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The vacancy model for platinum in silicon as proposed by Watkins postulates a neutral Pt atom in the
5d'° electronic configuration occupying a negatively charged lattice vacancy, so that electronic proper-
ties of Pt~ should be similar to those of the isolated vacancy ¥'~. We show that this model, including
strong Pt spin-orbit coupling and a Jahn-Teller (JT) distortion of C,, symmetry combining tetragonal
and trigonal components, and having only ~10% of the electronic wave function localized on the Pt, is
qualitatively consistent with the results of the electron-paramagnetic-resonance (EPR) studies of Wood-
bury and Ludwig, which revealed an unusual form for the g tensor (nearly axial about ( 100) but depart-
ing strongly from the spin-only value of 2, with g, <2 <gy ). The model accounts also for the anisotropic
Pt hyperfine interaction and for superhyperfine interaction found to involve only two of the four
nearest-neighbor Si atoms. With three electrons in ¢, vacancylike orbitals the JT distortion has two en-
ergetically similar forms yielding the same C,, symmetry, one of which occurs for ¥~ and the other for
Pt~. With this identification, opposite signs found for the experimental strain-coupling coefficients of
V'~ and Pt~ may be explained. The vacancy model predicts a positive value for the product g,.g,,8.,
the opposite of that given by an alternative model due to Ammerlaan and van Oosten, which predicts
~70% localization in the Pt 5d shell. These models can, therefore, be distinguished by an experiment
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that determines this sign.

I. INTRODUCTION

Observation of the electron paramagnetic resonance
(EPR) of platinum in silicon was reported by Woodbury
and Ludwig' in 1962. The predominant spectrum found
at low temperatures (7'<12 K) is anisotropic, corre-
sponding to a defect of orthorhombic (C,,) symmetry,
and was interpreted by Woodbury and Ludwig as result-
ing from a single substitutional platinum in the charge
state Pt~ with spin S =, at a site distorted by displace-
ment of the Pt ion along a (100) direction. Later EPR
studies’ > have confirmed these observations, despite a
claim by Henning and Egelmeers? suggesting evidence of
hyperfine coupling with a second nearby Pt atom. Hen-
ning and Egelmeers? also reported that analysis of strain-
induced shifts in the g tensor as determined by a strain-
modulated EPR detection technique indicated a lower
symmetry compatible with such a Pt-Pt pair. Milligan,
Anderson, and Watkins® have shown, however, that stud-
ies of the hyperfine coupling of samples enriched in the
isotope %Pt or 8Pt do not support the proposal for the
presence of a second Pt, and in a companion paper® (pa-
per I) to the present one these authors report direct stud-
ies of stress-induced g shifts that show the defect symme-
try to be C,,, supporting the model of an isolated Pt™.

Despite the now widespread concurrence that this
spectrum results from a single substitutional Pt~ ion,
there has been no corresponding agreement on a model
for the defect’s electronic configuration, despite the lapse
of nearly 30 years since the work of Woodbury and
Ludwig. Several possible such models were briefly dis-
cussed by Woodbury and Ludwig in their original paper!
without going into detail. An early attempt at a detailed
model to account for the anisotropy of the g tensor was
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made by Lowther,” who ascribed the resonance to a hole
occupying a bonding molecular orbital outside a diamag-
netic Pt 5d shell and proposed that the g tensor could be
fitted if the hole were in an effective p state. An alterna-
tive proposed by Ammerlaan and van Oosten® places a
hole predominantly in the 5d shell and shows that the g
tensor can be matched to this model if the Pt is covalent-
ly bonded to two neighboring Si atoms.

Watkins® has proposed a “vacancy model” for Pt~ in
silicon to account for the spin (S =1) and for the defect’s
dihedral (100) distortion from the tetrahedral symmetry
of a substitutional site. Starting from the results of the
theoretical calculations by Cartling,'® Hemstreet,!! and
Zunger and Lindefelt'? on substitutional transition-metal
impurities in silicon, which showed that near the end of
each series the d levels lie deep in the valence band, Wat-
kins postulated for Pt~ a neutral Pt atom in the 5d'°
configuration occupying a negatively charged lattice va-
cancy. The electronic properties of the isolated vacancy
V"~ are indeed similar to those of Pt~, V'~ also having
S =1 and a dihedral {100) Jahn-Teller JT) distortion. *
The ¢, orbitals responsible for the resonance in the va-
cancy model are primarily located on the silicon neigh-
bors, so that this model contrasts with the conclusion of
Ammerlaan and van Oosten® that the hole is ~70% lo-
calized in the Pt 5d shell.

The purpose of the present paper is to develop the va-
cancy model in greater detail as a test of its applicability
to Pt~. We will be concerned particularly with the g ten-
sor, which for Pt~ shows large departures from the spin-
only value 2.0023, and with hyperfine coupling to both
the central Pt and the four nearest-neighbor Si atoms.
The spectrum shows that significant hyperfine coupling
occurs with only two of these neighbors, and it is clearly
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a requirement of a successful model that it yield the
correct pair while reproducing the anisotropies of both
the g tensor and the Pt hyperfine tensor. We are especial-
ly concerned with showing how the vacancy model leads
to static JT distortions of the form observed. As shown
from the stress data of the accompanying paper,® these
distortions (in both tetragonal and trigonal modes) have
the opposite sense for Pt~ from that found for ¥, and
we take as evidence strongly supporting the vacancy
model that it can account very naturally for this
difference. By contrast, the models of Lowther’ and Am-
merlaan and van Oosten,® though they can fit the an-
isotropy in the g tensor (though not that of the Pt
hyperfine tensor), do not yield JT distortions of the
correct form and thus do not account for the spontaneous
nature of these distortions. We will explore these alterna-
tive models with some care in order to make clear their
successes and weaknesses and to show exactly how they
differ from the vacancy model, all these models being
based on various degrees of occupancy of a ¢, manifold of
states (effective p states) in the presence of spin-orbit cou-
pling comparable in strength to the crystal-field split-
tings.

We will not attempt in this paper to achieve an exact
numerical fit to the experimental data for the g and
hyperfine tensors, because, as Anderson, Delerue, Lan-
noo, and Allan'* show elsewhere in making such a fit to a
phenomenological description of Pt~ based on the vacan-
cy model, it is necessary in doing so to include other
states (e.g., the remaining d orbitals of Pt) outside the ¢,
manifold of vacancy orbitals. Including these additional
states complicates the analysis beyond our purpose of
presenting the general features of the vacancy model and
showing that it is more successful than alternative models
in describing the Pt~ center.

An outline of this paper is as follows. In Sec. II A we
introduce the vacancy model and describe its alternative
possible forms of JT distortion as illustrated by the Pt~
and V'~ centers. Section II B shows how a strong spin-
orbit interaction resulting from the presence of the cen-
tral Pt atom leads to a g tensor that can depart strongly
from the spin-only value and in a first approximation has
axial symmetry about {100), even though the actual de-
fect symmetry is orthorhombic (C,,). The fact that this
spin-orbit coupling is of comparable strength to the
crystal-field splitting caused by the trigonal field makes it
essential for us to distinguish clearly in Sec. II C between
the true electron spin and the effective-spin operator used
in forming the spin Hamiltonian that describes the
response of each Kramers-doublet level to perturbations.
Also in Sec. II C we make corrections needed to include
nonaxial components of the g tensor. Sections II D and
IIE describe hyperfine coupling with the Pt and the
nearest-neighbor Si, respectively. Section II F analyzes
the effect of applied stress in shifting the relative energies
of the six different orientations of the distorted center,
and Sec. II G relates the corresponding strain-coupling
coefficients to the tetragonal and trigonal JT energies. In
Sec. IIT A we compare our theoretical expressions for the
g factors and hyperfine parameters with those obtained
from the experimental EPR data, and in Sec. III B we in-
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terpret the experimental strain-coupling coefficients in
terms of the JT energies and relate them to the corre-
sponding results for ¥ . Section IV contrasts the vacan-
cy model with the alternative models for Pt~ proposed
by Lowther and by Ammerlaan and van Oosten. We dis-
cuss our results and conclusions in Sec. V. An Appendix
gives the corresponding treatment of the spin Hamiltoni-
an for a second Kramers-doublet level, which is doubly
occupied in the vacancy model for Pt~ but is the magnet-
ic level in the alternative models.

II. ELECTRONIC STRUCTURE
A. Vacancy model with Jahn-Teller coupling

In this section we describe the vacancy model for the
electronic structure of the Pt~ defect in silicon, taking
this defect to be an isolated, substitutional Pt impurity in
its singly minus charge state. The suitability of Watkins’s
original proposal of the vacancy model for Pt~ was sub-
sequently confirmed by cluster calculations by Alves and
Leite!® specifically for substitutional Pt ~. The basic idea
of the model is illustrated in Fig. 1. The vacancy ¢, states
that lie within the band gap in this model result from the
dangling bonds on the silicon atoms surrounding the va-
cancy and interact weakly with the impurity d states of ¢,
symmetry, which are deep in the valence band for
transition-metal ions at the end of each series. Only a
small amount of the impurity d states should be mixed
into the vacancy ¢, states, therefore, and the resulting
molecular orbitals should be vacancylike in character.
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FIG. 1. One-electron energy levels of (a) the silicon vacancy
in full tetrahedral symmetry, (b) the 5d states of the Pt atom,
and (c) an isolated substitutional Pt impurity in silicon (with no
JT distortion). The interaction of the #, component of the 5d
states of the Pt atom with the ¢, gap states of the vacancy, lead-
ing for the Pt defect to deep bonding states and antibonding ?,
gap states, is indicated schematically. The indicated electronic
occupancies of the levels correspond to (a) the neutral vacancy,
(b) the neutral Pt atom, and (c) the Pt~ defect.
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These orbitals can be written simply as
li)=N¢P+Mp*, (1)

where M and N are factors that determine the relative
proportion of vacancylike and Pt components, and
i =§&,7m,6 denotes orbitals transforming in tetrahedral
symmetry as y’'z’, z’'x’, and x'y’ (or x’,y’,z"), respective-
ly, in terms of coordinates relative to cubic axes of the
crystal.

