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it is not presently known if this mechanism can explain
the temperature dependence of the mobility in the inter-
mediate temperature range. It has also been shown
theoretically" that scattering by a two-phonon process
could give a mobility temperature dependence similar
to that observed in SrTi03 in the intermediate tem-
perature range.

V. CONCLUSION

The electron Hall mobility has been measured from
1.5 to 550'K in reduced and niobium-doped SrTi03.
Niobium appears to form a simple hydrogenic-type
donor center in SrTi03 and consequently has a very
small activation energy. The donor formed by the
oxygen vacancy is doubly charged and has an activation
energy of approximately 0.08 eV at low electron con-

centrations. The low-temperature electron mobility in
niobium-doped SrTi03 is approximately a factor of 4

concentration range investigated. Low-temperature Hall
mobilities as large as 2.2 X10' cm' jV sec were measured
in niobium-doped SrTi03. The measured electron mo-
bility at low temperatures is approximately two orders
of magnitude below the theoretical mobility for scatter-
ing by ionized defects. It is postulated that this
discrepancy may be caused by a high concentration of
compensated ionized defects. The high-temperature mo-
bility has been analyzed in terms of scattering by polar
optical lattice modes. The mobility behavior calculated
from the known values of the electron-phonon coupling
coeKcients is not in agreement with the experimental
results. However, the high-temperature mobility be-
havior can be approximated well by assuming scattering
from a polar optical mode having a characteristic
temperature of 600'K.

ACKNOWLEDGMENTS

The authors wish to acknowledge the assistance of

rishnamurthy and K. P. Sinha, J. Phys. Chem Mr. E.L. Stelzer in the experimental investigation and
Solids 26, 1949 (1965). helpM discussions with Dr. D. Long and Dr. J.D. Zook.

PH VS ICAL REVIEW VOLUM E 155, NUM 8ER 3 15 MARCH 196V

Defects in Irradiated Silicon: Electron paramagnetic Resonance
and Electron-Nuclear Double Resonance of

the Aluminum-Vacancy pair

G. D. %ATKINS

General, Electrk Research and DeeeloPnsent Center, Schenectady, Em Pork

(Received 12 September 1966)

An EPR spectrum produced in aluminum-doped silicon by 1.5-MeV electron irradiation is described.
Labeled Si G9, it is identi6ed as arising from an aluminum-vacancy pair, presumably formed when a
mobile lattice vacancy is trapped by substitutional aluminum. The resonance is observed only upon illumi-

natjon and is identified as a long-lived excited triplet (8=1) state of the defect. The observed hyperine
interactions with Al» and neighboring Si 9 nuclei, as well as the g tensor and axial 6ne-structure term D, are
discussed in terms of a simple model of the defect using a linear combination of atomic orbitals. No Jahn-
Teller distortion is observed in this excited state, as is consistent with the predictions of the model. Prefer-
entia] alignment of the aluminum-vacancy axis direction in the lattice is achieved by stressing the crystal
at ~200'C. The magnitude and sense of the alignment is consistent with the prediction of the model that
the ground state is a Jahn-Teller distorted state similar to the phosphorus-vacancy pair previously studied.
Abnormally strong 5' &0 nuclear hyper6ne transitions are observed in the EPR spectrum, and the theory
of this effect, found only in an even-spin system, is developed. Emission is observed for some of the lines in

the spectrum similar to that reported by Tanimoto et al. for another photoexrited S= 1 system. The origin

of this effect is discussed in terms of the model.

I. INTRODUCTION

' "N previous papers of this series, ' 5 we have shown

~ - that lattice vacancies in silicon produced by radia-

tion damage are mobile at temperatures well below

'G. D. &atkins and J. W. Corbett, Phys. Rev. 121, 1001
(1961).

~ J. %'. Corbett, G. D. %'atkins, R. M. Chrenko, and R. S.
McDonald, Phys. Rev. 121, 1015 (1961).

~ G. D. %atkins and J. %. Corbett, Phys. Rev. D4, A1359
(1964).

room temperature and can be trapped by impurities to
form stable electrically active impurity-vacancy pairs.
Examples are the oxygen-vacancy pair" (st center,
giving the Si-131 EPR resonance) and the phosphorus-
vacallcy pR11 {Ecenter~ glvlIlg thc S1-68 I'csoI1Rllcc).

' G. D. %'atkins, in Proceedings of the 7th International Con-
feresce os the Physics of Semicosdstctors: Radkatios Damage is
Semscosdstctors (Academic Press Inc., New York, 1965), p. 97.' G. D. Watkins and J. W. Corbett, Phys. Rev. 138, A545
(1965).
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In this paper we report an EPR spectrum, labeled4
Si-69, that we interpret as resulting from a vacancy
trapped by a substitutional aluminum atom. The argu-
ments leading to this identification will be presented
and a model of the electronic structure of the defect will
be given that accounts for many of the features ob-
served in the EPR and ENDOR studies. The resonance
is observed only upon illumination at (20'K, and we
conclude that it results from an excited triplet (S=1)
state.

Abnormally strong forbidden hm/0 nuclear hyper-
fine transitions are observed in the EPR spectrum, and
in a separate section the theory for this eGect, unique
to an even-spin system, is developed.

II. EXPERIMENTAL PROCEDURE

Most of the experimental techniques have been de-
scribed in previous publications. ' ' The silicon samples
were P type (aluminum =10"—10"/cm') and were
irradiated by 1.5-MeV electrons at room temperature
or ie situ in the microwave assembly at 20.4 or 4.2'K.
Samples grown both by the Qoating-zone technique'
and by pulling from a quartz crucible7 were studied.

Most of the EPR studies were at 4.2'K in dispersion.
At this temperature the relaxation times were long, and
rapid passage effects' gave absorptionlike spectra 180'
out of phase with respect to the modulation. The spec-
trum was studied both at 20 and 14 kMc/sec. ENDOR
studies were performed by a technique previously de-
scribed. ' Light was introduced to the sample either
through a hollow stainless-steel light pipe from outside
the cryostat or by a light bulb in the microwave cavity
assembly.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. EPR Syectrum

Figure 1 shows the observed spectrum at 14 kMc/sec
in the presence of illumination at 4.2'K. For this orien-
tation, (H11(112)),seven groups of lines can be observed,
labeled c through g, which belong to this spectrum.
(The six-line spectrum marked x will not concern us
here. It has been labeled' 618 and is believed to arise
from interstitial aluminum produced by the irradiation
and will be discussed in a subsequent publication. )
These groups spread over the full range of magnetic
field available and versus crystalline orientation, their
central positions are given in Fig. 2. The intensities of
the lines vary with crystalline orientation, those shifting
to high fields going through zero and reversing sign.
This reversal is shown in Fig. 1 for g and is indicated in

60btained from General Electric Company Semiconductor
Products Division, Syracuse, New York.

Kindly supplied by Dr. R. O. Carlson.' A. M. Portis, Phys. Rev. 100, 1219 (1955);Sarah Mellon Sci-
entiic Radiation Laboratory, University of Pittsburgh, Technical
note No. 1, 1955 (unpublished); M. Weger, Bell System Tech. J.39,
1013 (1960).
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Pro. 1. The Si-G9 spectrum at 14 kMc/sec in the presence of
illumination at 4.2'K, H11(112l.The seven groups of lines labeled
e through g belong to the spectrum; those labeled x do not.

of a single defect species, with S=1 and with the axis
of symmetry (Z') of the defect along a (111)direction.
The last terms are the nuclear hyperfine terms, the
dominant interaction being with a single 100% abun-
dant nucleus, I=2, which we identify as Ap'. ' For it,
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'In the ENDOR results to follow, this identification will be
veri6ed.

Fig. 2 by the dotted part of the curves. A discussion of
the origin of this e8ect will be deferred to Sec. V.

