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Observation of the Zeeman effect has confirmed the identification of spin-triplet terms for double
donors in silicon. The isotropic splitting of an absorption line at 2146.38 cm ™' in Si:Se®, and of the
corresponding line at 1218.37 cm ™! in Si:Te’, into two o components and one 7 component is con-
sistent with their identification with the #=1 spin-orbit level of the 1s(A4,)1s(T,) configuration’s
3T, spin-triplet term. An experimental splitting factor g,, of this line equal to 1.0 for both systems
agrees with the theory of Landé g factors when the orbital g factor g, equals zero as predicted by
effective-mass theory. The spin-orbit interaction parameter determined from a nonlinear com-
ponent in the Zeeman splitting predicts a ratio of singlet and triplet absorption strengths which
agrees with the observed ratio to within a factor of 2 for Si:Te® but only to within a factor of 3 for

Si:Se®.

I. INTRODUCTION

Since a double donor in silicon is a solid-state analog of
the helium atom, spin-triplet terms should exist among
the donor’s excited states in addition to the spin-singlet
terms commonly observed in ir spectra."? The energy
difference between triplet and singlet terms of the same
two-electron configuration being a consequence of
Coulomb repulsion between electrons, we expect this sep-
aration to be larger the more compact the electronic
wave function. In terms of effective-mass theory, which
has been used successfully in describing the states of the
substitutional double donors S°, Se®, and Te? in silicon,*?
we accordingly expect this separation to be most easily
resolved in the 1s( 4)1s(T,) configuration, in which one
electron has been raised from its 1s( 4,) ground state to
its lowest excited, valley-orbit-split state 1s(7T,). In re-
cent experiments Bergman et al.’ have shown that uni-
axial stress causes a new ir-absorption line to appear in
the spectrum of Si:Se’, and they have identified this line
with the transition to a stress-split component of the *T,
term of the 1s(A4,)1s(T,) configuration. According to
this interpretation, which is consistent with Hund’s rules,
the energy of the *T, term in zero stress lies ~50 cm™'
below that of !T,, in an energy region in which no spin-
singlet states should exist. A similar feature® for Si:Te®
corresponds to a line at ~1218 cm ™! in the zero-stress
spectrum that had previously been attributed to an oxy-
gen impurity.* Spin-orbit interaction provides the cou-
pling of the spin-singlet and spin-triplet terms that re-
laxes the usual spin selection rule AS =0 in the optical
spectrum.

Stress does not lift the spin degeneracy of a level, how-
ever, so the work of Bergman et al.® does not directly
demonstrate the threefold spin multiplicity of the new
state they have observed. The purpose of this paper is to
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test their identification of this new line with the *T, term
by confirming this multiplicity from the splitting of this
line in a magnetic field. Our preliminary high-resolution
spectroscopic survey>$ showed that this forbidden transi-
tion could be observed in zero stress for Si:Se® as well as
for Si:Te®. Because of the magnetic moment associated
with electron spin, we expect this line to show a linear
Zeeman effect with three components. Moreover, ac-
cording to effective-mass theory the orbital magnetic mo-
ment of the 1s( 4,)1s(T,) configuration is zero, and the
g, factor describing the splitting of the observed line
should therefore have a value close to unity, as will be
shown. Our experimental confirmation of this prediction
not only confirms the identification of Bergman et al.3 of
this line with the spin-triplet state, but also confirms the
validity of effective-mass theory in describing the magnet-
ic behavior of this state. We have also been able to infer
the strength of the spin-orbit interaction from a quadratic
component in the Zeeman splitting, and we have mea-
sured directly the singlet-triplet energy separation and
the ratio of singlet and triplet line strengths. These re-
sults are compared with the independent determination
of the spin-orbit interaction strength from the stress mea-
surements of Bergman et al.’

Section II develops the theory of the spin-orbit and
Zeeman splitting of the *T, term of the 1s(A4,)1s(T,)
configuration using the analogy of a *P term of a free
atom and the formalism of the theory of the Landé g fac-
tor. The spin-orbit mixing of the *T, and !T, terms is re-
lated to the one-electron spin-orbit—coupling parameter &
used by Bergman et al.,*® and the effect of this mixing on
the energy levels and g factor is given. Section III out-
lines the experimental details, describes the confirmation
of the spin-triplet assignment and the extraction of the g4
factors and spin-orbit—coupling parameters, and com-
pares the measured line-strength ratios with the values
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predicted by combining our theory both with our own ex-
perimentally determined parameters and with those of
Bergman et al.® We discuss our conclusions in Sec. IV.