The population of this ¢, gap manifold is determined
by the number of impurity valence electrons and the
charge state of the defect. The neutral Pt atom has ten
valence electrons that fill the deep ¢, and e impurity-
induced states in the valence band. The neutral silicon
vacancy has two electrons in the ¢, gap manifold, the
other two filling the a; state in the valence band that
represents the symmetric combination of the four dan-
gling bonds. The Pt~ defect therefore has three electrons
in the ¢, gap manifold, as shown in Fig. 1. We expect
that the Pt~ defect should therefore be very similar to
the negative vacancy (¥ 7), and in fact the spin (S =1)
and the symmetry (C,,) are the same for these defects.

The C,, symmetry of the V'~ defect is the result of two
static JT distortions.!3 The first is a tetragonal distor-
tion, in which the silicon nearest neighbors are displaced
by pairs. Our analysis will consider that orientation for
the defect for which the tetragonal distortion Qg is
aligned with the z’ axis [i.e., Q5 ~(3z'2—r?)], so that the
state |£) is split from the doublet |£),|n). The second
distortion is a shear (Q,~x’y’) in which the two atoms
in one pair move apart and the two of the opposite pair
move closer, splitting the doublet. With a substitutional
impurity present, this second distortion can also involve
the displacement of the impurity along the z’ axis. We
will refer to this second distortion imprecisely as a trigo-
nal distortion.

While the vacancy model predicts that these two JT
distortions simultaneously occur and thus yields the
correct symmetry, the model does not predict the order-
ing of the one-electron states in the distorted
configuration when there are three electrons in the ¢, gap
manifold, a result that has been recognized independently
by Lannoo.!® We demonstrate this for a tetragonal dis-
tortion alone in Fig. 2, where we have drawn two possible
ways in which a ¢, state could split. In Fig. 2(a) the sing-
let |¢) is the ground state (as in the case of the V'~ de-
fect, see Ref. 13), and in Fig. 2(b) the doublet |£),|n) is
the ground state. In each case, when these states are pop-
ulated with three electrons, the sum of the one-electron
energies is the same, since for linear coupling to the
tetragonal distortion the energy displacement of the sing-
let state is twice that of the doublet but in the opposite
sense. Neither splitting is therefore favored. It is easy to
show that including the trigonal distortion does not
change this conclusion.

For the case of the Pt~ defect, we take the splitting to
be that shown in Fig. 2(b), since with this choice each of
the elements of the piezospectroscopic tensor for the Pt~
defect will be shown in Sec. III B to have the opposite
sign to that for the ¥~ defect, as found experimentally.
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FIG. 2. Alternative ways in which a 7, manifold of states
may split via a tetragonal JT distortion. In (a) the singlet is the
lower state, corresponding to one sense of the JT distortion
mode (Qy>0, say), while in (b) the doublet is lower, corre-
sponding to the opposite sense of the distortion. For three-
electron occupancy as shown, with linear JT coupling to Q, the
sum of the one-electron energies is the same in (a) and in (b) for
the same magnitude | Q| of the distortion.

We assume, as with the V'~ defect, that the splitting due
to the tetragonal JT distortion is much larger than that
due to the trigonal distortion.

Next we consider the JT coupling to the trigonal distri-
bution, which splits the doublet. As a result of the two
JT distortions, the ¢, gap manifold is therefore split into
three states,

|E)=N¢g'+(M/2)($,— ¢y —¢. +b4)

la)=(1&)+In)»)/v2
=(N/V2)E+eE)+(M/V2)b,—6,) , (2)

1BY=(—18§)+In))/v2
=(N/V2N— g8+ P+ (M /V2) (¢, —¢.) »

where ¢,, ¢,, ¢., and ¢, denote equivalent dangling
bonds, directed toward the central Pt site, on nearest-
neighbor silicon atoms lying in [111]’, [1T1]’, [111], and
[T1T] directions, respectively, as illustrated in Fig. 3.
(We denote a direction or plane with reference to the x’,
y’, z' coordinate system by placing a prime on the corre-
sponding bracket.) The coupling responsible for this
second JT distortion is described by

H o =—V7rQ(la) al—|B){B]), (3)

where Q. is the distortion coordinate and V' the trigonal
JT coupling coefficient. The molecular orbital |a) is il-
lustrated in Fig. 4. It consists of dangling bonds on sil-
icon atoms a and d in addition to the central Pt orbital
ang is even and odd, respectively, under reflection in the
(110)" and (110) planes. The orbital |B) is identical in
form but with the dangling bonds on the b and ¢ neigh-
bors and the role of these reflection planes reversed. In
describing the defect we will use a coordinate system
coinciding with its principal axes as defined by these
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FIG. 3. Geometry of the undistorted substitutional site of a
Pt impurity in silicon, showing the four nearest-neighbor Si sites
a, b, ¢, and d. Coordinate axes (x',y’,z’) coinciding with cubic
axes of the crystal are indicated by arrows. Also indicated are
coordinate axes (x,y,z) in the principal axis system of a JT-
distorted Pt~ defect oriented such that its tetragonal axis is
alongz': x =(x'+y")/V2,y=(—x"+y")/V2,z=2".

reflection planes: x =(x'+y’)/V2, y=(—x'+y')/V2,
z =2z'. These axes are also indicated in Fig. 3.

B. Role of spin-orbit interaction: Approximation
of an axially symmetric g tensor

Spin-orbit interaction with respect to the one-electron
t, orbitals of Eq. (1) in tetrahedral symmetry takes the
simple form

Hsoz}\'(-L'S) ’ (4)

where L is an effective orbital angular momentum opera-

-@y
&

Si-d

FIG. 4. Schematic representation of the molecular orbital
|a) defined in Eq. (2). The orbital is even and odd, respectively,
under reflection in the xz and yz planes and comprises an anti-
bonding combination of a Pt 5d orbital (~xz) with dangling
bonds on the silicon atoms @ and d.
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tor defined!’” to have nonzero matrix elements only be-
tween these orbitals in every respect identical to those of
true orbital angular momentum ¢ with respect to an
atomic p state. Because of the large spin-orbit coupling
Ep(£+S) of the 5d states of atomic Pt, for which
Epe=3368 cm 1, !® we may expect the principal contribu-
tion to the spin-orbit parameter A of the defect to be that
of the central Pt, given from Eq. (1) by

A=—N%p, (5)

if ¢% is approximated by a 5d atomic orbital. We note in
particular that we expect to have A <0.

The Zeeman interaction may be represented similarly
by

H;=g,up(S-B)+g up(L-B), (6)

with pp the Bohr magneton, and g, =2.0023 and g, are
the spin and orbital g factors. In the approximation'® of
attributing orbital angular momentum only to the central
Pt, as in Eq. (5), we have

815“N2~ ™

We therefore expect to have g, <0, a consequence of £
and ¢ having matrix elements of opposite sign but equal
magnitude with respect to the 7, components of atomic d
orbitals. 7

It is convenient to start our analysis with the exact
spin-orbit state of the doublet [£),|n) in the
configuration of the tetragonal JT distortion along the z
axis, for which the symmetry is D,;. The only term of
H, having matrix elements within this doublet is A.L,S,,
so that we have for the spin-orbit eigenstates one Kra-
mers doublet

l4)=(a)—ilB))/V2,

_ _ (8)
l4*Y=(a)+ilB))/V2,

at energy E = —A /2, where we use the basis |a) and |B)
defined by Eq. (2) and henceforth designate orbital states
with S,=+1 by |a),|B) and those with S,=—1 by
|&@),|B), and a second doublet

|B)=(la)+ilB))/V2,
|B*)=(la)—ilB))/V2,

at E =A/2. Evaluating matrix elements of H, from Eq.
(6), we find for a magnetic field B along the z axis that the
Kramers doublet | 4 ) and | 4*) splits as +=1g_ upB, cor-
responding to a g factor (effective spin 1)

9)

gzz:ge_zgi s (10)
while for |B) and |B*)
gz::ge+2gl . (an

Both of these Kramers doublets do not split in magnetic
fields perpendicular to the tetragonal axis and thus have

8xx =gyy :gl =0.
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Spin-orbit interaction couples the components |¢),|E)
of the orbital singlet, which lies an energy A, above the
doublet |£),|n), with the Kramers doublet fA 2,1 4%,
but not with |B),|B*). Taking exact account of this
coupling by H, in Eq. (4), we must then replace | 4 ) and
|4*) by

‘A’):cosalA>_Sina|§) ) (12)

|A'*)=cosa| A*)+sina|l) ,

at energy E =—(A/2)(1 +V2 tana), where a is given by
tan2a=AV2/(A,+1A), (13)

The trigonal JT coupling (3) mixes corresponding spin
components of the two Kramers doublets (8) and (9).
Treating exactly the resulting coupling between (A', 4'*)
and (B,B*) [but ignoring the weaker coupling to the
states orthogonal to Eq. (12) in which |[£) and [{)
predominate for |A/ A§| < 1], we find one root at

E=—(}»/2)(1+\/_2tana)—VTQ§cosatan9 , (14)
corresponding to the Kramers doublet

|H)=cos0| A’')+sinb|B) ,

(15)
|H*)=cosf| 4'* ) +sin|B*) ,
where 0 is given by
tan20=2(VrQ,/A)cosa/(1+2~*tana) , (16)
and a second root at
E =iA+V5Qcosatanb , (17)

corresponding to a doublet (L,L*) given in the Appen-
dix. In Eq. (16), @ is to be taken (for A <0) in the range
0<6<m/4 for V7 Q<0 and in the range —m/4<6<0
for V1 Q,>0.