The structure on each group of lines is complex but
at a few specific magnetic field orientations the struc-
ture simplifies to six equally spaced, approximately
equally intense lines plus weaker satellites. This is
shown in Fig. 3 with H11L211j for the group labeled d
in Fig. 1. Upon rotation of the magnetic field away
from the L211j axis, the structure splits out abruptly
and becomes quite complex as indicated in Fig. 4. As
an example, the structure after rotation by 30' (i.e.,
/= 5.3' in Fig. 2) is shown in Fig. 5.

The positions of these groups of lines as well as the
structure on each group can be fitted to the spin
Hamiltonian

X=PS II H+D{S,.'—sS(S+1)}
+g (I,"LA,"S—(p;/I, )H j+I,"Q,

' I;} (1)
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FiG. 3. Hyperfine
structure associated
with transition (d)
in Fig. 1, H~~L211$,
p0 ——20 kMc /sec.

Along the L111]direction, only one transition could be
observed with 0=0', the other transition occurring at
too high a magnetic field. Observations at both 14 and
20 lcMc/sec were used in the analysis and the results for
g and D are given in Fig. 6. (The sign of D cannot be
determined by the analysis. The sign indicated in the
figure is determined by considerations in later sections. )

For each of the groups of lines analyzed, 0=0' or
90', and the hyperfine structure simplifies to the six-
line pattern plus satellites shown in Fig. 3. The six-line
structure we analyze as arising from hyperfine inter-
action with a single AP' nucleus (I=-,') giving

both A, and Q, ' are axially symmetric about the Z'

axis. Also observed are hyperfine interactions with Si"
nuclei (I=-', , 4.7% abundant) neighboring the defect.
Taken together, the interactions will be shown to ac-
count for the structure observed on each group of lines.

The large excursions in the positions of the groups of
lines arise because D is large, compa, rable to gPII. The
several transitions observed arise from both the AM=1
and hJI= 2 transitions associated with each of the four
differently oriented (111)defects.

With the magnetic held along the axis of symmetry
(8=0'), the wave functions are I+1), IO), and

I

—1),
the eigenstates of S„andthe allowed AM=1, hm, =0
transitions are given to first order in A;/hI o, Q, '/A, , by

gIIpII(M=0~+1) =hI o+D—2 m;A;. (2)

With the magnetic field perpendicular to the axis of

symmetry (8=90'), diagonalizing the secular deter-
minant gives for the wave functions

Vo= IO),

IAI, I
= (15.1&0.1)x10 4 cm ',

IAiI = (15.6+0.1)X10 4 cm '. (6)

40

These values are fully consistent with the more accurate
values given in the figure which were determined by
ENDOR studies to be described in the next section.

The satellites in Fig. 3 we interpret as arising from
hyperhne interaction with Si" nuclei at three neigh-
boring silicon atom sites. Their relative intensity is con-
sistent with the assignment to three silicon sites, and
from the angular dependence, " we conclude that the
hyperfine constants are equivalent for each site but that
their axes are diHerent. The principal values and axes
determined for these interactions are also given in Fig. 6.

The complexity of the hyperfine structure for orien-
tations other than 0=0' or 90' arises from the emer-
gence of "forbidden" Am, /0 transitions. These tran-
sitions become allowed because of the large D term as
has previousl'y been pointed out by several authors. " "

where

1mb»2
I+1)~

2 IDI 2

(1+D2/4g 2P2II2)—I/2

I

—1), (5)

For this orientation, the three allowed Am;=0 transi-

tions, to first order in A,/hvo, Q, '/A;, are given by

50—

—60—
LIJ
LIJ
CL
CO
LIJ
C)—70—

—0

IJJ
4J—to ~
LIJ

—20

ZyII(flI =0-~1)= I
h.o(h.o+D) I

'i' —P ~,A, ,

g„8II(M=—1=+1)=-',
I

(h~o)2 —D'I'"—Z III A

g2II2A;=H g A,"g H. (5)

Using Eqs. (2), (4), and (5), the analysis was per-

formed on the groups of lines indicated in Fig. 2 by the

double circles. Along the .
I 011] and

I
211] directions,

the three transitions are those of Eq. (4) for 8=90'.

For the AP' nucleus, A; is simply A, I in Eq. (2) and

A, in Eq. (4). For the Si" nuclei, whose axes do not co-

incide with the axis of the defect, A is given by the more

general expression

80—
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-40 -20 0 +20 +40 +60 +80

z H (GAuss)

FiG. 4. Angular dependence of the hyperfine structure for
transition (d) of Fig. 1, v0

——20 kMc/sec.

' The hyperfine structure is simple only for the magnetic Geld
orientations used in the analysis. These serve to give three
"windows" (8~~L2111, L111$, f011$l, from which to unravel the
Si" angular dependence."J.Sierro, R. Lacroix, and K. A. Muller, Helv. Phys. Acta 32,
286 (1959).

"G. W. Ludwig and H. H. Woodbury, Bull. Am. Phys. Soc.
5, 158 (1960)."B.Bleaney and R. S. Rubins, Proc. Roy. Soc. (London) 77,
103 (1961).
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For 8=90', solving to the same order and using the
wave functions of Eq. (3), we obtain for the ENDOR
transitions associated with the low-Peloi hM =+1
transition

hv(0, rIs rII—1)

Ic;5/2&~ lb, m'=& -5/2 -3/2~ -I/2 I+I/2 f3/2~ +5/2

Ic,-3/2& Ib, m'=& -5/2 -3/2 -I/2 pI/2 +3/2 &5/2

Ic,-l/2&~~lb, m =& -5/2 -3/2 -I/2 +I/2 &3/2 f5/2
I

Fro. 5. Hyper5ne structure for transition (d) of Fig. 1 for
@=5.3' (see Fig. 2), 30——20 kMc//'sec. Also shown is the calculated
structure (see Sec. IV) assuming A positive and Bnegative.

= —(I /I)e+-', Q,'(2~—1)

(A ))+AI)s5
+ {.(2~—1)—1} (10)

4hvp(1 —Bl el)

= W5A, —(II/I)H+-,'Q, '(2m —1)

(A „+AI)' A$5pe'
(5~1)~ [5l pl+1) . (11)

Shoo 2hPO

B. ENDOR Speetmm

ENDOR studies of the AP~ hyperEine interaction
were performed on the low-field 63f=&1 transitions for
both 8=0' and 0=90'. For 8=0', solution of Eq. (1)
to first order in Q'/hvp, pH/Ihvp, and to second order in
A/hvp, gives the general expression for the ENDOR
transltlons COIlS

QII'= —2Q
'

Istent with TrQ'=0. In Eqs. (9), (10), and (11)
the upper sign is appropriate if D is positive, the lower
if D is negative.

Vhth these equations, the ENDOR transitions were
analyzed to give the values of A and Q' given in Fig. 6.
The analysis was facilitated by the knowledge that p
is positive. (All 100% abundant I= s nuclei, of which

hv(M, m rrI, 1)—
= A M-(./I)II+ :Q (2 1)--

Howcvcl, tllc IlltcIlsltlcs observed foI' 'tllcsc tl'atlsltIOIls
h (~1 ~ 1)

in this center are much larger than those considered by
these authors and are a peculiar result of an even-spin
system. These mill be discussed in detail in Sec. IV.

