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ABSTRACT

Pulsed NMR was used to detect charged defect concentrations as

I

small as 2 x 101 cm_3. An undoped n-type single crystal of GadAs was cut

into several samples, and NMR second moments were obtained as a function

T1 69 75

of magnetic field orientation for Ga ~, Ga

ally dependent part of the Ga'™

, and As The orientation-
second moment is one half that expected
from the dipolar interaction. An explanation is given based on interfer-
ence: between the dipolar and the negative pseudodipolar interactions.
There is a contribution to the second moment due to the electric quead-
rupole interaction between nuclei and the electric field gradient (efg)
associated with point charge like defects, and it is proportional to the
defect concentration. Because there are three isotopes we can separately
identify the quadrupolar and. pseudodipolar second moments, and the pre-
ferred defect location.

In order to introduce crystalline defects, samples were held gt
a constant temperature (500°C, 550°C, 600°C, 700°C) in evacuated tubes
and quenched to room temperature. The increase in second moment is due
to the increased quadrupolar contribution, and it establishes the defect
density for each demaged sample. The pseudodipolar interaction is ob-
servéd to be independent of damage. Our data indicate that the defects
are located on the As nuclear sites, and no annealing was observed. We

conclude that the defects are As monovacancies. An independent method



of estimating the defect density produced by & quench is discussed. The

agreement between the predicted defect densities and our data is good.

vi



I. INTRODUCTION

Technologically, GaAs is an important compound that is used in
the construction of many modern electronic devices. The performance and
lifetime of these devices can depend sensitively upon the crystalline de-
fects. One particular type of defect that is thought to be important is
the vacancy. Unexplained phenomena are often ettributed to vacancies,
However, unlike impurity atoms, their presence is difficult to detect, so
their role in crystal properties is not well established.

Hall effect measurements can detect the net sign and density of
the charge carriers in solids, and the carrier concentration is frequently
equated with the crystal defect concentration. Vacancies that behave as
donors or acceptors can be detected. However if donors and acceptors
are present in identical concentrations, there will be no charge carriers.
An undoped sample with a vanishing carrier concentration would be inter-
preted as & very pure crystal, but it might contain a large number of
ionized defects.

NMR measurements can supplement carrier concentration measure-
ments. The existence of a defecf at a nuclear site will disturb the
electronic charge distribution in the vieinity., It will cause a net change
in the electric field, and thus the electric field gradient (efg) at nearby
nuclear positions. Nuclei with quadrupole moments will interact with this

efg, and since the NMR line is sensitive to small changes in nuclear energy



levels, one may use NMR to detect these crystalline defects in GaAs. Both
donors and acceptors disturb the efg in their vieinities, and the NMR tech-
nique will detect the sum of their concentrations. Howevef, the effect of
this interaction on the NMR line must be identified in the presence of
other nuclear interactions.

In ITII-V compounds, the broadening of the NMR line is due to
four rigid lattice interactions. 1In particuler, the second moments of

69, and AsTs) contain contri-

the three isotopic species in GaAs (GaTl, Ga
butions from all four of these mechanisms.

The dipolar interaction is well understood, and its contribution
to the NMR second moment may be calculated theoretically.l In 1957

Schulman, et a1.2’3

reported linewidths in undoped powder samples of GaAs
larger than those expected from the dipolar interaction alone. The addi~
tional broadening was attributed to the indirect exchange interaction be-
tween unlike spin systems. This nuclear exchange interaction involves an
indirect nuclear spin cou.plingh"6 via the hyperfine interaction between the
electronic and nuclear spins. Its magnitude depends mainly upon the s
character of the electronic wave function at the nuclear positions. More
recently, Sundfors7 has observed linewidths in seversal III-V compounds
using both NMR and nuclear acoustic resonance (NAR) techniques. He iden-
tified the exchange contribution to the second moments and, using the
theory of Anderson,6 the exchange coupling constants.

Another electron coupled interaction is the pseudodipolar in-

teraction.h The role of this mechanism in the broadening of NMR lines in

III~-V compounds is not well established, but a large negative pseudodipolar



effect (canceling some dipolar broadening) has been observed in P31

resonance in InP.8 The pseudodipolar interaction will be required to ex-

69 T1

plain the data reported here. In undasmaged samples both the Ga ™~ and Ga
NMR second moments are smaller than those predicted by the dipolar interac-
tion alone. In this case, the sign of the pseudodipolar coupling constant
may be unambiguously determined.

GaAs has a zinc blende structure. This may be described as
two interpenetrating face-centered cubic sublattices, one containing Ga
atoms, and the other As. These two sublattices are displaced by one
quarter of the cubic body diagonal. Thus each atom is surrounded by a
tetrahedron of four nearest neighbors on the other sublattice, and the
efg at nuclear sites is zero unless there are lattice defects. Randomly
located lattice defects cause a random efg at nuclear sites and broaden the
NMR line.

E. H. Rhoderick9 observed the effects of substitutional im-
purities upon NMR line intensities. The intensity loss with increasing
impurity concentration is due to quadrupolar broadening caused by the efg
associated with the impurities. It was found that the efg associated with
ionized donor or acceptor impurities is larger than that associated with
strains produced by neutral impurities. The explanation of the sensitivity
of the NMR line to the ionized impuritieslo required anomalously large
antishielding factors on the order of 1000.

Gill and Bloembergenll reported a direct measurement of the
coupling constant relating the components of an efg tensor to an applied
homogeneous electric field. The efg induced at nuclear sites is caused

partly by a distortion of the valence orbitals and partly by a relative



displacement of the Ga and As sublattices. Taking both effects into
account, the coupling constant was explained using antishielding factors
of 24 and 30 for Ga and As, respectively. Since the induced efg is pro-
portional to the electric field, its magnitude decreases as r.2 in the
field of a point charge. In contrast, the direct efg caused by a point
charge decreases as r-3. Thus the quadrupolar interaction is dominated
by the induced efg. Using this induced quadrupolar interaction it is not
necessary to introduce large antishielding fectors to explain Rhoderick's
data.

SundforsT

identified the electric quadrupolar contribution to

the NAR linewidths in samples of known carrier concentration. Comparing
his measured linewidths to those predicted by a simplified theory of the
induced quasdrupole interaction linewidth, in which the number of charge

centers is set equal to the carrier concentration, he obtained order of

magnitude agreement with the measurements of Gill and Bloembergen.

In this research it is demonstrated that NMR linewidths can be
used to measure low concentrations of charged defects in single crystals
of GaAs. This is done with careful measurements of NMR second moments as
a function of magnetic field orientation for all three isotopic species.
Individual contributions from the four broadening interactions are iden-
tified; and, using an improved efg model, it is shown that the first order
quadrupolar contribution is proportional to the charged defect concentra-
tion. Thus this concentration can be measured by the quadrupolar contri-
bution to the second moment.

Defect concentrations in several samples are altered by subject-

ing the samples to thermal demage. The process is similar to that of Potts



and Pearson,12 but these damage temperatures are far lower, producing
fewer defects (on the order of 2 x 10lh cm—3, compared to their 1018 en™),
With increasing damage, an increase in the quadrupolar contribution to
the second moment is observed. The charged defect density measured agrees
with a thermodynamic calculation of the density of charged As monovacanciles
that one expects to be produced.