For both Kramers doublets (H,H*) and (L,L*) we
find as a result of the mixing of the states of Egs. (8) and
(9) by H,;, that the perpendicular components of the g
tensor are no longer zero. Ignoring in a first approxima-
tion the spin-orbit mixing with |£),|E) (.e., taking
cosa=1), we find that the symmetry of both g tensors
remains axial, with

8.: =8| —8. —28c0s20 ,
(18)
g, =§&,sin20 ,

for the upper doublet (H,H*). The departure of g,, from
g. is caused by the orbital magnetic moment, but that of
g, is the result of the spin-orbit coupling in mixing the
states |a) and |B) and thus reducing the matrix elements
of the spin magnetic moment. For Pt™, for which we ex-
pect to have g, <0, we should therefore find g,, > g, and
the g tensor approximately axial with 0<|g,| <g, if the
unpaired electron is in the upper doublet (H,H*) as ex-
pected for the ¢3 electronic configuration of Fig. 2(b).
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C. Effective spin: Nonaxial correction
to the g tensor

In introducing the g factors in Egs. (10), (11), and (18),
we have implicitly made use of the concept of a spin
Hamiltonian in terms of an effective spin , the conven-
tional practice?® in describing the splitting of a Kramers
doublet in magnetic fields or by hyperfine coupling. Or-
dinarily, the relation of effective spin to the true electron
spin is self-evident, and there is no need to make it expli-
cit. But for the states of the Pt~ defect we have found
that this relation can be ambiguous. It is important,
therefore, to be clear in distinguishing effective spin from
true spin, the relative signs of the g factors and hyperfine
parameters being dependent on what choice is made in
defining the effective spin.

In C,, symmetry, a Kramers doublet such as (H,H*)
in Eq. (15) belongs to the irreducible representation I'5 of
the double group,?! while the true spin components S, ,
S,, and S, (or the effective orbital angular momentum
components L, L y» and L,) transform, respectively, as
the distinct representations I'y, I'5, and I';. Because the
direct product I'sXTI's contains each of I';, I';, and Iy
only once, the Wigner-Eckart theorem assures us that all
matrix elements of S, with respect to |H) and |H*)
differ from those of any other operator transforming as
I"4 by only a common proportionality factor. The same is
true for S, or S, and any other operator transforming as
I', or I'; (with a differential proportionality factor in each
case). In particular, in this symmetry we can define
effective-spin operators §,, &,, and §, that transforms as
I'y, T'5, and I';, respectively, and have matrix elements

(H|S | H*)=(H*|S|H)=1,
(H|S,|H*)=—(H*|S |H)=—i/2, (19)
(H|S,|H)=—(H*|$,|H*)=1,

so that §,, §,, or &, in the basis |H ),|H*) equals one-

half the corresponding Pauli matrix, and the effective

spin satisfies the commutation rules for spin 4. Con-

sistent with the Wigner-Eckart theorem, we then have

(H;|S,|H;)=(2uv —wz)(Hile?lej) ,
(H;|S,|H;)=Quv +w?{H,|$,|H,) , (20)
(H;|S,|H;)=(1—2w?)(H,|$,|H,) ,
where (H;, H;) represents any combination from the pair
of states (H,H*), and we have represented |H) and
|[H*) in an exact form consistent with Egs. (8), (9), (12),

and (15) (neglecting coupling to all states outside the ¢,
gap manifold):

HY=u(la)—ilB))/V2+v(la)+ilB)) /V2+w|E) ,
1)

|H*Y=u(l@)+ilB))/V2+v(|a)—ilB))/V2—wlc) .

The coefficients u, v, and w are real, satisfying the nor-
malization condition
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ultovl4w?=t, (22)

and should be given to an excellent approximation, ac-
cording to Egs. (12) and (15), by

u =cosf cosa ,

v =siné , (23)

w = —cosf sina ,

with a and 0 given by Egs. (13) and (16).

The choice in defining the effective spin in Eq. (19) is a
purely arbitrary one, but it is convenient in the case of
the Pt~ defect, as we shall see, in causing g,, and g,, to
have the same sign. If alternatively we had chosen to in-
terchange [H) and |H*) in assigning the +1 and —1
states of &, and correspondingly had changed the signs of
the matrix elements used to define &, in order to preserve
the spin-J commutation rules, as done in the treatment of
a similar problem by Bleaney and O’Brien,?* we would
have reversed the signs of the factors for S, and S, in Eq.
(20) and correspondingly the spins of g,, and g,,. This
choice would be a natural one, as motivated by the sense
of the true spin in the components |£) and |£) in |H)
and |H*), respectively, in Eq. (21), if we had
|w| >>|ul,|v]. Other alternative choices for the definition
of the effective spin, of course, would be equally valid, but
in the present work we will use always that given by Eq.
(19) [and for the state (L,L*) of the Appendix the choice
obtained from Eq. (19) by replacing H and H* by L and
L*, respectively].

The spin Hamiltonian for the Zeeman splitting of ei-
ther of the doublets (H,H*) or (L,L*) in C,, symmetry
must have the general form

7{2 =.L"B(gxx osaxBx +gyy°sbyBy +gzz‘ssz) ’ 24)
since B,, B, and B,, like &,, §,, and §,, transform as
T,, T',, and T3, respectively. The g tensor for (H,H*) is
accordingly given exactly from Eq. (6), the spin matrix
elements of Eq. (20), and the corresponding matrix ele-
ments of L, _Ly, and L, by

2o =8.(2uv —w?)—g 2V 2w (u —v) ,

8y =8 (2uv +w?)+g 2V 2w (u +v), (25)

8, =8.(1—2w?)—2g (u?—v?) .

We see, therefore, that the effect of spin-orbit coupling to
the splitoff state |£), which yields a nonzero value for w,
is to remove the axial symmetry obtained in Eq. (18).

In a study of paramagnetic resonance in transition-
metal cyanides, Bleaney and O’Brien?? in 1956 obtained

|

HE#=(PN*/1)(2[643S,1,—S D)+ E VS, I, —S, I

y

=3[ TS, L +S,0,) + T (Sl + S L)+ TSI, +S, 1)1}
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expressions equivalent to Eq. (25) for the g tensor of a
Kramers doublet formed as an arbitrary linear combina-
tion of ¢, orbitals appropriate to a crystal field without
symmetry. We have chosen the notation 6 and « for the
angle variables in Eq. (23) to coincide with that used by
these authors when u, v, and w are substituted into Eq.
(21). As noted earlier, because Bleaney and O’Brien
chose an effective-spin representation such that their
states |+m ) are related to |H ) and |H*) of Eq. (21) as
|+m)=|H*), | —m)=|H), their g values g, g,, and
g, are related to those given by Eq. (25) by g, =g,,,
8,= —8,,, and g, = —g,,. We note the inconvenience of
this representation in the nearly axial case (the case of in-
terest for the Pt~ defect) when g,, =g,,, since g, and g,
then have opposite signs.

D. 'SPt hyperfine interaction

Hyperfine interaction of an electron with the nuclear
spin I of the Pt isotope !°°Pt has the general form®?

4 S
PR

- r(S-r)
Hy=2gxppuyl- 5

+2788(r) | ,
(26)

where gl is the nuclear g factor of !°Pt, and uy is the
nuclear magneton. With respect to the ¢, orbitals of Eq.
(1), in the same approximation as in Egs. (5) and (7), the
first term of Eq. (26) may be represented as

HY*=Pg (L), 27

where P =2g upun{r 3)p, g, is given by Eq. (7), and
(r %)}, is the one-electron average of » ~* with respect to
the Pt 5d orbital ¢F. A value P =425X10"* cm ™! is ob-
tained for (7 ~3)p,=11.09 a.u. as given for a free-ion 5d
orbital of Pt(I) (configuration 5d°6s) in the tables of Koh
and Miller.?*

The last term in Eq. (26) would contribute nothing for
a simple d orbital, but we include an isotropic coupling
(in terms of true spin S) of the form

HE = A4,(ST) (28)

to take into account a nonzero contact hyperfine interac-
tion resulting from this term via the many-electron spin
polarization of the Pt core electrons.?

The third part of the hyperfine coupling is the dipole-
dipole interaction given by the second and third terms in
Eq. (26), which can be represented with respect to the ¢,
states by

)]



45 VACANCY-MODEL INTERPRETATION OF EPR SPECTRUM OF Si:Pt™

where 6, 6, ‘Tg, ‘T,,, and ‘Tg are orbital operators
defined?® in terms of the components of L by

Eo=(1)3LI—-LY),
6 =(LWV3LL-L2), (30)
Te=(LoLy+L, L),

etc.

Within each of the Kramers doublets (H,H*) and
(L,L*) we represent the hyperfine interaction in the
principal-axis system of the defect in terms of the
effective-spin operator & in a form analogous to Eq. (24),

Hy=A S I, +A, 8T +A,8,I (31)

yweyty z7z

where each of 4,,, 4,,, and 4,, combines the contact,
orbital, and dipole-dipole interactions. For the first we
obtain from Egs. (20) and (28)

A=A, (2uv —w?) ,
A=A, (2uv +w?), (32)
AL"= A (1—2w?) .

The orbital interaction (27) contributes
A2P=—2V2Pg ;w(u —v),
A= +2V2Pg ;w(u +v), (33)
AYP=—2Pg (u?—v?),

just as in the orbital part of the g factors in Eq. (25). Fi-
nally, the dipole-dipole contributions are found, from
direct evaluation of matrix elements of H§! from Eq. (29),
to be

AM=(PN?/7)[3(1—w?)—3(u2—p?)
—2(uv +w?)—=3V2w (u +v)]
AM=(PN2/T)[=3(1—w?)+3(u2—p?)