2[(g„Pe+2MD) Dj—
X{(gPII+2MD)LS(S+ 1)—Ms+ (2~—1)Mj

kg hf axis
z'

+D[S(S+1)—M'j(2m —1)+DM} . (/) i' ), hf axis

For our case of S= 1, and with

hvp gPB+ lDl——

appropriate for the low-geld 8 M =&1 trarIsi tiorI, ,
Eq. (/) becomes

hv(0, m nr —1)

[iooj

[oii]

(Si")2 hf axis

= —(p/I)B+pQ()'(2m —1)
(Si ), hf axis

{h.,+ lDl+(2~ —1)D} (8)
hvp(hvp —2

l
D

l )

hv(+1, rrs res —1)

= ~A „—(p/I)H+-s, Q„'(2m—1)

g„=2.0 I 36+.0003

g =2.0085+.0003

D=(-).42 IO+.OOOI cm

kll= (+) I5.I52 ~.002(IO cm ')

kz=(+) I5.579+.003(lo cm )

kg2q &

Q, l=(-).OI44+.0006(IO cm ')

Q =(~).0072+.0003(IO cm )

k„=+37.3+I.o(fo cm )
.29

Si"3 k =+28.5+I.O(IO cm )

{w(2m—1)—1} . (9)
2huo

FIG. 6. Spin-Hamiltonian constants and relevant axes for one of .

the four equivalent defect orientations in the lattice.
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FLG. 7. Correlation of the growth of the 09 spectrum with the
disappearance of the isolated vacancy spectra {61and 02) in an
isothermal anneal at 170'K after a 20.4 K irradiation. The solid
curves represent a best 6t of a simple exponential decay and cor-
responding growth curve to the data. The ordinate gives the rela-
tive intensity of each spectrum, separately normalized.

there are only four, have positive magnetic moments. ")
The analysis allows the determination of the relative
signs of 2 and Q' with respect to D but not their abso-
lute signs, The particular choice of signs given in Fig. 6
arises from considerations to be given in Sec. V.

From the 0=90' spectrum the value of p was esti-
mated to be +3.644&0.003 nm in close agreement with
the AP' value of +3.6385 determined by NMR. i4 No
other element has a 100%%uz abundant I=-', nucleus with-
in this range and the identification with AP' is thus
verified. (The slight difference, though almost within
experimental error, is probably real. Positive "chemi-
cal" shifts of the order of 0.1% would be consistent
with the observed g shifts. ")

C. Other Results

This spectrum is one of the dominant spectra pro-
duced by electron irradiation in aluminum-doped
Qoating-zone silicon. It can he produced either by room-
temperature irradiation or by warmup from a 20 or
O'K irradiation. It is not present directly after such a
low-temperature irradiation but it appears upon an-
nealing at 170'K as the Gi and 62 spectra asso-
ciated with the isolated vacancy' " disappear. This is
illustrated in Fig. 7 in an isothermal annealing study of
this conversion. In this experiment the EPR observa-
tions were made at 4.2'K after each annealing interval.
(All three spectra required illumination for observation,
the Q1 vacancy spectrum heing optimized hy glohar
light through an InAs hlter, the 62 by tungsten light
through a water 6lter, and the G9 spectrum by un-
filtered tungsten light. ) Throughout this conversion,
the spectrum identified with interstitial aluminum ions'
(see Fig. 1) does not appear to change in intensity.

In puBed sihcon the spectrum is observed only very
weakly. For instance, in one pulled crystal, doped with
10"aluminum per cc, the room-temperature production
rate of the spectrum was observed to be a factor of 70

'4H. Kopfermann, Slcleur 3foments, translated by E. K.
Schneider (Academic Press Inc. , New York, 1958l.

"C.%. Ludwig and H. H. %oodbury, Phys. Rev. 117, 1286
{1960).

I' G. D. %atkins, $. Phys. Soc. Japan 18, Suppl. D, 22 {1963).

lower than in similarly doped Qoating-zone material. In
this pulled crystal, the oxygen content was determined
to be 7&10"cm ' from the intensity of the 9-p, absorp-
tion band associated with oxygen, "while that in the
Qoating-zone crystal was below detectability, i.e.,~10"cm'.

The spectrum was not altered by the application of
uniaxial stress ie situ at 4.2 or 20.4'K. However, prefer-
ential alignment of the defects couM be produced by the
application of stress at =200'C. In this experiment a
sample was stressed in an oven for 15 min at 200'C with
1/00-kg/cms compressional stress along a (110) direc-
tion. The sample was cooled to room temperature with
the stress on, the sample then removed and placed in
the cavity for 4.2 K observation, From the relative in-
tensities of the multiplet groups of the spectrum, the
members of the defects with their axes (Z') along each
of the four (111)axes could be determined. It was found
that a quenched-in alignment had occurred favoring
the defects whose axes were perpendicular to the
applied stress direction. The results are shown in Fig. 8,
along with the disappearance of this alignment versus
15-min isochronal anneals.

In the same temperature region where the alignment
disappears, annealing of the number of defects also
occurs. The results of 15-min isochronal annealing of
the spectrum intensity are also shown in Fig. 8.

In order to observe the spectrum, as mentioned
before, it is necessary to illuminate the sample. Upon
removing the light, the intensity is observed to decay
at a rate which depends upon the transition involved,
the orientation of the crystal, microwave power, etc. A
detailed study of this has not been performed, but at
4.2'K the order of magnitude of this time constant is
such that it varies from 2 to 10 sec.

0.2-
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I +
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D.I—
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LJi
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TEMPER&TUBE {'C)

Fyc. 8. Fifteen-minute isochronal-annealing study of the stress-
induced alignment of the aluminum-vacancy axis, and the dis-
appearance of the defect as monitored by the intensity of the
spectrum.

'7%. Kaiser and P. H. Keck, J. Appl. Phys. 28, 882 {19$/).

IV. THEORY OF FORPIDDEg HYPERFIgp
TRAN SITIOmS

A. Perturbation Treatment

Sierroj I.acroix) and Muller, " Ludwig and Wood-
bury "and Bleaney and Rubins" have pointed out that
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S, =S, cos8+S„sin8. (14)

Solving the electronic part of the wave functions to
first order in D/gpH, the expectation values of the com-

ponents of S are, to first order in D/gpH,

3 AD sin28
(s.)—=— ps' —ls(s+ )j,

2 g H

with (S„)=0and (S,)=M. We see that the magnetic
field seen by the nucleus is no longer strictly parallel to
the external magnetic field direction but is tilted away,
and by an amount which varies from one electronic
eigenstate to another. As an electronic LUX= +1 tran-
sition occurs, therefore, the nuclear quantization axis
changes and the nucleus may make a transition to any
state in the new quantization system.

This physical picture can be made quantitative as
follows: With (15), Eq. (13) becomes

3AD sin20
{AM (v,/I) H}I—,+—

4 pH

X {M'—ss(s+1)){I++I-) (16)

This equation, expressed in the Z-axis system, manifests
the "tilting" of the nuclear quantization axis by the
presence of the I+ and I terms which serve to mix the
nuclear states !m).

Usually !AM!))(p/I)H, and for MAO, the nuclear
states are separated in energy by !AM!. Solving the
nuclear wave functions to first order in D/gPH, we get

forbidden Am;/0 hyperfine transitions become im-

portant in the presence of an axial fine-structure term
D in the Hamiltonian. Following Bleaney and Rubins,
consider the spin Hamiltonian

X=gPH S+D{s.'—-'S(S+1)}
+AS I—(p/I)H I. (12)

Here, for simplicity, we consider the hyperfine inter-
action with only one nucleus and consider g and A to
be isotropic.

It is instructive to consider the nuclear part of the
Hamiltonian, which to first order in A/gpH can be
written

x~——{A(S)—(p/I)H} I
(13)= {A (S,)—(IJ/I) H)I,+A (S,)I,+A (S„)I„.

In the absence of the D term, (S,)=M, (S,) and (S„)
are zero, and the nucleus is quantized in the direction of
the magnetic field (Z) for all electronic states !M). The
eigenstates are thus !M,m) and the selection rules
AM= &1, Am=0 are rigorously followed.

However, the presence of the D term produces non-

vanishing values of (S,) and (S„).In particular, con-
sider the Z' axis to be in the XZ plane and making an
angle 8 with the magnetic field (Z) direction, i.e.,

for the intensity of the !M,m) ~!M—1, m —1) and

!M, m —1)~!M —1, m) transitions

/3D sin28)' S(S+1)
I

1+
4gPH I 3M(M —1)l

X{I(I+1)—m'+m), (17)

where M, M—1&0. This is the result of Bleaney and
Rubins and shows that the intensities of the forbidden
6m=+1 transitions are of the order of (D/gPH)'.
Transitions for dm= &2, etc. also occur resulting from
(16) and (15) carried to higher order in the perturba-
tions. However, it will be sufhcient to illustrate our point
here to consider only the hm= +1 transitions.