A report of this experiment follows. In the next section, the
theoretical second moment expression for the GaAs lattice is evalusated.
Then the experimental details are given in Section III. The analysis of

the experimental data is described in Section IV. Finally, & discussion

of the results and a summary are given in Sections V and VI;



II. THEORY

Consider two different nuclear-spin systems with nuclei having
- o~
spin angular momentum &I and f\ S , end non-overlapping resonances. The
resonance experiment is performed on the spins I. We assume that the
resonance is broadened by the following four interactions: dipolar, pseu-
dodipolar, exchange, and quadrupolar. The second moment of the resonance

line is calculated from the expression given by van Vleckl

_ 2p2 [l
(aH2>= ¥% R -—Tx%— ) (1)

where # is the system hamiltonian, and 'I\ is the totel spin operator
proportional to the observed magnetization.
Following the notation of Sundfors,T we write the system hamil-

tonian as

%L: %z* os+%1+%és+%tors+%t+ 7*55 +7/m 'f'?’/pff'%_g’i'%s'f?’fd-)( 2)

where %1.‘ and %s are the Zeeman energies for the I and S spins, res-
pectively. We may combine the truncated dipolar and pseudodipolar inter-

acﬂt::i.onl3 terms as

7’/’0}: + 7:/?1. = Kf,ha Z( |+ B,J)(3I42I_(a_ff) B<e’d) r,:;a) (3a)
1243



Moat Mo = BHY (1+85)(38:855 F) Resy) 12

Y Yy (3p)

WDIS"' = }&XS%\ Z (‘+5{5)I& Jz ( ) n;s) (3e)

l,&

where ;j is the pseudodipolar coupling constant for like spins I ’
/ o~
Eij is the pseudodipolar coupling constant for like spins § , B‘J is
—
the pseudodipolar coupling constant for unlike spins I and 3 , and ﬂ J
is the displacement vector from the ith nuclear site. The second Legendre
polynomial is written as P2( e i J)’ where © 13 is the angle between

and the Zeeman field. The exchange terms may be written

():/'EI:ZAisi'-ff) o (3)

TR
N, =¥ >
= Z Ay 5SS (3e)
g
HIS ZAI& I\is‘sl (3£)

(¥ X

A; A

where IJ is the exchange coupling constant for like spins I A J is
Fod

the exchange coupling constant for like spins S , and A:J is the exchange

coupling constant for unlike spins I and S . The quadrupolar term

can be written

Moz = A2 (3L ~I3)\,, o
S J



where \4&5 is the efg at nuclear site s , and A = eQI[hI(ZI - l)]-l,
where QI is the electric quadrupole moment of the spins I.
By combining Eqs. (1), (2), and (3), and neglecting the Zeeman

terms inth, one obtains the expression for the NMR second moment
2y — 242 Y %
oMY= aIA R XL e TRe] +
+35(s+) BRI+ B Rep]® +
+ FHIa-BIANER Lo v +
+ 5 S(sH )Zj /7\,:

()
Because the Zeeman terms have been neglected, this is the expression for
the second moment about the center frequency of the resonance line.

The lattice sums in the dipolar and pseudodipolar terms of
Eq. (4) may be separated into two parts, one of which contains no pseudo-
dipolar coupling constants. Consider just that sum for like spin broaden-

ing. This may be written

V3Pea. 1% s -6p2.
IN(GENAE A N ET AT CARDIN S ACTHINE
3 3 J

The first sum on the right side of Eq. (5) contains the pseudodipolar con-
tribution to the second moment and the interference term between the di-
polar and pseudodipolar interactions. The second sum is Just the dipolar

contribution in the presence of zero pseudodipolar interactions. This swum



may be performed, and for the zinc blende lattice it has the forml

ZJ AACNES [a+b(n§+n§+n§)]) (6)

where Y'\x , )17 , and 77: are the direction cosines of the Zeeman field
in the crystalline coordinate system. When the sum is performed over nu-
clear sites on the fce sublattice containing the spins I, Sun&fors computes
a = 256 aof6 and b = -118 ao—s, vhere a, is the lattice constant. For

6

the non~-resonant sublattice he computes a' = 2491 ao—

and b' =-2390 ao"6.

If the magnetic field is rotated in the (110) plane, and O is

defined as the angle between the [110] direction and the Zeeman field, then

Moy
Y\;('.-i‘ Ny tNz = l"‘?(@)) (7)
where £(0O) = 2 cos® e - %-coshfa . Combining Eqs. (6) and (7) we may

write the dipolar sum in terms of £(8),

-6 ~2
Zd MACHE X+ Y (8)
where X = (a +'b)/8, and Y = -b/8. The dipolar contribution to the NMR
second moment thus contains an isotropic part, X, and a part dependent
upon the magnetic field direction, Y.

We consider now the first sum on the right hand side of Eq. (5).
The electron coupled pseudodipolar interaction is extremely short range,5
and we assume that only nearest neighbors interact. Thus the first sum

in Eq. (5) vanishes because a sum over like spins does not contain the



10

nearest neighbor shell. However, the corresponding term in the expression
for unlike dipolar and pseudodipolar broadening does contain the nearest
~5

neighbor shell. The coefficients B.-' are independent of ©;: ana may be
) )

factored out of the sum. The pseudodipolar terms become

~ ~ ~ ~ ¢
Ko ;s;s(amﬁ)ng‘"aa(e;&): 248, @B, 4B T©), ©

where %vais the nearest neighbor pseudodipolar coupling constant. With

this nearest neighbor approximation, the pseudodipolar terms have the same
orientation dependence as the angular part of the dipolar contribution to

the second moment, but there is no isotropic pseudodipolar contribution.

In order to evaluate the quadrupolar contribution to the second
moment we require a specific model for the efg tensor. The efg associated
with crystalline strain is much smaller than that caused by charged impuri-
tiesT’9 and may be neglected when both are present. Thus we assume that
the efg is due entirely to the electric field of charged crystalline de-
fects. The general tensor relationship between the components ;j of

the efg tensor and the applied electric field components Ek is given by 11,14

Vi, = 2 RirEr | (o)

where R is a third rank tensor. In the zinc blende crystalline coor-

dinate system Eq. (10) may be wri’c,‘l:enl5

O Ez Ey
\/ - R(q Ez: O E, (11)
Ey, Ex O

J
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where th is the magnitude of the non-vanishing tensor components.
The component of V in the secular part of the quadrupole hamil-
tonian (that part which commutes with the Zeeman hamiltonian) is fi-V-f,

where ©i- is the unit vector in the direction of the Zeeman field. We find

Y/]\' v = —ERH(Y\ n;_Ex'!-nxn{Eny\ nYE) (12)

Since most of the nuclei affected by a given impurity lie outside the
first few near neighbor shells, we use the static macroscopic dielectric
constant € to approximate the electronic screening.16 Thus the electric

field at a disPlacement'?’from a single impurity of effective charge e* is
E = Eka‘ //QE V- (13)