’

—2(uwv —w?)+3V2w(u —v)], (34)
AZ=(PN?/T)[2(1+w?)+6V2wu] .

Similar results for the hyperfine interaction were given
previously by Bleaney and O’Brien.?? Note that whereas
the contact interaction A4.(S-I) is isotropic in terms of
true spin S, it becomes anisotropic in terms of effective
spin & accordingly to Eq. (32). By contrast, the dipole-
dipole interaction is purely anisotropic in terms of true
spin, each term in Eq. (29) making a zero contribution to
the trace of the hyperfine tensor, while for effective spin
according to Eq. (34) this trace is no longer zero.

E. ?°Si hyperfine interaction

Analysis of the superhyperfine interaction with the
4.7% abundant %°Si nuclei on the silicon neighbors of the
Pt makes it possible to determine which of the orbitals
la) and |B) predominates in the wave function of the
Kramers doublet (H,H*) in Eq. (21) and therefore estab-
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lishes the sign of 6 in Eq. (15) and (16), as we will show.
We consider only the silicon nearest neighbors
k =a,b,c,d and take the wave functions |a) and |B) to
be as given in Eq. (2), with ¢, a 3s-3p hybrid bond orbital
on the kth neighbor. Because |a) is even under
reflection in the (110) plane (the xz plane), in which the
neighbors a and d lie, ¢, and ¢, must be even under this
reflection and therefore represent bonds lying in this
plane. Similarly, |8) is even under reflection in the yz
plane, and ¢, and ¢, represent bonds lying in this plane.
Each such bond may be tilted, within the reflection plane
in which it lies, with respect to the (111) crystal direc-
tion from the Pt to the silicon neighbor. The
superhyperfine interaction Hgy with respect to the orbit-

al ¢,

(¢|Hsyldy ) =S-TRL; , (35)
defines a tensor T} assumed to have axial form,
a—b O 0
TP=| 0 a—b O , (36)
0 0 a-+2b

with respect to the direction in which the bond orbital
points. The reflection symmetry of ¢, in any case re-
quires that the y direction be a principal axis of T? and
T?, however the bond is tilted, and that x be a principal
axis of 79 and T°. The parameter a in Eq. (36) is as-
sumed to arise via the contact interaction, as in the last
term of Eq. (26), from the 3s part of the wave function,
core polarization being neglected, and b via the dipole-
dipole interaction from the 3p part. We then have

a =(167/3)g3ppiy |3 (0)°ps, ,
(37)

b =(%)g1§’i.uB,U'N<r—3)Sip3p ,

where p;; and p;, denote the fraction of ¢, represented
by its 3s and 3p parts, |¢,,(0)|? is the density at the nu-
cleus of a Si 3s orbital, and {r ~*)g; is the average of r ~3
with respect to a 3p orbital. Values for these quantities
for the neutral Si atom were obtained by Watkins and
Corbett,?’

|4,(0)]2=31.5X10* cm 3,

(38)
(r3)s=16.1X10* cm3,

corresponding to @ =—1380X10"% cm™!, b=—33.7
X107* cm ™" if p3; and p3, each were equal to unity in
Eq. (37).

Since the orbitals |a) and |8) involve, respectively, Si
orbitals on the pairs (a,d) and (b,c), Hgy has only diago-
nal terms with respect to these states, found from Egs.
(1), (2), and (35) to be

(a|Hgyla)=(M?*/2)(S-T2-1,+S-T$1,) ,

(39)
(BlHgy|B)=(M?/2)(S-T)1,+S-T°1,) .

Accordingly, we find from Eq. (21) that with respect to
the doublet (H,H*), ignoring the small admixture from
the singlet |£), the superhyperfine interaction may be
represented in terms of the effective spin & by
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ﬁSszg‘Tk'Ik ’ (40)
k

with k =a,b,c,d and
T,=M?*/2)pHT?
T,=(M*/2)p T}

T,=(M*/2)pfT?, “
T,=(M*/2)pHTY ,
where
pH=(u +v)*/2=(cosf+sinh)*/2 ,
(42)

pH=(u—v)?/2=(cos®—sinb)*/2 .

According to Eq. (2), (M?/2) is the fraction of the orbital
la) or |B) localized on each member of the pair of Si
neighbors (a,d) or (b,c), respectively, while pZ and pZ
are the fractions representing the apportionment of the
doublet states |H) and |H*) between their a and S8
parts. It is clear from Eq. (42) that for pZ>pl
(pl<p ,131 ) the sign of 6 must be positive (negative) and,
from Eq. (16), that the sign of 6 is the opposite of that of
VrQg (for A<0) in the JT-distorted configuration. We
note that for 6>0 (V7Q, <0), the sense of the trigonal
splitting given by Eq. (3) places |a) at a higher energy
than |B) when spin-orbit coupling is ignored. Clearly,
this ordering in the trigonally distorted configuration
correctly corresponds to having p4 > p,’;’ in the upper
Kramers doublet (H,H*).

In the approximation represented by Eq. (41), the prin-
cipal axes and relative anisotropies of the superhyperfine
tensors T, appropriate to the effective spin & are the
same as those of TP appropriate to the true spin S for the
3s-3p hybrid on the kth neighbor. This result contrasts
with the behavior of the central Pt contact and dipole-
dipole interactions.

Although the symmetry axis of the tensors TY and T}
may be tipped away from a {111) crystal axis if the 3s-3p
bond is tilted, TY and T, must retain as a plane of
reflection symmetry that {110} plane in which the Pt and
its kth Si neighbor lie. Bond tilting is possible only
within this plane, and its normal remains a principal axis
of the hyperfine tensor. Hyperfine lines due to the neigh-
bors a and d, which are associated with the orbital |a)
according to Eq. (39), therefore have [110]’ (y) as a prin-
cipal axis for T, and T,, while neighbors b and ¢ associ-
ated with |8) have [110]' (x) as a principal axis for T,
and T,. Unambiguous identification of particular
hyperfine lines with the pairs (a,d) and (b,c) is therefore
possible through a study of their angular dependence.

F. Defect realignment under stress

There are six energetically equivalent orientations for a
JT-distorted defect of C,, symmetry in the unstrained Si
lattice. These six correspond to the three (100) crystal
axes for the axis of tetragonal distortion of the defect
and, for each of these, to the two possibilities for the
sense of the trigonal distortion. In describing the
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response of these different orientations to an applied
stress, we adopt the convention used in paper I (Ref. 6) of
choosing the defect cubic axes (x',y’,z’) such that the
tetragonal distortion is along z’, and taking the two sil-
icons with which hyperfine interaction is resolved to be
the neighbors a and d of Fig. 3 lying in the (110)’ plane
(the xz plane of the defect principal-axis system). With
the unpaired electron in the upper doublet (H,H*) as as-
sumed for the configuration of Fig. 2(b), this convention
constrains 8 to have a positive value, since it involves tak-
ing pf > pf in Eq. (42).

We describe the effects of macroscopic crystal strain on
the orbitals |£), |7), and |£) of Eq. (1) by

Hg=V,(es6g+ €6+ V(€ TeteeTyten, T,
(43)

where V, and V; are strain-coupling coefficients,?¢ €,,, is
a component of the strain tensor, €, and €, are defined as

€g= € —(INetE,,),

P) w2 (3N exx T € )
€=(V3/2)(€r—€p) ,
and 6y, 6, T, T,, and T; are the operators defined in
Eq. (30).

The relative shift in energy AE; of the ith defect orien-

tation with strain (a common shift due to dilatation being
omitted) may be expressed as

AEi= 2 anel;nn ’ (45)
m,n

where B,,, is a component of the piezospectroscopic ten-
sor?® of the defect defined in the defect cubic axis system,
and €, is a component of the strain tensor for the ith
orientation with respect to these axes. In order to ex-
press B, in terms of ¥V, and V,;, we evaluate the
response of the Kramers doublets (H,H*) and (L,L*) to
an arbitrary strain, using Hg from Eq. (43) and wave
functions from Egs. (15) and (A1) [or, equivalently, Egs.
(21), (23), and (A3)], and making the approximation a=0,

(H|Hg|H)=1V,e4— V3€,,5in20 , (46)
(LIHg|L)=1V,€9t V3€,.,5in26 , 47

terms involving €, €,.,,, and €,,- making no contribution
to either expression. Since for Pt~ the lower doublet
(L,L*) is doubly occupied while (H,H*) contains a sin-
gle electron, we add 2{L|Hg|L ) to ( H|H¢|H ) and com-
pare the resulting expression with Eq. (45), obtaining

B,,=—2B,,.=—2B,,=+3V,, 48)
B,.,=B,,.=1V;sin260 ,

xy yx 2 (49)
B,,=B,,=B,,.=B,,=0.

Consider a compressional unaxial stress P along a
(110) direction as in the experiments described in paper
I. For the two defect orientations with their tetragonal
axes perpendicular to this stress direction we have
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€6=13(s11—s)P ,
€y =%s4P/4, (50)

€.=¢€,, =€, =0,

where s,;, 515, and s44 are the elastic compliance con-
stants of silicon. The plus sign in eily, goes with that
orientation A (see Ref. 6, Fig. 2) for which the uniaxial
stress is in the direction [110]’ (y), and the minus sign
with orientation B for which the stress is along [110]’ (x).
For orientation A, the total-energy shift under this stress
is therefore

AE ;=+3PV,(s); —51,) T 1PV ;3544s8in26 , (51a)
from Eq. (45), while for the orientation B,
AEg=+23PV,(s;;—51,)— 1PV 35,sin20 . (51b)

The energies of the remaining four orientations
(i =C,D,E,F), which have their tetragonal axis at 45° to
the stress direction and for which ei,y,=0, are shifted
equally by the stress,

AEC_FZ_%PVz(s“_Slz) . (52)

G. Relation of JT energies
to strain-coupling coefficients

To relate the strain-coupling coefficients ¥, and V; to
the JT coupling, we adopt the usual cluster model,* or
quasimolecular model,*® in which the splitting of the
electronic degeneracy of the defect is assumed the result
only of the relative displacements of the Pt and its nearest
neighbors. The usual treatment, assuming nearest neigh-
bors of Pt displaced by strain just as in bulk silicon (e.g.,
that the local elastic constants are unchanged by the pres-
ence of the defect), leads to relations®' between V,,V;
and the JT coupling coefficients?® ¥, V1. for the ¢, orbit-
als,

Ve=V,V6/a ,
— (53)
VT=V3‘/2/(1 N

where a=5.43 A is the lattice constant of silicon.