II. THEORY

A. Symmetry of states; spin-orbit splitting

The ground level of a substitutional double donor in Si
in its neutral charge state, as treated in effective-mass
theory’~® (EMT), has two electrons in the 1s( 4,) state,
the symmetric combination® !0 of 1s effective-mass states
from the six conduction-band valleys, with total spin
S=0. This ' 4, state belongs to the irreducible represen-
tation'! T, of the tetrahedral point group (7). Optical
excitation to the 'T, level (I's), in which one electron is
raised to one of the 1s(T,) states formed by the antisym-
metric combinations®'® of valleys from the [100], [010],
and [001] axes (labeled x, y, and z), is, in principle, al-
lowed through central-cell corrections to EMT. Optical
excitation to the corresponding *T, level with S=1 re-
quires, in addition, the presence of spin-orbit interaction®
to relax the spin selection rule AS =0 through mixing
with !'T,. This *T, term has spin-orbit components
transforming as I',, I'3, T'y, and T'5, and it is only the I's
component that has the same symmetry as lT2 and can
mix with it. In full tetrahedral symmetry, optical excita-
tion from ' 4, is therefore possible only to the I's com-
ponent of °T,.

Within the 3T, term, the spin-orbit interaction takes
the simple form

FH, o =ML-S), (1)

as in a P term of a free atom, where A is the spin-
orbit—coupling parameter for the *T, term. In Eq. (1), £
is an effective orbital angular momentum'? with com-
ponents £,, L, L, defined to have matrix elements with
respect to the two-electron orbital T, states T,,T,,,T>,
identical to those that the true orbital angular momen-
tum L has with respect to atomic P state P,,P,,P,,

(Tyy | L, | Ty, )=(P,|L,|P,)=—i, -+ @)

L,,L,, L, satisfy the commutation rules for an angular
momentum, and from Eq. (2) we have £ =1. Introducing
an effective total angular momentum £=.L+S§, we find,
as in the Landé interval rule for the relative energies of
the spin-orbit levels of a 3P term, that we have three lev-
els with #=0, 1, and 2 and energies —2A, —A, and +A,
respectively. These levels belong to the irreducible repre-
sentations I';, I's, and I';+ T, respectively. The spin-
orbit splittings are depicted in the energy-level diagram
shown in Fig. 1.

B. Zeeman effect

The linear Zeeman coupling of a *T, state with a mag-
netic field B may be written as

Hz=8 1npL B+gsupS'B, 3)

where pp is the Bohr magneton and g, and gg are orbital
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FIG. 1. Schematic, silicon-double-donor, energy-level dia-
gram identifying the triplet levels. This energy-level diagram
shows the relative energies of the °T,, 'T,, and 2p. ir-
absorption lines and the effects of the spin-orbit and Zeeman in-
teractions for an arbitrary sample orientation in the magnetic
field. Also shown for the spin-orbit levels of the *T, term are

.the irreducible representations by which they transform and the

values of effective total angular momentum. The observed po-
larization and the component of the effective total angular
momentum along the magnetic field for each Zeeman com-
ponent are indicated. The energies are not to scale.

and spin g factors. Within a level of given &, matrix ele-
ments of 7/, from Eq. (3) are equal to those of the opera-
tor

H o (F) =g suzd B, 4)

as in the theory!3 of the Landé g factor, with g, given for
both #=1 and 2 of °T, by

8s=g,+8s)/2 . (5)

We can expect gg=2 to sufficient accuracy, since spin-
resonance studies'®!* of shallow single donors in Si show
only a slight departure from the free-electron spin-only
value, while measurements®* for the singly ionized donors
Se* and Te* yield values of 2.0057 and 2.0023, respec-
tively. To evaluate g, we equate a representative matrix
element of the first term in Eq. (3) to the corresponding
matrix element of the interaction of the orbital magnetic

moments of the individual electrons with the magnetic
field,

g.L:u'B<T2y |"£x | TZZ)

2 (rnXpn)x

T22> , (6
=1,2

el
= T2
2me \" 7|,
where r, and p, denote the coordinate and momentum
operators of the nth electron. The left-hand side of Eq.
(6) equals —ig , up from Eq. (2), but in the effective-mass
approximation the right-hand side is zero because the ex-
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cited electron in the state T,, or T,, is in the state
1s(T,,) or 1s(T,,) formed from valleys on the y and z
axes, respectively. Intervalley matrix elements of rXxp
can be shown from the work of Luttinger and Kohn? to
be zero; hence g, equals zero.!* Corrections to the
effective-mass approximation, leading to a nonzero value
for g, are, of course, necessary if central-cell corrections
cause the 1s(T,) state to involve, for example, significant
admixtures of p functions on the donor impurity. From a
value g, =0, we may accordingly expect, from Eq. (5),
g4~=1 for the Zeeman splitting of both levels ['s(F=1)
and I';+T',(F=2), the former being the only level that
should be observed in the optical excitation spectrum at
fields low enough that mixing of states of different & is
not significant.