Equation (17) is not valid if M or M—1=0.This case
does not arise for odd half-integral spins, for instance,
with which Bleaney and Rubins were concerned. How-
ever, for an integral spin system such as ours, this case
must also be considered.

For M=O, the nuclear energy states are separated
only by (IJ/I)H«A and the mixing by the off-diagonal
terms of (16) becomes proportionately more important.
For this case, the intensity of the !M,m) ~!M+1,
m —1) and !M, m —1)+-+!M&1, m) transitions is
easily found to be

(3D sin28 '(AI)' S(S+1)

4gPH EpH 3

X{I(I+1)—m'+ m) . (18)

We see that the intensity is increased over the M/0
transitions by (AI/pH)'. This can be a very large
number. In particular, for the Al" hyperfine interactions
in the spectrum of this paper, this quantity is 50.

This enhanced effect for the M=O state can be
viewed as a result of the fact that the "tilting" of the
field seen by the nucleus is much greater for this state.
For this state, there is no field in the Z direction arising
from the hyperfine coupling A and only the small
applied field I remains. As a result, even a small value
of A(S,) in Eq. (13) can be very effective in tilting the
nuclear hyperfine axis.

B. Calculation of the Structure

The perturbation treatment of the preceeding section
served to give a qualitative feel for the magnitude of
the effects and also gave some equations in the form
necessary to augment the perturbation treatment of
Bleaney and Rubins for future use by others. These
formulas are not directly applicable to the spectrum
considered in this paper, however, because D is not
small with respect to gPH. In this section a more exact
calculation will be outlined. We will calculate the struc-
ture for the low-field 63f=&1 transition, 8=60',
vo=20 kMc/sec, corresponding to the conditions of ob-
servation in Fig. 5 and a direct comparison to this ob-
served structure will be made.
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FIG. 9. Calculated nuclear quantization axes for each of the three
electronic Zeeman states at 8 =60, v0=20 kmc jsec.

TABLE I.Calculated energies and spin components for the three
electronic states at 8=60', v0=20 kMc/sec.

State E/gP8

&1.0479
&0.0794
w1.1272

&S.)
+0.9352
%0.0289
+0.9067

&s.)
&0.3082
%0.5557
+0.2475

In this calculation, the Hamiltonian of Eq. (12) was
used, the small quadrupolar interaction and the anisot-
ropy in A and g being ignored. Straightforward diago-
nalization of the electronic part of the Hamiltonian
(the Grst two terms of Eq. (12)j, with D/gPH= &0.75,
gives for the wave functions

C', =0.9732
~
+1)&0.2013 [0)+0.1096 [ +1),

C's = —0.1705
~
+1)+0.9555

~
0)—0.2408

~ W1), (19)
C', = —0.15301+1)+0.215710)+o 9644

I +1)
where the upper sign corresponds to positive D and the
lower sign to negative D. The corresponding energy
levels are given in Table I. Also given in the table are
(S,) and (S,) determined directly from (19) for each
state. Using these values with 3=&15.4X10 ' cm '
and (ts/I)H=2. 22X10 4 cm ', the nuclear energy levels
can be determined directly from Eq. (13). The pre-
dicted positions of the thirty-six ~c,m) ~ ~b,nt') pos-
sible transitions associated with the low-field b+—&c

electronic transition follow directly and are indicated
in Fig. 5 for A of opposite sign to D. The agreement is
seen to be very good. (This agreement is not possible
with 3 and D of the same sign, consistent with the
opposite-sign assignment previously given in the
ENDOR analysis. ) (In the labeling of the states in the

figure, m and m' are the azimuthal quantum numbers
referred to the nuclear quantization axis for the b and
c states, respectively, not the Z axis, i.e., external mag-
netic field direction. The signs indicated for m and m'

are those consistent with negative D.)
In Fig. 9, we have plotted to scale A(S)—(tt/I)H for

each of the three states, using the values of (S,) and

(S,) from Table I. This vector is proportional to the
effective 6eld seen by the nucleus, as seen by Eq. (13),
and determines the nuclear quantization axis. This
demonstrates vividly the large tilting of the hyperfine
axes, particularly for the b state (which derives pri-
marily from the ~0) state). In the allowed c~ h and
b &—+ a transitions therefore the almost 90' change in the
nuclear axis assures that all nuclear transitions will
become allowed.

In order to calculate the intensities of the transitions,
the nuclear Hamiltonian, Eq. (13), was diagonalized
and the wave functions determined for the six nuclear
states of both the b and c electronic states. These wave
functions, expressed as linear combinations of the
nuclear states

~
m) (where the quantization axis is now

the Z axis) allowed direct calculation of the intensities
of the transitions as simply overlap matrix elements
between the states. "The results are also indicated in
Fig. 5, the intensities being indicated by the amplitudes
of the predicted lines.

The agreement in Fig. 5 is seen to be very good. We
conclude that the complex structure is indeed properly
interpreted as arising from the "forbidden" nuclear
transitions. We conclude that the origin is quantita-
tively understood in terms of the tilting of the nuclear
hyperfine axis by the axial-field term D, with transitions
to the ~0) state of an even-spin system being particu-
larly sensitive.

V. DISCUSSIQN

The correlation of the growth of the spectrum with
the disappearance of the vacancy in Fig. 7 suggests that
the defect is a lattice vacancy trapped by an aluminum
atom. Consistent with this interpretation, we have pre-
viously shown" that the lattice vacancy executes long-
range diffusional motion in p-type silicon in this tem-
perature range. Also consistent with this interpretation
is the role of oxygen in inhibiting the formation of the
spectrum. Oxygen is known to be an effective trap for
vacancies' ' and, in pulled crystals where the oxygen
concentration is one to two orders of magnitude larger
than the aluminum concentration, most of the vacancies
would become trapped by the oxygen instead. Both
substitutional aluminum atoms and interstitial ones
(produced by the irradiation; see spectra labeled x in
Fig. 1) might trap the vacancies. However, the failure
to see significant diminution in the interstitial alumi-
num spectrum as the aluminum-vacancy pairs emerge
would indicate that the aluminum-vacancy pair results

"A, formally equivalent way of expressing the solution is in
terms of the matrices D5/ (ayPyp)~r~y which describe how the
eigenfunctions of angular-momentum ~ transform under a rotation
of coordinates. With P the angle between the nuclear hyperane
axes for the two electronic states t,'determined by solution of the
electronic part of the problem), the intensity of the m m'
transition is given simply by Ds~s&0,p,O) ~ ~s. General expres-
sions for these matrices are avai able. LSee, for instance, M. Tink-
ham, Grostp Theory and Quantttrn Mechanics &McGraw-HiU Book
Company, Inc., New York, 1964), p. 1018.j
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from the trapping of an isolated vacancy by a substitu-
tiomal aluminum atom. (The high-temperature stability
for the defect also argues against identification with an
ie/erstitial aluminum-vacancy pair since only one jump
would be required to annihilate the defect reproducing
substitutional aluminum. )

Because illumination is necessary to produce the
spectrum, we do not know whether the charge state of
the defect is -the equilibrium state, or a metastable one,
generated by the light. However, because the spectrum
cannot be observed in the absence of light over a wide
range of Fermi-level positions and because it disappears
in 10 sec after the light is turned off, even though the
electronic equilibration times at 4.2'K are very long,
we can conclude that the state being observed is an
excited triplet state generated by the light. Presumably
the ground state of this charge state is a singlet.