Taking account of the triple occupancy of the ¢, orbit-
als in Fig. 2(b), we have for the energy of the ground state
of Pt~ as a function of the tetragonal distortion mode
Q,, relative to that of the undistorted tetrahedral
configuration,

E=3VgQqo+(kg/2)Q% , (54)

where k is the relevant force constant. The JT stabiliza-
tion energy for the tetragonal mode, as given by the
minimum of Eq. (54), is then

(Ejp)et=(9VE /8kg)=(27V3 /4a’ky) , (55)

which occurs at the distortion Qy= —3V;/2kg. In this
tetragonally distorted configuration, the one-electron en-
ergy difference A, between the doublet |£), |7) and the
excited singlet |£) is
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Ag:—%VEQ6=-3-(Vf—/kE)=2(EJT)tet . (56)

The additional stabilization energy caused by JT cou-
pling to the trigonal mode as given by Eq. (3) would be

(EJT)?ri =V12"/2kT=V§/asz (57)
g

if spin-orbital coupling could be neglected. Spin-orbit
coupling acts to reduce the instability of the tetragonally
distorted configuration with respect to Q, and eliminates
it completely if |A| is large enough. The energy of the
configuration with two electrons in (L,L*) and one in
(H,H*) as a function of Q is found from Egs. (14) and
(17) to be

E =—(31/2V2)tana— [AX(1+27"*tana)?
+4V3Qicos’a]'*+ 1k QF .
(58)

This has a maximum at Q§=O, so that this configuration
is unstable, if the inequality

(Vrcosa)*/kp>(IAl/2)(1427tana) (59)

is satisfied. Minima then occur for distortions +|Q,| cor-
responding to values for 6 in Eq. (16) given by

cos20=—(A/2)(1+27?tana)/(Vicos’a/ky) . (60)

The energy at these minima with respect to the tetrago-
nally distorted configuration is then — (Ejr )y, With

(Eyp)yrig=cos’a(1—cos26)(Eyr g (61)

the spin-orbit-corrected trigonal JT energy.

III. VACANCY MODEL COMPARED
TO EXPERIMENT

A. EPR parameters

Table I lists the experimental g factor and central
hyperfine parameters for Pt~ in Si, taken from Table I of
paper I (Ref. 6). We note that the g factor is nearly of ax-
ial symmetry with respect to the z axis, so that it is con-
venient to form from Eq. (25)

Hgxx T8,y)=8.2uv +g, 22w (62)

which has the experimental value 1.4065. Assuming the
second term in Eq. (62) to be negative and of order 0.01

TABLE 1. Experimental g factor and Pt hyperfine coupling
parameters, appropriate to the spin Hamiltonians of Egs. (24)
and (31), for the Pt~ defect in silicon. Tabulated values are tak-
en from Table I of Ref. 6 and are referred to the principal-axis
system of the defect, in which the principal hyperfine coupling
with neighboring ?°Si occurs at the two nearest-neighbor sites
lying in the xz plane.

Component
ij xx yy z
8ij 1.3865 1.4265 2.0789
A; (1074 cm™!) 148 186 127
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or smaller, we have then approximately
2uv =sin26=0.71 , (63a)
and therefore from Eq. (23)
u?—v?=cos20=0.704
u =c0s6=0.923 , (63b)
v =sinf=0.385 .

We use these approximate values in the following
analysis.

First we note that these values for cosf and siné are
consistent with the experimental observation® that the
resolved hyperfine interaction is with 2°Si on only two of
the four nearest-neighbor sites. Substituting into Eq.
(42), we have p#=0.86, pf/=0.14. The orbital |a) there-
fore strongly predominates over |3) in the Kramers dou-
blet (H,H*), and the ?°Si hyperfine coupling at sites b
and c is predicted to have a value only about one-sixth
that at sites @ and d. Partially resolved shoulders ob-
served®>® (see Fig. 3 of paper I) on the resonance lines
are consistent with such an estimate for the coupling at
this second pair of sites, but their intensities suggest that
additional sites with comparable coupling may also be
contributing. This broadening has been suggested by
Henning and Egelmeers? to be the result of hyperfine cou-
pling to a second Pt atom, but this suggestion is not sup-
ported by the studies of Milligan, Anderson, and Wat-
kins®® on samples isotopically enriched in %Pt or *®Pt.

Since interpretation of the EPR parameters depends
strongly on what is assumed for the extent of the spin-
orbit mixing with the splitoff state |£), we try different
choices for the coefficient w of |£) in the state |H ) of Eq.
(21). [We expect to have w>0 from Egs. (13) and (23).]
Equation (25) for g,, and the experimental value 2.079
then yield the values for g . given in Table II, which from
Eq. (7) should equal —N?2. The localization of the wave
function on the central Pt atom is therefore in the range
5-12 % for w in the range 0 =w =<0.15.

We may obtain a separate estimate of N? from the Pt
hyperfine interaction. From Egs. (32), (33), and (34), set-
ting g, = — N? in the orbital terms, we can write

A,=A,(1—2w?)+PN2(u’—v?)+(2)(1+w?)
+(6V2/Twu], (64)
(A, + A4,,)= 4,2uv —PN*(2uv + 2V 2uv) , (65

and thus obtain two equations that can be solved simul-
taneously for A4, and PN2. We assume the experimental
values of 4,,, 4,,, and A4,, to be negative (these signs
not having been determined experimentally) in the expec-
tation that A, should be negative while PN? is positive.
Accordingly, from A,=-—127X10"*% cm™!, 1(4,,
+A4,,)=—167X 107* cm ™! we obtain the values for A4,
and PN? given in Table II. 4, and PN? are therefore in
the neighborhood of —220X 10~ #and +50X 10 *cm™!,
respectively. Taking P =425X10"* cm ™! for a Pt 5d or-
bital,?* we have then an independent determination of N>
as shown in Table II. This is of the same order of magni-

0.006
0.003
0.003

8xx _gyy

—g, 4V 2w cos
0.016
0.043
0.093

—2g.w 2
—0.010
—0.040
—0.090

A — A4y,
15
26
36
47

(107* em ™))

V2PNw cos
(107* ecm ™)
11.1
19.9
27.7

22
7

PN?)

5

3

3.7

(107* em™Y)
0.9
8.3

—2wi(A,.+

PN*(1—co0s26)
(107* cm™1)
14.9
13.7
12.3
114

s
7

0.14
0.13
0.12
0.11

NZ

PN?
(107* em ™)
59
49
45

c

A

(107* em™")
—227

—222
—219
—216

81
—0.055
—0.062
—0.083

TABLE II. Values obtained for various parameters in Egs. (25) and (64)-(67) by fitting these theoretical expressions to the experimental values for the g factors and Pt hyperfine
—-0.12

parameters (Table 1), using different assumed values of the cofficient w in the wave function of Eq. (21). See Sec. III A for procedures used and for discussion.

0.0

0.05
0.10
0.15
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tude as that obtained previously from —g ,.
The anisotropy in the hyperfine interaction may be
given from Egs. (32), (33), and (34) as

- 2 2 2
Ay — Ay, =SPN[1—(u?—v?)]—2w?(A4,+3PN?)
+2V2PNwu . (66)

Each of these three terms in this equation, listed sepa-
rately in Table II together with their sum, is unambigu-
ously positive for w>0 so long as A4, is negative and
greater in magnitude than 2PN 2, The experimental
difference 4,, — 4,,=38X 10~ % cm™! is therefore of the
predicted sign, and it agrees in magnitude with the model
if w has a value ~0.1.
The g-factor departure from axial symmetry,

8rx — &y = —28.w>—g 4V 2wu (67)

from Eq. (25), should be positive if the orbital term dom-
inates, but may be reversed in sign by the w? correction
to the spin term. The calculated values of these terms in
Table II nearly cancel, but the sum remains positive
when the values of g, previously determined are used,
whereas the experimental value g, — 8,y = —0.04 is nega-
tive. We note that the anisotropy g,, —g,, arises solely
from the spin-orbit mixing with the state |£), in contrast
to the hyperfine anisotropy 4,, — 4,,, which has a large
zero-order contribution from the dipole-dipole coupling.
However, A4,,— A4,, also has a large contribution from
the spin-orbit mixing, so that the failure of this prediction
for g,,—g,, means that we cannot reliably use the
hyperfine anisotropy to determine w in the manner sug-
gested above. We note that coupling with other states
outside the ¢, gap manifold (in particular, the Pt orbital
doublet E6 and Ee€ states, which together with the ¢,
states make up the Pt d levels) can also contribute to the
anisotropy in both g and A. Such additional coupling
must play a significant role for Pt~ but is not included in
the present model. 32

A localization N2~10% would lead us to expect from
Eq. (5) a spin-orbit parameter A~ —340 cm ™! if the Pt
wave function is approximated by a 5d atomic orbital.
This in turn is consistent with w ~0.1 from Egs. (13) and
(23) if we should have A;~0.30 eV for the excitation en-
ergy of the state |£). (We attempt to estimate A¢ in Sec.
III B.) Uncertain as these estimates may be, they are
qualitatively consistent with the assumptions of the va-
cancy model. The contact term in the Pt hyperfine in-
teraction appears anomalous in this regard, however, be-
cause the result 4.~ —220X10"* cm™! yields for the
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ratio | 4.|/P a value ~0.5 similar to that inferred by
Simanek et al.3} for Pt** in BaTiO;, a host in which the
wave function should be much more localized on the im-
purity. A calculation of core polarization for the 5d
group of transition metals by Freeman, Mallow, and
Bagus* gave for this ratio a value near unity for the Pt2*
ion, so that a value ~0.1 would have been expected for
Pt~ in silicon if the s electron spin density at the Pt nu-
cleus scaled simply with N2. Such a scaling evidently
cannot be assumed, presumably because spin polarization
of the deep molecular bonding d orbitals in the valence
band can contribute significantly to the spin density lo-
calized on the Pt. Such an effect has been noted in
theoretical calculations, >3 where the spin density at the
impurity nucleus is affected strongly by exchange polar-
ization of the filled valence-band states and can be large
even though the partially filled orbitals in the gap are rel-
atively delocalized.