Combining Eqs. (12) and (13) with the last term in Eq. (%), we obtain an
expression for the quadrupolar contribution to the second moment for a

single impurity

| 2
<aHQ = fHn(e+)3] @51‘32) 3,(\’} 2.6 ks iy, +n,‘n,zJ) (14)

Due to the lattice symmetry of GaAs, summaetions over terms x Zj’ and

X

3790 %
2 2

e yj, and zJ are equal. Using

these and the properties of direction cosines we may rewrite Eg. (1h)

sz vanish, and summations over terms x

J

 aH®p, = [LII(I +i)-3] ARH@) -A—’/- ﬁ’ﬂ .?(e). (15)
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We assume that NI charged defects occur randomly on one sub-
lattice. Each contributes to the second moment independently, so the

quadrupolar second moment expression becomes

*2 _
(AH2>Q = -g—[-‘lI(I-H)-BJ (é—%f.,%—) (_PFI.> f(@)[i:ﬂ L (16)

where the ratio of defect density to nuclear density,ﬁaaéyg has replaced
the rathalv&yﬂﬂl . This contribution has the same angular dependence as
the pseudodipolar second moment. Both vanish when GB: %% , where the
Zeeman field is aligned with the [001] direction. The meximum quadrupolar
broadening occurs at 8= Qoé'(i/ﬁ) , where the Zeeman field is aligned
with the [111] direction.

We have calculated the lattice sum over rgh in Eq. (16). The
discrete sum was performed over & cube with an edge size of 16 ao. An

integral was performed over the remainder of the sample. The result of

this calculation is 33.75 ao_h for impurities located on the same sublat-

0
the other sublattice. Thus, the average efg is different for nuclei on

tice as the nuclesr spins I, and 63.31 a for the impurities located on
different sublattices if the defects have preferential sites. One may
then use the experimental quadrupolar contributions to the second moment

to determine the preferred defect sites.



II. EXPERIMENT

The free induction decay (FID) following a single 90° pulse
was observed for each of the three nuclear isotopes as a function of mag-
netic field orientation. The NMR probe is cylindrical in shepe, and it
mey be rotated in the magnetic field. The Gads crystal was placed in the
probe with its [110] axis parallel to the sample coil and the probe cylin-
drical axes. The probe was placed in the magnetic field with 1ts rotation
axis perpendicular to the lines of flux. In this-vay, a rotation of the

[ —

probe can align the major crystal symmetry axes ([001], [110], and [111])
with the magnetic field.

Next, the [001] axis was aligned with the magnetic field using
the FID as the alignment tool. With the magnetic field in the [001]
direction, the FID does not cross the baseline, and the decay time is
greater. The line shape is thus different from those at other orienta-
tions, and the alignment is easily attained. A comparison of the Ga69 FID
in two orientations is shown in Fig. 1. The [00l] orientation of the probe
was given the angular designation 90°, corresponding to the angle 6 de-
fined in Eq. (7). A study of a given isotope consisted of the observation
of its FID in 16 probe orientations ranging from -10° to 110°.

A thorough study of each isotope was made for each sample. Then,
one at a time, the samples were thermally damaged. In the 2L hours fol-

75

lowing the dsmage, the As’'” FID was observed in two magnetic field

13
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Figure 1. Ga69 FID where H, is aligned with a) the [001] direction, and

0
b) the [111] direction.
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orientations as a function of time. The purvpose of this procedure was to
detect room temperature annealing of the damaged sample. The As75 FID was
selected for this observation because, of the three isotopes, it has the
shortest longitudinal relaxation time, Tl (approximately .2 sec.). Thus

the As75

FID could be signal averasged sufficiently in a shorter period of
time, allowing more frequent sampling in the 24 hour period. Following
this initial procedure, the magnetic field orientation study was repeated

for each isotope.

A. Sample Preparation
The experiment was performed on several n-type single crystals
of GaAs, sliced from a single undoped, boat grown ingot purchased from

the Monsanto Company. The properties of the ingot were supplied by

3

Monsanto as follows: resistivity, 2.7 x 10~ ohm-cm; carrier concentra-

tion, 2.4 x 1ott cm"3; electron mobility, 2.7 x 103 en® volt™t sec‘l; and

etch pit density, 4.2 x th cmfz. A 50 micron diamond saw was used to cut
the ingot into several samples of nearly equal size, about 0.5 cm by 0.5
cm by 1.0 cm.

In addition, an n-type silicon doped single crystal of GaAs was
also studied. The purpose of this study was to compare the known carrier
concentration with our measurement of defect density. The following pro-
perties were measured by the manufacturer, Electronic Materials Corpora-

2 ohm-cm; carrier concentration, L x lO16 cm-3;

em® volt™ sec-l; etch pit density, 8 x th em”

tion: resistivity, 3 x 10~
electron mobility, 5 x 103
In order to produce s controlled vacancy concentration in the

undoped samples, thermal damage was done using the method of Potts and

2
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Pearson.lz’17

The sample was sealed in an evacuated vycor vessel. The
pressure within the vessel was less than lO--3 Torr. This vessel was then
placed in a cylindrical oven, and held at & constant elevated temperature
for 24 hours after which it was quickly cooled. A separate thermocouple
showed that the oven controller maintained the desired temperature within
5°C. The cooling took place when the sealed vessel was removed from the
oven and left to stand in the room air. This quench thus occurs over a
10 to 15 minute period. A long quench period was used to avoid any macro-
scopic damage due to uneven cooling of the large crystals.

Ionic mobilities in GaAs at these temperatures are quite 1ow,18
so the vacancy concentration caused by sublimation of As or Schottky de-
fects is not expected to depend upon the period of the quench. However,

Frenkel pairs may recombine quickly, and the longer quench period used might

substantially reduce their concentration.

B. Pulsed NMR Spectrometer

NMR measurements were made with a pulsed NMR system shown in block
diagram form in Fig. 2. The master oscillator, rf gating and phasing, and
phase detection are identical to those circuits described by Ellett, et al.19
as spectrometer B.

The control of the experiment timing is provided by a pulse pro-
grammer designed and constructed in this laboratory. This pulse program-
mer is capable of generating a repetitive sequence of up to 16 steps in
length, where either a pulse or a time delay sevparating pulses is consid-

ered a step. Further, it may be programmed to interruprt a given sequence



Figure 2.

Block diasgram of pulsed NMR spectrometer.

17



3dvl
OLL3NOVIN

3181LVdINOD WEI

YILNAWOIININ [

13NOVI

axomblu

P
P

dNV
34

3SVHd

NOIL0313a

H3AdNY

Y3mod
3asnd

N

AMOWIW
¥344ng
A',
ANV . NOIS
~¥3IANOD OV
f
YIWAYHO0Hd
| 3s51nd
Mg 401V 9SO
anv
oNILYS [
3s7nd 4y YIS




18

after a specified number of steps by using either or both of two internal
step counters. The combination of these features makes the progremmer
very versatile. Its design represents unreported work, so a rather de-
tailed description is found in Appendix A.