We thus tentatively conclude that the spectrum arises
from an excited triplet S= 1 state of some even-electron
charged state of a vacancy trapped next to a substitu-
tional aluminum atom.

A. Model

In Fig. 10, we show a simple one-electron linear-
combination-of-atomic-orbitals (LCAO) molecular-
orbital (MO) treatment of a lattice vacancy next to a
substitutional aluminum atom. Here the atomic orbi-
tals are the broken bonds (a,b, c,d) of the four corre-
spondingly labeled atoms surrounding the vacancy. .
Atom c is an aluminum atom while the remaining three
are silicon atoms. The point-group symmetry is C&z
and the one-electron I.CAO molecular orbitals trans-
forming according to the irreducible representations of
this symmetry group are shown. Because the aluminum
has one less nuclear charge than the silicon atoms, we
anticipate that the (a&") orbital is elevated in energy as
shown. The remaining (a~') and (e) orbitals are expected
to be closer together, with the completely symmetric
(a&') orbital probably lowest. By populating these one-
electron orbitals, we now have a simple method of con-
structing an approximate many-electron wave function
expected for the defect.

As mentioned before, we do not know the charge
state involved but we do know that an e~eri number. .of
electrons are present in order to obtain S=, 1..It seems
reasonable to assume therefore that there are either two
(total charge +1) or four (total charge —1) electrons
localized in these molecular orbitals. In general, the
over-all two- or four-electron state could be '3», 'A~,
or 'K We note however that no static Jahn-Teller dis-
tortion has occurred, the spectrum displaying the full
axial symmetry of the aluminum-vacancy axis. We
know from experience with other similar' defects in
irradiated silicon that if the state has orbital degeq. -

eracy, strong static Jahn-Teller distortions do take
place. (See, for instance, the highly similar phosphorus-
vacancy pair' which distorts from Czr to C&p, .) We

FIG. 10. Simple I CAQ one-
electron molecular orbital
model for the electronic struc-
ture ot the aluminum-vacancy
pair. In this model, the ex-
cited electronic state seen in
the resonance is the single
minus 'A2 state, made up pri-
marily of the configuration
shown, but with some ad-
mixture of higher
con6gurations.

({il') C-)t'. ({1+b+d)

(e ) (0-d)(2b- a-d',

(o, ) (a+b+d)+ Xc

TABLE II. Configurational 'Ai and '32 wave functions (S,=+1)
for the aluminum-vacancy pair model of Fig. 10.

State 2 electrons

(eye, )

4 electrons

{al al 888|t)+ {Ql Ql 8 & )
(1) (ai'ai'etie, )
(2) (a1 al ege e) (a1'ai"eee, )
(3) (a]'a]"efte,)+ (ai'ai" eye, )—(ai'a1"eye, ) —(ai'ai"ette, )

» The possibility that the state is 'E& and that a dynamic Jahn-
'Ieller distortion occurs still leaving an axially symmetric ground
state must. also be considered. We. tested for, this by applying
uniaxial str'ess to the crystal, which should destroy the equivalence
of the Jahn-Teller wells, and therefore induce departures. from
axial symmetry. The failure to see any such effects argues against
,this possibihty.

therefore tentatively" rule out the doubly degenerate
'8 state as a possibility and are left with the two orbital
singlets 'A» or 'A2.

In Table II, we list the configurational wave functions
(for S.=S) that give the'A~ and 'A2 states. In this
table the subscripts 0 and e refer to the two orthogonal
(e) orbitals and the bars over the orbitals indicate spin
down, the ones without bars indicating spin up. Each
bracketed product wave function denotes a Slater deter-
minant of two (or four) electrons distributed anti-
symmetrically between the two (or four) indicated one-
glectron states, respectively. We see that there is just
orie configuration possible in each case with the excep-
tion of the four-electron 'A2 state for which there are
three.

Since'we are dealing with a long-lived excited state,
we assume that we are dealing with the lowest-energy
triplet state, the "bottleneck" for return to the ground
state being the triplet-singlet transition. Since in both
.charge states the '3» requires one electron in the ele-
vated:(a~") state, we anticipate that it is the highest in
energy, and that the state seen in the resonance should
be the 'A2. We will see in the next section that the
hyperfine analysis also indicates this state, the pre-
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TABLE III. Hyperhne parameters (a; and b;) and the corre-
sponding molecular-wave-function coefficients (o.j2, pj2, and qP)
calculated from the observed hyper6ne structure.

Equiv. u; b;

Atom No. (10 4cm ') (10 4cm ') oimgP PPqP qP

Si" 3
AP' 1

(—)31.4
(+)15.294

(—)2.9 0.023 0.087 O.i i
(—)O.i42 0.014 (0.006)

dieted aluminum hyperfine interaction for the 3A
& state

being higher than that observed. We will also conclude
that if this model is correct the charge state is probably
the four-electron one, the configuration being primarily
that labeled (1) in Table II, with small admixtures of
(2) and (3). This is indicated in Fig. 10 by populating
the relevant states with arrows, the sense of the arrows
indicating the spin alignment.

At each atom site j, we approximate iP; as a hybrid 3s3P
orbital

a,=;(a.)~+~;(s,)„ (21)

where, for the atoms adjacent to the vacancy, we take
the p function as directed approximately along the

(111) direction from the site to the center of the va-

cancy. To a good first approximation, the hyperfine
interaction at the jth nuclear site is determined solely

by |P;, i.e., that part of the wave function close to the
nucleus. In this approximation, the hyperfine inter-
action is axially symmetric along the p-orbital axis and
can be written

A()=a+2b,

Ag=u —b.

(22)

(23)

Here the isotropic term a arises from the Fermi contact
interaction

16m
(V;P~)Pn, 2~PItb (0) IP,

3
(24)

where p,, is the magnetic moment and I, the spin of the

jth nucleus. The anisotropic term b results from the
dipole-dipole interaction averaged over the two-electron

wave function and is given by

b;=!(~;P~)CC ~,'( );. (»)
In these equations p is an average over the two one-

electron orbitals involved in the S= 1 state, i.e.,

~7= 2 (niP+e'). (26)

B. Hyper6ne Interactions

Following the procedure used for the analysis of pre-
vious centers, ' "we consider each of the one-electron
wave functions for the unpaired electrons as linear com-
binations of atomic orbitals centered on the atoms near
the defect.

(20)

Using previously estimated' values for ~lP3, (0) ~' and

(ra~ ') for both A12' and Si", we can solve for the ni2,

Pj, and rli2 associated with the principal hyperfine con-
stants. The results are given in Table III.

Consider first the Si" constants. Equations (24) and
(25) predict that a; and b, should have the same sign
as p,;. With this assumption, there is no ambiguity in
determining the a; and b, from (22) and (23) even though
the absolute values of A// and A& were not determined.
(The signs in Table III are given in parentheses to in-
dicate the fact that they were not determined experi-
mentally. ) We see that the atomic orbitals are 21% s
and 79% p, similar to most of the other defects studied
involving the dangling bonds around vacancies, '' '"
and that 33% of the wave function can be accounted
for in this manner on these three silicon sites. Compar-
ing Fig. 6 to the model of Fig. 10, we identify these
silicon sites as the a, b, and d sites neighboring the
vacancy, with the three different (111)hf axes of Fig. 6
corresponding to the three different atom-vacancy
directions for the directed atomic orbitals.

The AP7 hf constants A && and A& were determined to
have the same signs from the ENDOR analysis leading
to opposite signs for u and b. Clearly, the previous
analysis, which predicts the same sign for a and b, is
not valid here. However, ignoring this inconsistency
for the moment and analyzing these constants in the
same way, we see that the wave function appears to be
mostly s-like and only 2% of the wave function
appears to be accounted for on the Al2~. This gives us
a means of selecting between the 'Ai and 'A2 states (see
Table II): In the 'Ai configuration, the magnetic elec-
trons would spend roughly as much time on the alu-
minum atom as on the three silicon atoms combined
(via ai"), giving =33%. However, the 'A2 states with
their magnetic electrons primarily in the (e) states,
which have no admixtures of c, predict small inter-
actions with the aluminum. We are therefore led to con-
clude that the spectrum is better explained by a 'A2

state, consistent with the arguments of the previous
section on energy considerations.

