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The introduction of wave-function components from the region of the Ly, K, and U points of the lowest
conduction band into the ground-state wave function of the shallow donors As, P, and Sb is shown to
improve substantially the agreement between the calculated Fermi contact constants for identified ENDOR
shells and the experimental Fermi contact constants measured by Hale and Mieher. This wave-function
admixture is the band-structure analogy to configuration mixing in atomic physics, and is calculated here
employing first-order perturbation theory, the total impurity potential being the perturbing interaction.
If one considers the low-energy Li, Ki, and U, regions as subsidiary minima (strictly correct only for the
L, region), this approach represents a logical extension of the Kohn-Luttinger formalism. This admixture of
subsidiary minima is donor dependent (largest for As, intermediate for P, smallest for Sb) and is able
to explain satisfactorily the numerous observed donor anomalies, even including the inverted-order cases.
The calculated results indicate the positive identification of two new ENDOR shells, shell C as site (5, 5, 5)
and shell F as site (2, 2, 0), and suggest the tentative identification of nine other ENDOR shells with
lattice sites. Matching experimental Fermi contact constants and calculated values versus ko/&max for posi-
tively and tentatively identified ENDOR shells yields %o/#max=0.8740.01. A noninversion component
of wave function has been introduced, resulting from the tetrahedral potential admixing 4f-nf wave function
(satisfying 4, symmetry) into the solution of the single-valley Schrédinger equation. This addition makes
only a slight improvement in the over-all agreement. The subsidiary-minima-admixture approach has
also been attempted for the deep donor S*, yielding an improved qualitative agreement between theory
and experiment. The admixture of subsidiary minima has a number of other physical consequences: (1)
The donor-nucleus hyperfine interaction can be reasonably accounted for, including the donor dependence,
without employing the sharply peaked Whittaker function and a cutoff radius; (2) the “shear” deforma-
tion potential Z, determined by ESR or optical experiments using the 1s-4; donor ground state may not
yield the true “‘shear” deformation potential of the A, minima; (3) the energy of the 1s-4, state contains
an important second-order correction from the subsidiary minima which can account for between 25%
and 50% of the energy correction to the effective-mass value. It is shown the valley-valley coupling terms
account for nearly all the energy correction of the 1s-4, state, and that the single-valley correction is very
small, contrary to previous work. Analysis of the location of the lattice sites positively and tentatively
identified with ENDOR shells yields evidence that the three-dimensional appearance of the wave-function
density of the 1s-4, state significantly reflects the tetrahedral symmetry of the atoms surrounding the
donor.

15s DECEMBER 1970

I. INTRODUCTION

The generally accepted treatment of the energy
levels and wave functions of shallow donors and
acceptors in semiconductors has been that developed by
‘Kohn and Luttinger.! This elegant theory has been
very successful when applied to the excited states of
donors and acceptors; however, marked deviations
have been observed? for the 1s states (particularly in
silicon ), most notably for the 1s-4; ground state. These
deviations have been attributed to central-cell correc-

tions® and a number of attempts of several different
types'™® have been made to calculate the corrected
energy of the ground state. Efforts to correct the wave
function have been made by Kohn and Luttinger* and
also Muller® in an effort to explain the much larger
wave-function density at the donor nucleus obtained
from the hyperfine interaction with the donor nucleus.1®
Recently, a substantial amount of remarkable experi-
mental data concerning the shallow donors As, P, and
Sb in silicon has been reported by Hale and Mieher!!
(hereafter designated as HM I) using the ENDOR
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technique. These data, consisting of an additional
15 shells (Fermi contact hyperfine constants and
dipole-dipole constants composing the hyperfine ten-
sors), in addition to the original five shells measured by
Feher,”? give a large amount of information on the
wave function of the donor 1s-4; ground state. These
new data give much more information on the nature of
the corrections required for the ground state than
either the energy deviation or the magnitude of the
wave-function density determined from the hyperfine
interaction with the donor nucleus. It is these results
that have provided the primary motivation for the
corrections to the wave function of the ground state
proposed in this paper.

In Feher’s original ENDOR study of As, P, and Sb
donors in silicon, in which the hyperfine tensor com-
ponents of five shells (at lattice sites occupied by Si¥
nuclei) surrounding the donor were determined, a
theory of the Fermi contact hyperfine interaction for
the 1s-4; ground state based on equal admixtures of
wave function due to the six A; conduction-band minima
was employed® to account for the data. The expression
for the Fermi contact constant a(r;) contained k%, the
wave number at the A; minimum, as a parameter.
Feher was able to assign correctly three of the five
observed ENDOR shells for the three donors and
the analysis yielded an average value ko/kmax=
(0.854-0.03). Nevertheless, the fit of shells 4 [identified
as (0, 0, 4)7] and B [identified as (4, 4, 0)] required
different %, values, the difference being greatest for As
and smallest for Sb, the same order as for the deviation
of the ionization energy from the effective-mass value.
Feher’s results did provide evidence for the strong
interference involved in the wave-function density
| (x1) |* since the Fermi contact constant a(r;) for
shell E [identified as the nearest-neighbor shell (1,1, 1)
by the magnitude of the dipole-dipole constants] was
approximately an order of magnitude smaller than
those for shell 4 [identified as (0, 0, 4), the fourth
nearest neighbor].

Hale and Mieher* (hereafter referred to as HM II)
have used a similar theoretical analysis in an effort
to explain their extensive experimental results. They
have been able to show that the distribution of observed
shells in the four different symmetry classes of shells is
in good agreement with the calculated distribution,
but they have been able to match only one new shell,
namely, shell K as (0, 0, 8).%* They have concluded that
the present theory is sufficiently inaccurate to justify
matching other shells. Thus, only four shells, 4, B, E,
and K, of the 20 or more observed shells have been
positively identified. HM II concludes there are three
major difficulties with the theory of the Fermi contact
constant: (1) The shells cannot be matched with a
single value of kp; (2) the wave function should not, in
general, have inversion symmetry; (3) the numerous
observed donor anomalies [the order of the a(r;)
values not descending from As to Sb, as do the ioniza-
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tion energies] cannot be explained by the present wave
function. In an effort to obtain more experimental
information to assist in the matching of the observed
shells with specific lattice sites, Hale and Castner®
(hereafter designated as HC) have applied uniaxial
stress along a cubic axis and observed shifts and
splittings of most of the shells reported in HM I. The
{110}-plane class of shells [shells for sites (, n, m),
n7#0; most of the unidentified shells are in this class ]
all show different linear splittings with uniaxial stress,
while the (111)-axis-class shells showed quadratic
shifts with stress. This uniaxial stress work has sug-
gested the identification of one new shell, namely, shell
Q, as (1, 1, 5). However, this study has also indicated
that the calculated stress-induced shifts based on the
present wave function cannot explain very much of the
uniaxial stress data.”

It is the donor anomalies (observed in the Fermi
contact constants, the dipole-dipole constants,"'*® and
also to some extent in the piezo-hyperfine constants
determined by HC) which suggest that significant
components of the 1s-4; ground-state wave function
are missing in the simple theory and that the amount
of these missing additional components are donor
dependent. In this paper we suggest that the admixed
components are from the region of the higher sub-
sidiary ‘“minima” of the lowest conduction band at
points L and K and also from the ‘“saddle point” at
U(K') in the same band. The admixture of wave
function from these other points in the lowest conduc-
tion band is similar to the configuration mixing noted
in atomic physics® and is calculated in this paper using
first-order perturbation theory. The mixing interaction
is the impurity potential, the central-cell portion being
more important than the weak Coulombic potential.
This approach represents a logical extension of the
Kohn-Luttinger formalism for a many-valleyed con-
duction band and introduces only one new donor-
dependent parameter per “minimum” admixed, as-
suming the shape of the band (the mass tensor) is
known in the vicinity of the admixed point.

There has been some previous theoretical interest?—2
in the question of subsidiary minima. (A formal
treatment of the effect of secondary extrema in the
band structure on impurity states has recently been
given by Bassani, Jadonisi, and Preziosi.*) This
interest centered on the question of the existence of
bound states associated with subsidiary minima.
Kaplan® and also Peterson? have concluded that bound
states may exist, providing the impurity potential is -
slowly varying. However, this paper presents, to the
best of our knowledge, the first evidence for the ad-
mixture of wave-function density from subsidiary
minima into the ground-state wave function of shallow
donors. The possible extension of this idea to deeper
donors® such as St is also considered in this paper. It
has been the numerous band-structure calculations on
silicon by the pseudopotential method, =% the k-p
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method,® and the Fourier series expansion approach®
which have given an indication of the location of these
subsidiary ‘“minima” and their approximate energy
above the A; absolute minima. Refinement of the
calculations presented in this paper may permit the
direct determination, using the ENDOR data, of the
energy differences between the absolute minima and the
subsidiary ‘““minima’” within the lowest conduction
band.

In Sec. II the technique for adding wave-function
components from subsidiary minima is developed.
Section III explores the various physical consequences
of the admixture of subsidiary minima into the donor
ground-state wave function, including the effect on the
determination of the ‘‘spin-resonance value” of the
shear deformation potential constant.®® Section IV
presents the results of detailed calculations of the Fermi
contact constants for approximately 25 shells for the
As, P, and Sb donors in silicon, and suggests the
identification of several new ENDOR shells with
specific lattice sites. A brief discussion of the application

. of the method to the ENDOR results for the S* donor
is given in Sec. V. Section VI discusses some additional
situations where subsidiary minima might be considered
and presents the major conclusions of this study.

II. DONOR WAVE FUNCTION—EXTENSION TO
INCLUDE SUBSIDIARY MINIMA

A. General Considerations

The wave function for a bound state, ¥, can always
be written as a linear combination of Bloch functions,
namely,

W)= X

n k over BZ

@ (K )Yk, 1)

where the Bloch function yx=u.(r) exp(ik-r) is for
the #th band and k is the wave number; BZ stands for
Brillouin zone. This bound-state wave function is a
solution of the Schrédinger equation containing a
Hamiltonian H=Hy+U(r), where U(r) is the im-
purity potential and H, includes V(r), the periodic
crystal potential. For the shallow donors the bound
states have energies slightly less than the conduction-
band edge (or edges, as in the multivalley semicon-
ductors Si and Ge), and the wave-function component
associated with the energy minima located at k; in
the band #=0 is given by

i (1) = % ao(k—K;)uo(r) exp (ik-r).  (2)

In (2) the wave function has been limited to a single
band, a very good approximation for donors in silicon
as justified by Kohn.* Using the procedure of Kohn
and Luttinger, this wave function is converted to a
function of real space by the introduction of the
envelope function F;(r), associated with this jth
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minimum, defined as

Fi(r)= %{ ao(k—k;) exp[i(k—kj)-r].  (3)
The function F;(r) is just the Fourier transform of
ao(k—k;). A second approximation has been introduced
by extending the k summation over all k space, which is
justified by the very sharp peaking of ao(k—k;) about
k;. The transformation of the Schrodinger equation
Hyy; = Fy»; by Fourier transforms leads to the single-
valley effective-mass Schrodinger equation for F;(r),
namely,

[E;(@V)+U (r) JF;(r) = EF;(r), (4)
where the impurity potential U (r) is given by
U(r)=—¢e/er+6U (1). (5)

€ is the static dielectric constant, while U (r) is the
extra ‘“‘central-cell” potential® (attractive for As, P, Sb,
and Bi). Neglecting 6U and assuming a quadratic
energy dependence for FE;(iV) for a z-axis valley,
namely,

h* 92 [ 9 0?
V)= — — — — — 6
£: (V) 2me 02 2my <6x2 + 6y2) ’ ©)

Kohn and Luttinger! employed a variational wave
function and found the effective-mass eigenvalue
Ey=—29 meV. For silicon with its six A; conduction-
band minima the bound-state wave functions have the
form

6

Y= 2 oyF;(r)us; (1) exp (ik;-1), )
J=1
where uy, (r) exp (k;-r) is the Bloch function associated
with the jth minimum. The «; are numerical coefficients
determined by the tetrahedral symmetry. For the
1s-A4; ground state (totally symmetric in the sum over
valleys) the a;j=+/%. We also note that the overlap
between the different A; minima has been neglected in
constructing ¢3(r). This is justified by the rapid
decrease of ao(k—k;) away from the minima.
Asnoted, the energy of the 1s-4; donor states deviates
substantially from Ey=—29 meV due to central-cell
corrections. In fact, the corrections to the energy of the
1s donor states present a very complex problem.3¢
Several attempts to correct the F;(r) using the single-
valley Schrédinger equation (the coupling between
valleys was not considered) in Eq. (4) have been
made.*® These efforts resulted in a corrected F;(r)
that was substantially more peaked for small  than the
wave function (1/wa™)V2 exp[— (r/a*)] (assumed
isotropic here for simplicity; a*~20 A) associated
Wlth Eo
A compact formulation of the wave function for the
unpaired electron of the shallow donors has been
achieved. The following assumptions were made:
(1) bands other than the lowest conduction band can
be neglected; (2) sums of k over the first BZ can be
extended over all k space; (3) the ao(k—k;) are only
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F1c. 1. Band structure in the vicinity of the lowest conduction
band of silicon according to Refs. 26-32. While quantitative
differences exist between the various calculations, the qualitative
features are in reasonable agreement. (a) E(k) along A, Z, WK,
and Z; (b) E(k) along A, LU, and UX (Z').

large in a small region of % space surrounding the
absolute minima of the lowest conduction band. This
third assumption is a direct consequence of assuming
E;(k—k;) is quadratic in (k—k;) and the weak
Coulombic potential. Consequently, for a multivalley
semiconductor with conduction-band minima far apart,
ao(k—k;) is negligible midway between two minima.
It was not explicitly stated, but it-was implied that the
contribution from higher-energy minima of the lowest
conduction band could be neglected. It is this aspect of
the third assumption that is thought to need correction.
Inspection of the calculated band structures for
silicon® indicates a large number of subsidiary
“minima” and “saddle points” one eV or less above
the A; minima.

B. Lowest Conduction Band of Silicon

In Fig. 1 the important features of the lower-energy
portion of the silicon conduction band are shown. The
absolute minima occur along the cubic axes with
(ko/kmax) =0.864=0.02. The band-structure calcula-
tions®—3%? indicate a minimum at ;¥ and suggest a
low-energy region of states in the vicinity of K; which
will be considered as a “minimum’’® in this work. Using
the relationship Ei,c.=Fx, where G, is a reciprocal-
lattice vector, one readily shows that the point U, (also
designated® as K,’) has the same energy as K;. (Also
see Fig. 2; one K point is equivalent to two U points.)
The band-structure calculations indicate that the
energy must increase rapidly from U; to W, and it is
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also most likely that the energy increases from U;
toward T'y;;. Kane’s calculation®® shows the energy to
decrease monotonically from U; to X, implying that U,
is a “saddle point” of the second type.® The band
calculations indicate the point W is a “maximum” and
also show a maximum along KL, [[also along U,L, since
E(UiL,)=E(K:L,) employing FExic,;;=Fx] on the
hexagonal face. These 24 inequivalent points are either
maxima, type-one, or type-two saddle points, de-
pending on the energy variation from these points
toward TI';; and perpendicular to Ki;L;. The second
possibility seems likely. This accounts for all the known
“critical points” on the exterior of the BZ except for
the X, points.*

In the interior there are 12 maxima along I';;Z; and
one at the origin. Application of Morse’s rules* (taking
into account degeneracy®) indicates there should be a
large number of critical points, mostly saddle points,
in the interior of the BZ.* In making corrections to the
donor ground-state wave function, only the L;, K;, and
U, points and their environs will be considered. It is
unlikely that the higher-energy maxima or type-one
saddle points make a significant contribution to the
donor wave function; however, any low-energy type-
two saddle points (or minima?) might make a notice-
able contribution to the wave function. Not enough is
known about interior critical points to consider them
in the present work. Nevertheless, the possible im-
portance of low-energy critical points in the interior on
the donor ground-state wave function makes further
consideration of the band structure in the interior
worthwhile.

Table I shows the energy of some of these points,
based on the effective-mass expression, relative to the
A; minima given by

h2kmax2
Eeff mass m
m (ki—ko):  m (kﬁ+ky2)}
~ L =T (8
X {mﬂ kmax2 " kmax2 ( )

where kmo=27/a (the lattice constant ¢=5.43 X).

TasLE I. Energy of high symmetry points of the lowest conduc-
tion band in silicon (measured with respect to the A; minima).