The vower amplifier was an NMR Specialties Model P-103R. It
consists of two gated stages. The tube grids of each stage are normally
held at -~-150 volts, keeping the tubes non-conducting. A grid geting pulse
triggered by the pulse programmer raises this dc bias to 0 volts as the
low level rf pulse is amplified. Amplification is damped quickly at the
end of the pulse by returning the grids to -150 volts. In this experi-
ment the power smplifier was broad-banded to yield 1.6 kilowatt pulses
with 10% to 90% rise and fall times less than 1 microsecond at 14.5 MHz.

The rf preamplifier and signal duplexer are those designed by
Lowe and Tarr,20 modified for a 50 ohm system. The preamplifier consists
of two stagger-tuned tube (7788) stages. There is no gating to protect
it from pulse overdrive. The broad-band tuning allows & fast recovery..
At 14,4 MHz the gain was ~ 200 and the bandwidth was ~v1 MHz.

A cable exactly one quarter wavelength long has the property
that the impedance of the cable with the far end shorted appears very
large and resistive. It is this property that is used in the duplexer
shown in Fig. 3. The quarter wavelength cable at the power amplifier does
not affect the rf pulses, but serves to eliminate low frequency noise from
the output of the power amplifier. The power amplifier drives a half

wavelength cable that 1s terminated into a diode shunt at A. From there



Figure 3.

Schematic of Signal Duplexing.
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another half wavelength cable connects to the probe. There is another
quarter wave cable between the diode shunt at A and a diode short located
at the preamplifier input B. It is this quarter wave cable that enables
the operation of the duplexer. When the power amplifier is on, both sets
of diodes are conducting. The diode short at B is reflected as a large
impedance at A. Thus the rf power is channeled to the probe. After the
rf pulse damps the diodes no longer conduct. The diode shunt at A then
presents a high impedance path to the power amplifier. Thus the NMR sig-
nal from the probe is directed to the preamplifier. The half wavelength
cables minimize the effect of an impedance mismatch between transmitter and
probe, and also ensure that the diode short at B does not appear across
the coil.?t

The single coil, series tuned probe used was cylindrical in
shape, allowing a rotation within the magnetic pole gap. The probe is
shown in Fig. 4. The initial design included a variable high-voltage
capacitor using teflon as the dielectric. This was to enable the probe
to be continuously tunable over a range of approximately 5 MHz. Unfor-
tunately these capacitors could not withstand the rf power. Thus tuning
was achieved only by removing turns from the coil or changing 6 kV fixed
ceramic capacitors. At resonance, the probe impedance was 50 ohms, and
the probe quality factor was approximately 5.

The probe coils were constructed with #24 gauge copper wire.
They were roughly 3/4 inch in length with 27 turns. A teflon coil form
was turned from a 1/2 inch dismeter rod. It was sprayed with a silicon
mold lubricant, and the coil was wound on it securely. Then a fast set-

ting epoxy (Hysol 608) was applied to the coil. After 15 minutes the



Figure k.

Series-tuned Single Colil Probe. The copper rods are for

mechanical support and electrical ground.
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epoxy was set, and the coll was removed from the form. This provided a
uniform and virtuelly indestructable coil,

Recalling the sample size, one sees that the filling factor is
not as good as 1t might be, but the FID signal is sufficient, and the rf
homogeneity is excellent. The Hl from a 2 kilowatt pulse is ~T5 gauss,
making the pulse length for a 90° nutation of the Ga69 nuclei about
3.3 Msec. At 14.4 MHz the recoveryv of the spectrometer is mw 6 )& sec,

69

making the total blocking time 10 )A.sec for a Ga~ FID. This is about

5% of the transverse relaxation time T,

Because the sample is piezoelectric, an unwanted transient sig-
nal is produced foliowing the rf pulse. Without special precautions this
distorted approximetely the first 100 microseconds of the FID., It was
suggested that such noise may be demped by placing the samnle in contact
with a fluid of appropriate viscosity. However it was easier, and just as
effective, to surround the sample by a Faraday shield. The mylar strip
was removed from a metellized mylar capacitor, enclosed in insulating tape,
and wound closely around the sample coaxially with the rf coil. This re-
duced both the amplitude and the duration of the piezoelectric necise by
an order of magnitude.

The signal to noise ratio (S/N) of the initial part of the FID
following each 90° pulse was approximately 10, too small for accurate de-
termination of the linewidths. So 5000 FID's were signal averaged to
yield a S/N of over 700. The control instrumentation used to average the

incomihg dats was designed and assembled in this laeboratory. This system

is unreported, so a more detailed description is found in Appendix B.
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Briefly described, the FID undergoes analog-to-digital conversion
in an 8 bit converter, a modified Computer Labs Model HS-802, at a rate of
up to 5 MHz. Because this rate is too great for direct computer storage,
the data for a single FID (1024 eight bit words) are stored in a buffer
memory. Subsequent transfer to a Digital Equipment Corp. PDP 8/e mini-

computer takes place during the NMR longitudinal relaxation time, T., at

1
a rate set by the computer. The computer maintains storage of the most
recent FID and the accumulated sum. Either of these may be displayed on
an oscilloscope during Tl. When 5000 FID's have occurred, the computer
transfers the.accumulated data onto a nine track, industry compatible
magnetic tape. The analysis of the date was performed with an IBM 360/50
computer.

The magnetic field was provided by a Varian V-3900 electromagnet
and power supply equipped with Mark I Fieldial stabilization. This sys-
tem was easy to adjust and stable, drifting less than 200 milligauss in
eight hours after warmup. Magnetic field drift was monitored with the
dual phase sensitive detector. At resonance, the FID component in quadra-
ture with the transmitter rf is zero. Slightly off resonance, this com-
ponent changes dramatically even though the in-phase component is not ob-
served to change. It thus provides a sensitive measure of the magnetic
field, and its use for this purpose insures that no FID distortion is

caused by magnetic field drift.



IV. ANALYSIS

A. Determination of Isotropic and Angular Dependent Parts of Second
Moments
Lowe and Norberg22 have shown that the moments of the NMR 1line
can be determined from the time derivatives of the FID at t = O by using
the relation
(Awa“>: (“D“_ dznﬂ({i)
@)\ dt*" t=o (17)

where <sz“>is the 2n'® moment and g(t) is the FID. However, the t = 0

23 and the FID deriva-

point is precisely in the center of the rf pulse,
tives cannot be measured there directly. One method of obtaining second
moments from the FID is to fit the visible part to an analytic function and
to extrapolate back to t = 0 in order to evaluate the derivatives. The
accuracy of this method, of course, depends upon the ability of the func-
tion to describe accurately the FID.

We used a least squares fitting routinezh to fit the FID with

two functions. The Abragam function

9 ) = exp Cotte/2)sin ﬁf/ﬁt (18)

19 25

was found to approximate the F*~ free induction decay in CaF_, very well.