Although small, there is still a significant interaction
at the aluminum site, and it remains to be explained.
For the four-electron (—1) state, this could result from
small admixtures of the excited 'A2 configurations given
in Table II. These serve to transfer spin density to the
ei' and ai" orbitals. (They are excited configurations
because they involve promotion of an electron from the
ai' to the ai" state. ) In this localized LCAO MO treat-
ment, these effects are not present for the two-electron

(+1) state and we are thus led to favor the identifica-
tion with the four-electron (—1) state. (Similar effects
can also occur for the +1 state if we include the "larger
molecule" involving neighboring atoms and their elec-
trons. We therefore cannot rule out this possibility. We

' G. D. Watkins and J. W. Corbett, Discussions Faraday Soc.
31, 86 (1961).
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are inclined to feel however that the sizeable effects
observed are more consistent with the relatively lower
promotion energies to the excited-defect molecular-
orbital states than those associated with the strong
bonding silicon-silicon lattice atoms. In other words,
the localized defect orbitals, because of their weaker
overlap are much closer together in energy and are
therefore considerably more polarizable. )

In general, by suitable admixtures of these excited
'A& configurations, either sign of spin density could be
transferred to the aluminum atom. We argue, however,
that a positive spin density is expected. This can be seen
as follows: All of the molecular orbitals are made up
from the same atomic orbitals on each atom. Since two
electrons of the same spin state cannot coexist in a
single atomic orbital, this is equivalent to a repulsive
interaction between electrons of like spin. The driving
force then to mix in the excited configurations is to
spread the spin density over more sites, forcing the same
sign of spin density over to the aluminum. Making this
assumption, therefore, and using the fact that the mag-
netic moment of AP' is positive, the isotropic hyperfine
term u should be positive and is indicated as such in
Table III.

Now consider the anisotropic 6 term for the AP'
interaction. In our simple treatment, the orbital on the
aluminum might be expected to have p, character at
least comparable to the s character (o refers to the p
function directed along the aluminum-vacancy axis),
giving a positive b term and possibly an order of mag-
nitude larger than that observed. Two possibilities
might be considered for this discrepancy. In the first
place, although no aluminum p. is allowed in the e

orbitals by symmetry, p orbitals are. The admixture
of the p orbitals (i.e., the wave functions admixing
with part of the aluminum bonds to its silicon neigh-
bors) would give a negative contribution to b Secondly, .
of course, the c orbital on the aluminum could con-
ceivably have much less p character than that asso-
ciated with the dangling silicon bonds to begin with.
We have no a priori intuition in this regard. We recog-
nize however that the bonds between the aluminum and
its three silicon neighbors, because of the difference in
nuclear charge, and with some partial ionic character,
could depart from the usual sp' tetrahedral bond ad-
mixture. For instance, if the aluminum moves into the
vacancy and the bond angle to its neighbors closes, the
fraction s in these bonds should decrease with a cor-
responding decrease in the p character of the dangling
bond. (At 90', for instance, simple directed valence
concepts" predict pure p orbitals for the Al-Si bonds,
leaving pure s for the dangling bond. )

The quadrupole interaction tells about the character
of the total electronic charge-density distribution sur-
rounding the aluminum nucleus and therefore also re-
lates to this question. The quadrupole constant Q»' is

L. Pauling, The Suture of the Chemical Bond (Cornell Univer-
sity Press, Ithaca, New York, 1948), 2nd ed. , Chap. 3.

given by"
Q„'=e'qQ/2I(2I —1), (27)

where eQ is the nuclear electric quadrupole moment and
eq is the electric field gradient along the axis of sym-
metry at the nucleus. The field gradient strongly
weights the charge density near the nucleus and can
therefore be conveniently related to the unbalanced
charge density in the 3p orbitals. Using the value
(e'qQ)3„———12.516&&10 4 cm ' determined from the
measurements of I.ew and WesseP' for the 'P3~2 state of
the neutral aluminum atom, we conclude that the mag-
nitude of Q~~' indicates an unbalanced charge density
along the aluminum-vacancy axis equivalent to 2.3%
pure p. Assuming the value of a to be positive, Q„'is
negative which indicates an excess electronic charge
density along the aluminum-vacancy axis.

This value of Q, & is quite small and of opposite sign
to what we might have expected. That is, in a simple
view, an aluminum with an empty dangling bond point-
ing into a vacancy has a dejicieet electron density along
the axis and of a magnitude corresponding to the frac-
tion p, character in the bond. For an sp' bond this
would be 75%. We note however that all of the effects
previously mentioned —(1) the admixture of the other
'A& states (transferring charge density into the c orbi-
tal), (2) the admixture of p and e orbitals, (3) the
partial ionic character of the Si-Al bonds (both trans-
ferring charge out of the aluminum p orbitals), and

(4) the closing of the bond angles at the aluminum site
to reduce the p character in the b orbital —are equiv-
alent to increasing the electronic charge density along
the axis. Whether these e6ects are actually large enough
to reduce the net quadrupole interaction to near zero
and reverse its sign is di%.cult to say.

Taken together, the quadrupole interaction and the
magnetic hyperfine interaction indicate that both the
total charge density and the unpaired spin density in
the valence shell of the aluminum depart only slightly
from spherical (or cubic) symmetry. As we have indi-
cated, this is a surprising result for an atom next to a
vacancy. Although we have indicated mechanisms by
which this might result, it is still surprising, and must
be considered a serious challenge to the model of
Fig. 10.

In view of this, let us consider brieAy other possible
models. It is possible that the aluminum atom may be
farther from the vacancy, still along a (111)direction.
However, in the silicon lattice, the nearest (111) sub-
stitutional site that is not a nearest neighbor (2.35 A)
is 7.05 A distant, quite far removed. It is dificult to
visualize why this particular aluminum-vacancy con-
figuration should be stabilized when there are so many
alternative ones closer that do not have (111) sym-
metry. It is possible to accommodate an ieterstitiut

"T. P. Das and E. L. Hahn, Nuclear QNudrlpole Resonance
5pectroscopy (Academic Press Inc. ,

N' ew York, 1958), p. 17.
"H. I.ew and G. Wessel, Phys. Rev. 90, 1 (1953).
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5,a

(e ) (a- d)(2b —o- d)

(e) (o- d){2b- o-d)

(o, ) {o+b+ d)

(oi) (o +b+d)

F re. 11. Alternative
model of the aluminum-
vacancy pair in which
the aluminum atom has
"popped" backward
into the on-axis inter. -
stitial site. Shown is a
possible 'A2 single plus
charged state.

aluminum atoin or ion close to the vacancy. Al+ (3s'),
for instance, would show only small anisotropy. As
noted before, it is hard to see however why an inter-
stitial atom next to a single vacancy is stable up to

200'C when a simple jump would annihilate the pair,
producing substitutional aluminum.

One alternative model that deserves consideration is
one in which the aluminum atom of Fig. 10 pops back-
ward into the on-axis interstitial site. The resulting con-
figuration can be viewed as an interstitial aluminum
next to a divacancy arid is illustrated schematically in
Fig. 11. In the figure, admixtures between the two a~

wave functions and between the two e wave functions
have been omitted for simplicity as have admixtures of
aluminum s and p, in the u~ states and p in the e. The
important point is that it is possible to arrive at a 'A~
state which has a spin density distribution similar to
that of Fig. 10. By this we mean that the unpaired elec-
trons are in e orbitals primarily concentrated' on the
three silicon atoms around one of the two vacancies.
Again configurational mixing plus exchange polarization
of filled orbitals can produce the aluminum hyperfine
interaction, but with a somewhat more natural explana-
tion for the small anisotropy in the charge and spin
density at the aluminum nucleus. YVe will not elabora, te
further on this model, which has its weaknesses too, but
rather consider it in a more general sense as included in
the model of Fig. 10, where the exact position of the
aluminum atom along the axis is not well understood.