At higher fields, mixing between states of different &
increases, and energy levels depend nonlinearly on B. In
addition, optical excitation becomes possible to those
states of the #=0,2 levels which mix with those of #=1.
However, #, in Eq. (3) is still diagonal with respect to
the component of & along the field, and states with
different eigenvalues M ;=0,+1,+2 with respect to this
component of & do not mix (so long as the I'; and T,
components of =2 are not separated by higher-order
effects). The Zeeman splitting is then isotropic. The rela-
tive energies of the two states with M ,=+1 are given
exactly (except in omitting the effect of spin-orbit cou-
pling between °T, and !T,) by

E, =3(8s+8 upBE[A+ (g5 —g ) (upB)’]'?,
@)
and those for M ;= —1 by
E_;=—}gs+8, upB+[A*+Hgs—g, ) (ugB)?]'"?.
(8)

The lower sign in both Egs. (7) and (8) corresponds to the
states originating in the I's(#=1) level. States with
M ;=0 are given by the three roots of the equation

E3420E*—[A*+(gg—g, ) ugB)*]E —2A°=0, 9

of which the one originating in #=1 is found from Eq.
(9) to be approximated by

Ey=—AMl—la’+ia*~Tab+ ---), (10)

with a=(gs—g, (ugB/A). Finally, states with M,

=12 have energies
Eizz}‘i(gS“‘g,L )/.I,BB . (11)

All Zeeman splittings are depicted schematically in Fig.
1.

C. Spin-orbit coupling of ' T, and 3T, terms;
zero-field oscillator-strength ratio

A calculation of the oscillator-strength ratio
R=f,/fy corresponding to the '4,—!T, and
"4, —3T), transitions in the absence of magnetic fields or
strain has already been given by King and Van Vleck!'®
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for the equivalent problem of the 'S —'P and 'S —>P ex-
citations of a free atom such as mercury having the
ground-state electronic configuration (ns)?. The same
problem has also been considered by Knox and Dexter!’
for the impurity ion TI1" in an alkali halide crystal. This

calculation'®!” yields the result
R=(v,/v;)(K /£, (12)

where v, /v; denotes the ratio of the corresponding tran-
sition energies, £ is the one-electron spin-orbit parameter
for the 1s(T,) state, and K is given by

K=V2{(G+16)+[(G+ 1672 +1£2]V (13)

Here, G is the exchange integra1”’ 16 between the 1s( 4 1)
and 1s(7T,) orbitals, in terms of which the energy
difference® Agy of the T, and T, terms when spin-orbit
coupling vanishes (§=0) is

Spin-orbit couplirig between the 3T, and 'T, terms
modifies the relative energy positions of their spin-orbit
levels. In terms of £ and G these are given exactly in zero
magnetic field by

E[3T2,F2]=—G*§ ) (15a)
E[’T,,T5]=—16—[(G+ 16+ 1612, (15b)
E[’T,, T3, T,]=—-G+1¢, (15¢)
E['T,,Ts]=—16+[(G+ 1)+ 1£2]'2. (16)

The relationship of & to the spin-orbit parameter A of the
T, term, introduced in Eq. (1), is seen by comparing Eq.
(15) with Egs. (7)-(11), in the limit of weak coupling
(G >>£), to be

A=E£/2 . 17

Spin-orbit coupling of the *T, and 'T, terms also
modifies the g, factor of the I's (#=1) level of the °T,
term from that given by Eq. (5). Following King and Van
Vleck, we obtain for the exact g, factor of this level

8/=8+1(8s—8)/[1+(£/K)*] . (18)