2
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Our data appear qualitatively similar to the fluorine FID. However, when
the Abragam function was fit to GaAs FID's, there were systematic QQyiar
tions. Figure 5 shows the generally unsatisfactory character of ;hé fits
of this function. The Abragam function is successful in describing the
FID shape of a spin 1/2 system broadened only by the like-spin dipolar
interaction. It is a paremetrization without rigorous theoretical founda-

tion, but which works well in CaF In the presence of other nuclear iso-

o
topes and other broadening mechanisms, there is little reason to expect
that the Abragam function would continue to fit the FID.

However, if the quadrupole interaction is the chief reason that
the Abragam function fails, then one can argue in favor of another func-
tional form that does fit well to the GaAs FID. For half odd integral
spins the first order effect of an efg is to leave the transition between
the 1/2 to -1/2 energy levels unchanged and to split the other transitions
into satellites. If the efg is random this leaves the central component of
the line unaffected while the remainder of the line broadens. Thus the FID
has a fast decaying component arising from the satellites and a slower de-~

caying component arising from the central component. The GaAs FID may be

better deseribed by a sum of two Abragam functions. The function

3&) = [1, expCalt/z) + T, expCot t/2 )]sin@‘c /@t (19)

agrees well with the observed FID. This is shown in Figs. 6 and 7. The

angular frequency second moment of a FID described by Eq. (19) is

§ 8% + (Lol +Icke )LL)



Figure 5.

Ga

69

FID and best functional fit using Abragem function.
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Figure 6. As™ FID's and functional fit (dashed line) using Eq. (19) for

samples a) MTU (undamaged), and b) MTD600 (quenched from 600°C).
In both cases the Zeemen field is aligned with the [001] direc-
tion (B= 7"/2. ). The inset shows the indicated part of the
curve with the vertical axis enlarged by a factor of 10, 1In

this orientation the FID is not affected by damage.
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Figure T. A575

FID's and functional fit (dashed line) using Eq. (19) for
samples &) MTU and b) M7D600. In both cases the Zeeman field
is aligned with the [111] direction (= COS"(Sé) ). The

inset shows the indicated portion of the plot with the verti-
cal axis enlarged by a factor of 10. The effect of the damage

is evident.
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In the case of spin 3/2 nuclei, the satellite lines make up
60% and the central component 40% of the total resonant absorption. Thus
one might expect to findI;/Iz = 2-/5 and o, (o(e‘ . This condition corres-
ponds to 60% of the FID decaying faster than the other 40%. This is pre-
dicted by a linesﬁape calculation outlined in Appendix C. However, it is
not experimentally the case. We find that the ratio I, /Ia departs from
the value 2/3 with increasing quadrupole interaction. The gquadrupole
moments shown in Table I obey the inequality Q75 > Q69 ) Q’Tl' In all
semples, the As'® FID is described by Eq. (19) with I,/I2 Y2/3. mnis

69 Tl

is also true of the Ga ™~ and, to a lesser extent, the Ga = FID in those
samples with large defect concentrations. As a result of the deviation
of the fitting parameters from the behavior predicted by the calculation
in Appendix C, we do not attempt to interpret the paremeters physically.
However, since Eq. (19) behaves as t2 for small t and fits well to the ob-
served FID, the second moments obtained are accurate. Only the second
moments are used in the following analysis.

It was shown in Section II that a rotation of the magnetic field
about the [110] direction results in the second moment varying as (:+[>{Qfa
The contributions to the isotropic pert C are from the dipolar and exchange
mechanisms, while the contributions to D are from the dipolar, pseudodi-

polar and quadrupolar mechanisms. Parts C and D were determined by fit-

ting the measured second moments at known E} to the function

(aHRy (@)= C+DF(6-6:) (20)
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TABLE I. RELEVANT NUCLEAR PROPERTIES™

Electric b
Natural Magnetic Quadrupole th
Abundance Moment Moment 10 -1
Isotope (%) I ( Mo (barns) (107" cm™)
Galt 39.8 3/2 2.5549 128 1.06°
ca®? 60.2 3/2 2,0108 .19¢ 1.28°%
as’? 100.0 3/2 1.4349 .29¢ 1.72°

8. Bovey and A. Tiers, NMR Tables (Wiley-Interscience, Inc. New York 1967T),

5th ed.

bThe magnitude of coupling constant relating efg to applied electric field

is adjusted for the given values of quadrupole moment.
G. F. Koster, Phys. Rev. 86, 148 (1952).

dy. s. Korolkov, A. G. Makhanek, Opt. Spectry. USSR (English Transl.) 12,
87 (1962).

®D. Gill and N. Bloembergen, Phys. Rev. 129, 2398 (1963).
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Gené:ally,asixteen'Ofientaxions covering a rotation of 120° were used to
: dbtermiﬁe~d and ﬁ.“chever, in samples with large defect concentrations
only the orientations close to e-‘-‘- 7r/2. were used, as few as six
orientations.’ Figures 8, 9, and 10 show the second moments versus orien-
te#ion,fbr several samples.
| The additional parameter, Gig , 8llows the second moment data
. to0 determine the absolute orientation of the crystal. This is a more
accurate method than the initial alignment of the [001] axis with the
magnetic field. The initial alignment'ensures that a rotation study in-
ciudes the orientations where the Zeeman field is aligned with the three
major s&mmetry axes. Then the NMR data serve to determine the velue of
€3° .~ Thus aﬁy alignment error will have no consequence on the constants
C and D. ,
Table II contalns the coefficients C and D for each isotope i;
each sample., The same fitting routine that ylelds the constants C and D
also determines their uncertainties.zh These standard errors depend on
the errors associated with the second moments at each orientation. Because
there exists no theoretically justified shape for the FID, the error in

the second moment is due to an incorrect choice of shape, not a statisti-

cal unéertainty. This makes the error in each second moment difficult to

estimate. In order to make an estimate, several FID's were observed in a

single orientation; Analyzing each individually showed that the second

moment hes a standard deviation of at most 10%. This value was inserted .

into the fitting routine determining C and D. The parameters C and D are
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Figure 8. Ga.7.l second moments V8. e for semples listed in Table II.
The solid lines are the best fits of Eq. (20). Only represen~

tative date points are shown.
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Figure 9. Ga69

second moments vs 63 . The solid lines are the best fits

of Eq. (20). Only representative data points are showm,
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75 second moments vs. 6 . The solid lines are the best

Figure 10. As

fits of Eq. (20). Only representative data points are shown.




M5D700 -

X
e

O
o .