Eeff mass Eband calc®
Point in BZ eV eV ao(k—koiz) /a0(0)
X1— (0,0, 1) bmax 0.12  0.150.3  1.7X10™
Wi (0, %, 1) Eonas 6.97  2.8-4.1 2.16X107
U, (KY) 3.55 0.4-0.8 7.54X1078
- (%7 %y 1)kmax
Ki1—(0, %, %) kmax 15.2 0.4-0.8 4.6X107¢
Li— (3, 3, %) onax 14.3 0.5-1.3 5.05%107
T15— (0, 0, 0) kmax 4.2 2.1-2.5 2.3X1078

# Based on calculations in Refs. 26-32.
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The results of the band calculations are also shown for
these points. Also shown in Table I is the relative
amplitude ao(k—koi,)/ao(0) of the Bloch function
admixture based on the effective-mass envelope func-
tion F,(r) used by Kohn and Luttinger! in their
variational calculation. This quantity is given by

ao(K—koi;) /a0 (0) =1/[ 14 (k,— ko)20*+ (k2k,2)a? T,

9)
where kmaxb=16.4 and km.xa=28.8.
 Table I suggests that the effective-mass energy is a
reasonable approximation along A;, both toward X; and
T';s. It gives an overestimate of the energy at Wy, but
the dependence along X;W, is satisfactory. However,
the effective-mass energy at U, is a factor of 4} to 9
times larger than the calculations; at Z; it is 10 to 30
times larger; at K; it is 20 to 40 times larger. At the
points L;, K;, and Uy, the actual band energy is much
less than that assumed by effective-mass theory.
Inspection of the factor ao(k—koi,)/ao(0) at these
three points shows it is very small (<10~ at U,
<1075 at K; and L;). Even with increases of 10? or
more, the values of ao(k—koi.)/a0(0) would seem too
small to have much effect on the wave function after
the sum over k in Eq. (1) is performed. This conclusion
is misleading and not to the point. In fact, there is a
large density of states associated with the region sur-
rounding these three symmetry points. Considerably
more of the BZ is in the vicinity of these three points
than in the vicinity of the six A; minima. It remains to
be shown that these regions are strongly enough
coupled to the A; minima to make a measurable con-
tribution to the ground-state donor wave function.

C. Configuration Mixing of Subsidiary Valleys

The impurity potential U (r) in Eq. (4) will couple
the Kohn-Luttinger wave function ¥, based on the six
A; minima given in Eq. (7) with the wave function
associated with the mth subsidiary valley or minimum

F16. 2. Brillouin zone of silicon showing the six A; minima
along the cubic axes and the position of the subsidiary “minima’”
considered in this paper. L, is a true minimum characterized by
two mass components. K; is not a true minimum, but is a low-
energy valley. The U, region approximates a saddle-point region.
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located at k,.. The valley wave function for the mth
valley will have the form ¥, =F,, (r)ux,, (r) exp(iky, 1),
where F,,(r) [defined in Eq. (3)] is the solution of the
one-valley Schrédinger equation employing E(k—k,,)
to find the kinetic-energy operator. The corrected
ground-state wave function employing first-order
perturbation theory will be

Yie—a1) = (NAl)_1/2

(‘l’m ’ U (I') l ‘PKL——I&—-A1>¢m
X [‘//KL_IS—A l+ % (Els—-Al)Al_"‘ Ela—km)

where the sum is over all higher-energy subsidiary
valleys under consideration and N4, is a normalization
constant. The difference in energy of the donor 1s-4,
state of the A; minima and the mth valley (measured
with respect to the respective edges) is small in com-
parison with the energy difference between the respec-
tive “critical” points, so that the energy denominator
is well approximated by Ea,— Ex,. For a particular
symmetry set of subsidiary valleys, the totally sym-
metric summation over the six A; valleys in Yxr—15-4,
requires that the matrix elements (m | U (r) | ¥xr—15-4,)
have the same magnitude,* which suggests the use of
wave functions | A;)» which are totally symmetric
summations over the respective ¥, namely (dropping
the 1s),

| Ay= (1/Nu)"® 3 Fo (r) . (r) exp (kne1), (11)

| o

where Ny =4, 12, and 24 for the L,, K;, and U, valleys,
respectively. The corrections from the L;, K;, and U,
regions make the total corrected ground-state 4; wave
function become

l A1>z= (I/NA1)1/2
X[ A)atar | Ai)ptex | Agctav | 41)v,],  (12)

where | 41)a,=Y¥x1-1,-4, and the admixture coefficients
ay [not to be confused with the «; in Eq. (7)] are
given by

ay>(A1y | U(r) | Ar_a,)/ (Ea,— Ex,.). (13)

These o can be shown fo be real positive constants.®
Neglecting overlap between all valleys (as inygr_1,_4,),
the normalization constant takes the form N4, =
1+a*+ax’tay® if the individual | 4;)y are nor-
malized.

For the L, valleys (true minima), the situation is
just as for donor states in Ge, namely, these valleys are
fourfold degenerate yielding a totally symmetric 4,
state and triplet .7, states. For the 12 K; valleys
(low-energy pockets, but not minima)# the 12-fold
symmetry is split in g symmetry into A1+ E+ T+ 27T%.
The U, “valleys” (which resemble saddle points) split
in a similar manner to the K; valleys. Since the K; and
U, valleys are not minima, the wave functions | 4;)x,
and | 4;)y, are only approximate corrections® for these
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portions of the BZ. We have treated the K; and U,
regions separately rather than considering one K; and
two U; valleys (two U points are related to each K
point by reciprocal-lattice vectors) to constitute a
single “valley.” This is justified and preferable because
(1) the F,.(r) for these valleys involve k summations
over only the first BZ (higher bands neglected ), and the
F,,(r) for the K; and U, regions differ because E (k—k,,)
does not vary in the same way around these points;
(2) the coupling of the K; and U, valleys with the A,
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valleys is different; (3) | 41)x, and | 4;)y, do not give
equivalent results for the odd-integer and the even-
integer lattice sites (see Table III, below).

If we consider only the s part of u, (r) for all the
valleys (the only part which contributes to the Fermi
contact constant, which is always mixed in phase with
| A1)a,), then u, (r) will be the same for all valleys of
the same symmetry set and can be factored out of
| Ai)ar. In this case, | A1)y, | A1)xy, and | 41)y, have
the form

I Av)ry=[2ur,(r)/ (4)V2][Foy. cos(w/a) (x+y+2)+Foys cos(n/a) (x+y—2)

+F,;, cos(w/a) (x—y+2)+Fay, cos(n/a) (—a+y+32)],

(14a)

| A1)g,=[2ux, (r)/ (12)2[F,, cos(3n/2a) (x+y)+ Fo5 cos (3m/2a) (x—y)+ Fy. cos(37/2a) (y+3)

+Fy; cos(3n/2a) (y—2)+F . cos (3n/2a) (z+x )+ F .z cos (3r/2a) (z3—x) ],

(14b)

| A1)y =[2uy,(r)/ (24)V2][Fxy, cos(n/2a) (4x+y+2)+ Fxy; cos(w/2a) (4x+y—2)~+ Fx;z. cos(w/2a) (46— y+2)

+ Fxy; cos (r/2a) (4x— y—z)—+8 similar terms for F,y,, etc., and Fpyz, etc.].

Similar corrections to the wave functions for the
1s-E and 1s-T states will have the form

| E)=(1/Ng)"[| E)aytex | E)xytev | E)o,]  (15a)
and
| Ta)=(1/Nr,)"
X[ To)art+7i | To)rt7x | To)xit7o | Te)u, ] (15h)

The ¢’s and 7’s and the normalization coefficients are
defined in the same manner as the o’s and Ny4,. In
Eq. (15a) there is no contribution from the L; minima
because in 7'y symmetry combinations of the L, valley
functions yield only the 4; and T’ representations.

All of the o’s, €’s, and 7’s can be related to the indi-
vidual matrix elements (y; | U (r) | ¢;) of the impurity
potential between the valley wave functions for the ith
and jth valleys. The procedure for doing this is given in
Appendix A. The results suggest that the o’s are much
larger than the €’s and 7’s because it is only the totally
symmetric A; state where all the individual matrix
elements (¥; | U (r) | ¢:) add together. For the E and T
states there is substantial cancellation between the
individual (y;| U(r) |¢,). Because of the detailed
ENDOR and ESR data for the 1s-4; state we shall only
be concerned with corrections to the 4, wave function.
Even though the individual ¢, | U (r) | ¥:) may only be
a few millivolts the totally symmetric sum over a large
number of valleys can yield s of the order 7.

The neglect of overlap between different symmetry
valleys is analogous to the neglect of overlap between
the six A; minima [setting the «; in Eq. (7) equal to
(%£)Y%]. Here the minima are closer in k space and the
approximation is less valid, particularly for the overlap
between the A; and adjacent Uy valleys. An estimate of
these overlap integrals is made in Appendix B. The
neglect of the overlap integrals between the different
valleys can be viewed as a ‘“‘tight-binding” approxima-

(14¢)

tion applied to k space. The shallower the donor state,
the larger the radius of the state, the smaller the amount
of k space required to adequately describe the valley
wave function, and thus the smaller the overlap
between different valleys.

D. Fermi Contact Hyperfine Interaction

The Fermi contact hyperfine interaction’ for a
nucleus located at the site r; with respect to the donor
atr=01is given by

a(t:)= (87/3)g guusus, | ¢ (r1) [ (16)
For ¢(r;) we substitute | 4;), from Eq. (12), thus
obtaining
a(re) = (8m/3N4,)g gamsun,[| A1(r1) )artar | A1 (r1) )r,
tax | A1(t:) )y tav | Ar(t))o, . (17)

Employing Egs. (14a)-(14¢) we factor out of Eq. (17)
the radial part of the A; minimum envelope function,
2ua (r1)/(6)2, and a quantity 7a(r;) which is yet to be
defined. The resulting form for a(r;) is

_ Ao FA(rl) 2 1 2
ow) = 1= (52 0) @)
[L(I'l) IK(rl) IU(I') 2
X [1-{—51, Ta(r) +8x Ta(t2) A (l’z)] ) (18).

where 4, is a donor-independent effective-mass Fermi
contact constant of a Si® nucleus located at the origin
due only to | 41)a,, namely,

Ao=6X (81/3)g guisun,n | Fax (0) . (19)

n=|ua(r)) [*/{{ wa(r) [*)av is a dimensionless factor?
representing the concentration of periodic wave function
at a silicon nucleus. Fu«(0)= (1/mas*)"?, where aa*
is the isotropic Bohr radius of Fa(r) neglecting all
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corrections. The By are a new set of constants given by

Bar=ane (6/Nar )V auns (11) /1 (11) ],
M=L, K,and U. (20)

The Iy(r;) factors in Eq. (18) are valley interference
factors associated with the respective symmetry valleys
and vary greatly with the position of the lattice site.
They are defined by

i (1) = (Nae)[| A (12) )ae/ 2uas (1) Fa(12)]  (21)

and are simply sums of cosines times anisotropic
envelope functions. These valley interference factors
provide a compact means of determining the amount of
wave function from a given symmetry set of valleys at a
particular lattice site. They can be considered known
quantities if the band structure is known, so that %y
and the envelope functions for the different valleys can
be determined.

The hyperfine interaction ¢ (r;) in Eq. (18) consists of
the uncorrected part associated with just the six A;
minima times a correction factor 1/N4, multiplied by
the quantity in the square brackets. In this correction
factor the I3 (r;) factors depend almost entirely on the
structure of the lowest conduction band in silicon while
the B’s depend on the potential U (r) and the ratios
usr (t1)/ua(r:). Only three potential-dependent con-
stants are required to specify the amount of the wave-
function admixture from these three subsidiary valley
regions.

E. Dipole-Dipole Interactions

The dipole-dipole interaction hyperfine constants
reported in HM I also contain a wealth of information
about the donor ground-state wave function. However,
there are more unknown parameters involved in these
quantities and the inclusion of s, p, and d functions in
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the uy;(r) makes for a large number of terms in the
different integrations. A detailed consideration of the
corrections to the dipole-dipole constants due to the
other subsidiary minima will be considered in another
paper. However, we include expressions for the dipole-
dipole constants considering just the six A; minima in
this paper because (1) they are useful in the identifica-
tion of certain shells, and (2) they have been derived
by an alternative method to the equivalent orbital
technique employed by Hale and Mieher,”® and in the
case of the B,, component includes a term not reported
by Hale and Mieher. _

The dipole-dipole constants are given by

Bo=bo [ [(a*+3*—22%)/r"] | Y [2dr,  (22a)
B,y=—3b [ (xy/7%) Ith, |2 dr, (22b)
B,,=—23b [ (x2/7%) |y |2 dr, (22¢)

where bo=g guusus, and s is asin Eq. (7). The envelope
functions F;(r) are very slowly varying functions com-
pared with both the w;(r) and the phase factors
exp(tk;-r). It is the rapid variation of both w,(r)
and the phase factors which accounts for most of the
magnitude of the dipole-dipole constants.® The F;(r)
are considered constant and equal to the value at the
nucleus, F;(r;), while the u (r;4r) and the phase
factors exp[ik;- (r;+1r)] are expanded about the lattice
site at 1; in terms of a relative coordinate r. Thus
for the x-axis valley, ux, (ri+1r) has the form
s(rit1)+p.(r)+dy. (r)+ - - -2 while cosko(x;+x) and
sinko(x;+x) are expanded exactly. The resulting
|¥s |* contains a large number of terms of both the
intravalley and intervalley type. Nevertheless, it can
be shown that these dipole-dipole expressions can be
reduced to the following:

B, (r1) =[F.2(11) costkowi+F,2(1:) coskoyi— 2F 2 (1) cos?kezi )/
+[2F, (1) Fy (11) coskox; coskoyi— F, (11)F, (11) coskyx; coskezi— Fy (11)F, (1;) coskey: coskozi s, (23a)

By (1) =[Fo(11)F, (1:) sinkex; sinkgy, /3

£ {F,(11) sinken[ (F;(11) coskoxi+F, (1:) coskey)J s+ (F. (1) coskez)Ji ]},

and
Ba:z (rl) =Ba:z (xl; Vi, Zl) =Bzy (xl) 21, yl)'

The integrals Ji, Jo, and J; contain the dipole-dipole
operators and terms containing components of uy, (1)
like sXs, pXs, and pX p times the corresponding sines
and cosines. J; and J, arise only from sXd terms and
the nearly identical form of the integrals indicates
J~J, . As noted by Hale and Mieher,® the magnitudes
of these integrals are not readily obtained and might
best be determined by fitting these expressions to
identified shells like 4 and B. However, if the wave-
function admixture from the subsidiary minima makes a
significant correction to the dipole-dipole constants of
these particular shells, incorrect values of the J’s

(23b)

(23¢)

will be determined. We note that expressions (23b)
and (23c) are identical to those obtained by the
equivalent orbital technique, but that the second
term® in (23a) resulting from cross terms between
adjacent minima is apparently not found by the
equivalent orbital technique. A close examination of the
integrals J; and J, indicates they should be of the same
order of magnitude. As discussed in Sec. IV, this extra
term has a small effect for most shells, but for several
specific shells can make the major contribution to B,..

Expressions (23a)-(23c) indicate that the dipole-
dipole constants should all be proportional to | F4 (1) |2
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TasLE II. Wave-function density at donor nucleus.

[¥(0) [PontoX 107% cm~®

| ‘/’(0) ]Zexptx 1072 cm™3

Donor Eff mass b* v*-SM b*-SM oorr

As (1) 0.0546 0.137 0.495 1.24 1,73
(2) 0.0531 0.133 0.630 1.58 ’

P (1) 0.0546 0.107 0.320 0.438
(2) 0.0531 0.104 0.403 ’

Sb (1) 0.0546 0.0968 0.224 0.56 1.18
(2) 0.0531 0.0940 0.340 0.85 ’

& G. Feher, Phys. Rev. 114, 1219 (1959).

and would be expected to exhibit donor anomalies
consistent with the observed ground-state energy
anomalies of As, P, and Sb. Furthermore, the donor
anomalies should be smaller for the more distant shells.
The data in HM I indicate that the dipole-dipole
constants of many shells, but not all, are in agreement
with these predictions, even in cases where the Fermi
contact constants exhibit marked donor anomalies
[see, for example, shells H, O, and X]. For shell 4,
B, has a donor anomaly similar to a(r;), while B,
does not have any unusual donor anomaly. For shell 7,
a(r1), B.., and B,, are normal while the B,, constants
are inverted (As<P<Sb). Shells B, L, and M have
the normal order for B.., By, and B,., but the magni-
tudes of the anomalies are too large to be explained by
the respective | Fa(r;) |* for the three donors. Shell F
[V (Sb) is considered to belong to shell F7] is the most
anomalous of all, exhibiting the largest donor differ-
ences of all the observed shells—furthermore the B,,
components are the largest of all the observed shells;
the B,, components are singularly strongly negative;
the B,, components are strongly inverted. These results
suggest that the type of corrections discussed in
Sec. II C may explain some of these anomalous features
since the corrections are strongly shell dependent and
will be different for the different dipole-dipole con-
stants. These seem to be just the features shown in the
data in HM I.