The possibility that spin-orbit coupling between the
3T, and 'T, terms might be different from that within
3T, can be included by adapting the work of King and
Van Vleck.'® Such a difference occurs for free atom 3P
and !P terms, these authors noted, because the one-
electron np orbitals have somewhat different radial wave
functions in the singlet and triplet states. If a similar
difference is present in the 1s(T,) orbital of the *T, and
'T, terms of the double donor, the oscillator-strength ra-
tio R, the level positions as given in Egs. (12)—(16), and
the g factor given by Eq. (18) must be modified. Preserv-
ing the relationship in Eq. (17) but modifying the spin-
orbit interaction between *T, and !T, to correspond to a
coupling parameter £y, we find from the results of King
and Van Vleck that the terms £2/2 in Egs. (13), (15), and
(16) must be replaced by £2y2/2, (K /£)? in Eq. (12) by
(K /&y )%, and (£/K )* in Eq. (18) by (£y /K )™
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III. EXPERIMENT DETAILS AND RESULTS

A. Measurements

Our Si:Se® samples were prepared by high-temperature
diffusion in fused quartz ampoules containing, besides the
sample and dopant, half an atmosphere of He gas. The
sample used in our Zeeman measurements was cooled
slowly in the furnace after the diffusion. The tubes were
made as small as possible to avoid sample corrosion due
to the vapor-phase transport of material to cooler regions
of our globar furnace. Our Te-doped silicon samples
were prepared by vapor-phase epitaxy described else-
where.* All spectra were taken with the sample im-
mersed in pumped liquid helium at a temperature of 1.7
K and with the optical-access cryostat, fitted with ZnSe
and NaCl windows, placed in the beam of an IBM
Fourier-transform infrared interferometer (FTIR). When
polarized light was required, either a wire-grid or a
Brewster’s-angle ZnSe-plate polarizer was placed in the
FTIR beam before the cryostat. Magnetic fields were ap-
plied by placing the sample in the bore of 4-T solenoid or
a 2-T split coil in the same cryostat. The well-known
effective-mass-enhanced, highly anisotropic Zeeman split-
ting of the 2p, line!® was used to verify the sample orien-
tation in the field and to accurately determine the field
strength. Since no broadening of the split lines was ob-
served even at the highest fields, we conclude that the
magnetic fields were homogeneous over the sample region
probed by the FTIR beam.

In our Si:Se® samples, a weak but sharp line was ob-
served at 2146.38 cm !, near the expected zero-stress po-
sition of the forbidden *T, transition inferred by Berg-
man et al.,’ but too sharp to have been observed in their
l-cm ™! resolution zero-stress spectra. Our 0.25-cm™'-
resolution ir spectrum reveals a 0.3-cm ™! linewidth (full
width at half maximum). The nearby 'T, singlet at
2195.52 cm~! has a 0.5-cm™' width. The singlet-to-
triplet integrated absorption-coefficient ratio in eight
different diffusion-doped Si:Se® samples is 46+10. The
triplet line in Si:Te® appears at 1218.37 cm ™!, and our
0.1-cm ™ !-resolution spectrum reveals a width of 0.4
cm™! for this line and 2.9 cm™!' for the 'T, line at
1287.73 cm~!. The singlet-to-triplet integrated
absorption-coefficient ratio for Si:Te? in eight samples is
10+1.

The transmission spectra for both Si:Se® and Si:Te® ap-
pear in Fig. 2. The broad ionization absorption and
many sharp absorption lines are visible in the higher-
energy region of the spectrum. The excited states of
these transitions are hydrogenic owing to the strong
screening of the donor nucleus by the electron remaining
in the ground state. In Fig. 2 we label only the 2p line
used in determining the sample orientation and magnetic
field strength. The exchange interaction between an elec-
tron in one of these hydrogenic orbitals and the electron
in the ground orbital is so weak that any difference in en-
ergy between singlets and triplets is masked by the
linewidths of these transitions, so triplet terms associated
with these higher excited states are not seen in absorp-
tion. On the other hand, an electron in the 1s(T,) orbital
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FIG. 2. Si:Se and Si:Te? ir-transmission spectra. Transitions
to the 'T, singlet term, the #=1 spin-orbit level of the *T, trip-
let term, and 2p + are indicated.

has a relatively large exchange interaction with the
ground-state electron, leading to an energy difference
which is clearly resolved in the ir spectra, as seen in the
lower-energy portion of Fig. 2. The triplet term in each
spectrum is indicated by an arrow. The weak line on the
low-frequency side of the Te® triplet is a vibrational mode
of an oxygen-related defect.!” The weak line on the
high-frequency side is not in the right energy region, ac-
cording to Eq. (11), to be the =2 spin-orbit level of the
3T, term, and it splits in a magnetic field like np ., indi-
cating that it belongs to the absorption series of an un-
known donor.

