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Extreme Reduction of the Spin-Orbit Splitting of the Deep Acceptor Ground State of ZnS
2 in Si
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Electric-dipole spin resonance of the deep acceptor ZnS
2 in Si reveals close G8 and G7 ground states

with zero-field separation of only 0.31 meV as compared to the 43 meV of the two valence bands.
With Landé’s formula for the g factors of a 2T2 state split by spin-orbit interaction into G8 and G7 this
nearness can be interpreted as strong quenching of the orbital moment. The observed dependence on
the Zn isotopic mass indicates a dynamic contribution of the acceptor atom to the electronic state as is
expected for a Jahn-Teller effect.

PACS numbers: 76.30.Lh, 71.70.Ej
The binding energies of the G8 one-hole ground states of
single and double acceptors in silicon span a large, quasi-
continuous scale ranging from relatively shallow (Si:B,
46 meV) to near midgap (Si:ZnS

2, �660 meV [1]). This
is a unique situation, a challenge and check for theoretical
approaches that have been quite different at the extrema of
this scale [2,3]. We state here the existence of a second,
countercorrelated scale, not considered previously, namely,
the separation between these G8 and the associated spin-
orbit split-off G7 states, which opens a new aspect and
should be helpful for theoretical considerations.

A cornerstone to this statement is our observation, pre-
sented here, that in the case of the extremely deep Si:ZnS

2

this separation is so small (0.31 meV) that at 60 GHz and
moderate magnetic fields it can be bridged by electric dipo-
lar spin resonance (EDSR) transitions. (For comparison,
this spin-orbit splitting in the case of the valence bands
amounts to 42.8 meV [4].)

Taking together our EDSR data at 24, 34, and 60 GHz
for Si:Zn2, we can obtain a precise nonlinearity of the Zee-
man splitting of the four G8 levels consistent with the small
G8-G7 separation. In light of this result the increasing non-
linearity of the G8 Zeeman effect with increasing binding
energy observed previously in EDSR of group III accep-
tors in Si [5] can be understood by a decreasing separation
of both acceptor states. In the case of the deep BeS

2 a
rather precise estimate was possible [6] for this separation
(0.6 meV) which was later confirmed directly by phonon
spectroscopy [7].

We regard it as an important clue to our understanding
that we can describe both the reduced G8-G7 separation and
the also observed reduction of the g factors with increasing
binding energy in terms of the Landé formula by a common
reduction factor k meaning an increasing quenching of the
orbital momentum. For the interpretation of this quench-
ing the system Si:ZnS

2 could again be crucial: We were
able to observe an isotope effect for the spin-orbit split-
ting which suggests that the quenching may be due to a
dynamic Jahn-Teller effect.
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Doping with Zn was performed by Zn diffusion into
samples of typically 5 3 8 3 1.5 mm3 at temperatures of
about 1000 ±C for several hours, as described in [8]. Af-
ter Zn diffusion the samples were mechanically polished
to remove the remains of Zn on the surface. Disks of
2–6 mm in diameter were ultrasonically cut and etched
at the side walls to reduce surface-generated strain. EDSR
absorption spectra between 1.8 and 10 K were recorded
with the samples in the center of flat cylindrical TM030
reflection cavities, where the microwave electric field Ẽ
is maximal. These cavities are part of standard EPR mi-
crowave bridges and are positioned in the center of a hori-
zontal NbTi-Helmholtz solenoid for static magnetic fields
B up to 7 T in a plane perpendicular to Ẽ. More than
30 samples of different doping and codoping were inves-
tigated with angular variation of B in the �11̄0� plane.

Typical EDSR spectra of Zn-doped samples partially
compensated by P are shown in Fig. 1. A number of lines,
resembling the spectra of neutral group III acceptors [5]
and also of BeS

2 [6], can be attributed to singly ionized
substitutional Zn. The line position depends weakly on the
direction of B. Only for the narrowest lines, especially for
the one labeled “1u” in Fig. 1, the anisotropy is resolvable.
It can be described with 1 2 5�n2