III. CONSEQUENCES OF WAVE-FUNCTION
ADMIXTURE FROM SUBSIDIARY MINIMA

A. Hyperfine Interaction with Donor Nucleus

From the Fermi contact hyperfine interaction one
can infer the magnitude of the wave-function density
| ¥»(r:) | at a given lattice site. The value | ¢ (0) |? at
the donor nucleus has been obtained from the donor
hyperfine splitting.’'? For the P donor Kohn and
Luttinger? noted that the effective-mass value

l ¢ (0) leff mass2=677/7l’d*3

was approximately a factor of 10 too small. Their

approach was to increase substantially the envelope
function F;(r) by solving the radial equation as a
differential equation using the experimentally observed
15s-A, state ionization energy, thus producing a sharply
peaked Whittaker function and a cutoff radius (R.~a
Wigner-Seitz cell radius) between interior and exterior
regions. An alternative approach is to mix in wave
function (in phase) from more of the BZ than just the
six A; minima. One has already achieved a factor of 6
over that of a single minimum having the same a*.
[# degenerate nonoverlapping minima characterized
by isotropic 1s radii ¢;* will have

[¥(0) = Zl (1/ma*)ns,
where account has been taken of the |u;(0) |2 for
different symmetry-point minima.] Equation (18)
gives the correction factor for the contribution of
subsidiary minima at L;, K;, and U;. For r;=0 this
factor is

N 145 (aa*/ar*)281+2 (aa*/ ax™ ) ¥ Bk
+4(as*/av* )*1*Bu}>

The potential U (r), including central-cell corrections,
is attractive, the matrix elements (Ay; | U(r) | 41-a,)
are negative, and the o’s and §’s are positive. A crude
guess of B;=Bx=pBy~0.1, assuming equal Bohr radii
for all the minima, gives a correction factor of about 3
with the largest contribution coming from the lower-
symmetry K; and U; regions because of the greater
number of valleys associated with these points.

Employing this correction we have calculated
| ¢ (0) |2 for As, P, and Sb using the 5* method for the
radial envelope function, namely,

F(r)= (1/7b*)12 exp (—r/b*),

where * =na* and n= (Eo/Fis_4,) "% n is a quantitative
measure® of the deviation of the ground-state energy
from the effective-mass value Ey. As an approximation
this same radial envelope function is used for all
valleys. A justification for the use of the &* envelope
function is given in Sec. IV and Appendix A.

(24)
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Tasie III. Valley interference factors (for equal spherical envelope functions).

Lattice ENDOR IA IL Ix IU
Class site shell  (ko/kn=0.875)

4 (001) Axes (0,0,4) A 2.707 —4 2 4
(0,0, 8) Ku 2.000 4 -2 —4
(0,0, 12) 1.293 —4 2 4
(0,0, 16) 1.000 4 6 12

3 (111) Axes (1,1, 1) E: 0.585 1.414 0.879 0
3,3,3) —1.670 —1.414 5.121 0
(4,4,4) 2.121 —4 0 0
(5,5,9) 2.430 —1.414 5.121 0
(7,7,7) —2.940 1.414 0.879 0
(8,8, 8) 0.000 4 6 12
9,9,9 2.940 1.414 0.879 0

2 {110} Plane (2,2,0) —0.840 0 —1.828 —3.656
(4,4,0) B2 2.414 4 0 0
(6, 6,0) 0.234 0 3.828 7.656
(8,8,0) 1.000 4 -2 —4
(10, 10, 0) 1.766 0 3.828 7.656
(14, 14,0) 2.840 0 —1.828 —3.656
(2,2,4) —1.133 0 1 2
(2,2,8) —1.840 0 3.828 7.656
(2,2,12) —2.547 0 1 2
(4,4,8) 1.414 4 0 0
(8, 8,4) 0.707 —4 2 4
(1,1,3) —0.167 —1.414 —1.121 0
(1,1,5) Qe 1.220 —1.414 1.707 0
(1,1,9) 1.370 1.414 —0.293 0
3,3,1) —0.919 1.414 0.293 0
3,3,7 —2.094 1.414 3.121 0
(3,3,11) —1.994 —1.414 —1.707 0
(5,5,1) 1.855 1.414 3.121 0
5,5,9) 2.640 1.414 0.293 0
(7,7,1) —1.765 1.414 —0.293 0
(7,17,3) —2.517 —1.414 1.707 0
(7,7, 11) —2.790 —1.414 —1.121 0
9,9,1) 2.155 1.414 —0.293 0
9,9,5) 2.790 —1.414 —1.121 0
(11, 11, 3) —2.217 —1.414 —1.707 0
(11,11, 7) —2.640 1.414 0.293 0

1 Unique (0,4,8) 1.707 —4 -2 —4
(1,5,9) 2.005 —1.414 —0.293 0
(3,7,11) —2.367 1.414 —1.707 0

Table IT compares the various calculated values of
| ¥ (0) |* with the experimental values inferred from the
donor hyperfine splittings.? The calculated values
given are the effective-mass value, the d* value, and the
b* value multiplied by the correction factor in Eq. (24).
This latter value is designated $*-SM. Two different
sets of B constants determined by fitting the ENDOR
shell a(r;) values were employed (see Table V below).
The results indicate |y (0) |%+_sar is in reasonable
agreement for P but is much too small for As and Sb.
However, if one multiplies | ¢ (0) |%*_ss by the correc-
tion factor |y (0) |2atom—as,sn/| ¥ (0) |Patom—p~2.5 em-
ployed previously* to account for the strong change of

ux(r) for As and Sb in the central cell,*> the resulting
As and Sb values [designated (6*-SM)corr in Table 11]
“are in much better agreement with the data. Table II
clearly indicates that the second set of B’s (ap*=
0.63a*) yield better agreement with experiment, the
calculated values being 6, 9, and 28%, too small for
P, As, and Sb, respectively. Although the calculated
values are somewhat too small, the agreement is
reasonable and, significantly, the correct donor de-
pendence of | ¢ (0) | has been obtained and the cutoff-
radius problem (required for the Whittaker function)
has been avoided. The admixture (in phase) of addi-
tional wave function from interior critical points of the
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lowest conduction band will further increase the calcu-
lated | (0) |, as will an increase in F;(0) for any of
the valleys considered.

An additional interesting feature is that an arbitrary
admixture of wave function from the U; ‘“‘valleys”
increases | ¢ (0) |2 but does not increase | (1) |? for the
(1, 1, 1) lattice site, because the wave function from the
square face of the BZ (XUW) can only contribute to
the even-integer sites (see the Iy factors in Table III).
By treating U, as a minimum the wave-function correc-
tions from this region of the BZ have probably been
underestimated. An increase in my* [flattening of
E(k)] decreases ap® thus increasing Fy(0) and
| ¢(0) |2 On the other hand, employing the Whittaker
function for F,(r) produces the unfortunate result of
increasing some of the a(r;) values too much for small
r; [see the (1, 1, 1) and (0, 0, 4) site calculated values in
Table V.

B. Fermi Contact Constants for ENDOR
Shells—Qualitative

To obtain a qualitative understanding of the correc-
tions to |y¢(r;)|* from the subsidiary minima for
specific lattice sites, we need only consider the magni-
tude and signs of the different valley interference
factors I, I, Ix, and Iy. These are shown in Table I11
for a group of lattice sites which are thought to be
potential measured ENDOR shells. For simplicity, the
F;(r) are all assumed spherical with the same radial
dependence, hence the F;(r) factors drop out of Egs.
(21a)-(21d). I, is given at ky/km.x=0.875. For
quantitative calculations the anisotropies of the various
F;(r) must be considered.

Table IIT suggests substantially increased a(r;)
values for sites (2, 2,0), (4, 4,0), (6, 6,0), (10, 10, 0),
5,5,1), 5,5,5), (4,4, 8),and (8, 8, 8). It suggests
substantially decreased a(r;) values for sites (3, 3, 3),
4,4,4), (3,3,7), (2,2,8), and (0, 4, 8). Smaller in-
creases are expected for sites (1, 1, 1), (I, 1, 3),

(3) 3‘) TI): (5: 5; 9); (7> 77 TI)) (97 97 9)) and (IT’ 11) 3))
while small decreases are expected for sites (7, 7, 7),
(3, 3) 1), (9) 97 5)) (T-l-y II) 7)) (2: 2) 4); (2’ 2) 12)’ and
(1, 5, 9). For shells like (1, 1, 5), (7,7, 3), (0,0, 4),
and (0, 0, 8) the correction to e(r;) can be either posi-
tive or negative depending on the relative magnitudes
of the coefficients 8z, Bk, and By. These positive and
negative corrections are just what is needed to explain
the donor anomalies observed in the data. The fB’s
are expected to be largest for As, intermediate for P,
and smallest for Sb. For the case of a large negative
correction, the correction would be largest for As,
intermediate for P, and smallest for Sb, possibly
leading to an inverted order of the Fermi contact
constants. A striking example of this is shell X [3a(r;) =
242, 317, and 437 kHz for As, P, and Sb, respectively ]
which belongs to the {110}-plane class of shells. On this
basis lattice sites (3, 3,7) and (2, 2, 8) would appear to
be good candidates for shell X.

T. G. CASTNER, JR. 2

We also note that lattice sites (0, 0, 4) and (0, 0, 8)
should have corrections of opposite sign which are
simply related. These sites have been matched to the
observed ENDOR shells 4 and K, respectively. Shell 4
is partly anomalous in that a(4)s,>a(4)p while
shell K was not found" in Sb implying 3e (K )s, <420
kHz. The increased positive correction to ¢(4 )sp, with
respect to P is consistent with a large decrease of
a(K)sp» and may account for the reason shell X was not
found in Sb. Table III also indicates why the donor
anomaly (normal ordering ) is larger for shell B
[matched as (4, 4,0)] than for shell 4, even though it is
further from the donor. Shell C has been identified*! as
belonging to the (111)-axis class of shells. It has as
large a normal donor anomaly as shell B and has a
significantly larger a(r;) value than any of the other
(111)-axis-class shells. In the previous analyses'** of
a(r;) versus ko/kma.x there was no value of ky/Emax
between 0.8 and 0.9, where a single (111)-axis-class
shell had an a(r;) value several times the magnitude
of all the other (111)-axis-class shells as indicated by the
data. In particular, their analysis suggested the
(3,3,3), 4,4, 4) [also 4,4, 4)] and (5, 5, 5) sites
should all have nearly the same a(r;) values for
ko/kmax=0.875. Table IIT suggests a possible explana-
tion of this dilemma, since it indicates sizable negative
corrections for the (3, 3, 3) and (4, 4, 4) sites and a
probable sizeable positive correction for the (5, 5, 5) site.

A comparison of the valley interference factors for
shells located along different crystal directions indicates
the corrections due to the L, K1, and U, regions produce
a channeling effect along the (110) axis. Whereas the
corrections for the cubic (001)-axis sites and for the
(111)-axis sites oscillate in sign [except for sites
(0,0, 16) and (8, 8, 8), where all the I’s are in phase and
large, as at the origin] with increasing r;, for the (110)-
axis sites the corrections are positive and large at
(2,2,0), (4,4,0), (6,6,0), and (10, 10, 0), are small
for (8, 8, 0), and are negative for (12, 12, 0) and
(14, 14, 0). Thus the first four of five sites (those most
likely to be measured) along the (110) axis have large
positive corrections. Other shells near the (110) axis
like (5,5,1), (9,9,1), and (11,11, 3) also show positive
corrections [(3, 3, 1) and (7, 7, 1) are exceptions].
Site (5, 5, 1) shows a rather large positive correction
and is an excellent candidate for one of the larger a(1;)
values observed for {110} -plane-class shells; for example,
shell D.

Table III also indicates that certain even-integer
sites like (2, 2,4), (2,2,8),and (2,2,12) [also (4,4,4);
however, (4, 4, 8) is an exception] all have negative
corrections. (2, 2, 8) has the largest negative correction
of any of the sites in Table ITI. These even-integer sites
(n, n, m), n and m>0, have inversion-related mates,
sites (%, 7, m), which in principle!*® should have
slightly different a(r;) values. As noted in HM II,
and also in HC, none of these even-integer inversion-
related shells have been identified. The fact that almost
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all of them have large negative corrections to a(r:)
from the subsidiary minima might be an explanation
for this.

The Iy values shown in the table are zero for all
odd-integer sites, which appears to be a special property
of the square faces (XUW) of the BZ. This is still
true when anisotropic envelope functions are con-
sidered, as long as the envelope functions are the
same for points related by inversion about the X point.
For the U, points this requirement is that Fx,.=Fx;;,
Fx,;;=Fx;,, etc. This is certainly a reasonable ap-
proximation since the predominant part of the single-
valley 1s envelope function should be even. One can
also observe this feature in Fig. 8 of Ref. 12, which
shows a(r;) plotted versus ko/kmax for the six A;
minima wave function. As Zo/km.x approaches 1,
a(r;) goes to zero for all the odd-integer lattice sites. A
second feature of the Iy values is that the even-integer
sites, neglecting anisotropies, have Iy(n, n, m)=
2Ix (n, n, m), which is a reflection of the two-to-one

equivalence between U and K points in the BZ.
" Many sites listed in Table III were not explicitly
considered previously.’>!* Other close sites have not
been included in Table III. Because of the large
ko/kmax value occurring in 7, and the slow decrease of
the radial envelope function, it is the interference that
is the dominant factor in determining which sites are
observed within a radius of order a*. The experimental
evidence!>? for this is very compelling. A convenient
means of selecting the sites with a large value of 74 is
shown in Fig. 3, which shows the argument 17 (ko/kmax )7
plotted versus #. The projection on the horizontal
axis gives the cosine. For ky/kmax=0.86, the values of »
which yield positive cosine values (ordered by de-
creasing cosine magnitude) are 0, 14, 9, 5, 4, 10, 13, 1;
those which yield negative cosine values (ordered by

3
8 —kﬂ’—=o‘se
max

Fic. 3. Argument (7/2) (ko/kmax)n versus n for n=0-16.
The projection on the horizontal axis gives the cosine, the mag-
nitudes of which indicate which combination of integers (all
even or all odd) for a lattice site (u, #, m) give large values of
the interference factor I,.
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decreasing cosine magnitude) are 7, 16, 2, 12, 11, 3, 6, 8.
The favored positive integers® are 0, 9, 5, and 4 while
the favored negative integers are 7, 2, 12, 11, and 3. In
combining integers for a site (#, n, m), the largest
values of I, are usually obtained when # and m differ
by 0, 4, or 8. Of the 20 largest values of I (| 75 |>1.84)
shown in Table III, four have » and m the same, nine
have n and m differing by 4, and four differ by 8§;
one is site (1, 5, 9) [a member of the unique class
(¢, m, n)]; and there are two exceptions, sites (2, 2, 12)
and (2, 2, 8). Combining values of # and m corre-
sponding to positive and negative cosines leads to
small values of 4, which in most instances have a(r;)
values too small to be observed as distinct shells. Only
sites (2, 2, 0) and (6, 6, 0), because of their large
positive corrections due to the subsidiary minima, may
have large enough a(r;) values to be observed. Sites like
(1, 1,7), 1,1, 10), (1, 1, 13), 3, 3,5), 3,3, 9),
(5) 5} 3)7 (57 5) 7), (7’ 7’ 5)7 (9> 97 3)) and (9) 9) 7) have
been considered and the a(r;) values will be too small,
even including favorable subsidiary minima corrections,
to be observed. Site (1, 1, 3), the third nearest neighbor,
and site (3, 3, 1), the fifth nearest neighbor, will be
explicitly considered as examples of sites close to the
donor with small 7, values. Using the b*-method
F (r) and neglecting subsidiary minima corrections, one
calculates a(I, 1, 3)~14 kHz (site radius=4.5 &),
while for a distant site (7,7, 11) one finds (7, 7, I1)~
772 kHz (site radius=20.1 A). This is an indication of
the strong interference effects present in the wave
function, even with only the six A; minima.