The Zeeman measurements were performed in the
Faraday configuration, using a solenoid, in which the
FTIR-beam propagation vector is parallel to the magnet-
ic field, and in the Voigt configuration, using a split coil,
in which the propagation vector is perpendicular to the
field. Since, in the Faraday configuration, the electric
field vector of the incident FTIR beam is perpendicular
to the magnetic field for any polarization, only the two o
Zeeman components are observed. In the Voigt
configuration, the electric field vector is polarized either
parallel or perpendicular to the magnetic field so that ei-
ther the central m Zeeman component or the ¢ com-
ponents can be observed.

One of the triplet line’s distinguishing features is the
striking difference between its Zeeman splitting and that
of transitions to final states, like 2p ., whose orbital mag-
netic moment is nonzero. The splitting of the 2p, line is
enhanced by the ratio of the free-electron mass to the
effective mass and is proportional to the cosine of the an-
gle between the symmetry axes of the conduction-band
minima and the magnetic field.'® Figure 3 compares the
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FIG. 3. Zeeman spectra of the Si:Se® 2p4 and 3T,(F=1)
lines. The isotropic Zeeman splitting of the Si:Se *T,(F=1)
line is compared with the effective-mass-enhanced, anisotropic
splitting of the 2p. line for three sample orientations in a
Faraday-configured field of ~1 T.

Zeeman splittings of the 2p, and 3T,(F=1) lines for
three orientations of the Si:Se’ sample in a 1-T Faraday-
configured field. The 2p splitting is large and highly an-
isotropic in both pattern and magnitude, but the triplet
splitting is small and isotropic. The line on the high-
frequency side of 2p, is 3p,, which is not split in a mag-
netic field.

Figure 4 shows the measured center frequencies versus
magnetic field of the 7 and o0 Zeeman components of the
Si:Se® 3T,(#=1) line for sample oriented with {100),
(110), and (111) axes along the magnetic field. For
each orientation, we plot the theoretical curves for E
from Egs. (7) and (8) and E, from Eq. (10), setting g, =0
and using the experimentally determined spin-orbit pa-
rameter discussed below and given in Table I. It is evi-
dent that the 0 components lie on the E . curves and that
the m component lies on the E, curve for all three sample
orientations. This provides the strongest evidence for the
isotropy of the splitting.

The corresponding plot for the Si:Te® triplet is shown
in Fig. 5 for a sample oriented with its { 100) axis along
the magnetic field vector. Once again, the theoretical
curves, with the experimentally determined spin-orbit pa-
rameter and with g, =0, match the data closely. It was
not possible to study other orientations owing to the
wafer sample geometry.

The center frequencies versus magnetic field of the
3T,(#=1) spin-triplet 0 Zeeman components for both
Si:Se® and Si:Te’ systems in a Faraday-configured field
are plotted in Fig. 6. We also plot the theoretical curves
E, from Egs. (7) and (8), with g , =0 and with the experi-
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FIG. 4. Demonstration of the isotropy of the Si:Se®
3T,(#=1) 7 and o components. The measured center frequen-
cies vs magnetic field of the 7 (A data) and o (O data) Zeeman
components of the Si:Se® *T,(#=1) line for three sample orien-
tations in a Voigt-configured field are plotted. The theoretical
curves (solid lines) are the same for each orientation.

mentally determined spin-orbit parameter extracted from
the data below and appearing in Table I. For our cubic
Si:Se sample, both (100) and (110) orientations in the
magnetic field were possible. The two data sets are super-
imposed here, and the good overlap further demonstrates
the isotropy of the splitting. The Si:Te® data were all tak-
en with the (100) sample axis parallel to the field, and

T2
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N

& 00 st
S
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W g 20

Magnetic field (kG)

FIG. 5. Zeeman splitting of the Si:Te® 3T,(F=1) line in a
Voigt-configured field. The center frequencies vs magnetic field
of both 7 (A data) and o (O data) components with the field
oriented along a {100) axis are plotted along with the theory
(solid line).
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TABLE I. Double-donor parameters. The values, from the stress [Bergman et al. (Ref. 3)] and Zee-
man experiments (present work) are compared. The parameters are the frequencies of the 'T, and 3T,
lines, the spin-orbit interaction coefficient A determined from the o components of the Faraday data,
the spin-orbit interaction coefficient A, determined from the 7 component of the Voigt data, the one-
electron spin-orbit parameter &, the measured singlet-triplet energy separation A, this separation when
spin-orbit interaction vanishes, Agy, the predicted ratio of 'T, and *T, line strengths, R,, the measured

values R,, and the triplet #=1 level’s g, values.

Present work

Bergman et al.?