The fraction of the wave function localized at nearest-
neighbor sites may be established from the measured 2Si
hyperfine coupling as given in Table I of paper I. Refer-
ring this coupling to the principal axis system of the Si
hyperfine tensor, we have 36.9X10™* and 27.0X10~*
cm™! for the principal values in the xz plane, with the
bond directions at the sites @ and d tipped by +10.4° with
respect to the x axis.® The hyperfine tensor is approxi-
mately axial with respect to the bond direction, as as-
sumed in Eq. (36), and we find, corresponding to Egs. (38)
and (41), that we have (M2/2)p,pH=0.021,
(M?/2)py,p¥~0.108. Thus 2.1% and 10.8% of the
wave function of the state (H, H*) appears as localized in
the 3s and 3p Si orbitals, respectively, at each of the two
nearest-neighbor sites that give a resolved hyperfine
structure. With p¥=0.86, p5=0.14 from Egs. (42) and
(63), we should have 0.3% and 1.8% in the corresponding
orbitals at the other two nearest-neighbor sites, for a total
of 30% at these four sites. With ~10% localization at
the Pt, the model thus accounts for ~40% of the elec-
tron density, the remainder presumably being distributed
over more distant neighbors. A roughly similar distribu-
tion was obtained in the theoretical cluster-model calcu-
lations for Pt~ by Alves and Leite. !’

B. Strain-coupling coefficients and JT energies

Table III shows the strain-coupling coefficients for Pt~
in Si as measured in paper I (Ref. 6), together with those
of the three charge states ¥, V%, and V™ of the isolated
vacancy.!> We note that B,.,. for Pt~ has the opposite
sign from that for ¥~. Comparing with Eq. (48), we ob-

TABLE III. Experimental strain-coupling coefficients for Pt~ and for the charge states of the isolat-

ed vacancy in silicon.

B,,=—2B,,.=—2B,, B, =B,.,.
(eV) (eV) Ref.
Pt~ +4.12 +2.68 Paper 1
V- —9.9 =72 13
po —13.3 13
8 —6.5 13
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tain ¥,=2.75 eV for the one-electron strain-coupling
coefficient for Pt~ corresponding to the electronic
configuration shown in Fig. 2(b). By contrast, the
configuration for ¥V~ shown in Fig. 2(a) leads to a rela-
tionship identical with Eq. (48) except in having the sign
reversed, so that we obtain V,=6.6 eV for V™. The
one-electron strain-coupling coefficient V, therefore has
the same sign for ¥~ and Pt~ if Figs. 2(a) and 2(b), re-
spectively, describe these centers. The reversal of the
sense of the tetragonal JT distortion for Pt as compared
to V', as proposed by the vacancy model for Pt™, is
therefore supported by this result. The magnitude of V,
for Pt~ is, however, only 42% of that for V' ~, indicating
a significant effect of the presence of the central platinum
ion on the properties of the vacancy.

The signs of B,., =B, for Pt” and ¥~ in Table III
are also opposite. From Eq. (49) for Pt™, taking
sin20=0.71 from Eq. (63a), we obtain then V;=7.5 eV
for the one-electron coupling coefficient for the trigonal
strain. For V', on the other hand, Fig. 2(a) shows that
we have but a single electron occupying orbitals |£) and
7)), so that the entry for B, in Table III corresponds in
the trigonally distorted configuration to a single electron
in the orbital |a ), spin-orbit interaction being very weak
for the vacancy. Since we have — Ve, for the €,., part
of {(a|Hgla) from Eq. (43), we accordingly obtain
V3=—2B,.,=14.4 eV from Eq. (45) and Table III. We
find, therefore, that the one-electron strain-coupling
coefficient ¥; has the same sign for V'~ as for Pt™, as ex-
pected for the vacancy model. As for the coupling to
tetragonal strain, we find ¥, reduced in magnitude for
Pt~ as compared to ¥V~ by ~50%.

These values for V, and V; are collected in Table IV,
together with those for ¥* and V° from the data of
Table III for the configurations with one or two electrons
in the orbital |£), respectively. Watkins'® has previously
used these parameters for the vacancy in estimating the
corresponding JT energies from Egs. (55) and (57) for V'™
[and from corresponding expressions for ¥ and V?°, for
which the numerical coefficients should be 3 and 12, re-
spectively, in place of 27/4 in Eq. (55)]. Watkins used the
estimate kz =2k, =11.9 eV/A? for the force constants.
These estimates are reproduced in Table IV. Taking for
Pt~ the same values of the force constants, we obtain the
corresponding JT energies for Pt~ also given in Table IV.
The trigonal JT energy for Pt™, when corrected for spin-
orbit coupling as in Eq. (61), would, of course, be sub-
stantially smaller than the tabulated value for (Eyy )?rig.

The estimate (Ejr),,=0.15 eV is consistent according

TABLE IV. One-electron strain-coupling coefficients and
Jahn-Teller energies (without spin-orbit correction) calculated
from these coefficients (with ky =2k;=11.9 eV/A?) for Pt~ and
for the isolated vacancy in silicon.

Pt~ V- Vo v
V) (V) 2.75 6.6 6.65 6.5
Vs (eV) 7.5 14.4
(Erp)e €V) 0.15 0.9 L5 0.4
(Ej1)iig_(€V) 0.3 1.2
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to Eq. (56) with the observation made in Sec. III A that a
value A,=0.3 eV would be compatible with a value
w=0.1 for the coefficient of |£) or |€) in Eq. (21) if we
have A=~—340 cm™!. The value (E;; )?,i320.3 eV is
much too large, however, to be consistent with Eq. (60)
and the value cos26=0.7 if A is of this magnitude. As
Watkins'? has noted, the values of (Eyy ), in Table IV for
the vacancy charge states almost certainly overestimate
this quantity by a factor ~2, to judge from the success of
the theoretical calculations of Baraff, Kane, and
Schliiter’ in predicting energies of the single- and
double-donor levels of the vacancy and in accounting for
its negative-U behavior. An overestimate for the value in
Table IV of (E; )?,ig for ¥, by a factor somewhat larger
than 2, also undoubtedly occurs, since otherwise the prin-
cipal JT distortion of all the charge states of the vacancy
should be trigonal instead of tetragonal as observed. The
JT energies for Pt~ given in Table IV are therefore likely
to be too large. Such overestimates for JT energies, when
obtained from strain-coupling coefficients, are often en-
countered in studies of the JT effect and presumably
represent a failure of the cluster model, as discussed by
Hjortsberg, Vallin, and Ham in the case of Fe ?' in
MgO. ¥

IV. ALTERNATIVE MODELS

Alternative models to account for the paramagnetic be-
havior of Pt~ in Si have been proposed by Lowther’ and
by Ammerlaan and van Oosten.® These hold in common
with the vacancy model that the properties of the defect
can be approximated by a state formed as a linear com-
bination of t, orbitals (effective p states) in orthorhombic
(C,,) symmetry. The first of these, proposed by Lowther
in 1980, takes the Pt d shell to be diamagnetic and asso-
ciates the resonance with a hole occupying a bonding
molecular orbital. As in our work, the spin-orbit interac-
tion was interpreted as comparable in strength to the tri-
gonal (orthorhombic) component of the crystal field, and
the orbital g factor was found to be small (~0.06), sup-
posedly as a result of the combined effects of hole delocal-
ization and a dynamic JT effect. Lowther proposed his
model to explain the observed g-factor anisotropy, and
his work did not address the hyperfine interaction with
either the Pt or its neighboring Si or attempt to show
how the spontaneous distortion of the defect from
tetrahedral symmetry might result from JT coupling of
the hole.

The model of Ammerlaan and van Oosten® followed a
suggestion of Woodbury and Ludwig! in assuming the Pt
d shell to be in the 5d° configuration, with the Pt co-
valently bonded via 6s and 6p orbitals to two neighboring
Si. The remaining two Si neighbors were assumed bond-
ed to each other by a reformed bond, so that six of the
defect’s electrons are taken up by these three bonds, leav-
ing the nine remaining electrons of Pt~ in the 5d shell.
The paramagnetic properties of the center were thus as-
sumed to be those of a single 5d hole as perturbed by a
crystal field of C,, (dihedral or orthorhombic) symmetry.
If the hole is taken to be in one of the ¢, 5d orbitals, Am-
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merlaan and van Oosten asserted that the experimental g
factors determine uniquely the ratio of the two indepen-
dent parameters of the crystal field (the tetragonal and
trigonal components) to the spin-orbit parameter. They
concluded in addition that the resulting model is incom-
patible with the vacancy model in that the hole is 73%
localized in the Pt 5d orbital.