C. Uniaxial Stress-Induced Changes in 1s-4;
Wave Function

By measuring the change in the donor ground-state
Fermi contact hyperfine interaction and the donor
g-value shift with uniaxial stress, Wilson and Feher®
determined the A; minimum g-tensor components g
and gu, in addition to reporting a ‘‘spin-resonance”
value of the shear deformation potential constant
Fu=11+1 eV. More recently Watkins and Ham®
have also reported a spin-resonance value &,=
11.44-1.1 eV for the Li interstitial donor. These deter-
minations are several eV higher than most values ob-
tained by transport and optical techniques®* in which
the electron is a conduction electron within the A
minimum not subject to the impurity potential U (r).
Values of E, inferred from experiments involving the
1s-A; donor state, which contains non-negligible
wave-function admixtures from subsidiary valleys, may
be effective values (which are donor dependent)
rather than the true deformation potential for the A;
minima.

The admixture of 1s-4; wave function from subsidiary
valleys changes the deformation potential by (1)
changing the normalization of the wave function
(reducing the A; minima component) and (2) the
valley repopulation effect of the subsidiary valleys
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(with their own deformation potential constants)
caused by a uniaxial stress. A calculation for an (001)
uniaxial stress employing the valley repopulation model
for all valleys yields an expression for )4, in terms of
an /&, )ess, presumably the measured value,® given by

1+448,/3+2 46y 2
Eu)A1=Eu)eﬁ[ +481/3428x+ 5U] (25)

14-28x€'*4-4By¢€’"?

where ¢ and ¢’ are, respectively, (5./A)k./ (BEu/A)a,
and (E./A)v,/ (Bu/A)a, (E./A is the coefficient
appearing in the valley strain; see Ref. 33). The
numerator of the correction factor contains the nor-
malization change while the denominator contains the
valley repopulation effect of the K; and U, valleys (the
L, valleys are not split by a (001) uniaxial stress).
Without specific knowledge of the deformation po-
tentials and valley-orbit splittings for the K; and U,
valleys (thus obtaining ¢ and ¢’) little can be con-
cluded. If ¢ and ¢’ were somewhat greater ‘than 1,
Eq. (25) would suggest E,)a;<Eu)est. Equation (25)
also implies that &, )ess should be donor dependent since
Eu.)a, should be an intrinsic property of the pure
silicon host lattice. In summary, caution should be
exercised concerning =, values inferred from measure-
ments on 1s-4, donor states.

A second consequence of these subsidiary valley
admixtures with their own valley repopulation effect
will be corrections to the calculated 4; parameters
reported in HC.® These corrections will include the
same two contributions mentioned above. The valley
repopulation correction factor [for an applied (001)
uniaxial stress] of the K; and U; valleys has the form
Cnm (2B’ —4Bye”’) for even-integer sites and the form
camPre’ for odd-integer sites, where c,» is a constant
dependent on the lattice sites (n, #, m). Considering
appropriate values of S8x and By (see Table V below)
and €’~¢”’ one may expect the factor (26xe’ —48ye”’) to
be small. This may explain why the even-integer shells
A4, B, and K [matched as (0, 0, 4), (4, 4, 0), and
(0, 0, 8), respectively | were readily fit in HC without
serious corrections. These corrections will produce a
donor-dependent i; parameter. Detailed corrections to
the i; parameter will be given elsewhere.

A (111) uniaxial stress does not lift the degeneracy
of the six A; minima, thus producing no repopulation
effect. However, the introduction of Z; and K; (the U,
components on a single XUW BZ face can be lumped
together, the average effect resembling that of the A;
minima) components will introduce a small valley
repopulation effect, similar to that for the 1s-4; state
in Ge. Therefore a (111) uniaxial stress may be ex-
pected to produce small ENDOR shifts and splittings
due only to the subsidiary valleys.®

Another consequence of the subsidiary valley
admixtures is the possible splitting of the 1s-T states
by a (111) uniaxial stress. The splitting of this triplet
p-like state by a (111) uniaxial stress is allowed by
symmetry but is not contained within the valley
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repopulation model based on only the six A; minima.
The 1s-T, states play a crucial role in the Orbach
spin-lattice relaxation of the shallow donors.®? An
(001) uniaxial stress has been shown to quench the
Orbach spin-lattice relaxation rate for As and P
donors.®® A much smaller quenching has also been
observed® for a (111) uniaxial stress. One possible
explanation of this small (111) effect is a small splitting
of the 1s-T, states caused by a valley repopulation
effect of the subsidiary valleys.

D. Energy of Donor 1s States

The energy of the 1s-4, state contains both single-
valley and wvalley-valley interaction contributions
[resulting from the matrix elements (¥; | U(r) |¢:)]
and has the form

Eiya,=—E+(Fa | U | Fa)— (404 Ao)
—ai?(Ep,— Eay)— (ax’+av?) (Exy— Eay)-

The effective-mass energy E, is given very closely by
ma*et/2h%2, and for m*=0.322m % and ¢=11.71%
one finds Ey=32.0 meV, a value slightly larger than the
Kohn-Luttinger value. The second term represents the
single-valley correction from 86U (r), while the third
term represents the coupling between the degenerate
A; minima®¥ (A, is the coupling between adjacent
minima on different axes; Ao is the coupling between
opposite minima on the same axis). The remaining
terms represent the contributions, using second-order
perturbation theory, from the subsidiary minima. The
corresponding expressions for the 1s-E and 1s-T%
(spin-orbit splitting neglected) states are

By g=—FEot(Fa | 8U | Fa)+ (24:— o)
— (ex’+ev*) (Exy— Eay),
By p,=—E;t(Fa | 6U | Fa)+A0—1.2(Ep,—Ea,)
— (r&*+70?) (Ex,— Esy).  (27b)

It is difficult to reliably estimate the magnitudes of
the various terms because of the difficulty in obtaining
a reliable expression for 6U. One might use the best
set of 8’s obtained from fitting the ENDOR data to ob-
tain the o’s [from Egs. (20)], then estimate the energy
differences (Ex,—Ea,) and (Er,—Ea,), and obtain an
estimate of the second-order contributions to Eis—4,.
However, the second-order terms are actually related to
the first-order valley-valley coupling terms A, and Ay
because the a’s contain sums of matrix elements of the
type (;(r) | U(r) | Foup,(r)e*o=) which are similar to
the matrix elements for A, and A,. An‘attempt has been
made to calculate all these matrix elements employing a
realistic impurity potential in Sec. IV D.

Qualitatively, considering the results in Sec. IV D, it
can be demonstrated that it is the valley-valley coupling
terms, both from the A; minima and in second order
from the subsidiary minima, which are responsible for

(26)

(27a)
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nearly all of the energy correction to the 1s-4, state.
In fact, the single-valley correction is small (<1.6
meV). The importance of the second-order terms from
the subsidiary minima relative to (4A,+Ay) should
increase with the ionization energy deviation, i.e.,
should be most important for As and least important
for Sb. The corrections to the 1s-E and 1s-T, states
from the subsidiary minima will be very much smaller
(¢s and 7'sKa’s) than for the 1s-4; state and are
probably negligible, except perhaps for Sh. It is more
difficult to estimate the relative importance of the
different correction terms in Egs. (27a) and (27b), in
part because of a small uncertainty in the value of E,.
Finally, even with 6U =0 there will still be small donor-
independent energy corrections from the valley-valley
coupling terms. Therefore E,, the effective-mass value
for a single minimum, is not the true effective-mass
value for a multivalley case.

IV. CALCULATION OF FERMI CONTACT
CONSTANTS; MATCHING SITES WITH
SPECIFIC ENDOR SHELLS

A. Procedure

Calculations of the Fermi contact constants a(r;)
for As, P, and Sb donors have been performed by com-
puter for approximately 35 different lattice sites of the
type (n, n, m). With a few exceptions the selected group
-of sites was chosen on the basis of favorable 7,’s and/or
favorable corrections within a radius of 25 A. These
calculations were made using Eq. (18) considering
Bk, Bu, and Bz, as parameters which can be found from
the identified ENDOR shells or can be varied in a
systematic manner to obtain the best over-all fit to the
-experimental data. In as much as Eq. (18) contains 15
different parameters a number of simplifying assump-
tions were made.

Ao and k, were considered as parameters, but were
only varied in a narrow range (6.25<A4,<7.60 MHz;
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F16. 4. Relationship between the anisotropic “pancake” radii
ratio and the mass tensor components ratio for an ellipsoidal
energy surface. This was calculated from the expression given
by Lampert (Ref. 69). The A; value is obtained from cyclotron
resonance values of the masses (Ref. 65). Two different cal-
culated values of the masses at the L, point by Cardona and
Pollak (Ref. 31) and Dresselhaus and Dresselhaus (Ref. 32)
give calculated values for the radii ratio.
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TasiLe IV. Estimated masses and Bohr radii employed
for the different subsidiary minima.®

Masses L, Kb Uy
my/m 1.81 0.596 0.488
e/ 0.136 0.085 0.080
My /M 0.136 0.596 0.852
m*m 0.322 0.322 0.510
Radii A A A
a 10.3 15.2 11.1
oy 25.8 30.5 18.3
o 25.8 15.2 8.7
a;* 19.2 19.2 12.1

& These are the values used for the second 5*-SM values given in Table
V, namely, for ap* =0.63a*.

b For the Ki ‘‘valley” # is taken along the KW edge of the BZ while
t2 is taken along K L.

¢ For the U ‘“‘valley” # is taken along the UW edge of the square face
while #; is taken along UZ’X.

0.84 < ko/kmax<0.90) because of experimental knowl-
edge’®? of these parameters. As a simplification the
isotropic 1s radii for all the different minima were first
chosen to be the same, namely ax*=ap*=ar*=0,*=
19.2 A. This value was obtained from as*=age (m/ma*)
using the best values of ¢ and ma* and it is slightly
smaller than used previously. The calculated results
exhibited some features suggesting a reduced ay*
value would better fit the experimental results and
several calculations were performed with reduced ap*
values. This reduction is consistent with U; being a
saddle point rather than a minimum. Anisotropic
pancake effects on the various valley interference
factors [see Eq. (21)] were initially neglected, but
were then incorporated, first for the A; minima, next
for the L, minima, and finally for the K; and U,
“minima.” The anisotropic portion of the envelope
function can be written in the form

Fz)anis

_ exp[— (&/al)+ (3% au’)+ (3*/as?) J? (28)
exp(—r/a*) ’
where a* = (a10102)"/.% This is the same relationship as
among the mass tensor components and the isotropic
mass, namely, m*= (mpmum.)'3. The axes x, y, and 3
are the principal axes of the specific valley ellipsoid
under consideration and are different for each type of
minimum. The a* values are determined from »* using
a*=ayk (m/m*), while the different @; are found from
the mass tensor components (measured for the A,
minima; calculated for the L; minima; estimated from
the band-structure calculations for the K; and U,
valleys) and the relationship of Lampert® between
mi/m; and a,/a; which is shown in Fig. 4. The values of
m; and a; used for the different minima are shown in
Table 1V.
Two different checks of the calculations were made by
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comparing them with the experimental results. These
quantitative checks were made with the following
expressions: :

ni d(rl)calc"'a(rl)exl’t

fi=ni? Zl‘, (o (29a)
and
ftota1= § a(rl/)calc/g a(rl)expt- (29b)

The first quantity represents the average fractional
deviation of calculated and experimental a(r;) values
for the lattice sites identified with ENDOR shells—
either identified previously or identified on the basis of
the new calculations. #; is taken to be 14; however, this
does not imply all these shells have been positively
identified. The second quantity fiota1 is summed in the
denominator over the experimentally measured shells
(see HM I), 21 for As and P (shells U and W were
excluded) and 19 for Sb [the 444 region in Sb was
arbitrarily assigned two shells with a(r;)/2=415 kHz;
however, there may be more shells in this region].
In the numerator the sum is over the 21 largest (19
largest for Sb) calculated values. Thus for a good fit f;
should be very small and fio1a1 very close to 1. fiotal is
proportional to 4o, but is also a function of ko, the 3’s,
the pancake anisotropies in F;(r), and the type of
envelope function employed. The introduction of a
wave-function component lacking inversion symmetry
may also affect fiota1 since it may introduce a positive
bias by removing from consideration lattice sites where
the correction is large and negative. fiota1 was found to
decrease noticeably as (a;/a;)a, was increased from
1.0 to 2.0, whereas fioa1 increased slightly as (a;/a1) 1,
was increased from 1.0 to 2.5. For a given set of all the
other parameters the value of 4, was obtained by
requiring fiota1 to be close to 1.

For the radial envelope function previous com-
parisons'®™ have used the Whittaker function, which
introduces a large enhancement of F;(r) for small
and requires the introduction of a cutoff radius. As
already noted in Sec. IIT A it is possible, with the
addition of the subsidiary minima, to greatly enhance
|¢(0) |* and thereby reasonably account for the
values of | (0) |exp:? obtained from the donor hyperfine
interaction.’®? This eliminates the need for increasing
F;(0) in the manner employed previously.? In addition,
most of the energy correction to the 1s-4; state results
from valley-valley interactions and that the correction
to the single-valley effective-mass energy from 8U (r)
is small (see Sec. IV D). The large valley-valley inter-
actions for the 1s states require the use of a coupled-
valley Schrédinger equation.”™ This question is con-
sidered in Appendix A.

One can construct Schrodinger equations for func-
tions which are various linear combinations of the
single-valley F;(r). The equation with the totally
symmetric linear combination has an eigenvalue
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Ey;_4,, while the equations with other combinations of
the F;(r), even and odd, have eigenvalues E;,_g and
Ey7,. The spherical component of the envelope
function F;(r) should be determined by the Schrédinger
equation for the totally symmetric combination with
eigenvalue Fi,_4,. This argument leads directly to the
b* form of F;(r) given previously. The anisotropic
components of the envelope functions result from
solutions of the other coupled equations with eigen-
values Ey,_p and Ej_r, For this reason we have
used the uncorrected effective-mass radii a*, etc., in
Eq. (28).

This exponential form F;(r) is certainly an over-
simplification for the radial wave function, yet the
results discussed below suggest it is in much better
agreement with the experimental results than the
Whittaker function. The effects of U (r), considered on
a single-valley basis, are small enough that they might
be included by perturbation theory. For Sb the possi-
bility of U (r) being repulsive for small 7 (1.5<7<4 &)
suggests F;(7) is not simply exponential and may have
a somewhat smaller value at the (2, 2, 0) site than
given by the b* form of F;(r) [see the Sb results for sites
(2,2,0), (6,6,0), and (10, 10, 0) in Table V.

The procedure for obtaining the values of 8z, Bz,
and By was the following. Taking the square root of
Eq. (18) yields

=Ia(r))+Brlx (11)+Bulv (r:)+BlL(r:). (30)

One inserts in Eq. (30) the experimental value a(r;)
for an identified ENDOR shell. The envelope functions
and the 7;(r;)’s are readily calculated while A4, is
determined from the actual results and the use of the
feotal check. The effect of N4, is small, but can be
included by iteration. Thus one has a set of linear
equations for all of the lattice sites that have been
matched to specific experimental ENDOR shells re-
ported in HM I. If we are given correct envelope
functions for the different valleys, the right ko, and the
right pancake anisotropy parameters, and thus the
correct 7;(r;)’s, then the overdetermined set of linear
equations should be reasonably consistent with one
another provided contributions from other critical
points in the lowest conduction band, and also con-
tributions from a noninversion component of the wave
function, are unimportant. In practice, over-all excellent
consistency is difficult to achieve and the reasons for the -
inconsistencies can be hard to isolate.

The following points were considered in selecting
sites. (1) Sites should be used, if possible, where the
corrections are large (Ix and Iy, and/or I large).
(2) Sites where the corrections are primarily due to
only one or two different type valleys are preferred to
those where all three types of valleys make important
corrections; for example, (0, 0, 4) and (0, 0, 8). (3)
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TaBLE V. Comparison of calculated and experimental values. (All hyperfine constants are in kHz.)