1n2
2 1 n2

2n2
3 1 n2

3n2
1�,

where the ni’s are the direction cosines of B with respect
to the �100� axes. This anisotropy is typical for a G8 state
in cubic symmetry [10]. Moreover, the variation of line
strengths with field direction for transitions within the G8
state follows the theoretical relations given in [5] for linear
coupling to the electric microwave field. At 60 GHz two
additional triplet lines “a” and “b” are found which can
be fitted by a superposition of lines according to the natu-
ral abundance of the three main Zn isotopes (cf. Fig. 1).
In samples exclusively doped with 67Zn only one line ap-
pears in the intermediate position between 66Zn and 68Zn.
The isotope effect and the angular dependence of the spec-
tra give evidence that the defect involves one Zn atom at
a tetrahedral site either substitutional or interstitial. How-
ever, for the interstitial double donor an orbital singlet a1
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FIG. 1. EDSR spectrum of a compensated Zn-doped sample
at 60 GHz. The transitions a and b to the G7 state consist of
triplets due to the main Zn isotopes as verified by doping with
67Zn instead of natural Zn. The narrow features not marked
belong to a trigonal Zn complex [9].
418
is expected as in the analogous case of the isoelectronic
Cd [11] that cannot give rise to a G8 state. Therefore the
spectra are considered to be caused by substitutional Zn.
To determine the relevant charge state, EDSR spectra were
taken of a series of Zn-doped samples codoped with P or B
and showing various degrees of compensation as obtained
from resistivity profiles measured at room temperature.
The spectra shown in Fig. 1 were observed without
illumination in samples with p-type conductivity and
rather high resistivities. In low-resistivity p- and n-type
samples with the Fermi level near the valence and conduc-
tion bands, respectively, the samples had to be illuminated
with white light to obtain the spectra. By taking into
account the two acceptor levels of substitutional Zn at
319 meV [12] and at about 660 meV [1], the spectra can
be attributed to ZnS

2.
We analyze the spectra using the general form of the

Zeeman matrix of two coupled G8 and G7 states as tabu-
lated in [13], which is not restricted to a specific model
but only reflects the transformation properties of the states
involved.
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f is the angle between �001� and B in the �11̄0� plane.
The spin-orbit coupling is included in the form l̃�LS�,
where L � 1 and S � 1�2 for a hole in Si. In addi-
tion, the matrix contains the four g factors of the coupled
states. Thus there are five parameters to be determined
experimentally. If the anisotropy g0

2 can be neglected as
in the case of Be2, the simpler matrix given in [6] is ob-
tained. On the other hand, the familiar form g0

1mB�BJ� 1

g0
2mB�BxJ3

x 1 ByJ3
y 1 BzJ3

z � of the Hamiltonian of an
isolated G8 state is obtained in the limit of infinitely large
separation j3l̃�2j of the states G8 and G7. By numerical
diagonalization we obtain a level splitting pattern as shown
in the upper part of Fig. 1. It is the anticrossing behavior of
the 61�2 states that leads to the increased nonlinearity of
the Zeeman splitting with decreasing G8-G7 separation. In
the case of ZnS

2 this separation is so small that, at 60 GHz,
EDSR transitions a and b between both states are observ-
able. Thus all parameters in the above energy matrix can
be determined. The fit to the set of data from the three
microwave bands is shown in Fig. 2. Near 60 GHz we
have taken measurements at various frequencies to verify
the slopes of the lines. The validity of our analysis is sup-
ported by the quality of the numerical fit. Also the angular
dependence of line strengths for the transitions a and b

is as expected for transitions between a G8 and a G7 state
[14]. The assignment to transitions starting from “upper”
states (u or m) has been verified by their temperature de-
pendence.

Our results are summarized in Table I. For the three Zn
isotopes we obtain the same g values but different spin-
orbit splittings from our fits. It is interesting to com-
pare the g values and the spin-orbit splitting of ZnS

2 with
those of shallower one-hole states in Si. Taking a mean
isotropic g�8� instead of g0

1 and g0
2 for the G8 state (this

is done in Fig. 3) shows a clear monotonous dependence
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FIG. 2. Calculated fit of the level separations (lines) to the
observed resonance fields of ZnS

2 in the three microwave bands
(points) for the cases B k �001� (a) and B k �110� (b). l, m, and
u represent the lower, middle, and upper transitions, respectively,
within the G8 quartet and the numbers in front represent Dm.

of these parameters on the binding energy (as far as ex-
perimental values exist). The strongest dependence is
observed for the spin-orbit splitting, which could be deter-
mined from the EDSR data unambiguously only in the case
of ZnS

2, the value of only 0.31 meV being supported by a
resonance observed under uniaxial stress in phonon spec-
troscopy (PS) with superconductor tunnel junctions [15].
The value of 0.6 meV estimated for BeS

2 from the non-
linear Zeeman splitting [6] has been also confirmed by PS
(unpublished results by Linsenmaier, see Ref. [7]). The
close proximity of the G7 state is also consistent with a
hitherto not explained shoulder on the high-energy side of
the IR lines of Si:BeS

0 [16,17]. This satellite is a com-
ponent of the final state of the optical transition which

TABLE I. Parameters of ZnS
2 as determined by the fit in

Fig. 2. Notice the different values of the spin-orbit splitting
j3l̃�2j for different Zn isotopes.