SECOND MOMENT - GAUSS 2
(00)
o

2.0

L 2 ™ | L 1 [ _
°% 5 30 45 60 - 75 90
" MAGNETIC FIELD ORIENTATION -DEGREES




35

.ao x on.n.m.u
¢ maoa f 4O UOTIBIY
-UdOUOD JJTAIBD B YA *dxo) sTBTIOYEY OTUCIFIOTH WoaF pessyo.md sTdues padop TS ® T (IS)OWT °N ® UITM

- POTeqeT I SOTAWSS PIFeuwspuUn °D,00S WOxJ payousnb ._..dpm.nhu O1UBSUC B SUBOW QOGUCW UOCTIBOTITIUSPT ﬂnmadmd

HE'SHI'GZ  £27+EQ° EL"+HE'L  80°466° 62°+gT°E  SO°+eL’ (¥s)onE
qT' T+ @ HT'¥99°T gs +9n°L  Lo*+gg” . . €2*FON°S  H0°“+69° 00LASK
09°T+4°6T  GO'FET'T T6F60°S  no*wal’ €O°FHY'T  TO*+69° 009N
10 FEY T TOFLE'T TI#0E'T  €0°+2L° 0T*#69°  %0°¥59° nen
_ m.w,.ﬁﬂm.ﬁ go*+ge 1 6T°+26°C H0°+99° OT*+0E'T £0°+49° 0SSR
99°4gS°§  Lo“weE"T OT*+22'T  €0+49° Los+€9*  €0*¥y9° Nz
T THEIRE.  THOET CHe3g0'9  HO“weL® T S | 009QLK
C SgTROETL  OTHOR'I B0°F6L'T  TO¥EY” g0-FLL®  €0°¥gS” 00S@H
C9ETFELY  LOTWMCT 8O +QT°T €0°+49° © 90°+89°  20°+gS* nln
o R T R | a o (°Tdms

| SSIVO 40 SLINQ NI (@)3  + O SV GHSSTUIE SI

- INEWON ANOOES HHI °NOLIVINIINO CTAII OILIANOVH
40 NOIZLONNA ¥V SV SINAWOW GNODES (RMASVAW °II ITIViL




36

‘statistically independent, and the function is linear in them, Thus,
‘the standard deviation associated with C is, for example, Oc -Z 0’ 2
(DQ / )}’;) This is the uncertainty found by the fitting routine, and

is the 'corresponding diagonal element of the error matrix.

B. TIdentification of 'Contributions

Given the isotropic and angular dependent parts, the second -
moment contributions from the different broadening interactions may be
identified. The pure van Vlieck dipolar contributions are well known, .

and they are for each isotope:

(AR = .23 +128f(®) qovss] (220)
(AHa)g' = .29 + [.27ft8) 3“”332) (21b)
(AT = 25+ 274f(e) qavss] (220)

where the subsci'ipt denotes the broadening mechanism, and the superscript

7 on GaAs yield exchange coupling constants. In-

the isotope. NAR data
cluding only nearest and next nearest neighbor interactions, the unlike

exchange contributions to the second moments are

<AH2. Z’ = .25 jqussa) (222)
@ = 2y 3quss2, (220)
(AH"),?: .58 japssa, (22¢)

Subtracting the contributions (21) and (22) from our data leaves only
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’the contrfbutions from the qpadrupolar and pseudodipolar interactions.
: The discusaion in Section II predicts that these two contributions will "
have no isotropic part, and, as cen be seen from Table II and Eqs. (21)
and (22), the isotropic remainder is negligibly small for the two Ga iso-
topes;  In nuclei of larger quadrupolar moments however, the isotropilc
remainder is largef than predicted on the basis of dipolar and exchange
contributions. | A |

In order to separate the contributioné from the quadrupolar and

pseudodipolar interactions one uses the fact that the pseudodipolar broad-

ening in gau352 is the same for both Ga isotopes, This is because only
the four nearest neighbors, all As nuclei, contribute significantly to the

pseudodipolar broadening. Then the difference in the remaining angular

parts of the Ga second momerité must be due to quadrupoler broadening.

Both Ga isotopes experience the same random efg, so the difference in

their quadrupolar contributions must be due to the difference in their

nuclear properties. Since <AHa>Q of Q%/ Xf’ , we may write that

(AHaZ:ﬁ K (AH2> | (23)

where K= CQG‘IXM /Q"X@) It DTl and DR are the remaining angular parts

of the Ga.n and Ga.69 gsecond moments, respectively; then

T _ NGNS
(akey = (k=) (BR-DR). (),
The relevant nuclear properties are shown in Table I. The-

‘ values of th have been adjusted for more recent values of electric
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qua.drﬁpo'le moment. . Gill and Bloembergen give different numbers for the

"vail._u‘es-of’Rih- for the two Ge isotopes. Physically we -see no grounds for
‘ 10 -1

.. this difference, and thus a wéighted average value of 1.2 x 107 cm ~ is

used for both. The Ga69 value is welghted more because the experiment

on Ga.69

was probably more accurate, due to the better S/N and the grea.ter‘
qﬁadrupole shift. Another experimental measurement of th has been per-
formed.lh In that experiment th was measured dyn_amical-iy by observing
the nuclear transitions caused by an rf electric field. The evaluation

of th is not as straightforward a.s'the frequency measurement of Gill and
Bloembergen. For this reason the static measurements of Rll_; are used
here. ’

Once <AH2>;' anda {4 He'>$‘ have been established we may find

the Ga pseudodipolar contribution
i (] =l T A
(aHEY, = <aH)p = (k=D (kDR -DFY) (25)

Comparing Eqs. (25) and (9), we obtain a quadratic expression for the

pseudodipolar coupling constant TB’NN in terms of D;l

two solutions for ﬁ'NN’ and this experiment cannot distinguish between

and Dgg. There are

them. In the case of GeAs both solutions are negative in sign.
The'pseudodipolar interaction between nearest neighbors 1is
symmetric, and is proportional to the magnetic dipole moments of the in-

teracting nuc:lei.5 Thus we mey write

2 ,, el
<AH3->}5= (.HX%'?.GXZ:))X'-I; <AHa P, (26)
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69

n and Ga™”, respec-

| *vhére .} and .6 are the relé.t;;vé sbundances of Ga
f’~ti°v‘g1y. The . quadrupolar sec‘oxidfmoment contribution is just the remain-

ing angular part, Dgs , less the paeu"dodipoiar contritution {4 sz‘: .

Vith thé- quadrupolar contributions to the second moments determined, we -
may calculate the concentration of charged defects. For nuclear spin

I = 3/2, Eq. (16) reduces to
' ) 2 -
{aky= 6 %%'?‘) (’;I‘ ) ?(e)JZ e

The defect density IOI is found from Eq. (27) by equating the experi-
mental <AH?‘>Q with this expression for the quadrupolar second
moment. Table IITI contains the measured quadrupolar second moments, the
pseudodipolar coupling constant, and the cha.rged'defect densities for
each sample, The errors in Table III are calculated using the variances
of the quantities C and D for all three isotopes and the standerd theory
of propagation of error.

Agreement of the defect densities as measured by Ga and As
resonances 1is obtained only if we assume that the defects are preferen-
tially located on the As sublattice. When this is true, the As nuclei
are generally further from a defect than the Ga nuclei and will experience
a smaller quadrupolar interaction. The value of the lattice sum in Eq. (27)
depends upon which sublattice contains the defects. A single defect con-
centration accounts for the quadrupolar second moments for all isotopes
only if this lattice sum 1s over the equivalent sublattice for As and

the nonequivalent sublattice for Ga nuclei.
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f  i Qf?ﬁgﬁeiéfevtvb*faptéivﬁich;indicgte'fhg$~Frenkel;péirs.are-rare
'_ inﬁﬁﬁééékégmpieé;i:Qﬁg‘ia;fﬁat‘the room temperatﬁ;e ahneaiing is largely
due to. the recombination of Frerkel pairs,1? ‘and no annealing was ob-
sez?vea.i The other 18 that the lattice sum about a probable interstitial .
posiﬁion is roughly equal for both sublatticés. If this value were used
in Eq. (27), the defect densities‘as measured by As and by Ga resonances
would disagree.