Calculated § | a(r) | Experimentals
b*-SM4d b*-SMe B,
Site Donor  Whit.b b* e (1) (2) b* Match! }|a(r) | B,, Shell

As 5201 3334 3928 4032 96.4 3860 57.0

(0,0, 4) P 4184 2728 3325 3316 78.8 Vi 2981 41.4 A
Sb 3684 2533 3150 3399 73.2 3101 46.0
As 927 926 747 611 97.5 758 16.0

(0,0, 8) P 851 808 644 560 85.2 V5 663 14 K
Sb 794 768 616 485 81.0 N.F.k eos
As 1051 259 625 667 642

(1,1,1) P 733 204 413 444 ees RVAi 270 cee ‘E
Sb 604 187 295 308 293
As 1485 1040 366 356

3,3,3) P 1271 870 341 379
Sb 1149 812 409 492
As 917 1053 607 643 801

(4,4,4) P 839 905 646 644 oo 689 oo H
Sb 780 854 751 746 703
As 1089 1150 1722 1746 2037

(5,5,5) P 1055 1034 1492 1458 cee v 1649 see C
Sb 1004 967 1318 1236 1397
As 557 781 552 475 739

7,70 P 595 730 568 505 cee 598 cee 0
Sb 590 707 615 571 670
As 2 530 411 694

(8, 8, 8) P 2 332 253 coe 739 vee J
Sb 2 165 173 629
As 373 504 524 607

9,9,9) P 367 472 487 cee 612 ces N
Sb 364 436 433 N.F.
As 578 340 1177 1165 173.0 1121 151.0

(2,2,0) P 450 273 841 803 138.8 v 840 116.4 F
Sb 389 252 615 722 128.0 504 37.0 14
As 2061 1852 2848 2878 —34.6 3000 —41.6

(4, 4,0) P 1789 1560 2159 2213 —29.1 Vi 2254 —34.0 B
Sb 1627 1460 1793 1841 —27.2 1833 —28.6
As 90 37 717 720 —29.0 741 —14.6

(6, 6, 0) P 82 33 464 472 —25.6 4/? 582 —11.2 L
Sb 76 31 280 370 —24 .4 425 —-5.8
As 241 764 682 —15.5 777 —60.8

(10, 10, 0) P 232 621 566 —14.9 /? 612 —40.6 M
Sb 229 482 485 —14.7 559 —37.2
As 680 481 555 564 —43.9 566 —48.0

1,1, 5) P 587 401 485 474 —36.6 Vi 524 —40.2 0

Sb 533 376 456 433 —~34.2 387 —36: 0
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TaBLE V (Continued)

Calculated % | a(r;) | Experimentals
b*-SMd  p*-SMe B..
Site Donor  Whitb b*e (1) 2) b* Match! }|a(r)|  B.: Shell
As 841 865 315 332 —24.2 242 40
3,3,7) P 804 759 349 374 —21.2 V? 317 29.4 X
Sb 760 720 442 480 —20.1 437 20.4
As 352 571 593 —2.6 696 —4.8
3,3,11) P 328 489 502 2.4 662 -6 P
Sh 319 421 417 -2.3 629 —5.8
As 872 827 1594 1608 53.4 1292 4.2
(5,5,1) P 809 713 1236 1235 46.0 V? 1117 3.6 D
Sb 756 675 990 961 43.5 1003 3.0
As 725 878 872 —0.6 806 7.0
(5,5,9 P 670 774 77 —-0.5 V7? 764 5.0 G
Sb 647 708 706 —-0.5 761 4.6
As 806 756 719 21.0 718 —20.4
7,7,3) P 731 674 665 19.1 V7P 685 —17.4 I
Sb 705 648 656 18.4 643 —14.0
As 325 397 375 23.2 428 24.8
9,9, 1) P 307 357 344 21.8 V? 379 21.0 R
Sb 300 329 318 21.3 332 15.0
As 502 346 362 1.0 364 0.0
9,9,95) P 482 369 380 1.0 398 0.0 T
Sb 474 409 412 1.0 N.F. oo
As 625 439 459 22.0 377 —-5.4
(2,2,12) P 587 442 461 20.8 410 —5.4 S
Sb 571 467 470 20.1 N.F.’ oee
As 274 576 . 526 30.2 338 oo
(4,4, 8) P 246 492 414 28.9 383 oer U
Sb 236 351 323 27.6 N.F.
As 406 564 517 8.7
(7,7,11) P 398 520 482 8.5
Sb 392 473 439 8.4
As 853 570 268 193 149.0
(2,2,4) p 708 473 260 203 124.2
Sb 632 441 289 198 116.0
As 816 765 47 56 73.6
(2,2,8) P 771 673 95 108 64.7
Sb 727 640 183 135 61.6
As 537 348 164 168 55.6
(3,3,1) P 447 286 169 169 45.8
Sb 399 266 197 199 42.6
As 258 318 286 —-25.1
(1,1,9) P 230 265 248 —22.3

Sb 219 236 227 —-21.3
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TaBLE V (Continued)
Figure-of-Merit Results and Admixture Parameters
Whit. b* b*-SM v¥*-SM
(1) (2)
As 0.382i 0.545 0.081 0.105
fi P 0.507 0.417 0.102 0.133
Sb 0.370i 0.338 0.084 0.105
As 0.99% 0.843 0.990 0.978
f P 1.03k 0.891 0.982 0.972
‘ Sb 1.05k 0.941 1.003 1.017
Bx Bu BL Na Bx Bu BL Ny
As 0.170 0.106 0.141 1.057 0.182 0.086 0.142 1.062
P . . 0.146 0.085 0.098 1.037 0.146 0.072 0.106 1.039
Sb 0.105 0.065 0.052 1.019 0.092 0.082 0.060 1.026

# Data from E. B. Hale and R. L. Mieher, Phys. Rev. 184, 739 (1969).
b Whit. —ko/Emax =0.86, (a1/a1)A1=1.75, aa*=21 & these values are
from computer results furnished by E. B. Hale; see also Figs. 5-7 in Ref. 14.
¢ b* —ko/kmax =0.875, A9=7.00 MHz, (at/a1)A1=1.75, ap*=19.2 A.
d p*.SM ko/kmax =0.875, Ag=7.20 MHz, (a:/a1)a1=1.5, (at/a)) 1=
(1) 2.25, ap*=ag*=ap*=ap*=19.2 A.
e p*.SM ko/kmax =0.870, A9g=7.00 MHz, (ai/a;)A1=1.5, (a¢/a1)) 1=
(2) 2.50, (an/a)g1=2, (atz/ar)g1=1, (en/ay)y1=1.65, (ar/ar)pn=
0.69, ar* =ag*=as*=19.2 &, ap* =.63 aa* =12.1 A.
f G. Feher, Phys. Rev. 114, 1219 (1959).
£ E. B. Hale and R. L. Mieher, Phys. Rev. 184, 751 (1969).
b N. F. indicates this shell was not found.

Neither very close [for example, (1, 1, 1)] nor very
distant sites should be selected: for the former, a lattice
distortion (slightly different covalent radii for different
donors) might affect a(r;), while for the latter the
pancake anisotropies can be large resulting in less
reliable values of the I;(r;) in Eq. (30). (4) Itis better
to average over a number of matched site-ENDOR
shells, particularly for the sites (#, #, m), » and m=0,
hopefully to diminish the effects of neglecting lack of
inversion or a missing critical-point admixture to y.
Site (4, 4, 0), identified as shell B, was selected because
this site is the best-known site for determining S,
since the effect of the K; and U; valleys is small. Sites
(2,2,0), (6,6,0), and (10, 10, 0), tentatively matched
with ENDOR shells F [V (Sb)], L, and M, respec-
tively, were averaged to yield an expression nearly
independent of 8;, which is a linear combination of By
and Bg. Sites (1, 1, 5) (identified as shell Q), (5, 5, 5)
(almost certainly shell C from Table III), and (5, 5, 1)
and (3, 3, 7) (tentatively identified as shell D and
shell X, respectively) were used to form a linear com-

bination of equations which yields a result nearly.

independent of 8., thereby determining 8x. Except for
Sb the sites (2, 2, 0), (6, 6,0), and (10, 10, 0) exhibited
reasonable consistency. Sites (1, 1, 5), (5, 5, 5),
(5, 5, 1), and (3, 3, 7) gave relatively poorer con-
sistency with As the worst, P intermediate, and Sb the
best with only small inconsistencies. (5, 5, 5) and
(3, 3, 7) seem to require much larger values of 8x than
(5,5, 1). The source of the discrepancy is unknown, but
these sites can be affected significantly by a com-

i E. B. Hale and T. G. Castner, Jr., Phys. Rev. B 1, 4763 (1970).

i These values are based on only the seven positively identified ENDOR
shells A, B, C, E, F, K, and Q because the Whit. calculations were not
done for some of the lattice sites associated with tentatively identified
ENDOR shells. Inclusion of shells L, M, and X will increase f;.

k These values are estimates based on 15 lattice site calculated values
and the 15 largest experimental values for each donor. Some of the omitted
sites may have larger calculated a(r;) values which will slightly increase
the fy values.

1 4/ indicates a positive identification. 4/? indicates a tentative identi-
fication.

ponent of ¢ lacking inversion symmetry, which will
not affect the (%, %, 0) or (0, 0, m) sites.

B. Results

In Table V the calculated results for 28 lattice
sites for two slightly different sets of B, Bx, and
Bu (one set for ay™*=axs*, the second for ay*=0.63a,*)
are compared with the experimental values from HM 1.
Along with these are shown the calculated values based
on the Whittaker F;(#) (from HM II) and the b* F;(r)
for just the six A; minima (8’s equal zero). Also shown
are the experimental and calculated values of B,,,
the latter based on Eq. (23a) assuming J;=J,=33 kHz,
an average value of these integrals based on several iden-
tified shells. The checks (+/) indicate positive identifica-
tion of lattice sites with ENDOR shells from previous
work!>1! or this study while the checks with question
marks indicate tentative - identifications. The un-
identified ENDOR shells are always given in the correct
symmetry class (see HM I) but should not necessarily
be associated with the calculated lattice site values to
the left. Since lack of inversion symmetry (at the
atomic nuclei—the argument applies only to even-
integer sites) has not yet been considered, one has
a(fi, 1, m)=a(n, n, m); therefore the inversion-related
sites [for example, (4, 4, 4), (2, 2, 12), etc.] have not
been listed in the table. The experimental values,
however, may include inversion-related pairs. One
speculative possibility would relate lattice sites (4, 4, 4)
and (4,4,4) to ENDOR shells H and O, respectively, as
discussed below.
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Before discussing individual sites and shells, some
qualitative comments on the over-all agreement should
be made. The b* values (without subsidiary minima)
are too small for many well-identified shells like 4, B,
and E and they lead to much too small a value of
ftotal. The Whittaker function values are too large for
some shells (4, K, E, and Q) and too small for others
(B, C, D, and F), but a reasonable value of fiota1 is
found. Both these sets have rather poor f; values for the
“identified” sites. Because of a substantial positive bias
in the corrections, the 5*-SM calculated values have
satisfactory values of fiota1, in addition to having much
smaller values of f;, the agreement being close to 109,
for the three donors. It also seems possible to explain
some of the striking donor anomalies observed in the
data. The agreement is sufficient to identify several new
shells positively and some others tentatively. Neverthe-
less, the fit is clearly not an optimized fit and further
refinement of the calculations with a finer grained
variation of some of the parameters seems both probable
and desirable since better agreement will then yield
reliable information on the detailed shape of the
lowest conduction band. We now consider in detail the
agreement for specific lattice sites and the matched
ENDOR shells, insofar as is possible.

(0, 0, 4) and (0, 0, 8) Sites—M atched Previously
with Shells A2 and K

The agreement is apparently better for the first
b*-SM than the second, except that the second
predicts the anomaly asy, (0, 0, 4)>ap (0, 0, 4) and also
predicts a much smaller agy, (0, 0, 8) (this shell was not
found experimentally and should have 3¢<420 kHz; it
might be in the 444 region). The second b*-SM
(0, 0, 4) values are too large for three donors, and the
(0, 0, 8) values are too small for two donors, indicating
an incorrect balance between the L, the K, and U
corrections, possibly because of incorrect anisotropic
radii or too large a (.

(1, 1, 1) Site—Matched Previously with Shell E*

The agreement of As and Sb is excellent, while it is
poor for P and thereby accounts for nearly one-half the
contribution to f; for P. This is not accounted for by the
smaller covalent bond radius of P because a smaller
radius for the (1, 1, 1) Si would increase the cosine
thereby increasing a(r;), making the agreement worse.
A significant decrease of 8x and B, would help but would
worsen the agreement for many other shells.

(5,5, 5) Site—Matched as Shell C

Although the calculated values are somewhat too
small they are substantially larger than any other
(1, 1, 1)-axis-class site and the assignment with shell C
is consistent with the small dipole-dipole constant as
noted by Hale and Mieher.® The component of
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lacking inversion symmetry might substantially im-
prove the agreement as noted below.

Other (1, 1, 1)-Axis-Class Sites

The agreement is sufficiently poor that no other
shells can be matched with lattice sites. One possible
reason is the neglect of the component of ¥ lacking
inversion symmetry and further discussion is reserved
until after this is considered below.

(2, 2,0) Site—Maiched as Shell F [V (Sb)]

This site can be identified by its very large B.. value
(largest of all the shells) assuming the large contribu-
tion of the second term in Eq. (23a). The agreement of
the a(r;) values is good for As and P and somewhat
worse for Sb. The agreement for Sb could be made much
better by reducing Sy about 209, but this would make
the agreement worse for sites (0, 0, 4), (6, 6, 0), and
(10, 10, 0). Another possible explanation is the repulsive
region of U (r) for Sb ? which might reduce F;(r) in the
vicinity of (2, 2, 0). Considering the dipole-dipole con-
stants!! and the stress behavior,!® there seems to be
little doubt that ¥ (Sb) should be associated with the
very anomalous F shell.

(4, 4, 0) Site—Matched Previously as Shell B

The agreement is satisfactory although all the
values are somewhat too small.

(6, 6,0) and (10, 10, 0) Sites—M atched Tentatively
as Shells L and M, Respectively

These shells have patterns very similar to shell B
characterized by negative B,, values (shell M has the
largest negative B,, values of all the shells); they have
sizeable B, values, and also have large donor anomalies
with normal ordering. The very large corrections
(see Table III) suggest (6, 6,0) and (10, 10, 0) should
be observed and shells L and M are the only promising
candidates. The agreement of the 0*-SM wvalues is
reasonable and they indicate the larger donor anomaly
for (6, 6,0) thus suggesting (6, 6,0) as L and (10, 10,0)
as M. This is not in agreement with the dipole-dipole
calculations (neglecting SM corrections) which sug-
gest the reverse assignment. The uniaxial stress be-
havior is the most anomalous of all the shells (see HC).
These assignments await corrections to the dipole-dipole
and piezo-hyperfine constants. There do not seem to be
any other promising lattice sites for shells L and M.

(1, 1, 5) Site—Malched Previously as Shell Q

The agreement for this shell is reasonable although
the calculated values are too small for P and too large
for Sb. The reason for this is not understood.

(3,3, 7) Site—Matched Tentatively as Shell X

Only this site gives reasonable agreement with the
strongly inverted donor anomaly of shell X. Although
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sites (2, 2, 4), (2, 2, 8), and (3, 3, 1) have substantial
negative corrections, none of these sites give reasonable
agreement. It is unlikely shell X is an even-integer site
since there doesn’t appear to be an inversion-related
mate in the data. The (3, 3, 1)-site values exhibit too
small an inverted donor anomaly and are too small in
any case. However, the uncorrected B,, value for the
(3,3, 7) site is in poor agreement with shell X.

(3, 3, 11) Site—Unidentified; Shell P is a Possibility

The calculations suggest this site should be observed.
It should have a relatively small negative uncorrected
B,., a negative iq parameter, and a normal donor
anomaly. Shell P has these characteristics; however,
the calculated values are somewhat too small and the
calculated donor anomaly is too large.

(5, 5, 1) Site—M atched Tentatively as Shell D

This assignment is troublesome because the dipole-
dipole constant B,, and the stress results are in poor
“agreement with this assignment. The calculated
b*-SM values are approximately correct although the
calculated normal donor anomaly is too large. No other
unmatched lattice site has large enough a(r;) values to
be a good candidate for shell D, although site (5, 5, 9)
would be in better agreement with the small dipole-
dipole constants and the small 73 parameter for shell D.
Site (5, 5, 1) seems certain to have been measured and
no other experimental shell besides D is a favorable
candidate for site (5, 5, 1).

(5, 5,9) Site—Matched Tentatively as Shell G

The calculated values show too large a normal donor
anomaly; however, with respect to the uncorrected
dipole-dipole constants and the uniaxial stress ig
parameter this assignment is excellent. Distant sites
are much more sensitive to the mass anisotropies in the
valleys, therefore some caution is required. It is highly
probable this site has been measured. While shell D
should not be ruled out completely, shells like 7 and P
are not good candidates when one considers the dipole-
dipole constants and the ¢; parameters. Shell G is
certainly the best choice at present.

