly responsible for that
force.

The ionic force might also be responsible for the fact
that no observations were made of the bistable properties
which have been seen for many of the iron-acceptor
pairs. ' ' The physics behind bistability is that the total
energy of the TM-acceptor pairs differs when the TM
ion is placed in a NN or a NNN interstitial site. The
configuration-coordinate diagrams for the Fe- A pairs
( A =Al, Ga, and In) given in Ref. 21 show that the trigo-
nal NN configuration is favored if one moves from the
neutral (Fe+A ) to a positive (Fe +A ) charge state.
This indicates that the Coulomb force should play a more
important role in the case of (Fe + A ) pairs, keeping in
mind that a pure ionic model cannot describe the physics
of such transition-metal —acceptor pairs completely. It is,
therefore, perhaps not surprising that the (Mn +A )

pairs are only observed in the NN trigonal configuration,
as has been reported for (Mn +B )," (Mn +Al ),

' and
(Mn +In ) (this work).

The existence of an attractive force between the indium
ion and the manganese ion most probably shifts the man-
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ganese slightly from its regular tetrahedral interstitial po-
sition along the C3 axis toward the indium. Such a shift
from the nearest-neighbor position, or more generally
from any position allowed by the proved trigonal symme-

try, cannot be excluded from the EPR measurements
since the interaction with the Si isotopes could not be
resolved.

From a comparison with the literature we note that the
physical behavior and microscopic models for the known
Mn +-acceptor pairs are almost identical. They differ
mainly in the strength of the trigonal crystal field, which
is produced by the acceptors. The chemical trend seems
to be as follows: the bigger the difference between the sil-
icon atom and the replacing acceptor, the larger the tri-
gonal distortion is and, thus, the larger the trigonal crys-
tal field is. For instance, the zero-field splitting parame-
ter D for (Mn +In ) is about 10 times larger than the
value determined for the (Mn +B ) pair. '

Finally, it should be mentioned that the ionic model
which is used to describe many of the properties of
transition-metal-acceptor pairs represents an oversim-
plified picture and can by no means explain all the ob-
served data. For instance, in the case of FeB (Refs. 22
and 23) and MnB (Ref. 14) it was shown that the
hyperfine interactions can only be explained by also tak-
ing into account covalence effects between the constitu-
ents of the pair. The observed, strong, indium hyperfine
interaction indicates that this is also the case for MnIn.

V. CONCLUSIONS

The first observation of a manganese-indium pair in sil-
icon is reported. From an EPR investigation, the chemi-
cal identity is proved from hyperfine interactions with
both manganese and indium. The defect, which is stable
at room temperature, shows trigonal symmetry and an
unusually complicated fine-structure behavior, which is,
caused by a so-called intermediate case, i.e., the trigonal
zero-field splitting energy and the Zeeman energy are of
the same order of magnitude. As a result of a direct diag-
onalization of the energy matrix, it is shown that the ex-
perimental data can be successfully explained assuming a

Ss&z ground state of a Mn + ion which is split by a
strongly trigonally distorted cubic crystal field caused by
a nearest-neighbor In ion. Evidence for the
identification of the defect as a nearest-neighbor
(Mn, +In ) pair is given.
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