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LINEAR EFFECT OF APPLIED ELECTRIC FIELD IN ELECTRON SPIN RESONANCE
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In the preceding Letter, ' Ludwig and Woodbury
report observation of linear effects of an applied
electric field on the electron spin resonance
spectra of two charge states of interstitial iron
in silicon, in accord with Bloembergen's predic-
tion' that such effects should be in general observ-
able for ions at crystal sites lacking inversion
symmetry. The purpose of this Letter is to show
explicitly how these effects arise for iron-series
transition metal ions that form interstitial defects
in silicon. Similar results pertain to other ions
with d" or f" valence configurations in various
crystals.

A phenomenological model that successfully
describes interstitial iron series ions in silicon
has been given by Ludwig and Woodbury: The
ions occupy sites of tetrahedral symmetry; all
valence electrons are in the d shell; the three-
fold degenerate t, orbitals are lower in energy
than the doubly degenerate e's; Hund's rule is
obeyed. However, the t, and e wave functions
of the interstitial are very different from the 3d
functions of the free ion, although they have the
same behavior under symmetry operations of
the tetrahedron. In particular, Sd t2 functions
mix with functions of odd parity on the metal ion,
such as 4p, and form bonds with neighboring
silicon atoms. Denoting by x, y, z coordinates
with respect to the cube directions, we may rep-
resent the t~ functions schematically by

( =~(yz)3d+tl(z)4 +y(m -e2+V3-e4), (I)x Sd 4p 1 2

and g& and gz by cyclic permutation of z, y, z.
Here y~, y„y„andy4 denote o orbitals on
nearest neighbors in the [111], [ill], [ill], and
[111]directions, respectively, and for simplicity
we ignore other possible bonds.

The interaction Xg =e 4'zz of an electron with
an electric field gz in the z direction then has
only one nonzero matrix element between the t2
functions:

&C )sa zip &=ps.
X Z y Z

with Z =1:
R =-gp(2 2 +2 2)g z x y y x

Xg lifts the orbital degeneracy of t2, energy
levels being at 0 and+p8z. Thus an electron
in a t, state in tetrahedral symmetry responds
to a field in a cube direction as if the state pos-
sessed an electric dipole moment of strength p.
From (1) and (2), p is nonzero if the t, states
are mixtures of functions of opposite parity on
the central ion (n and P t 0) or if v bonding oc-
curs with the nearest neighbors (yWO).

For Fe' or Mn interstitial in Si, the ground
state arises from the configuration t,'e' and has
S =1 and no orbital degeneracy. ' At an energy b
higher, there is an orbital triplet of the form
t,'8' which is split by an electric field. Between
these states and the ground state there are ma-
trix elements of the spin-orbit interaction X(L S),
the orbital part of the Zeeman interaction P(L H),
and the interaction P(L~ I) between the nuclear
moment and the orbital moment of the electrons.
Accordingly, from third-order perturbation the-
ory we find for the spin Hamiltonian of the ground
state'

R=gPH S+AI ~ S -yP H I
N

+ @ (2z'pn'/~')(s s +s s )z g y y x
+ g p(4ipnc /~')(S H +S H )Z x.y y x
+ g (4XPPua "/6')(S I +S I )z xy gg
+ 8 (2pP n'"/a') (I I +I I )Z xy yx
+ h P (4PPa'n "/h, ')(P/P )(I H +I H ). (4)z N Ãxyyx

Terms in (4) arising from h and 6 may be ob-
tained by permutation of indices. Here a, 0. ',
and o."are factors arising because matrix ele-
ments of A, (L S), P(L H), and P(L I) are changed
from their free-atom values. The isotropic shift
in g provides the relation

This defines a parameter p. We may for conven-
ience represent the matrix elements between t,
functions in terms of an operator 2 which satis-
fies the commutation rules for angular momentum,

(8hnn'/6) = -(g -2.0023).

For g|3H»(X'n'/b')p8 and arbitrary orienta-
tion of 8 and H, the energy levels to first order
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where

+(8) pan /~')spmsy, (5)

Q=mn n +m n n +m n n,
g P g P Z P Z g

n&, n&, nz and m~, m&, mz being the direction
cosines of H and 8, respectively.

For Fe+ or Mn' the ground state is t, e' with S
=

2 and a threefold orbital degeneracy describable
by an effective orbital angular momentum opera-
tor 2 with @=1. With J=Z+S, the spin-orbit
interaction separates the levels with J= -'„2,and

2, placing J=-', lowest. The effect of gz is rep-
resented by an operator of the same form as (3),
and this, the Zeeman interaction

X =g PH &+gPH S,
H s

and the hyperfine interaction

X =A I+A S II s

have matrix elements between the J= -, and -,
'

states. Accordingly, from second order pertur-
bation theory the spin Hamiltonian for the J= -,'
states has the form

in g are given by (with omission of nuclear terms) We have so far ignored the fact that the para-
magnetic ion is displaced by the external field
from its position of tetrahedral symmetry. This
displacement gives rise to a perturbation in the
potential seen by the electrons in addition to that
produced directly by the applied field. However,
we may show from symmetry that to first order
in 5 this further perturbation can affect only
those matrix elements already affected directly
by the applied field. Thus the parameter p will
be used to represent the net effect of both per-
turbations.

From the results of Ludwig and Woodbury and
Eqs. (4) and (7) we can evaluate the effective one-
electron dipole strength P for interstitial Fe+ and
Fe' in silicon, using estimates of the other param-
eters in these formulas obtained from other stud-
ies. We obtain p/e —= 0.3 x10~ cm for both Fe'
and Fe+. These values are, however, each un-
certain to perhaps a factor of 3 because of uncer-
tainties in making correction for local fields and
in estimating the other parameters.

If p is of the same magnitude for Mn and Cr in
silicon as for Fe, the ground states of Mn+ and
Cr' should suffer a linear Stark splitting of -0.05
cm ' with h=10' v/cm, in zero magnetic field.

The author is indebted to G. W. Ludwig and
H. H. Woodbury for helpful discussions.

X
/

=(-,'g --,g )pH J+(36A --,A )J I

- [2P(g -g )/3~'] h P (J & +& & )
X g P x

- [2p(w -X )/3W] a (J I +J I ),s Z X$ PX

where W = [E(-,') - & (-,')].
For interstitial Mn+ and Cr' in silicon the

ground state is tm'e' (S = 2, g= 1). The effect of
8s is given by (3). This gives a direct Stark
splitting of the ground level (J=1) as well as
producing shifts in other resonance parameters.

The silicon lattice has two tetrahedral inter-
stitial sites identical in their environments ex-
cept that one is inverted with respect to the other.
The dipole moment p has opposite sign for these
sites, and resonance spectra should thus show a
symmetrical splitting of lines to first order in $,
as is observed.
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81n writing the coefficients of the terms in (4) we have
omitted contributions arising from matrix elements be-
tween the ground state and two higher orbital triplets
derived from the free atom SF and 3P terms. These
additional contributions have the same general form
and relative size as those given and must be included
in a quantitative treatment. They are proportional to a
matrix element of Xg between the t2 and e functions in-
stead of to p as defined by (2).