One further note is in order. Table III indicates that
only about 35% of the wave function has so far been
accounted for (33% on the three silicon a,toms and 2%
on the aluminum). This in turn might be interpreted to
indicate that the remainder of the wave function is
spread out over large distances surrounding the defect
core. On the other hand, the arguments to be developed
in the next section as to the origin of D indicate that. the
wave function is highly localized. The admixture of alu-
minum p into the e orbitals, previously discussed,
represents a way out- of this contradiction.

As an example, let us assume that the, dangling bond
at the aluminum remains an sp' orbital. The 1.4% s
character, therefore, implies 4.2% of the wave function
in p, . The observed anisotropy in the table on the other
hand is equivalent to missing p, character of 0.6% im-
plying 4.8% p in each of the two ~ orbitals. Adding,
these, we obtain 15% of the wave function on the alu-
minum (instead of 2%), giving 48% of the wave.
function accounted for. This is beginning to approach
the values ( 60%) found for many of the other va-
cancy-related defects. ' ""In fact, these numbers indi-
cate that the total 3p character may be an order of mag-
nitude greater than the 3s. Under these circumstances,
exchange polarization of inner cores by the 3p electrons
can become important, causing an underestimate of the
fraction 3s. This would in turn scale up the total 3s and
3p concentration on the aluminum still further.

These arguments should be considered qualitative
only. They do serve to show, however, that apparent
"missing" spin density can be accounted for by dis-
tributing the wave function symmetrically among the
3p orbitals around an atom or of course into higher
(m=4, 5, etc.) atomic states. This serves to strengthen,
the arguments about the role of the p, orbitals. The
tota, l concentration of wave function on the aluminum
therefore does not follow simply from the observed
hyperfine interactions and because of this no estimate
is made in Table III.

C. gandD

According to the model of Fig, 10, the two electrons
are primarily in the e orbitals and the 'A2 wave function
can be approximated by

(2l 6) '((a—d)g(2b —a—d)2
—(2b —a—d) g(a —d),}x+, (28)

where X+ is the symmetric S=1 spin function. One
source of the D term is the magnetic dipole-dipole
interaction between the two electrons. Averaging this
over the wave function given by Eq. (28), ignoring
overlap terms, we estimate D from this source to bq

+2)&10 ' cm '. This is more than an order of magni-
tude below. the observed value (and of opposite sign if
the assumed sign of u for Ap' is correct), and we conclude
that this is probably not the dominant source of.D.

If the electrostatic interactions between the electrons
are strong, as we might expect for a highly localized
wave function, g can arise through spin-orbit inter-
acti.'on. For instance, in the case of a single atom or ion
where the strong electrostatic interactions between
electrons give rise to Russell-Saunders coupling, the
spin-orbit interaction can be written XL S and the g
and D tensors are given by"

"M. H. L. Pryce, Proc. Phys. Soc. (London) A6B, 25 (1950).'
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where A. is given by a sum of matrix elements of orbital
angular momentum to excited atomic states within the

,same atomic term (same L and S).We note the relation-
ship between 9 and the g shift

D;,= 2Xhg, , (29)

Even though the defect wave function of concern to us
is a molecular one, the spin-orbit interaction is of atomic
origin, at each of the atom cores, and the treatment
above for the single atom continues to have some rele-
vance. " Equation. (29) therefore serves to give us a
rough estimate of the spin-orbit contribution to D.
With X= —0.02 eV (the magnitude is that for atomic
silicon"; the sign comes from the fact that the g shifts
are positive), and with g, &

—g,=+0.0051, Eq. (29) gives

D=D„—D, —0.4 cm '.

I
3 I qr

2

il
/ //

/

H(lz' Ht. z'

Fro. 12. Schematic model for the inversion of the high-deld
spectral lines. Both selective optical pumping and selective de-
population to the ground state are considered. The emissive tran-
sitions are indicated with an asterisk.

Both the sign and order of magnitude agree with the
observed value. (The agreement is actually very close,
but this must be considered fortuitous. ) We therefore
conclude that the large D term observed in the spectrum
originates via the spin-orbit interaction. The predicted
negative sign gives further support to the assignment
of the signs in Fig. 6.

The relative magnitudes of the g shifts and their signs
appear reasonable in terms of the model in Fig. 10. In
particular, we have previously shown' that the g shift
associated with an electron in a single dangling silicon
bond is kg~&' 0, hg&' +0.01—0.02, where "parallel"
and "perpendicular" refer to the dangling-bond axis.
Ignoring the interactions between spins, these one-
electron contributions averaged over the wave function
of Eq. (29) predict positive g shifts of the correct ma, g-
nitude with hg~&/hg, =g/5, in close agreement with the
observed ratio 1.82.

, These arguments as to the origin and predicted mag-
nitudes of g and D are primarily qualitative ones and
are meant only to indicate that the observed values are
reasonable in terms of the model. A quantitative treat-
ment would be a formidable task and is beyond the
scope of this paper.

D. Inversion of the Spectral Lines

As indicated in Figs. 1 and 2, some of the spectral
lines are inverted. Tanimoto, Ziniker, and Kemp" have
observed similar eRects in a photoexcited triplet state
of an axially symmetric defect in Cao. They explained

"In general, it is always possible to replace the spin-orbit inter-
action by XL S in dealing with a matrix element between states of
the same L and S.This holds in particular for the relevant matrix
elements to other triplet states. This does not account properly
for matrix elements to singlet states, however, which are probably
also important.

'6 Two-thirds the energy difference between the P'3/2 and Pig~
levels of neutral silicon as given in Atomic Energy Z.evets, Natl.
Bur. Std. (U.S.) Circ. No. 467 (U. S. Government Publishing and
Printing OfBce, Washington, D. C., 1949).

"H. Tanimoto, W. M. Ziniker, and J. 0. Kemp, Phys. Rev.
Letters 14, 645 (1965).

the effect as a level inversion resulting from selective
generation of either the M =0 or 3f=~1 states over the
other. They interpreted the mechanism as resulting
from the anisotropic spin-orbit coupling in the optically
excited states (resulting from the axially symmetric
crystalline field), and its role in the selection rules for
the singlet-triplet transition.

In Fig. 12, we incorporate their interpretation to the
conditions of the aluminum-vacancy pair. As mentioned
before; the spin-orbit interaction originates near the
silicon-atom cores. At these sites the "crystalline field"
associated with the vacancy is along the (111) axis
pointing toward the vacancy. This field is eRective in
quenching the orbital angular momentum perpendicular
to this direction but still allows orbital moments to be
generated in excited atomic states along the direction.
Averaging over the three silicon sites, we conclude that
the spin-orbit interaction in excited electronic states
should be anisotropic with a smaller value parallel to
the vacancy-aluminum axis than perpendicular to it.

So long as the crystal-field splittings are large com-
pared to the singlet-triplet spacings in the excited states,
it follows also that the coupling via spin-orbit inter-
action between the excited singlet and triplet states
will reRect this same anisotropy.

This coupling mixes the singlet and triplet states
allowing direct optical excitation to the triplet state.
Alternatively, excitation to a singlet state followed by
a singlet-triplet transition via lattice modulated spin-
orbit coupling can also populate the triplet state. In
either case the low spin-orbit coupling along the defect
axis will cause the &55, =+1 transitions to dominate.
With H~~Z', this gives preferential generation of the
M=~1 states while with IJ Z', the 3f=0 state is
preferentially generated. This is shown in Fig. 12, with
the resulting emissive transitions (the high-Geld ones)
shown by an asterisk.