g0
1 g0

2 g�7� g�78� 3l̃�2 (meV)
64Zn 66Zn 68Zn

0.73 20.018 20.71 0.96 20.318 20.314 20.310
60.02 60.005 60.05 60.05 60.01 60.01 60.01
may be viewed as Si:BeS
2 plus an only weakly interact-

ing hole in an extended state. In the case of In, an excited
state about 4.2 meV above the G8 ground state has been
observed with various techniques and has been assigned to
higher vibronic levels connected with the dynamic Jahn-
Teller effect (see [18], and references therein). In view
of the present results we favor the alternative interpreta-
tion of this “excited” state being G7: From the analysis
of the nonlinearity of the Zeeman splitting of the elec-
tronic G8 ground state of In previously observed by EDSR
[5], we obtain for the G8-G7 separation 4.2 6 0.4 meV
[7]. For the shallower acceptors the Zeeman nonlinear-
ity is too small for reasonable estimates. The spin-orbit
splitting of B has been determined by Raman scattering
[19–21] and IR absorption [22]; a value of 22.77 meV is
given in [22]. The two data points marked with an asterisk
(�) in Fig. 3 belong to the hole of the excitons bound at
isoelectronic Be-Be pairs [23] and the isoelectronic A, B, C
defect [23,24]. For Ga and Al we estimate values at about
14 and 15 meV, respectively, from interpolation between
B and In (Fig. 3). The first Raman results appear to be in
agreement with these predictions [21] and also give other
confirmation of the value of 4.2 meV for In. The indicated
g values of B, Al, Ga, In, and Be2 have been determined
by EDSR [5,6], except for g�7� of B which was obtained
from magneto-Raman measurements [20]. g�8� of Tl was
taken from [25].

Neglecting the small anisotropy of the spectra, Landé’s
formula for a 2T2 state can be applied to the coupled G8
and G7 states, where we allow for a reduction of the orbital
moment by a factor k. We obtain the following [6]: g�7� �
4k�3 2 2�3, g�8� � 2k�3 1 2�3, g�78� �

p
2 �2 2 k��3,

and l̃ � kl. The lines in Fig. 3 are smooth interpolations
to the values calculated from these expressions with the

FIG. 3. Measured variation of g values and spin-orbit split-
ting with hole binding energy Eb in Si (points). The lines are
smooth interpolations of the values calculated as a best fit to all
data points from Landé’s formula allowing for a reduced orbital
moment by reduction factors k�Eb� and a common unreduced
spin-orbit splitting parameter l as fitting parameters.
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two fit parameters l and k�Eb�. We obtain an increasingly
quenched orbital moment with increasing binding energy
(see scale on the right of Fig. 3). The reason for that
could be the dynamic Jahn-Teller effect, for which the
quenching is determined by the strength of the coupling to
phonons (see Chap. 21 in Ref. [10]). This coupling should
increase with the increased localization of the state. Also,
the observed isotope effect for k in the case of Zn suggests
a vibronic contribution. For coupling to G5 local modes,
the central Zn atom participates in the motion, so that the
effective mode frequency v should depend on the isotopic
mass of Zn. Since the reduction factor for coupling to G5
modes is given by k 	 exp�29EJT �4h̄v� [26], a larger
mass of the Zn-Si neighborhood complex leads to a smaller
v and thus a smaller k, giving a smaller spin-orbit splitting
as observed (see Table I). The Jahn-Teller effect would
also explain the larger g value attributed by Ginodman
et al. to ZnS

2 [27]. Since their EPR measurements were
performed under uniaxial stress, the Jahn-Teller effect is
expected to be reduced by the symmetry-lowering external
stress, leading to a larger k.

Interestingly, the unreduced spin-orbit splitting j3l�2j
deduced from the fit in Fig. 3 is approximately 32 meV
and thus much closer to the atomic value of Si, which
is about 28 meV, than to the value of the valence band,
42.8 meV. This may reflect the localized nature of accep-
tor ground states in Si, which are probably described better
by a t2 dangling bond state as in the vacancy model (see
[28], and references therein) than by valence band states.
It must be noted though that recent calculations on the ba-
sis of valence band states have also given a reduction of
the spin-orbit splitting with increasing binding energy, the
latter being used as a fit parameter within a Koster-Slater
ansatz [21]. (A first calculation using effective mass ap-
proximation did not specifically address the dependence
on binding energy [2]. 24 meV was obtained for the spin-
orbit splitting of shallow acceptors.)

However, a touchstone for any theoretical result is the
understanding of the common reduction factor k for spin-
orbit separation and g factors for the series of acceptors
and also its isotope effect, at least in the case of Zn as
reported here.
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