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Recent studies on cyclotron and paramagnetic
resonance in strained p-Si'~' have confirmed the
earlier developed theory, '&4 and have shown that
investigations of this kind give important informa-
tion concerning band structures and'the nature of
impurity centers. In connection with this, some
new possibilities offered by measurements of the
resonance effect in strained crystals are pointed
out.

I. Measurements of the cyclotron resonance
in strained Ge and Si make it possible to find not
only the values of the constants A, B, and D de-
termining the spectrum E(k) in these crystals'
but also the ratio of the deformation potential
constants, b/d, which is very important for the
theory of scattering. ' Thus, according to refer-
ence 3, when the crystal is strained along [110],
the inverse effective masses on the main axes,
'[110], [110], and [001], are equal to

corresponding to that determined by Eq. (18) of
reference 3, K is Kane's constant, ' S~ is de-
termined by Eq. (16) of reference 3, and

Ix =3b (e -e ) +4d (6 +e ),xx pp zz xy xz '

a =-2W3(h )~de +2d'e e, etc.
xy E xy xz yz

This formula is just for the strains when the band
splitting, which is equal to 2(Se)~, exceeds k1'
and the difference E(0) -E(k)min, i.e., under
conditions similar to those attained during the
above-mentioned experiments. '

Toroidal surfaces occur, in particular, in the
strains on the axes [001]and [111]:When be & 0,

E(k)=(A+@3)(k +k ) +(A -B)k; (3)

when be&0,

E(k) = (A - gB)(k a k )'+ (A +B)k '
D 1 +yB/D D 1 yB/D -By

(1+ z)vz' 2 (1+ &)+&s (1+ s)~'
(1)

where

where

v3 iKi

2(b/d)c„
Cii Cn Correspondingly, when de & 0,

Here we assume that the upper choice of signs
corresponds to de &0 while the lower one cor-
responds to de &0. The signs of the constants B
and D cannot be determined by cyclotron reso-
nance. Such experiments as well as measure-
ments of the piezoresistance at high temperatures'
allow us to determine only the signs of the pro-
ducts Bb and Dg. From the data' as well as from
Smith's experiments it is evident that for Si,
Bb&0 and Dd&0.

II. The use of strained crystals with an InSb-
type lattice makes it possible to obtain semicon-
ductors with some special kind of spectrum when
the surfaces of constant energy have toroidal
shape and the extremum is in the ring. Taking
into consideration terms linear9 in k at low k for
the lower band corresponding to the minimal en-
ergy of the holes, we obtain from the calculations

where

A+D/2VY

On the contrary, when de&0,

where

W2I K I

A +D/v 3

The properties of semiconductors with toroidal
energy surfaces have been studied in detail by
Hashba et al." Of great interest is the investi-
gation of the cyclotron resonance and the com-
bined resonance predicted by Rashba in these
semiconductors.

(2)E(k) =E'(k)+ ~(Q a. k.k )"'. . .
g l/2

Here Eo(k) has significance for the strained p-Ge
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III. In strained crystals p-Ge and p-Si it seems
possible to observe a spin resonance of free car-
riers. In these nonstrained crystals such a reso-
nance cannot be seen, because as a result of the
large spin-orbit interaction an effective magnetic
moment of the hole depends on its impulse direc-
tion. Therefore, instead of a resonance line, a
broad resonance spectrum would result.

In strained crystals all the holes with low k
possess the same effective magnetic moment de-
pending on the strain direction, and their reso-
nance frequency is determined by

(» )'=(u 'X'/@ )(H, H),
p 0 (6)

where

(A, 8) =QP . .A.B.,
U l2'

ti =[(8 )"'+b(h -Sc )]'+Sd'(e '+~ '),
XX XX XP X8

p =vSd(v3de e -e [2(8 )~-b(h, - Se )]),
SP xz ys xy 6 zs etc. ,

where A=a +e +a and X is I uttinger's
constant. " In the case of strain along [001]and

[111],

where g i'=(1+2)', gz'=(1+1)', Hi'=H„'+H&',
and p, , is the Bohr magneton. Here the upper
sign corresponds to ba & 0 and da & 0 while the
lower one corresponds to ba &0 and dc &0.