(7,7, 3) Site—Tentatively Matched as Shell I

The a(r;) values are in reasonable agreement with
this assignment; however, the uncorrected dipole-dipole
constants and uniaxial stress parameter iq deviate
somewhat. Shell P is also a possible candidate for this
site.

(7,7, 11)—Unmaiched

The calculations, neglecting the noninversion com-
ponent of ¢, suggest this shell might have been ob-
served. It should have a small normal donor anomaly,
a small positive B,,, small B,, and B,, values, and a
negative 74 value. While shell P should not be ruled out
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completely, it seems improbable that this distant site
has been measured.

(4, 4, 8) Site—Unmatched

This site and its inversion-related mate should be
considered as possible candidates for shells 7 and P
(see the uniaxial stress 74 values in HC); however, this
assignment is in poor agreement with the dipole-dipole
constants. Were this assignment to be confirmed, then
sites (7,7,3) and (3, 3, 11) would have to be eliminated
from consideration, requiring strong unknown negative
corrections for these sites. It seems more probable from
the b*-SM values of a(r;) for (4,4, 8), particularly the
large donor anomaly, that site (4, 4, 8) should be
eliminated from consideration, but this remains an open
question.

9, 9, 1) Site—Matched Tentatively as Shell R

This assignment seems very good although correc-
tions are required to explain the uniaxial stress 4
values. The calculated 5*-SM values, including the
magnitude of the donor anomaly, are in good agreement
with the experimental values for shell R. The (7, 7, 1)
site was also considered as a candidate for shell R,
but it has a negative correction from the subsidiary
minima and has calculated a(r;) values which are
substantially too small. It seems unlikely shell R could
be matched to an even-integer site since there does not
appear to be an inversion-related mate in the data.

9,9,5) and (2, 2, 12) Sites—Unmaiched, but
Tentatively Associated with Shells S, T, and U

All of these shells exhibit inverted donor anomalies
for As and P. They have not been found in Sb; however,
there is a reasonable probability some of them are in the
AAA region (see HM I). These lattice sites should have
small dipole-dipole constants and small 7; values, which
is consistent with the data in HM I and HC (the 44
of shell U was not measured). The uncorrected calcu-
lated ¢4 value is smaller for (9, 9, 5) than for (2, 2, 12)
or its inversion-related mate (2, 2, 12), which suggests
it is a better candidate for the remarkable shell 7' which
has B,,=0.0 kHz and an | ¢4 | <0.01. Despite the lack of
any positive identification, it is encouraging that the
subsidiary minima corrections yield lattice sites with
the right characteristics for these shells.

(2,2,4) and (2, 2, 8) Sites—Not Expected To Have
Been Measured

The strong negative corrections for these sites and
their inversion-related mates, particularly for (2, 2, 8),
yield small a(r;) values and suggest these sites have not
been measured. The a(r;) values for (2, 2, 8) have been
reduced by factors of 15, 6.6, and 4 for As, P, and Sb,
respectively, which indicates the importance of a small
admixture of the numerous K; and U, valleys.
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Fic. 5. The calculated Fermi contact constants versus Zo/Emax
including the subsidiary minima corrections (but neglecting
the noninversion contribution) from the L;, Ki, and U, regions
of the lowest conduction band [the 8; admixture coefficients used
were the second set (ay*=0.63a*) given in Table V]. The experi-
mental values taken from Hale and Mieher (Ref. 11) are shown
to the right. Matching circles were found for 13 of the positively
and tentatively identified shells [the (9, 9, 1) site calculated
values always remains below the shell R value]. While shells
H and O were not considered tentatively identified in Table V,
it is noted that they can be reasonably matched with lattice
sites (4, 4, 4,) and (4, 4, 4) but probably not with site (3, 3, 3).

(1, 1, 9) Site—Not Expected To Have Been Measured

The small negative correction for this site yields
a(r;) values slightly below the continuum limits given
in HMI. No measured shell has the appropriate
dipole-dipole constants or uniaxial stress ¢ to be a
reasonable candidate for this site.

(3, 3, 1) Site—Not Expected To Have Been Measured

The calculated a(r;) values of this site, which is
close to the donor (fifth nearest neighbor), are sub-
stantially below the continuum limits because of the
negative correction from the L; minima. The (I, I, 3)
site (third nearest neighbor) has also been considered
and has a(r;) values well below the continuum limit.

Having incorporated corrections to a(r;) from
the subsidiary minima, it is of interest to fit the
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a (11, ko/kmax) values to the experimental data in order
to check what spread of ko -values occurs. Using the
second set of Bz, Bk, and By (ar*=0.63a*) given in
Table V the values of a(ri, ko/kmax) have been calcu-
lated and are shown for As in Fig. 5. Matching circles
are obtained for 13 of the 14 “identified” shells [the
calculated a(r;, ko/kmax) values for site (9, 9, 1) were
slightly too small to be matched with shell R7]. These
matching circles lead to a mean value (ko)as =0.872kmx.
A similar analysis for P (13 matching circles) and Sb
(10 matching circles) yields mean values (ko)p=
0.872kmax and (ko)sp=0.866kn.x. An analysis of the
over-all spread in ko/km.x “fit values” indicates it is
much smaller than the previous analyses®!* and sug-
gests a value ko/kmax=0.8720.01. This is in good agree-
ment with the value ko/kmax=0.8640.02 reported in
HC (the value in HC would have been slightly higher
had the calculated values of Aa been based on the b*
envelope function rather than the Whittaker func-
tion).

Inspection of Fig. 5 indicates the unmatched (111)-
axis-class shells H and O are far better candidates for
the (4,4,4) and (4,4, ) sites than for the (3, 3, 3) site.
It should be emphasized that the results in Table V
and in Fig. 5 have been based on a wave function that
has inversion symmetry (with respect to the even-
integer lattice sites). A wave-function component lack-
ing inversion symmetry can introduce systematic
deviations which will affect the results in Table V and
Fig. 5.

C. Inversion Symmetry of ¥?

As noted previously?! the 1s-A,-state donor wave
function need not possess inversion symmetry. This
feature does not result from the band structure because
of the cubic symmetry (O space group) of the diamond
lattice. However, the donor possesses only T3 sym-
metry and 8U(r) can contain a tetrahedral potential
8U(r) =V gxyzf (r). This potential has negligible effect
on the valley-valley coupling because of its odd parity.
However, in the single-valley Schrodinger equation
[see Eq. (4)], it can be treated by perturbation theory.
It admixes f function (satisfying the 4, representation)
from #=4 on to much higher #. This “tetrahedral”
component of ¥ will have the form

_ ® (nf-A; | 8U, | 1s-41)
Yi=xyz 2 (Eyonr—En)

X AnLnyd (p) exp(—p/2), (31)

where L4’ (p) is the associated Laguerre polynomial
and 4, is a normalization constant for the »f function.
The anisotropic mass tensor has been neglected and
simple hydrogenic functions have been used in Eq. (31).
The energy denominator is nearly constant for n=4
and larger. Because of very large Bohr radii of these f
functions and the short range™ of 8U,(r), the matrix
elements will decrease slowly with # and might be ap-
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proximated by {(nf-A; | 6U; | 1s-A1)~Vo(1—a)"* where
al. The summation in Eq. (31) can be done ap-
proximately by employing a generating function” for
the associated Laguerre polynomials leading to the
approximate result

¥~Cuyz exp(—r/X), (32)
where A<4a*, the Bohr radius of the 4f state. The
value of A is difficult to determine and will depend on
how rapidly the matrix elements decrease with #,
i.e., on the value of a. Neglecting mass anisotropies, one
obtains the same type of function for all the valleys,
including the subsidiary valleys. With this f-function
admixture, the correction to a(r;) is readily estimated
since ¥, will factor out of each F;(r) term. The cross-
term result can be shown to be”

Aa(11);=C" (x1y1z1/a*)

X [exp(—1/N)/exp(—1./6*) Ja(r)).  (33)

Equation (33) can be employed to calculate Aa(r;);
if X\ and the constant C’ (C'«< V,) are known. For the
estimates made here we set A\=50* and attempt to deter-
mine C’ from the data for a set of tentatively identified
inversion-related ENDOR shells. The set most likely to
have been observed (identifiable partly on the basis of
the symmetry class) is (4,4, 4) and (4, 4, 4). A careful
consideration of all the unidentified (111)-axis-class
shells indicates that only H and O give a plausible set
of C’ values [the same sign for all three donors and a
reasonable donor dependence, in this case C’(P)>
C’(As)>C’(Sb)]. The uncorrected dipole-dipole con-
stant values [see HM I and Eq. (23b)] favor H as
(4, 4, 4) and O as (4, 4, 4). This assignment is also
supported by the sign of the required corrections for a
number of identified shells. Shells C and R require
positive corrections while shell X requires a negative
correction. Also sites (7,7,7), (3,3, 3), and (7, 7, 11)
require negative corrections to be considered not ob-
served. All of the above facts require C’ to be positive
[6U.(r) attractive, V, negative] making Aa(r;);
positive [with respect to a(r;)] in the positive quadrant
(n, m, m) and negative in the negative quadrant
(@, 11, m).

Qualitatively the correction [Aa(r;)/2]; is largest
for the more distant shells close to the (111) axes which
also have large values of a(r;). These corrections have
been calculated with Eq. (33) using shell-H and
shell-O data to determine C’.

The effect of [Aa(r;)/2]; on all the sites is not an
obvious over-all improvement. While the “identified”
sites (5, 5, 5), (9,9, 1), and (3, 8, 7) are substantially
improved the sites (5, 5, 9), (7,7,3), and (9,9, 5) are
now in noticeably poorer agreement with the data.
Although site (7, 7, IT) is substantially decreased to
near the continuum limits, site (4, 4, 8) is increased
making it appear to be a measured shell, while site
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(3,3, 1) is decreased enough to make it a questionable
choice for shell P. For the (111)-axis-class sites,
(3, 3,3) and (7,7, 7) are still both slightly above the
continuum limits in HM I, but there are no (111)-axis
shells with values of a(r;)/2 this small. Site (9, 9, 9) is
boosted substantially (too much), making it appear to
be a measured shell. Shells J and &V are both candidates
(/ is much the better candidate on the basis of the donor
anomaly). Site (8, 8, 8) is reduced below the continuum
limits, however site (8, 8, 8) has a large enough a(r;)/2
value for As and P to be considered a measured shell.
Shell N might be a possibility except the donor anomaly
is wrong and site (8, 8, 8) is expected to have a much
larger B,, value, not considering corrections due to the
subsidiary minima. If sites (3, 3, 3) and (7, 7, 7) can
really be removed from consideration (this seems
questionable for Sb) one has obtained more reasonable
general agreement for the unidentified (111)-axis shells
than before the noninversion component of ¢ was con-
sidered. The observation of site (8, 8, 8) seems rather
unlikely, but if confirmed would be a most remarkable
indication of the importance of the subsidiary minima
since the b* value of a(r;)/2 for (8, 8, 8) is negligible
(see Table V).

In summary, this addition of f function makes some
improvement in the (111)-axis shells, thus supporting
the tentative assignment of shells H and O to sites
(4, 4, 4) and (4, 4, 1), respectively. It suggests site
(9,9, 9) corresponds to a measured shell, but that sites
(3,3,3) and (7,7,7) probably have not been measured.
For the {110}-plane-class shells, the results are equiv-
ocal.

D. Valley-Valley Coupling Matrix Elements

Given a realistic donor potential U (#) which takes
account of the difference of the core potential of the
donor atom and a silicon atom and also takes account
of the dielectric shielding effects, then it is easy to
estimate the valley-valley coupling matrix elements
Vi between the jth and /th valleys. Nara and Morita™
have taken account of both these effects and find a
spherical donor potential of the form

/ [VD (k)— Vsl(k)] exp(— iker) dk
e(k) (2m)®’
noting that the anisotropy in e(k) was shown to be

small?*® and the isotropic component of e(k) can be
written™ as

Ur)= (34)

AR
[e®WT= s+

BE? L7
Bty

(35)

T €

v

The coefficients 4, B, e, 8, and v have been calculated
by Nara®; however, we note that these constants are
sensitive to detailed knowledge of the band structure
and should not be considered accurately known. The
form of Vp(k)—Vsi(k) used by Nara and Morita™
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was

Vo (k)= Vsi(k) =—d4ne’ [l + Zp—5  Zsi—4 ]

B Btop? Etos?
(36)

where the core potential of an #-fold ionized free ion was
taken to have the form

[n+(Zi—n) exp(—air)](—=€/7),

where Z; is the Z of the atom and o; is an effective
screening constant. Within this approximation one
finds U(r) to be of the form

U(r)=(—e/r)[ec+a, exp(—ar)+b, exp(—pr)
+¢oexp(—yr)+d. exp(—opr)—e, exp(—osir)], (37)

in which the coefficients are given by

A L
a,=4 {1—a2[( . 52)— (Zsz‘ 42)]}, (38a)
op‘— Js8i"— Q&
(Zp—15) (ZSi—4)]}
=B {1—p/2 - ,
b { g| e Bt (38b)
Co=¢j"! {72[(21’_5) —_ (ZSi—4):| ——1} , (38¢c)
0.D2_,y2 O.Si2_72
Aa’l)2 .Btn)2 ')'2 }
dy= - —9)
{0D2~a2 op’*—B  e(op’—7?) (@a=5)
(384)
Aogi? Bosgi? v
= — Z j_4 .
¢ {USi2‘_a2+ osit— 32 GO(G'Si2—'Y2)} (Zsi=4)
(38¢)

As r—0, U(r)—>—e*(Zp—Zsi)/r as required. In this
potential the terms a,, 4,, and ¢, result from the dielec-
tric screening effects and can lead to a net repulsive
contribution to U (r) which is largest for Sb. Nara and
Morita™ observed that for large enough 7 such that
the core terms (d, and e,) are negligible, Sb can have a
repulsive U (r) for a small range of r; however, this
behavior is very sensitive to the screening constants
employed.”™

'~ The matrix element Vj between the jth and Jth
valleys is

Va= / Fy(r)u, (r)* exp(—ikp 1)U (r)
X Fj(r)uy;(r) exp ik, r)dr
~ / Fi(r)F;(r) expli (k— ) -1 ]U (r)dr

+ (uk,*uk, - I)FZF_.,

central cell

Xexp[i (k;—ki)-r]U (r)dr, (39)
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where the usual approximation of averaging over
ux(r) has been made. If we neglect the central-cell
correction term and also recognize that the principal
contribution to V;; results from the short-range portion
of U(r), it is an excellent approximation to neglect the
anisotropic part of F;(r) [we use here the uncorrected
a* form of F;(r) for both valleys]. After performing the
angular integration we find

2r

4 [ in(| ki—k; |~
Vi=— [ exp (_ _*) Ulr) sin(| k—ki [ 7) r
a®J, a

dr.
| b~k |

(40)

Qualitatively, for large | k;—k; | it is only the very-
short-range part of U () which contributes appreciably
to V;; while for small | k;—k; | a much larger portion of
U (r) contributes to V;;. Based on shielding constants
determined from Herman-Skillman atomic potentials™
and on the dielectric coefficients from Nara and
Morita™ Vj; versus | Kj— ki |/kmax has been calculated
and the results are shown in Fig. 6. For very small

N2~
;l-uT Oa| Aa Fﬂhnﬁu Om Fmz XoBo 0o po
.50 1.00 1.50 2.00
(Kj-Ky)
k max

F16. 6. Valley-valley coupling matrix elements calculated from
Eq. (46) neglecting the central-cell correction term employing
the potential in Eq. (44) with screening coefficients obtained
from Herman-Skillman atomic potentials (Ref. 76). Though
shown as smooth curves, the matrix elements are only between
the valleys of the lowest conduction band, which are separated
by discrete values of | k;j—k;|. The various values of |k;—k; |
which give the various matrix elements (defined in Appendix A)
between a particular A; valley and the other valleys are indicated
above the lower scale. The dashed curve for Sb indicates the
form of Vj curve consistent with the empirical values 8., Bk,
and By obtained from fitting the Sb ENDOR shells.
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| k;—k; |, the donor dependence is small and the largest
contribution to V;; results from — ¢%/¢, while for large
| kj—k;|, Vj is largest for Sb and smallest for P,
thereby demonstrating the role of the core portion of
U (7). One can pick off Fig. 6 the V(| kj—k; |) for the
coupling between a A, valley and all the respective L,
K, and U, valleys. In this manner the matrix elements
(Aig, | U(r) | Aiear)y, Az, | U(r) | A1-ay), and
(A1, | U(r) | Ar—a,) (see Appendix A) are deter-
mined and are, respectively, —20.6, —15.2, and
—47.8 meV for P. The central-cell term will tend to
increase the magnitude of these matrix elements.
Because of the lack of specific knowledge of ur,(r:),
ug, (1), and uy, (1), it is difficult to make more than
crude estimates of the o’s from the B’s, and hence of
the energy gaps Ex,— Ea, and Er,—Ea,. These esti-
mates indicate the energy gaps should be small, in the
range 0.3-0.5 eV. This is smaller than most of the band
calculations®—% predict although the k-p calculations
of Cardona and Pollak® give values in this range. The
pseudopotential calculations, except those of Kane,®
predict energy gaps approximately a factor of 2 larger
than these estimates. The magnitudes of the matrix
elements (4;_;| U(r) | Ai—a,) are the right order of
magnitude to account for the magnitude of the admix-
ture coefficients, the a’s and the §’s, and indicates the
effectiveness of the potential in coupling the low-lying
valleys. We reemphasize it is only the 1s-4; state
(where all the individual valley-valley coupling
matrix elements add) that strongly exhibits the effect
of the valley-valley coupling.