Se? Te® Se? Te’
v, (em™Y) 2195.52 1287.73
vy (cm™Y) 2146.38 1218.37 ~2145 1217
A (cm™h 3.1+0.1 11.1+0.3
A, (cm™Y 3.0
& (em™h 6.2 222 3.2 12.4
A (cm™)) 49.14 69.36
Agr(=2G) (cm™") 45.2+0.1 50.7+0.3 48.5 65.5
R, 126 470 60
R, 46110 10+1
gs(dF=1) 1.01+0.01 0.990-+0.004

?Reference 3.

data taken at both 0.5- and at 0.1-cm~! resolution are
plotted together. Note that the Te® splitting is more
nearly linear than the Se° splitting owing to its larger
spin-orbit interaction parameter and hence larger separa-
tion of spin-orbit components.

B. Parameter identification

We obtain the spectroscopic splitting factor g, from
the linear part of the Zeeman effect by fitting E | —E _
versus magnetic field, using the Faraday data and the
difference of Egs. (7) and (8). In Fig. 7 the linear fits are
plotted as solid lines with the data for both systems.
From the linearity of the data it is evident that manipula-

2.5

Si:se’

T

€
"

| 2.0

L Si:Te®

i

L

0.0 E
—2.0 40

Magnetic field (kG)

FIG. 6. Zeeman splitting of the Si:Se® and Si:Te® *T,(F=1)
lines in Faraday-configured field. Theory curves are plotted as
solid lines.

tion of the data in this way does indeed cancel the quad-
ratic part of the effect. According to our theory, the
slope of the fit should equal 2g,up for the #=1 com-
ponent of the *T, term. For this component these data
yield g, values of 1.01+0.01 (Se®) and 0.990+0.004 (Te?).
The spin-orbit interaction parameter is determined
from the second-order part of the Zeeman effect by fitting
—(E _,+E_,) versus B?, using the Faraday data and
the binomial expansion of the sum of Egs. (7) and (8), in
which g, is taken to be zero. In Fig. 8 the linear fits are
plotted as solid lines through the data points for both sys-

4
Si:se’
0
&
< o
|
]
4
[ Si:Te®
+
Ll
OO 40

Magnetic field (kG)

.FIG. 7. Linear fit of E,,—E_, vs magnetic field. The
difference between the E., and E |, components of the
’T)(#=1) line from the Si:Se® and Si:Te® Faraday data is

represented by the open circles and the fit is plotted as a solid
line.
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FIG. 8. Linear fit of —(E_;+E_;) vs the square of the
magnetic field. The sum of the E || and E_, components of the
3T,(#=1) line from the Si:Se® and Si:Te’ Faraday data is
represented by the open circles and the fit is plotted as a solid
line.

tems. Only the highest-resolution data for Si:Te® are used
here, for it can be seen that the second-order effect is
small for this system. The linearity of the points demon-
strates that manipulation of the data in this way allows
one to focus exclusively on the quadratic part of the split-
ting. According to our theory, the slope of the fit should
be (u%)/A; hence A is 3.1+0.1 cm ™! for Se® and 11.140.3
ecm~! for Te’. The stress measurements of Bergman
et al.® provide values for the parameter £ which we
determined from Eq. (17) and our values for A. The com-
parisons are made in Table I.

The measured energy difference A between the singlet
and triplet lines is equal to the difference between Egs.
(16) and (15b). Since we now know &, the exchange in-
tegral G can be extracted from A. Inserting G into Eq.
(14) gives the singlet-triplet energy difference Agy in the
absence of spin-orbit coupling. Since this last parameter
is one determined in the stress experiments of Bergman
et al.,’ we have obtained a second parameter by which
to compare the Zeeman and stress methods. This com-
parison is made in Table I, in which both A and Ag; are
given.

Both £ and G are used in Eq. (13) to find the parameter
K, which is needed in Eq. (12) for the singlet-to-triplet
oscillator-strength ratio. We find that these ratios are
126+6 for Se® and 18+1 for Te®. These values are to be
compared with the measured ratios 46110 (Se) and 10+1
(Te). The predicted and measured oscillator-strength ra-
tio values are included in Table I, where they are com-
pared with the values obtained by using the results of
Bergman et al.? in our theory.

An alternative determination of the spin-orbit interac-
tion parameter, which we distinguish by adding the sub-
script 7 to the symbol A, is provided by fitting the -
component data to Eq. (10) for E,. The coefficient of the
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second-order term for the Se’ 7 data is found to be
1.4x 1073 cm~!/kG?, which gives A,=3.0 cm~'. For
the Te® data, the coefficient of the second-order term is
5.2%x10~* cm~'/kG?, which gives A,=8.4. These A,
values appear in Table I. The A, are not as precise as the
A values, found from the fit of the Faraday-data ¢ com-
ponents, for there are fewer 7 data points and they do not
extend as far in field.