The matrix element determining the probability
of the transition under the influence of an alter-
nating magnetic field h is equal to

(H, H) (h, h) - (H, h)'

a, (HH)

where (A, 8) may be determined according to (7).
For the indicated direction's [001]and [111],when
56&0 or df &Op

[hH]'+3[hH] '
2= 2 2 a' Sa' (10)

when b«0 or d«0, Q»=0.
Significant changes in the resonance frequency

of the hole of the acceptor center occur when the
splitting of the ground fourfold-degenerate state"
due to the straip exceeds the term splitting in the
magnetic field. However, in the case of strains ob-
tained in practice, ' a main contribution to the g
function of the impurity center comes from states

with large k for which Eq. (6) does not apply.
That is why the resonance frequency of the bound
hole depends not only on the constants b and d but
also on the ( function. ' Therefore it is not to be
believed, as is accepted in Kleiner and Both,"
that the term splitting is equal to the splitting of
the valence bands at 0 =0, for the term splitting
also depends on the change of the corresponding
effective masses.

Only in cases when the strain is so large that
the main contribution to the g function comes
from states of low A, i.e., when the band splitting
2(8e)~' exceeds the activation energy of the im-
purity center E~, will the resonance frequency be
the same as for free holes. Therefore, in the
case of lower strains this frequency must depend
notably on the strain value according to

6 /v =2($ )~'/E. .
p p e i

In the above-mentioned experiments' bg~/egz = 30
which, according to (11), gives for the constant
g a value about 0.5 ev.

We have no grounds to believe that in this in-
stance the ratio gii /gi undergoes considerable
changes for the bound states when compared with
the free ones. Therefore, comparing the results
of the experiments' with Eg. (8), the conclusion
may probably be drawn that in Si both constants
b and d are negative; hence B and D are also
negative, which corresponds to the theoretical
estimate. '
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Theory and results for iron-group paramag-
netism in crystals' show that the dominant con-
tribution, of noncubic crystalline fields, to the
ground-state spin Hamiltonian is quadratic in the
spin. This indicates a quadrupolar form for the
relevant spin operator in spin resonance transi-
tions induced by lattice vibrations. Quadrupole
selection rules for spin-phonon transitions have
been explicitly derived by Mattuck and Strand-
berg' for non S-state ions of the iron group.
However, their low-frequency acoustic experi-
ments' were unable to verify the selection rule.
Using microwave ultrasonics in conjunction with

standard spin resonance techniques, 4 we have
e perimentally confirmed the quadrupole selec-

S+tion rule for a non S-state ion, Cr in AlsOs,
and also for two S-state iona, Mn and Fe in8+ 3+

MgO.
9-kMc/sec longitudinal phonons were generated

in quartz rods bonded to the paramagnetic host
crystals. '&' The wave propagation direction was
parallel to the c axis in the Al O„and parallel
to a cubic axis in the MgQ. CVf resonance satu-
ration techniques were used to observe the in-
teraction of the ultrasonics with the spin rt.'so-
nances, and relative spin-phonon matrix ele-
ments were extracted by comparison of the satu-
ration by ultrasonics with saturation by a micro-

hi hwave source, at the resonance frequency, wh c
was not coherent with the electron spin resonance
spectrometer power. Measurements of the ma-
trix elements were made as a function of the
angle 8 between the dc magnetic field direction
and the wave axis.

The dominant quadrupole nature of the relevant
spin operator is shown by comparison of the ob-
served angular variations with those computed,
using the quadrupole spin operator. Good agree-
ment was obtained for all three ions. As an ex-
ample, Fig. 1 shows the experimental and theo-
retical angular variations of the square of the

matrix element for the (-3/2, -1/2) transition
of Fe'+ in MgO. In the absence of crystal field
terms in the spin Hamiltonian, m~ is a good
quantum nu'mber along Hdc, independent of the
angle 8, and the probability for &m~ =+ 1 transi-
tions, caused by a longitudinal wave, varies as
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FIG. 1. Angular variation of the spin-phonon ma-
trix element for the (-2/2, -1/2) transition of Fss in

MgO. The theoretical expression is normalized to the
average of the experimental values. The small back-
ground level is believed due to generation of other
acoustic modes, either in the quartz-MgO bond, or in
the MIO crystal.
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