The signs of the Pt~ g factors g,,, g,,, and g,, were not
determined in the original experiments of Woodbury and
Ludwig! or in subsequent studies,?”® and Ammerlaan
and van Oosten® concluded that the EPR data can be
fitted to their 5d° dihedral model only if all are taken to
be negative. By contrast, in the model proposed in the
present work, g,, is given by the theory to be positive ac-
cording to Eq. (18) or (25), while g,, ad g,, are either
both positive or both negative depending on the sign of 6.
We can change the sign of any two of the three g;; by an
appropriate trivial change in the basis used in defining
the effective spin in Eq. (19), as discussed briefly in Sec.
IIC, but the sign of the product g,,g,,8,, is invariant.
The sign of this product in principle may be established
in an EPR experiment designed to determine whether
right- or left-circularly polarized microwave radiation is
preferentially absorbed.’* Such an experiment would
therefore be crucial to determine if this product has the
sign assumed by Ammerlaan and van Oosten® in propos-
ing their 5d° dihedral model or that given by our inter-
pretation based on the vacancy model.

It is of interest to contrast the crystal-field parameters
obtained in the 5d° dihedral model with those of the va-
cancy model. Figure 5 is taken from the paper of Am-
merlaan and van Oosten® and shows the splitting of a 2T,
state of a single hole under the combined effect of spin-
orbit interaction [as in Eq. (4) with A >0 for a single 5d
hole] and a tetragonal distortion §,, [which equals the ra-

EnL
151

_15+

FIG. 5. Splitting of a 2T, state of a single ¢, hole under the
combined effect of spin-orbit coupling and a tetragonal distor-
tion (after Ref. 8). Ratios of the energy E and the crystal-field
splitting A, to the spin-orbit parameter A (A > 0) are denoted by
€, and §,.. Kramers doublets are labeled n=1,2,3 as in Ref. 8
and are identified with the singlet |£) and the spin-orbit states
|4) and |B) of Eqgs. (8) and (9) for |8,.| >>1. Arrows indicate
values for 8,. at which g factors of the n=1 level match experi-
mental values for Pt~ according to alternative interpretations
based on the 5d° dihedral model (see text).

3299

tio A;/A in Eq. (13)]. We have labeled the Kramers dou-
blets n=1,2,3 of Ammerlaan and van Oosten according
to the states |£), | 4 ), and |B ) from Eqgs. (8) and (9) with
which they may be identified for |8, >>1. We have also
added a solid arrow to indicate the value §,=0.302 at
which Ammerlaan and van Oosten found the g factors of
the n=1 level of the dihedral model to fit the Pt~ data.
We note that this arrow represents only a small departure
from the case of perfect tetrahedral symmetry (6,,=0), at
which the lower level is the J =1 spin-orbit level (the
J =3 level being the upper level at this point). The trigo-
nal (orthorhombic) distortion determined by Ammerlaan
and van Oosten from the g-factor anisotropy g, —8
was found to be even smaller, §,=0.007 (where 8, cor-
responds to the ratio ¥V7Q,/A of our parameters in the
stable configuration of the trigonal JT distortion mode).
By contrast, the doublets (H,H*) and (L,L*) of Eq. (15)
and the Appendix correspond to the far right-hand side
of Fig. 5 (8;.>>1) when the mixing of the 4 and B dou-
blets by the distortion Q, is included. The discussion of
Ammerlaan and van Oosten overlooks the fact that a
nearly axial EPR spectrum with g,, =g,, -0 can also re-
sult in their model from this region (8,,>>1) of Fig. 5
when the mixing of the doublets 1 and 3 (A4 and B)
through an orthorhombic distortion 8, is included. The
anisotropy (g,, —g,,)70 appears in this situation only
through spin-orbit coupling to the splitoff state |£), as
shown by our analysis of Sec. II B and the Appendix, and
is therefore small so long as we have §,,>>1. Indeed, the
ground-state doublet (L,L*) of a one-hole model in this
regime has g,,g,.8,, >0 according to Eq. (A2). This
opens another possibility, not considered by Ammerlaan
and van Oosten, for interpreting the Pt~ data on the
basis of the 5d° dihedral model. We have determined
that this doublet (L,L*) in fact reproduces the experi-
mental g factors if the parameters in Eq. (A3) take values
©=0.9229, v=0.3793, w =—0.0657 for g, =—0.0664.
These values correspond to tan6= —2.439, tana=0.0712
in Egs. (13) and (16), from which we obtain
8. =A;/A=9.382, 8,,=V1Q,/A=0.519. This value for
8, is indicated by the dashed arrow on the right-hand
side of Fig. 5. In this model the value obtained for g,
denotes a hole wave function only ~7% localized in the
Pt d orbitals, similar to what we found for the vacancy
model in Sec. III A but in contrast to the 73% localiza-
tion found by Ammerlaan and van Oosten. However,
with the above values for u,v,w in Eq. (A3), we are un-
able to account for the anisotropy in the Pt hyperfine in-
teraction, the value for 4,, — 4, obtained from Eq. (66)
being smaller than the experimental value by at least an
order of magnitude for any reasonable values for 4, and
PN% We have found the same discrepancy for the Pt
hyperfine coupling for the parameters of the model of
Ammerlaan and van Oosten.

This second interpretation of the g-factor anisotropy in
terms of the 5d° dihedral model indeed appears to corre-
spond to Lowther’s model’ for Pt~ although the re-
quired sign of the orbital g factor g, is the opposite of
that given by Lowther. In his model, Lowther took for
his parameters the values k,=0.06, A k,/E=0.015,
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A, /A=0.90, which in our notation (where, in contrast to
Lowther, we have made no distinction between orbital g
factors and spin-orbit parameters associated with com-
ponents parallel and perpendicular to the tetragonal axis
of distortion) should correspond to taking g, =0.06,
Ag, /A;=0.015, A/2VQ,=0.90. With these values we
obtain ©=0.903, v=0.407, w=-—0.139 for the
coefficients in the Kramers doublet (L,L*) from Eq.
(A3), but according to Eq. (25) one then finds g,, <2, in
contrast to the experimental value g,, =2.079. If, howev-
er, we change the sign of Lowther’s k, to give
g, = —0.06, as might be expected for a ¢, state contain-
ing an admixture from the Pt 5d shell, but keep
A/A~0.25 (A>0), we find that Lowther’s parameters
yield the correct signs for both (g,, —2) and (g,, —g,, ).
The numerical fit to the experimental values is poor, how-
ever, evidently because Lowther omitted all but first-
order terms in A,/E in fitting his theory to the data.
With this change, his parameters would correspond to
8,.=4.0, 5,,=0.55 in the 5d° dihedral model, which thus
approximates the alternative situation we have described
(8,,=9.382, 8,;,=0.519), which does reproduce the exper-
imental g-factor anisotropy but not that of the Pt
hyperfine coupling.

In order that hyperfine coupling with the neighboring
Si occur principally at the sites @ and d rather than at b
and c, the defect’s wave function must be predominantly
formed from the orbital |a) from Eq. (2), which is even
under reflection in the xz plane. As we have seen in Eq.
(21), spin-orbit interaction mixes |a) with |8}, which is
odd under this reflection and gives hyperfine coupling at
b and c¢. Predominant coupling at a and d therefore re-
quires pl >>p11§ from Eq. (A4), or equivalently
(u+v)?*>>(u—v)* in terms of the wave-function
coefficients ¥ and v. This condition is reasonably well
satisfied for 8,=9.382, 8,,=0.519 in the 5d° dihedral
model, for which we have (u +v)*/(u —v)?=5.74. But
for the situation considered by Ammerlaan and van Oos-
ten® with §,=0.302, §,=0.007, we find ©w=0.864,
v=0.004, w =—0.503, yielding (u +v)*/(u —v)*=1.02.
Such a state could satisfy the requirement of predominant
hyperfine coupling at a and d only if, through covalent
bonding of Pt with the Si, |a) had much greater ampli-
tude at a and d than |B) has at b and c. However, |a)
and |8) must be equivalent orbitals, related to each other
by an improper 7/2 rotation about z, in the tetragonal
configuration (§,,=0), so that any difference in their
bonding can result only from the orthorhombic distor-
tion. It is unlikely that the very small energy difference
2A,,=4.4 meV inferred by Ammerlaan and van Oosten
corresponding to §,,=0.007 could represent the energy
difference of such orbitals if one had significant bonding
to two Si atoms while the other did not.

Theoretical calculations for substitutional transition-
metal impurities in silicon have shown that at the heavy
end of the series the d levels are deep in the valence band
or below it, 171215 and the vacancy model for Pt is based
on this assumption, with the ¢, gap manifold of states
having only a small localization in the Pt 5d orbitals. In
the 5d° dihedral model of Ammerlaan and van Oosten,®
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the Pt 5d states, by contrast, would have to be sufficiently
shallow that this shell retains a hole that is strongly local-
ized on the Pt. Their interpretation, moreover, assumes
that the form of the spontaneous dihedral distortion is
due to the covalent bonding of the Pt 6s and 6p orbitals
with two neighboring Si atoms rather than to the JT cou-
pling of the ¢, hole. Indeed, for a single such hole, one
would expect a spontaneous tetragonal JT distortion to
have the opposite sense in Fig. 5 (i.e., to be to 8§, <0 so
that |£) is the ground state) from that indicated by the fit
to the g factors, and the additional orthorhombic distor-
tion would not then be expected to occur. If this ortho-
rhombic distortion is due to the covalent bonding of the
6s and 6p Pt orbitals with the two Si neighbors, as postu-
lated in the 54° dihedral model, it is then remarkable that
rapid reorientation of this distorted complex can occur at
~2 K, as observed in the experiments® with applied
stress. These considerations apply, of course, to either
form of the 5d° dihedral model indicated in Fig. 5. In
addition, the very small value 2A,;=4.4 meV for the
crystal-field splitting of the a and B 5d orbitals in the dis-
torted configuration proposed by Ammerlaan and van
Oosten would contrast to the strong coupling found for
the 5d orbitals of Pt-group transition metals in other
hosts. *°

V. DISCUSSION

The fact that the vacancy model for Pt~ yields the
same JT-distorted symmetry (C,,) and spin (S =1) as for
V', as observed experimentally, represented the initial
success for Watkins’s proposal’ of this model. At first
sight surprising, therefore, is the finding in paper I (Ref.
6) that the experimental strain-coupling coefficients of
Pt~ (Table III) have the opposite sign from those of V',
indicating the opposite sense of the JT distortions for
these defects in both tetragonal and trigonal modes. As
we have seen, however, in the t% configuration the JT sta-
bilization energy in the vacancy model is the same for ei-
ther sense of the distortion as long as only linear coupling
is considered, and the form of the distortion that occurs
must therefore be determined by nonlinear coupling that
has the opposite effect for the two defects. When the
sense of each distortion is recognized, the signs of the
one-electron strain-coupling coefficients (Table IV) turn
out to be the same for Pt~ as for V7, as expected if the
vacancy model holds, though the presence of the impuri-
ty at the substitutional site evidently affects the magni-
tude of these coefficients. The vacancy model for Pt~ is
thus entirely successful in accounting qualitatively for the
form of the spontaneous JT distortion and the defect’s
response to an applied stress, on the basis of the known
behavior of V.