IV. CONCLUSIONS AND DISCUSSION

Our initial purpose was to confirm, from their Zeeman
splitting, that the new line in the ir spectrum of Si:Se’
and the corresponding line in Si:Te result from a transi-
tion into a double-donor spin-triplet level, as concluded
by Bergman et al.® This line is indeed split by a magnet-
ic field into three components, but for both Si:Se’ and
Si:Te? its isotropic g 4 factor has the value 1, far from the
value 2 expected for a transition into a level with simple
spin degeneracy. However, the T, term of the excited
1s( 4,)1s(T,) configuration has triple orbital degeneracy
in addition to its threefold spin degeneracy. If, as a result
of central-cell corrections to EMT, spin-orbit splitting of
3T, is large compared with the Zeeman splitting, only
transitions to the triply degenerate I's(#=1) spin-orbit
level should be observed, and the g4 factor of this level is
predicted to be unity if there is no contribution to the
magnetic coupling from the orbital magnetic moment.
This vanishing of the orbital moment is exactly the pre-
diction of EMT, and we take the observed behavior as
confirmation not only of the identification of the new line
by Bergman et al.® with the 3T, term but also of the ac-
curacy of EMT in describing the magnetic behavior of
this state. Though the #=0 and 2 spin-orbit levels of the
3T, term were not directly observed, the magnetic cou-
pling between them and the #=1 level has been related
to the nonlinear part of the Zeeman splitting of the F=1
level, and this behavior has been used to determine the
value of the spin-orbit splitting.

Although there must be a significant central-cell
correction to EMT for both Si:Se® and Si:Te® to account
for the large spin-orbit splitting of the 3T, term, this
correction must still be too small to cause a significant
departure of the g, factor from the value of 1. This is
reasonable, since the one-electron spin-orbit parameter°
for atomic Se in the 4p state is of order 1500 or 3000
cm~!in the 5p state of Te. Thus a p-function admixture
on the central donor atom of order 0.5% would account
for the spin-orbit coupling of the 1s(T,) state while giv-
ing the orbital g factor g, a value of order only ~0.005,
too small according to Eq. (5) to affect the observed g 4 by
more than the estimated experimental error.

If there were a significant orbital contribution to the g4
factor, moreover, this coupling should show up directly
as a Zeeman splitting of the 'T, term, which has only or-
bital degeneracy. No Zeeman splitting of the line corre-
sponding to the ! 4, —!T, transition was observed within
our experimental linewidth.

Our determination of the spin-orbit—coupling strength
from the quadratic component of the Zeeman energy has
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ignored the possibility that these states might show an in-
trinsic diamagnetism because of their large spatial extent.
Such a contribution to the term in the energy quadratic
in the field would be positive for all three Zeeman com-
ponents, however, whereas the quadratic term given by
Egs. (7) and (8) for the M 4==1 states is negative (A be-
ing positive, as found?! also for Se* and Te™, so that the
level with #=2 lies at a higher energy than that with
#=1). The quadratic term for the M ;=0 state as given
by Eq. (10), on the other hand, is positive. Thus a
significant diamagnetic correction to these energies
would have led us to obtain different values for A from
the different Zeeman components. The approximate
agreement of the value of A and the value of A thus ob-
tained for each double donor suggests that any diamag-
netic shift is not significant. Such a shift would also
affect the ' T, term.

The values for A obtained in this work correspond to a
spin-orbit interaction approximately twice as strong as
that inferred by Bergman et al.® from the form of the
avoided crossing of the strain-split components of the ' T,
and *T, terms. We could account for this difference in
the manner of King and Van Vleck!® by introducing a
factor ¥ ~ 3 in the interterm spin-orbit coupling, as dis-
cussed in Sec. II C. As these authors have shown, a value
for v in the range 0.75-0.85 serves quite well to describe
the spectra of the free atoms Hg, Cd, Zn, Ba, Sr, and Ca
and corresponds to the np orbital in the 'P term being
more diffuse than that in the more tightly bound *P term.
Similarly, we would anticipate a value ¥ <1 for the dou-
ble donors if the 1s(T,) wave function in the 'T, term is
more extended than in 3T, and has a smaller central-cell
correction. However, use of a value y ~1 in Eq. (12) as
modified to include y (Sec. II C) increases the predicted
value for the oscillator-strength ratio by a factor ~4 and
makes worse the approximate agreement exhibited in
Table I with the experimental value of this ratio. We
have no explanation at present for the difference in the
strength of the spin-orbit coupling inferred in our work
and in that of Bergman et al.>