In order to see these level inversions, it is necessary
that the spin-lattice relaxation time be comparable to or
longer than the triplet lifetime itself. This means that
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the selection rules for the return to the ground singlet
must also be considered. Although this was not con-
sidered by Tanimoto ef al. , it is easy to show that in our
case these selection rules should be just the reverse of
those for the generation and therefore have the same
e6'ect on the populations. In particular, the 'A2 state
observed in the resonance is made up of atomic orbitals
of p, character which have their orbital moments
quenched along the silicon-vacancy axis. The anisotropy
of the spin-orbit coupling for this state is therefore re-
versed and admixtures of singlet into this state (which
make the transition allowed to the ground state) cause
the reverse selection rule. These transitions are also
indicated in Fig. 12.

The selective transitions out of the triplet state give
a mechanism for level inversion in the absence of aniso-
tropic generation. In particular, the triplet state could
be generated by capture of an electron or hole from the
conduction or valence bands —not a localized excita-
tion—and in that case uniform generation of all states
might be expected. We do not know the mechanism of
generation in our case but the fact that light of energy
in the vicinity of the band gap is most effective suggests
that this may be the mechanism of generation.

In our case the high-field lines are inverted while
Tanimoto et a/. found the low-field lines inverted. We
have interpreted the sign of D for both defect systems
to be negative. The difference arises from the fact that
in their case the crystal-field axis which determined the
anisotropy of the spin-orbit interaction was parallel to
the defect axis and the selection rules were reversed
from those here.

E. Stress Alignment

The quenched-in alignment produced by stress at
elevated temperatures ( 200'C) will reflect the prop-
erties of the stable charge and electronic state of the
defect at that temperature. The 'A2 electronic state indi-
cated by Fig. 10 for the photoexcited triplet state can
be expected to have little bearing on the response of the
defect to stress at these elevated temperatures. Al-

though we have no direct way of determining the
ground electronic state at these temperatures we can
make an intelligent guess.

Referring to the one-electron orbitals of Fig. 10, we
would expect the configuration to be (ai')'e' for the
four-electron (—1) state and (ai')'e for the three-
electron (neutral) state. The corresponding available
states are 'E, 'A2, and 'A~ for the minus state and 'E
for the neutral. Because a Jahn-Teller distortion can
take place for the degenerate E states and thereby lower
their energy, we anticipate that this state is favored in
both cases.

This argument probably applies even for the two-
electron (+1) state. The (ai')' state gives 'Ai, but a
'E state is available from the slightly higher energy con-
figuration u~'e. From previous experience, we know that

the Jahn-Teller energies can be large with respect to the
a~'-e separation" and we therefore conclude that here
too the Jahn-Teller distorted 'E state is probably lowest.

In each of these charge states we therefore argue
that the lowest-energy state is a Jahn-Teller distorted
E state. The defect therefore becomes formally similar
to the phosphorus-vacancy pair, a 'E state in C3&,
which has been studied extensively in resonance. ' There
it was found that the Jahn-Teller distortion was one of
t! symmetry with two of the three silicon atoms pulling
together in a pair-wise bond and lowering the local
symmetry to C».

It is therefore instructive to compare the stress-
induced alignment achieved for the Al-vacancy pair
with that previously reported for the phosphorus-
vacancy pair. For the phosphorus-vacancy pair, 1800-
kg/cm' stress along a (110) axis at 300'K gave
e,/n„=1.75, where m, denotes the number of defects
with phosphorus-vacancy axes perpendicular to the
(110) stress direction, and e~, denotes the number with
axes along the other (111)axes. To compare this to the
aluminum-vacancy stress studies at ~190'C and 1700
kg/cm', it is desirable to scale the appropriate stress-
induced Boltzmann weightings of the different orienta-
tions to the same stress and temperature. Following the
method outlined in the paper on the vacancy-phos-
phorus pair' the 1.75 factor would be expected to cor-
respond to a value of 1.39 if the phosphorus-vacancy
pair alignment were that associated with the quenched-
in equilibrium for 1700-kg/cm' stress at 190'C. This is
very close to the value 1.33 observed in Fig. 8 for the
aluminum-vacancy pair.

For the phosphorus-vacancy pair we concluded that
the alignment was in large part a manifestation of the
coupling between the Jahn-Teller distortion and the
applied strain. The similar alignment for the aluminum-
vacancy pair gives support to the speculation that its
ground state is also a Jahn-Teller distorted E state."

As noted for the phosphorus-vacancy pair, ' the re-
orientation of the defect given" in Fig. 10 requires that
the vacancy make two di6usional jumps away from the
aluminum (or phosphorus) and then return. The acti-
vation energy for reorientation thus includes a term
arising from the binding energy between the vacancy
and the impurity. The fact that reorientation requires
a temperature 200'C higher for the aluminum-
vacancy pair indicates a substantially higher binding
energy for it. On the other hand, the disappearance of
the defect in the same temperature range indicates that
the remaining binding at the next-next nearest site is
small.

28 The strong admixture of e and u1 orbitals upon distortion
f'ound for the phosphorus-vacancy pair (see Ref. 3) indicates this.

"Similar arguments could have been made throughout for the
model of Fig. 11.Here the formal similarity is with the divacancy
(see Ref. 5), which is also a Jahn-'Teller distorted E state with
comparable stress-induced alignment.

"The arguments of this paragraph may not apply to the model
of Fig. 11.The motion for its reorientation is less obvious.
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VI. SUMMARY AND CONCLUSIONS

We conclude that the 6-9 spectrum described in this
paper arises from the photoexcited triplet (S=1) state
of an aluminum-vacancy pair. It is apparently formed
when a mobile lattice vacancy, produced by radiation
damage in the lattice, is trapped by a substitutional
aluminum atom. Consistent with this interpretation,
the production of this center is greatly reduced in pulled
crystals, containing 10' —10"cm ' oxygen, the oxygen
in that case serving as the dominant vacancy trap.

A microscopic model has been presented for the
defect and the electronic structure has been described in
terms of one-electron LCAO molecular orbitals asso-
ciated with the four lattice atoms surrounding the va-
cancy, one of which is the aluminum. In this model, the
resonant state is identified as 'A~ (of Csv), with a
sizeable fraction of the unpaired spin density on the
three silicon atoms, consistent with the observed hyper-
fine interactions with these nuclei. Configurational
interaction with higher 'A2 states is called upon to
explain the isotropic part of the observed hyperfine
interaction with the aluminum. The charge state of the
defect could be either +1 or —1, but the strength of the
aluminum hyperfine interaction is best explained if the
charge state is —1.

The near-isotropic hyperfine interaction with the
aluminum and its small quadrupole interaction are
somewhat surprising in terms of the model. A number
of possible causes have been considered. Among these
is the possibility that the aluminum atom is displaced
either inward toward the vacancy or backwards into the
on-axis interstitial position. It is concluded that the
position of the aluminum atom remains somewhat in

doubt. Also considered important in this regard is the
admixture of aluminum p orbitals into the 'A2 state.

From the LCAO molecular model, it is argued that
the ground state of the defect is probably a Jahn-Teller
distorted E state similar to that of the phosphorus-
vacancy pair previously studied. The similar behavior
under uniaxial stress at elevated temperature for the
two defects is consistent with this conclusion.

Lattice vacancies therefore interact and form stable
electrically active defect pairs with a rich variety of
point defects. We have previously shown that they
interact with substitutional group-V donors (with phos-
phorus to form the E center), with electrically inactive
impurities (with interstitial oxygen to form the A

center), and with other vacancies to form divacancies. In
this paper we show that they also pair with substitu-
tional group-III acceptors. This dual role of interacting
with both donors and acceptors is consistent with the
discovery' that the lattice vacancy can act as either
acceptor in n-type material or donor in p-type. In both
cases the interaction might be viewed as a result of
Coulomb attraction between donors and acceptors,
where the vacancy plays the appropriate role of accep-
tor in n-type and donor in p-type materiaL
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