The detailed development of the vacancy model that
we have described also accounts very satisfactorily for
the unusual features of the EPR spectrum of Pt~ as re-
ported originally by Woodbury and Ludwig,! in particu-
lar the approximately axial form of the g tensor with
respect to a {001) axis and its large departure from a
spin-only value 2. That g, =g, is significantly greater
than 2 is the result, according to Eq. (18), of a contribu-
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tion to the orbital g factor from the ¢,(5d) orbitals of the
central Pt, although this admixture into the ¢, manifold
is found to be only of order 10%, quite consistent with
the predominant vacancylike character of these orbitals
postulated in the vacancy model. The even larger reduc-
tion in g, =1(g,, +8g,,) to a value substantially smaller
than 2 occurs not because of an orbital contribution to g,
but, again according to Eq. (18), because spin-orbit in-
teraction from the Pt 5d shell is comparable with the
splitting of the a and B orbitals by the trigonal com-
ponent of the distorted crystal field and thereby reduces
the spin contribution to g,. The small departure g,, —g,,
from axial symmetry, given by Eq. (67), should be attri-
butable only to the residual spin-orbit coupling of these
orbitals to the more distant state | ), which is split off by
the tetragonal component of the crystal field. Only this
small anisotropy g.. —g&,, fails to fit in detail to our
analysis of the vacancy model, presumably as shown else-
where by Anderson et al.'* because a precise numerical
fit requires coupling to other states outside the ¢, mani-
fold that for simplicity we have omitted. The vacancy
mode] also describes very satisfactorily the observed
hyperfine coupling with the Pt and its anisotropy in par-
ticular. The contact hyperfine coupling obtained for the
Pt presumably is the result in large part of exchange po-
larization of filled states in the valence band and should
not be taken as evidence of localization of the gap orbit-
als. Finally, the vacancy model explains satisfactorily
why superhyperfine coupling is observed with but two of
the four nearest-neighbor Si atoms.

The alternative 5d° dihedral model of Ammerlaan and
van Oosten,® by contrast, permits an exact fit of the g
tensor, including its anisotropy, but fails to describe the
Pt hyperfine anisotropy 4,,— 4,, for any reasonable
values for the two parameters 4, and PN%. Also, as we
have seen in Sec. IV, it fails to ensure that the
superhyperfine coupling is with only two of the neighbor-
ing Si atoms. As shown by Ammerlaan and van Oosten,
this model requires taking N2=0.73, a degree of localiza-
tion of the ¢, orbital in the Pt 5d shell that supports their
conclusion that their model is not compatible with the
vacancy model. As we have also shown in Sec. IV, a
clear experimental test for their model lies in determining
experimentally the sign of the product g,,g,,8,,, which
Ammerlaan and van Oosten took to be negative and
which the vacancy model predicts is positive.

We have shown that the 5d° dihedral model admits a
second solution, not considered by Ammerlaan and van
Oosten, which gives a precise fit to the g tensor of Pt~
with only ~7% localization in the Pt 5d orbitals. This
solution yields a positive value for g,,g,,8,, and locates
the wave function on the correct pair of neighboring Si
atoms. But this model, like that of Ammerlaan and van
Oosten, fails to describe the anisotropy in the Pt
hyperfine coupling and does not yield the correct form of
JT distortion. The model for Pt~ proposed in 1980 by
Lowther’ to fit the g tensor apparently corresponds to
this alternative form of the 5d° dihedral model, although
fitting the data to this model requires that the sign of g
be the opposite of that given by Lowther.
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It has been found in paper I that the Pt~ defect
reorients effectively instantaneously upon the application
or removal of stress, even at ~2 K, and thus immediately
re-establishes an equilibrium distribution among its six
possible orientations. We take this ease of reorientation
not only as evidence that the distortion from tetrahedral
symmetry is spontaneous via the JT effect but as an indi-
cation that the JT distortion, though evidently “static” in
form at low temperatures, is close to revealing a dynamic
behavior of vibronic origin, such as tunneling between
different distorted configurations. In this connection it
may be noted, from Eq. (60) and the value cos260=0.7 in-
ferred from Sec. III A, that an increase of less than 50%
in the spin-orbit coupling (or a corresponding decrease in
V2 /ky) should suffice to eliminate the instability associ-
ated with the trigonal distortion mode, according to the
inequality (59). In any case, it appears that the trigonal
distortion, which involves the displacement of the Pt
atom along the axis of tetragonal distortion, cannot be
large, since otherwise the heavy Pt mass should eliminate
the possibility of tunneling and thus require thermal ac-
tivation over a significant barrier such as that given by
(Ey7)yig in Eq. (61) in order that reorientation occurs.
We speculate that this heavy Pt mass stabilizes the static
JT distortion but still allows rapid reorientation via some
vibronic process. Supporting the vibronic nature of the
Pt~ defect is the unusual observation reported in paper I
of an isotope shift in the g tensor, which depends on the
isotopic composition of the Si nearest neighbors. A fur-
ther analysis of aspects of the vacancy model that could
account for such an effect will be described in a later pa-
per.

A curious feature of our calculation of the g tensor is
that the crystal-field splitting of the doublet |£), |1) due
to the trigonal distortion can be large with respect to the
spin-orbit splitting, yet the g tensor will remain nearly ax-
ial with respect to the tetragonal axis so long as the sing-
let |£) is separated from the doublet by an energy large
enough that spin-orbit coupling to |{) is small. Yet the
perpendicular component g,, =g, =g, is not approxi-
mately zero, as it would be according to Egs. (8)-(11) if
the symmetry were truly tetragonal, but according to Eq.
(18) can be anywhere in the range 0< |g,| <g,. This be-
havior is clearly shown by our development of the vacan-
cy model and of the alternative form of the 5d° dihedral
model and is implicit in the analysis given by Bleaney and
O’Brien.?? (Taking sina=0 in their work, one finds
8x = —g, in the axial case for their choice of the effective
spin.) Their work also shows that the possibility of a
nearly axial g tensor is not limited to any particular sym-
metry for the defect, so long as one of the ¢, levels is well
separated from the other two.
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APPENDIX: PROPERTIES
OF THE KRAMERS DOUBLET (L,L*)

The Kramers doublet complementary to (H,H*) at the
lower energy as given by Eq. (17) is given by

|L)Y=—sin6| A')+cos6|B) ,

(A1)
[L*)=—sinB| A'*)+cosf|B*) ,

with 6 given by Eq. (16). Its g tensor in the axial approxi-
mation (cosa=1) corresponding to Eq. (18) is

8., =8, 128 ,c0s20 ,
(A2)
g, =—g,sin26 .

Representing (L,L*) exactly within the ¢, gap manifold,
we may use an expression identical with that for (H,H*)
in Eq. (21) in terms of coefficients u,v,w, except that these
coefficients are now given from Egs. (12) and (A1) by
u = —sinfcosa ,
v =cos0 , (A3)
w =sinfsina ,

in terms of a and 6 from Egs. (13) and (16). The exact g
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tensor is then given by the same expression used for
(H,H*) in Eq. (25), except that the coefficients u,v,w are
now to be taken from Eq. (A3). A similar procedure
yields the Pt hyperfine tensor for (L,L*) by substituting
from Eq. (A3) into Eqs. (32)-(34). The ¥Si hyperfine ten-
sors are as given by Eq. (41) except that pZ and p{ are to
be replaced for (L,L*) (for cosa=1) by

pﬁ=%(u +v)2=71(cost9-—sin6)2
(A4)
p’,§=%(u —u)z=%(cost9+sin9)2 .

Comparing Eq. (42) with Eq. (A4), we note that if
(H,H*)has p¥ > pf,’ so that the 2°Si hyperfine coupling is
predominantly on sites @ and d, (L,L*) has p,’; < pfg, and
the coupling is predominantly on b and ¢ as expected, and
vice versa.

These expressions for (L,L*) are appropriate to both
the vacancy model and to the 5d° dihedral model con-
sidered by Ammerlaan and van Oosten (Sec. IV). In the
latter case, however, one has A >0, so that « as given still
by Eq. (13) is positive when the doublet states |a) and
IB) are below |{) (A,>0) as on the right-hand side of
Fig. 5. With A>0, 8 as given by Eq. (16) now is to be
taken in the range m/4<6<w/2 for V;Q,<0 and
—m/2<6<—m/4 for VrQ,>0. This choice of 6 for
A >0, together with that given for A <O in Sec. II B, in-
sures that the Kramers doublet (H,H*) given by Eq. (15)
always lies at a higher energy than (L,L*), given by Eq.
(A1).
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