From Fig. 6 the A;-A; valley interactions yield
(4As+A0) =15.5, 7.9, and 18.5 meV for As, P, and Sb,
respectively. The As and P results clearly indicate these
quantities are too small to account for all the energy
deviation of the 1s-4; state. By setting k;=k; and
subtracting —e?/er from U(r), we obtain from Eq.
(40) the single-valley correction (Fa(r) | 8U (r) | Fa(r))
which for the above parameters is —1.6, —1.0, and
—1.6 meV for As, P, and Sb, respectively. This is a very
small fraction of the energy correction to the 1s-A4;
state. The second-order energy corrections in Eq. (26)
from the subsidiary minima can only be roughly
estimated because of the conversion problem between
the o’s and the B’s. An estimate based on ug,(r;) =
ur, (Y1) =uy, (r1) =2ua, (r;) and energy gaps Ex,— Ea, =
Ep,—FEx;=04 eV yields second-order corrections of
—12, —8, and —5 meV for As, P, and Sb, respectively.
Thus the valley-valley coupling between the A; minima
themselves and the subsidiary minima can readily
account for all the energy deviation of the 1s-4;
donor state.

The principal problem regarding the valley-valley
coupling matrix elements in Fig. 6 is the large over-
estimate of these matrix elements for Sb.”” The reason
for this is thought to be the inadequate description of
the potential Vg, () by a single screening constant—the
potential U (r) for Sb (1.5<r<4 &) is not well de-
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scribed by Eq. (37). The problem is not solved by the
argument of Nara and Morita™ that with increased Zp
the coefficient a, becomes more negative leading to a
more repulsive U(r) for 1.5<r<4.0 A, because Bi
has a substantially larger value of both Ei_4, and
| ¢(0) |* than As, and therefore the Vj;; curve for Bi
should be higher than for As. Sb seems to be the truly
anomalous donor and the results suggest a very delicate
balance of the terms in U (r) which would produce the
dashed curve V(] k;,—k;|) shown in Fig. 6 which is
required to account for the smaller Bx and 8. and the
larger By of Sb relative to P. Although the matrix
elements are very sensitive to the dielectric coefficients
(particularly @), a change in these coefficients changes
the V;i(| kj—ki|) curves proportionately for all the
donors and would not account for the anomalous
behavior of Sb.

V. EXTENSION TO DEEP DONOR

It is of interest to extend the subsidiary wvalley
corrections approach to a donor with a significantly
larger binding energy which still resides in 7'y symme-
try. Bi is the next more tightly bound shallow donor
(Ete—a;,=—70 meV) but no ENDOR data on this
donor exist. The double donor St [Z=2, U(r)=
—26%/er+6U (r)] has been studied extensively and a
detailed ENDOR study by Ludwig® has given hyperfine
tensors for eight shells. Ludwig attempted to use the
Kohn-Luttinger theory to explain the data, but found
the agreement was poor, and was able to identify only
one measured shell. The nearest-neighbor site (1, 1, 1)
was identified with the largest a(r;) value (largest of
all eight shells) because of its symmetry pattern and its
enormous dipole-dipole constant B,,. Since the (1, 1, 1)
site has the largest ¢(r;) value, the wave function for
this deep donor differs qualitatively from that for the
shallow donors discussed above. The significantly
stronger potential should greatly increase the coupling
between the valleys.

The effective-mass energy for St will be —Z2E~
—128 meV, and the Bohr radius will be a*/Z=9.60 A.
Using the binding energy (0.52 eV) employed by
Ludwig, we find #=0.50 and #*s+=na*s+=4.80 A (the
b* envelope function with these parameters was that
employed by Ludwig). With the ¢*s+ envelope function
one can readily calculate the valley-valley coupling
matrix elements V;; using an appropriate screening
constant op for ST. From these V;; one obtains the
matrix elements (4;;| U(r) | 41_a,) and scales the
B,’s for St from those for P using the relationship

((Ax—fl Ul(r) |A1—A1>s+>

Bis*= i—P-

(Aig | U @) | Asoar)e

This yields for St the values 8.,=0.890, Bx=1.240,
and By =0.683. Most of this substantial increase results
from the eightfold increase of (1/a*3) in Eq. (40).
The St core potential is only slightly stronger than that
for P, but is much weaker than that for As and Sb. The
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TaBLE VI. Comparison of calculated and experimental Fermi contact constants for the substitutional S* donor.»

Calculated a(r;) /2 values Experimentalb
Site b* b*-SMe b*-SMe b*-SMe a(r1)/2 B.. B, | Bz |

(1,1,1) 3.29 17.9 16.3 14.9 16.35 eeed 12.0 B.,
3,3,3) 3.76 2.45 2.23 2.04 4.54 0.54 B,y
(4,4,4) 1.95 0.12 0.05 0.03
(5,5,5) 1.10 1.83 1.67 1.53 1.46 ves 0.02 B.,
(8,8, 8) 0.001 0.20 0.21 0.21 0.68 0.10 B,
0,0,4) 18.20 1.38 3.70 5.00 1.03 0.08 [0.09] soed
(2,2,0) 2.88 6.32 11.72 14.30 4.18 0.37 0.35 0.72
(4,4,0) 5.40 7.14 6.79 6.40
1,1,3) 0.11 5.80 5.28 4.83 1.92 0.53 0.28 0.35
(5,5,1) 1.42 4.24 3.86 3.53 2.39 0.03 —0.07 0.04
Bu 0 0 0.30 0.45
Nay 1 5.0 5.5 6.0

2 All values in MHz. ¢Br,=0.890 and B g =1.240.

b G. W. Ludwig, Phys. Rev. 137, 1520 (1965). d ... indicates this value is required to be zero by symmetry.

overlap between valleys has also increased by more than
an order of magnitude (see Appendix B) and a,(k— k;)
falls off much more slowly away from the minimum k;.
While the L; and K, valleys are still far enough away in
k space to be considered isolated valleys, it is now
questionable whether the U, “saddle-point” region can
be separated from the A, valleys. For this reason the
calculations presented below are for several reduced
values of By, including By =0.

Values of a(r;) are calculated for substitutional St
using Eq. (18), setting ky=0.87kmax, 4o=56 MHz
(the eightfold increase results from the 1/a* factor),
and employing the b* envelope function. The choice of
Ny, is difficult because of the substantially increased
valley-valley overlap and because linear terms in the
ayr from overlap can now make a noticeable contribu-
tion to N4,. The choice of N4, has been dictated both by
the estimates based on expression in Sec. II and the
value of fiora1 (this latter check suggests a value of
Ny, in the range 5-6). The results for the 5* and three
b*-SM values are compared with the experimental a/2
values taken from Ludwig’s study® in Table VI.

Qualitatively the b*-SM values improve the over-all
agreement in several respects: (1) The (1, 1, 1) site
has the largest value of a(r;); (2) the (0, 0, 4) site
value is substantially reduced, remaining smaller than
three of the {110}-plane sites for most of the range of Bu.
Quantitatively, the results are much less reliable than
for the shallow donors for several reasons: First, the
values of o, and ax are now comparable to one and the
use of perturbation theory is questionable; secondly,
the A;-U, region of k space has not been treated
properly; finally, comparable qualitative agreement
can also be obtained for St in the tetrahedral inter-
stitial site. From Table VI it is tempting to assign
tentatively the third largest {(111)-axis shell (a/2=1.46

MHz) with the very small dipole-dipole constant B,
to site (5, 5, 5), in analogy with shell C for the shallow
donor case. This should be regarded as speculative until
the corrections to the dipole-dipole constants are con-
sidered, since the subsidiary minima admixtures are
so large. However, these corrections may be small
since the B, component for shell C exhibits very little
donor dependence.

For the S+ donor the largest contribution to | ¢ (1) |?
for sites (1, 1, 1), (3, 3, 3), and (5, 5, 5) is no longer
from the A; minima but is from the subsidiary minima.
For site (3, 3, 3) the major contribution to a/2 is from
the K; valleys and negative corrections result from the
Ay and L; valleys—just the reverse of the shallow-donor

case.

The admixture of wave function from other bands to
the S+ wave function has been suggested by Ham (see
Ref. 25). Ham notes the Ay’ band is a prime candidate
because it is close in energy to A; and is coupled by
U(r). Previous discussion® has suggested the Ay
band is the extension of the A; band on an extended-
zone scheme, and might thus be considered a higher-
energy portion of the A; minimum valley. The S* donor
would certainly be expected to have a very much
larger admixture of Ay’ band wave function than the
shallow donors. Nevertheless, this Ay’ band admixture
will affect the interference characteristics of ¥ much
less than comparable amounts of wave-function
admixture from other regions of the Brillouin zone
(BZ). Wave-function admixture from a substantial
portion of the BZ in ample amounts has the effect of
greatly reducing the interference in |y (r;) [*—in
agreement with what appears to happen for St. While
admixtures from other bands, particularly the A,/
band, seem likely, we suggest the lowest conduction
band, with corrections from the subsidiary valleys and
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as yet undetermined interior critical points, con-
tributes the major portion of the S+ donor 1s-4; wave
function.

VI. DISCUSSION AND CONCLUSIONS

What is the three-dimensional appearance of the
wave-function density | ¢ (1;) |? inferred from the Fermi
contact constants? To what extent does the 1s-4;-state
wave function reflect the tetrahedral symmetry of the
silicon atoms surrounding the donor? These questions
are best answered by considering the identified sites,
the tentatively identified sites, and other possible
lattice sites that may have been measured. These are
shown in Fig. 7, which shows the sites in one of the six
{110} planes (we recall from HM I that no unique
class shells were measured above the continuum limits;
thus all the measured lattice sites lie in these six {110}
planes and each individual {110} plane contains all the
measured sites). Figure 7 suggests channelling of
| ¢ (r:) |* along the (110) axis. Four sites have been
identified or tentatively identified along this axis and
large wave-function density extends further along this
axis than along the cubic axes. Two sites have been
positively identified along the positive (111) axis, site
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Fic. 7. Matching of the observed ENDOR shells with the
lattice sites employing the calculated Fermi contact constants.
The letter of an observed shell (see Hale and Mieher, Ref. 11)
adjacent to a lattice site indicates a positive identification. A
letter followed by a question mark indicates a tentative identifica-
tion. A question mark followed by a letter or letters in parentheses
suggests possible candidates for a particular site. A question mark
alone indicates no favorable ENDOR shell for that site..
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Fic. 8. The tetrahedron of the four nearest-neighbor silicon
atoms surrounding the donor and two of the six reflection planes
(vertical reflection planes in the Ty point group) which bisect
the tetrahedron. In the [110] plane the wave-function density
is greater on the positive half of the plane. In the [110] plane
the wave-function density is greater on the negative Z half of
the plane.

(4, 4, 4) is tentatively matched with shell H, site-
(9,9, 9) is a candidate for shell J, and site (8, 8, 8) has
not been ruled out of consideration. Along the negative
(111) axis site (4, 4, 4) is tentatively matched with
shell O, while sites (3, 3, 3) and (7, 7, 7) have almost
been ruled out of consideration due to large negative
corrections. Thus there is some evidence for channeling
along the positive (111) axis. This preferential chan-
neling along the positive (111) axis results partly from
the subsidiary minima corrections and partly from the
component of the wave function lacking inversion
symmetry.

Another way of considering the wave-functiondensity
is to look at only the odd-integer sites in the [110]
plane since they are situated unsymmetrically with
respect to the (110) axis which divides the [110]
plane into two halves (the sites repeat and are identical
above and below the (001) axis). How many odd-integer
sites on each half of the [110] plane have been meas-
ured? On the right-hand half (positive quadrant),
sites (1,1, 1), (1, 1, 5), and (5, 5, 5) have been posi-
tively matched with ENDOR shells; sites (5, 5, 1),
(5,5,9), and (9,9, 1) have been tentatively matched;
and sites (9, 9, 5) and (9, 9, 9) are candidates for
measured shells. On the left-hand half, no sites have
been positively matched; sites (3, 3, 7) and (7, 7, 3)
have been tentatively matched; site (3, 3, 11) is a
candidate for a measured shell [sites (3, 3,3), 7,7,7),
and (7,7, 1T) might be considered marginal candidates
for measured shells]. Inspection of the a(r;) values for
these odd-integer sites in Table V indicates the possible
measured a(r;) values are noticeably larger (and also
more numerous) on the right half of the [110] plane.
This indicates a higher probability for the donor elec-
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tron to be on the right half of the [110] plane than on
the left half. The preference for the positive (111)
axis is in agreement with this conclusion.

When all six {110} planes are considered this tendency
for the electron to spend more time on the half of a
specific {110} plane containing the (1, 1, 1) nearest
neighbors is a definite indication of the tetrahedral
appearance of |y (r;) [% Figure 8 shows the tetrahedron
of the four nearest neighbors surrounding the donor and
two {110} planes which intersect at right angles. In the
[110] plane the wave-function density is greater for
negative Z [in the direction of the two (1, 1, 1) neigh-
bors in this plane], while in the [1107] plane the wave-
function density is greater for positive Z. The behavior
is the same for the other four {110} planes. This con-
clusion of the tetrahedral nature of |y (r;) |? is still
true if one neglects the component of y lacking inversion
symmetry; however, this component does enhance
the effect. The regions of large wave-function density
then consist of six intersecting sheets, namely, the six
{110} planes, with the donor residing at the common
intersection of all six planes.

If the subsidiary minima corrections are neglected
[see the b* values of a(r;)/2 in Table V], there is still
some tendency for the odd-integer sites to have larger
values of a(r;) in the positive quadrant (see Fig. 7)
than in the negative quadrant. This reflects the position
of the A; minima. For ky/knax=1 all the odd-integer
sites have |y (r;) |*=0, while for ko/kmex=0.5 the
values of cos(kox;) are equal Z=+/% for all the odd-
integer sites and there is no tendency for the inter-
ference factor I, to be larger more often on the right or
left half of the [110] plane in Fig. 7. Thus the position
of the A; minima themselves produces some tendency
for [¢(r;) |* to reflect the tetrahedral symmetry.
Since it is the positions of the neighboring atoms and
the resulting periodic potential which determines the
band structure, it is not surprising that the weakly
bound shallow-donor wave function reflects the tetra-
hedral symmetry. Nevertheless, this is the first reported
evidence known to the author which indicates that the
1s-4; wave function for the shallow donors really does
exhibit tetrahedral symmetry.

One should also note that the effects discussed above
reflect the fact that the unpaired electron shows a
pronounced tendency to go in directions with a higher
density of atoms since it can lower its energy by staying
closer to the potential of the atoms.

How much has the Kohn-Luttinger wave function
really been modified by the addition of the subsidiary
minima components? This can be estimated from the
normalization constant N4, (the unresolved conversion
from the §’s to the a’s makes an accurate determination
of N4, difficult). Since overlap between the valleys is
small for the shallow donors N4, has the form given in
Sec. II and 1/N4, represents the fraction of time the
unpaired electron spends in the A; valleys. This is
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estimated to be larger than 949 for As, 969, for P, and
979% for Sb. The fractional time spent in all the other
valleys is less than 6, 4, and 39 for As, P, and Sb,
respectively. The reasons why these corrections are so
important for the Fermi contact constants are (1) the
large number of minima associated with the L, K, and U
points yielding large interference factors 7y, Ik, and I'y
for certain lattice sites; (2) the probable increased s
component of the periodic function u(r) at these
points; (3) the complex interference pattern of the
combination of different valleys, often leading to large
corrections at sites where the six A; minima wave func-
tion is small; (4) the corrections are added linearly in
amplitude and the result is squared in obtaining a(r;).
Thus relatively small corrections to the Kohn-Luttinger
wave function can lead to major corrections in a(r;).