An agsumption in the calculation of the defect densities of
Table III is that the effective charge of a defect is the electronic
charge, or e* = e, We assume a model in which the GaAs 1atticé'is mostly
covalentl& bonded, but retains some ionic charactér. The calculation of |
Harriaén26 yields a net chargé of +0,8Te on the Ga site and a nét charge
of ~0,8Te on the As site, where the electron has chargé -e,  If we remove
a neutral As atom‘from the lattice and allow electronic charge shifts on
onl& the four nearest neighbors, then each neighboring Ga ion acquires
a net charge of 0.65e. Now there will be a certain ionization enérgy
for these four neighboring Ga ions to collectively give up one electron
to the conduction band and in the process acquire an additional .25e charge
each. Then each Ga ion has a.charge 0,9e, very nearly the 0.8Te each had
before the vacancy was produced. This small change in effective charge
implies a small change in tlie bonding orbitals. On this basis we expect
that the activation energy fo? ionization is small. The induced efg is
sensitive to the change‘in the charge distribution. This difference is
Juét 0.873 localized at the site of the As vacancy and +0,03e at éach
neighboring Ga site. This appears very much like a point charge defect

to all nuclei, even the nearest Ga neighbors.




V. DISCUSSION

Aa‘APeeudodipoiarAInteraction

} - The presencevof the péehdodipolar interaction in III-V com-
pounds has been recognized only recentl-y.8 One reason for this‘is that
the nuclei in these compounds- generally experience quadrupole interactions
(P31 is the only exception). Since the magneticvfield orientation de~
pendence of the second moment contributions from each interaction has the
form C + Df(EB), the quadrupolar broadening can easily mask the effect
of the pseudodipolar interaction. If the undamaged samples used in these
experiments had & greater defect density, or if the pseudodipolar coupling
constant had the same sign as the magnetic dipolar coupling constant, then
the second moments of the Ga NMR signals would be larger than those calcue
lated from the dipolar interaction alone. In that case there would be no
clear evidence of the pseudodipolar interaction. It is now expected that
the pseudodipolar interaction will be found in all III-V compounds.

There have been several theoretical treatments of electron

coupled interactions, both from a band structure approachh'é and using

13,27,28

 localized bonding models. Both approaches use second order per-

turbation theory. In order to calculate the coupling constants from band
theory, greatly simplified band structures were used. Thus these calcula-

tions are very coarse., The localized bonding model calculations predict
3

~ny
B

the negative sign of 13 InP,8 and now in GaAs,

observed-in TlCl,l

42
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: v. HOWe'ver, tﬁéae‘vcaléﬁlatioﬁa do notv agrée quantitstively with our data or

the Tup asta. |

| The method of Clough and Gc’ld‘lmrg;“3 ‘begins by assuming a fixed
dégr,e,e’ of covalent character to the bonds. This covalent part of the
bond ,ié thexlx represented by a variable admixture of s and p orbitalé on
each of the atoms contributing to the bond. They then find, using second
order perturbation theory, an expression for the ‘ ?3;_ J/K:l 3 ratio as a
function of the amount of s and p character in the bond. While the ab~-
solute magnitude of 'i; 3 and ?.; 3 depend upon the degree of covalency, )\ s
of:the bond, the ratio lgi J/K; J' is independent of ) . In their model
they find that this ratio haé a maximun value of 1/2 for purely p orbitals,
'Larger va.lues have been measured in III-V compounds. Englesberg and
Novrberg8 observed a l %’1 J/K.;_ 3 , ratio of 1.8 in a single crystal of InP
‘and 1.5 in a powder sample. We measure a value of ,73 or 2.2 in a single
cerystal of GaAs, depending upon which solution of Eq. (9) is physical.

Clough and (oldburg developed their expressions for T1Cl crys—

tals. One should not expect that the same model can accurately describe
III-V compounds. The application of their model to GaAs has two major
defects. It does not account for the d state admixtures in the wave
functions that are known to be important. The second problem is that in
polar semiconductors the mwave function of valence electrons moves toward
the anion26 (As), while the wave function for the conduction band shifts
toward the cationag (Ga). Since the exchange and pseudodipolar interac-
tions are related to the overlap of the valence and conduction band wave

functions,a model like Clough and Goldburg's, that assumes a fixed
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’ ¢§v§1§hf éh§rac§er to theibond»for-bbth the valence and conduction bands,
'»iﬁiliﬁ#is§>thg'éoﬁﬁequenéés'of the wave function shift between the cation
andffhé ahién, A modification'of,their calculation that accounts for the
réiﬁtive displacements of valence and conduction electron wave functions
andvthe d state admixtures should be more accurate. |
‘ An alternative approach would be to repeat Herrison's caleula~

tibn of the electronic wa#e functions, inserting the hyperfine ‘interac-
tion into the hamiltonian. This would allow one to calculate the h&per-
fine field at the nuclear site without second order perturbation theory.

Iﬁ‘this calculation the usual admixture of occupiled and unoccupled elec~
| tronic states is accomplished in the initial wave function, and no sum-

mation over all unoccupied states becomes necessary.

" B, Quadrupolar Effects
An independent method of determining the charged vacancy con-

30

centration is desirable. Recently Logan and Hurle™ hawe derived ex-

pressions that ensble such a calculation. In thelr derivation they use

standard methods of chemical thermodynamics3l

to obtain expressions for
the equilibrium concentrations of As monbvacancies, Ga monovacancies, Ga
divacancies, and the charged versions of each. The concentration of each
constituent is determined as a function of A82 vepor pressure and tempera-
ture.

A brief description of their method follows. The reaction
equations for the formatlion of each type of defect in the_solid, the for-

mation of electrons and holes, and the transfer of As atoms between the

i
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__’-gas a.nd solid phases are’ wr:ltten. At eq_uilibrium one can then write a
fmass action equation for ea.eh reaction that relates the concentrations
‘of its constituents. The additional condition of electroneutrality 8l=
lows? the solution of thé concant’mti'ons of each defect in terms of the
mass action equilibrium constants, temperature, and the va'oor pressure

of A82

Assuming that As monovecancies are the dominant species, the

important reactions and corresponding mass action conditions are

Ve = Vit & ; [Vat][€1/[\4:]: Kb, (282)
£As A As Ve s VR TAS)/PE =K ooy
J

O = Vis +Va ) [V‘:][Va‘;] =Ks ' (28c)

where the superscript indicates the charge, vAs an As vacancy, and AsAé

an As atom at an As site. Square brackets are used to indicete concen-

trations. The partial pressure of As_ in the gas phase is designated

2

PAS_Z. It is noted that the partial 'presgures of thg other vapor consti-
tuenﬁs are determined at equilibrium by the value of P Asa’ 80 their pres-
ence need not be ’ta.ken’int_d account explicitly. The mass action equili-
brium constants (Ks, K, and KAsz ) have the usual exponential tempera-

ture dependence. The condition of electroneutrality we use 1s that the

electron and As vacancy concentrations are identical,

.[6’] =[v.r]. (29)



e
'l‘he -vlvs:cvaji‘gﬁiéés'-,for}thé ffeigvant congentrﬁtions»may now be written

[V;s] = Ks /a;/insg‘”' p |  (30m)
Lvel= [Kst /a'f: KAsgr]l/a . (300)