We may, nevertheless, note that the value for the spin-
orbit parameter £ obtained in our work remains smaller
than that inferred from the observed?' spin-orbit splitting
of the I'; and I'y components of the 1s(T,) state of the
ionized donors Si:Se* and Si:Te* (§~12 and 29 cm ™!,
respectively). Because the single electron “sees” a doubly
charged core in this latter case and is therefore much
more tightly bound than for the neutral donor, this case
should provide an upper bound for the value of the one-
electron spin-orbit coupling of the double donor. So
large a value for £ as that obtained in our work, however,
implies, from Eq. (18) (with g, =0), a reduction in the g
factor g4 for F=1 (to ~0.99 for Se and ~0.95 for Te)
that is in disagreement with the experimental value by
more than our limits of uncertainty. A better under-
standing of the proper value to take for the spin-orbit
coupling will probably have to await the direct observa-
tion of the spin-orbit levels with #=0 and 2 by using
higher magnetic fields than those available to us in the
present work.
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We have already noted in Sec. II C that the 'T, and
3T, terms of the double donor exhibit properties analo-
gous to those of the 'P and 3P terms of the impurity ion
TI* in an alkali halide crystal.!” Other such mercury-like
(or helium-like) defects with the ground-state electronic
configuration (ns)? that have been studied extensively?
include such ions as Ga™, In*, Sn?*, and Pb?* in the al-
kali halides and the F center®~2° in CaO. All these de-
fects differ from the double donors in Si, however, in that
the np electron has a strong Jahn-Teller coupling that
dominates spin-orbit coupling. The optical transitions
are accordingly broadened into bands, and the Zeeman
splitting of the excited states, as studied for example for
the F center in CaO by optically detected magnetic reso-
nance,’*? is that of a simple spin (S=1) in an axially
distorted center with g factor near 2 (in actuality a super-
position of the spectra of such distorted centers with all
crystallographically equivalent orientations). By con-
trast, the large spatial extent of the effective-mass states
of the double donor restricts their Jahn-Teller coupling to
phonons of wavelength longer than the orbit diameter, of
which there are too few for the Jahn-Teller effect to be
significant in comparison with the spin-orbit splitting.°
The resulting Zeeman splitting is that of the spin-orbit
levels in a fully symmetrical environment and is accord-
ingly isotropic, as found in the present work. The double
donors, despite their close resemblance to the other
mercury-like defect centers, thus represent a very
different case more closely resembling the free Hg atom,'®
except in having no contribution to the Zeeman splitting
from the orbital magnetic moment.

With the identification of double-donor triplet terms
now confirmed, the question of producing a nonequilibri-
um population in these states arises. Optically pumped
double-donor electrons could become trapped in triplet
excited states if their lifetimes relative to the singlets are
long enough, causing a change in the triplet line strength.
We attempted this experiment by irradiating a low-
temperature sample with xenon arc light. Spectral
changes were easily observed that may be explained by a
combination of the Burstein-Moss shift?®*?” and by line
narrowing due to screening by photogenerated carriers of
the random fields of ionized impurities, but no change in
the ratio of the 'T,-to-’T, integrated absorption
coefficients was detected. These results are consistent
with homogeneous broadening of deep-donor absorption
lines?®?° since then the observed small difference between
singlet and triplet linewidths illustrated in Fig. 2 would
translate into a small difference in singlet and triplet life-
times, compatible with our null result.

In summary, the identification of spin-triplet terms for
double donors in silicon, first detected by Bergman
et al.,> has been confirmed by means of the Zeeman
effect. The isotropic Zeeman splitting of the new line in
Si:Se® and of the corresponding line in Si:Te® into three
components having the expected polarizations is con-
sistent with their identification as the #=1 spin-orbit lev-
el of the 3T, spin-triplet term of the double-donor
1s( A,)1s(T,) electronic configuration. The experimen-
tal splitting factor g ;=1 for both Si:Se® and Si:Te° agrees
well with the simple theory of Landé g factors using the
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EMT value g, =0. The values of the spin-orbit interac-
tion parameter determined from the fit of the Zeeman
data to the theory yield better agreement than those of
Bergman et al.’ with the observed ratios of singlet-to-
triplet zero-stress transition intensities.
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