It has been noted previously that donor-dependent
central-cell effects should only extend a distance the
order of a Wigner-Seitz radius. The correction potential
8U (r) may extend somewhat beyond the Wigner-Seitz
radius as indicated by the results of Nara and Morita™;
however, the important large portion of U (r) is in the
donor core region. The admixture of wave function from
the subsidiary valleys is accomplished primarily by
the short-range stronger portion of U (r). However, the
effects of this admixture are revealed at large distances
from the donor, the extent depending on the Bohr radii
a;i* associated with the envelope functions Fy(r) as-
sociated with the different subsidiary valleys. Conse-
quently, distant lattice sites like (5, 5, 9), (3, 3, 11),
(8, 8, 8), (10, 10, 0), and (9, 9, 9) experience sub-
stantial corrections due to the subsidiary valleys even
though they are well outside the range of the strong
central-cell potential. It is precisely this long-range
effect of the subsidiary-minimum corrections which
accounts for the fact that approximately half of the
ENDOR shells observed in HM1I exhibit donor
anomalies.

The treatment of the K; and U; regions in this work as
minima, while incorrect in a rigorous sense, has allowed
one to simply introduce wave functions from these
portions of the BZ into the donor 1s-4; wave function.
The results indicate a substantially improved fit be-
tween the calculated and experimental Fermi contact
constants of the identified ENDOR shells. This strongly
supports the assertion that the donor 1s-4; wave func-
tion contains non-negligible components from these
low-energy regions of the lowest conduction band.

The evidence presented in this paper indicates the
identification of a large number of ENDOR shells for a
bound electron in a periodic solid can potentially yield a
significant amount of information on the conduction
band of that solid. An immediate question is whether
the approach used in this paper can be extended to
other solids. Grachev, Deigen, and Pekar™ have used
the method of Kohn-Luttinger to attempt to obtain
information from the extensive F-center ENDOR



2 CONFIGURATION MIXING OF SUBSIDIARY MINIMA:

data’ on the conduction-band minima in KCl and NaF.
Their conclusion that the conduction-band minima in
KCl and NaF may lie on the cubic (100) axes is in
question because of the difficulty in correctly identifying
some of the distant F-center ENDOR shells, and per-
haps also because they did not consider contributions
to the F-center wave function from subsidiary energy
valleys of the conduction band or from other bands.
The binding energy of the F center is approximately
50 times that of shallow donors, but the conduction-
band-valence-band gap is only of the order of ten times
larger than in silicon, and the width of the conduction
band is only slightly larger than in silicon. This suggests
that the relatively stronger potential of the F center,
compared with that for the shallow donors in silicon,
may couple the different valleys in the alkali-halide
conduction bands much more strongly than for the case
of the shallow donors. This in part may account for the
fact that there is relatively little interference in the
F-center wave function because the wave function is
composed of a large portion of the BZ. Nevertheless,
the successful identification of a substantial number of
E-center ENDOR shells along different crystal axes
could provide substantial information on the band
structure of the alkali halides, provided the theory of
the hyperfine tensor components correctly accounts
for the topological features of the conduction band and
neighboring bands of symmetry such that they are
admixed into the F-center wave function by the
impurity potential.

The principal conclusions of this paper are as follows.

(1) The admixture of wave function (configuration
mixing) from the L, valleys, the K; valleys, and the U,
“saddle-point” region of the lowest conduction band in
silicon significantly improves the wave function of the
shallow donors by improving the fit of the calculated
Fermi contact constants with the experimental ENDOR
shells. The improved fit is good enough to positively
identify two new shells (C and F) and to suggest
the tentative identification of nine other shells (D, G, H,
I, L, M, O, R, and X) (the confirmation of these
tentative identifications rests on making corrections to
the hyperfine tensor dipole-dipole constants and to
the piezo-hyperfine constants, in addition to further
refinement of the Fermi contact calculations). The
matching of the positively identified and tentatively
identified shells with calculated values of a(r;) versus
ko/kmax leads to a value ko/kumax=0.874+0.01 for the
position of the A; minima—slightly larger than pre-
viously reported values.

(2) The admixture of wave function from the sub-
sidiary minima changes the interference pattern of the
donor wave function substantially and gives an ade-
quate explanation of the many donor anomalies ob-
served in the experimental data, accounting for both
the large normal donor anomalies and the unusual
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inverted anomalies (shell X being the most important
example). Large negative corrections for a number of
previously promising lattice sites [(2, 2, 4), (2, 2, 4),
(2: 2} 8)) (§y §; 8)7 (3y 3) 1): (g) g) g)) and (77 7) 7)]
have either removed them well below the continuum
limits or have made them marginal candidates to be
matched with the measured shelis.

(3) The subsidiary minima corrections are shown to
give a good explanation of the wave-function density
at the donor nucleus, for the first time explaining the
donor dependence for As, P, and Sb semiquantitatively.
This is accomplished with a simple exponential envelope
function rather than employing the sharply peaked
Whittaker function and a cutoff radius.

(4) Analysis of the admixture coefficients yields
estimates of the energy splittings Er,-FEa, and Ex,-Ea,
in the range 0.3 to 0.5 eV, about a factor of 2 smaller
than predicted by the pseudopotential calculations
but in approximate agreement with the k-p calcula-
tions. Additional refinement of the Fermi contact
constant calculations should yield more accurate values
of these energy splittings and will also give values of the
mass tensors for the subsidiary minima inferred from
the anisotropy of the envelope functions for the
respective valleys.

(5) The corrections to the energy of the 1s-4, donor
state are shown to result primarily from the valley-
valley coupling terms and the single-valley correction
is shown to be a very small fraction of the total correc-
tion. Estimates indicate the subsidiary minima may
account for between 25 and 509, of the energy
correction to the 1s-4, state.

(6) A component of ¥ lacking inversion symmetry
has been incorporated into the donor wave function
resulting from f function admixed by the tetrahedral
potential in the single-valley Schriodinger equation.
Although this component is speculative it does lead to
some improvement in the over-all fit of the calculated
values with the experimental data.

(7) From the ENDOR shell-lattice site matchings
evidence is presented which indicates the three-
dimensional appearance of the wave-function density
reflects to a significant degree the tetrahedral sym-
metry of the atoms surrounding the donor.
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APPENDIX A: COUPLED-VALLEY MATRIX AND
SCHRODINGER EQUATION

The problem of coupled valleys has been treated
previously.®# When considering the coupling between
the L, Ky, Uj, and A; minima, one is confronted with a
large 30X30 matrix even after reducing the eight L,

x —x y —y z —3
W A A A A A
A W A A A A
A (A A WA A A
A A A W A A
A, A A A WA
Ae Ae A A A W
Hyo=—
c ¢ ¢ o o o
¢ o ¢ o o o
Ki |/ o o o o @
o d ¢ o o @
c ¢ o ¢ o @
o ¢ ¢ d o o

Each 6 X6 matrix for the A; and K valleys separately
is diagonalized by the same matrix 4,;, namely, that
formed from the a; for the 4;, E, and T, states (see
Appendix C in HC or Ref. 2). Thus the 12)X 12 matrix
B;; consisting of the two identical blocks 4. will
diagonalize matrix (A1) into the six states 4;, E, and T
but will leave off-diagonal elements showing the
coupling between the A; and K; states. Noting that
B;j=A; for i1=1-6, j=1-6; i=7-12, j=7-12; and
also that B;;=0 for i=1-6, j=7-12; 1=7-12, j=1-6;
and employing Ax'=B;'A;;B;, we have as shown
on p. 4939.

By reducing the K; matrix to a 6 X6 matrix (taking
symmetric combinations of xy and #j, etc.), we have
eliminated certain odd-parity states, which accounts for
the absence of coupling between the T’ states of the
A; and K; valleys. Secondly, this reduction also means
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valley ¢; to four functions, the 12 K; valley y; to six
functions, and the 24 U, “valley” ¢, to 12 functions (the
U, valleys may be further reduced if the four regions
on a single XUW face are lumped together). Since we
consider only first-order perturbation theory and are
only concerned with the coupling of the L;, K, and U,
valleys to the A, valleys, the coupling between the
different subsidiary minima can be neglected. We con-
sider as an example the coupling between the K; and A,
valleys. The approach is readily extended to the L; and
U, valleys. The 12X 12 valley-valley coupling matrix
will have the form

xy, XY Xy, Xy 93, Y2 VI, Yz 3x,3% 2%, Zx

o s o o o o

[ (2 ag ! 0" g a

o o v o ' '

I 7 I 7 o '

d o I 7 I o

[ / g / g ag [ (/2

(A1)

w’ Ps Pa Pa Pa Pa
Ps w’ Pa Pa Pa Pa
Pa Pa w’ Ps Pa Pa
Pa Pa ps W pa Pa
Pa Pa Pa Pa w’ Ps
Pe Pa Pa Pa ps w’

that the matrix element between x and (xy+#&j)
actually consists of two matrix elements, namely,
o=0,+0, and the matrix element between z and
(xy+xy) also consists of two identical matrix elements
om. Here @ means adjacent and is the smallest | k;—k; |
between A; and K; minima, o means opposite and refers
to the largest | k;—k;| between A; and K; minima,
m means middle corresponding to an intermediate
value of | k;— k; | between the A; and K; minima. Thus
we have

(Ark, | U(r) | A1—a,)=— (d0o+40n+40,), (A3)

which viewed from the point of view of a single A;
minimum just represents the symmetric sum of the
coupling with the 12 different Ky valleys. Similarly, the
coupling between the E states is proportional to
(64+0,—20,,), which is much smaller than Eq. (A3)
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since one expects the ¢’s to all have the same sign and
be the same order of magnitude. If the above type of
analysis is extended to the L; and U, valleys one ob-
tains

(A, | U () | drcar)=— (4hat-4N) (A4)

and
(A1v, | U(r) | Aray)
= (4,‘-La+ 8I~‘m1+ 8#m2+ 4,“0). (AS)

The @ and 0 have the same meaning; however, for the
U, valleys there are two slightly different intermediate
| ki—k; | designated m1 and m2. These | k,—k; | can
best be visualized in Fig. 2. Equations (A4) and (AS),
viewed from the standpoint of a single A; minimum,
represent the coupling with the eight different L,
valleys and the 24 different U, valleys.

Starting with [Ho+U (r) ls= Eys, in which ¢ is the
sum Y _;a; over all valleys, one can derive an approxi-
mate coupled-valley Schrodinger equation of the form

il Ei(iV)+U (r)— EJF:(r)
+ 2 a;expli(k;j—ki)-r]U (r) F;(r) =0.

Il

(A6)

This equation is similar to the coupled-valley equation
of Twose™ but differs in two respects: (1) the sum over
coupled valleys is now a sum over all coupled valleys
including the higher-energy subsidiary valleys; (2)
terms of the form

>, ajexp(—ik;-r) (Hy—E) exp (ikj-1)F;(r)
il

have been neglected compared to the potential-energy
term exp[i(k,—k;)-r] U(r) in the valley-coupling
term. This can be justified by multiplying the valley-
coupling term by F;(r)* and integrating over the
spatial coordinates. The result for the neglected term is
> iz (Ei(iV)— E)Sji, where S;; is the valley overlap
integral between the jth and /th valleys. The potential-
energy term takes the form D ;4a;V 1, where

Vi= [ Fi(r)* exp(—ik; r)U(r) exp ik; 1) F;(r)dr,

(see Sec. IV D) and is of order several meV. The overlap
integrals are very small (see Appendix B) justifying
the neglect of these terms. This result emphasizes that
it is U (r) which couples the different valleys. The o,
and «; are determined by 7'y symmetry and also by the
valley coupling.

Equation (A6) contains the effective valley-coupling
potential exp[i(k;—k;)-r] U(r) while the wvalley-
valley coupling matrix (A1) contains the matrix
elements V. The diagonalization of an expanded (A1)
will determine the energy of the different coupled-valley
states; however, to find F;(r) we must solve the set of
coupled equations (A6) with ! summed over all the
valleys being considered. This problem can only ke
treated approximately.

First, it is convenient to average the coupling
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potential over solid angles to remove the angular
dependence. This yields

(expli (kj— ki) -rJU () )a
=U(r) sin(| kj—ki | 7)/| kj— ki | 7.

One has a large effective potential for | k;—k; | r<m/2,
while for 7>a (=5.43 &), the potential is much weaker
than U(r). To understand the effect of the valley-
valley coupling on F,(r) it is sufficient for our purposes
to treat only the six A; minima. Then the equation for
F,(r) will have the form

mror B[ ,
[% o7 2m <5; + g&;) +U(r)-fs] F.(r)
- sin (ak.r) sin (Akar)
= [U(r) Ahy F_.(t)+U(r) s

><(F1<r>+F_x<r>+Fy<r)+F_y<r>)]. (AT)

The equations for the other five A; minima will have the
same form. Taking the totally symmetric summation
of the six coupled equations yields

2m*

= o U 0)

sin (Akqr)
Akyr

1 1)\ ¢ 1 1 )
—ip2 = — — —
X xi=m,z§cyclic 2 [(m( m*> ('fo -I_ <mt m*

0? 9?
X ( + —2>] (Fri+F~Zi)=Or (AS)
9x %

2
ax]'

N sin(Ako’)] _E} G(r)

X [1+4 AR,y

where
G(r)=F,(r)+F_.(r)+F,(r)
+F_y(r)+F.(r)+F_.(r).

The last terms in the sum are anisotropic kinetic-energy
terms and are expected to be small since m* is inter-
mediate between m,; and m,. G(r) transforms as the 4,
representation of 7'y symmetry and has a large spherical
component, namely, the isotropic component of F;(r)
for the A; minima. Neglecting the anisotropic kinetic-
energy terms, G(r) is the solution of a Schrodinger
equation with an eigenvalue Ei;—a,' =—Fo— (4As+A,),
not the same as FEi,_4, in Eq. (33) because of the
neglect of the subsidiary minima and the small self-
valley correction. Neglecting the wvalley coupling
potential, and setting U (r) =—e?/er, the solution is
G(r)= (1/ma**)V* exp(—r/a*) with eigenvalue — Eq.
An average solution to (A8) will be

G' (r)= (1/7n"3a*3)'2 exp (—r/n'a*)

with eigenvalue Ey_a,/=—FEo(1/n?) if the average
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effect of the total potential results in a stronger potential
—e*/er (1/n”). Quantitatively, it is difficult to describe
accurately the effect on F;(r) of the extra potential
8U (r) and the oscillatory coupling potential. Qualita-
tively, one might expect G(r) to be nonexponential for
small » and also to have small oscillatory components.
The consideration of the subsidiary valleys will further
enhance the potential and will lead to the &* function
for Fj (7’) with n= (Eo/Els_Al_expf,)l/‘z.

APPENDIX B: OVERLAP INTEGRALS
BETWEEN VALLEYS

The overlap integral between the jth and I/th valleys
has the form

sz= sz(r)*uk, (7’) exp(—ikl-r)
XF;(r)u, (r) exp(ik;-1)dr
R [ Fi(r)*F;(r) exp[i(k;—k;)-1]dr, (B1)

where in the second form the periodic Bloch function
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has been removed. Although the integrals are very
difficult for anisotropic envelope functions they are
straightforward for spherical isotropic envelope func-
tions and we use the b* form (1/md*3)V2 exp(—7/b*)
here. Then S;; has the form

S (| k=K [P 0*2) 172 (B2)

One might argue that we should set =1 and b*=
na*=a*, that is, use the uncorrected F;(r) to compute
these matrix elements; however, we compute them for
n=0.80 (case of P) for the closest valleys (adjacent
valleys designated by @) in k space in the BZ. We find
SAx—Al),,=6-7X 10_5, SAI"LI)G =3.8X 10_4, Sar-kn.=
4.6X1074 and Sa,—vy,=7.6X1073, Thus all the overlap
integrals except Sa,—vy, are less than 1073 and it is
less than 10~% This indicates the neglect of overlap
terms, even considering anisotropic envelope functions,
seems to be an excellent approximation, even though we
are considering valleys closer in k space than the
six A valleys.
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