Equations (30) demonstrate that an increase in the A52 partial pressure
decreases the vacancy concentration. Evaluation of the equilibrium con-
stants at ‘a given temperature and & given value of the partial pressure

PAs completely determines the As vacancy concentration..
2 .
However, in this experiment, as well as those of Potts and

32 the partial pressure of A82 is

not an independent variable. Initially the annealing vessel containing

Pearson, and of Driscoll and Willoughby,

the Gais: crystal is evacuated, so the A82 partial pressure results only
from the production of As vacancies. The A82 partial pressure and thus
the As vacancy concentration beéome fixed functions of temperature.

Using the analysis of Logan and Hurle, the relation between the
A32 and Ash partial pressures a.hd the As vacancy concentration follows.

Let the volume of the sample be v and the volume of the annealing vessel

be rv. If n,. and nh are the numbers of As

o 2 and Ash molecules in the vapor,

then
2ne + 4Ny = U Nne [:\(qs]) | (31)

where n, 1s the molecular density in GaAs (2.2 x 1022 ™) , and [VAB], is

the mole fraction vacancy concentration. It -is necessary to know thé',rati‘o



L v of Aah to A52 partial pressures. From vapor pressure data,

47
33 this ratio
'.is given by

nso/'r

=p /p =N
Ke= asq/ Ase” Ve =tote (32) -
Combining Eqs.: (31) and (32) yields

: _VUNe |
= VY,
e a<l+as<.o[ ,.'_I (33)
Assuming an ideal gas law for A82 the partial pressure is given by

/
B = E‘Cﬂ%) ‘;l/_rljs:l = CT [V ] ) (3)
were C/= M R/2(H2K)Y

The total As vacancy concentration [vas] is a sum of [vgs] and
[vh] given by Eqs. (30). Combining Eqs. (30) and (34) one obtains an

equation for A52 partial pressure
| a:lf - C'IT [(Kskb/Kkz‘\f)ya &2 T <K5/ Kﬂsz"’):l . (35)

This equation can be solved numerically at any given temperature. Once

PAe' is determined its value 1is inserted into Eq. (30b) to yield the
2

charged As monovacancy concentration.

In the determination of FAs the agsumption that the GaAs solid

does not decompose is implicit. However if the As defect concentration
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» becomea suff:lciently 1arge, the GaAs cryste.l will reach ‘its maximum pos-
| si‘ble dev:labion from perfect stoichiometry. Then any- additional increase
in the As va.ce.ncy densisty forces the crystal to decompoae, a.nd liquid Ga
©will rorm in the. a.nnea.ling vessel. The maximum [VAS] is fixed by stoich-
| , iometry 'and-is‘thus a function of temperature only. This limiting of '[vAs]'
fixes the ‘Aaa partial pressure. The result is that Ga liquid will collect
in sufficient qua.gtity to maintain the equilibrium A92 partial pressure..

This is the equilibrium As

2

2;partia-1 pressure for a given temperature. If the

As, partial pressure given by Eq. (35) is less than Pps (eq), then there

pressure on the liquidus curve,P, (eq), and
2

it is the minimum As

is decomposition, and P, (eq) must be used in Eq. (30b) This is the
case in our experiment. 2

As ‘long as the equilibrium in the annealing vessel is on the
binary liquidus, the As vacancy concentration should be independent of
‘the volume of the vessel. In order to test this prediction two samples
were annealed at 600°C in vessels of different volumes, The defect den-
gi‘ties have no annealing vessel volume dependence within experimental
error.

The Arrhenius plot of the defect density is shown in Figure 11.
'In the upper left corner are the data of Potts and Pearson aelong with the
3 predicted vacancy concentration of Logan and Hurle30 (solid 1line).” “Below
» are the date of Driscoll and .Willoughl:ur?2 It is presumed fha.t the differ-
ence in defec_t densities -observed in these two experiments is due to the
slow quench period (10 seconds) used by Driscoll and Willoughby. At these

temperatures ionic mobilities are great enough to allow substantial
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Figure 1ll. Log of the As vacancy concentration vs. the inverse quench
temperature. Also shown are the data of Potts and Pearson12
O ; and Driscoll and Willoughby%z- .- The solid line is
the As vacancy concentration predicted under their experi-~
mental conditions by Logan and Hurle. The dashed line is
the prediction of the ionized As vacancles under our experi-
mental conditions using the same theory. ® a0 O repre-
sent our defect concentrations as measured by Ga and As

resonances respectively.
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f‘éccﬁﬁin’aﬁoa dur:lngthe kqtgzench:‘ period. | This 18 not & problem at the
| lovertempera.tures that we »uséd.. |

| o Oui!"dé.te; é)ré’ located ;ln,the--lower right corner of Fig. 1l. The
d_a._shed--lz_ine 18 the charged;A's \facancy concentration calculated using the
same theory that explains the ‘data of Potts and Pearson, with no adjustable
parameters. . The standard deviations shown at each quench temperature are
repreSenté.tive of all poilnts at that temperature. These probable errors
do not include errors in the quantities R)), and Q .

Prior to damage the samples had a native charged defect density,
presumably due to ionized substitutional impurities. Since the carrier
concentration in the sample. ‘is quite low we can assume that the electrons
and holes produced by the impurities have annihilated. Thus the charged
impurities cannot affect the concentrations of vacancies: However, our
NMR measurement observes these charged defects. In order to compare to
the’predicted charged As vacancy céncentra.tions, we must subtract the
native defeoct concentration from the measurements following damage. This
subtraction has been performed on our data shown in Fig. 11,

15

Our datae tend to saturate at a defect concentration of 10 cn;"3.
The source of this saturation is not the same as the source of the sature-
,‘ tion for Potts and Pearson. In our case the problem is an experimental
limitation, while in the case of Potts and Pearson it 'is a real physical
phenomenon.  Their saturation occurs because at temperatures below 1400°C
the annealing vessel had pressures greater than the equilibrium A82 vapor
pressure, but above :l.h‘oo°‘C,PAB2 was the equilibrium vapor pressure

PAs- (eq). This tends to saturate the As vacancy concentration.
2
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: E:L:é,sapt: ‘at the highest quench temperature, our date seem ade- N

- qua.telyexpla.inedby the predicted concentrations of ionized As vacancies.

C. .ﬁb;perﬁentu Limitation

It is "possible that the low values of defect concentration
measured in ‘sampleé quenched at 600°C and T00°C are accurste. This ef-
reétl could be caused by vaéa.ncy clustering or vacancy-acceptor palring that -
is-‘not evident in semples dameged at lower temperatures, However, it is
more likely that these low values are due to the limitations in our cur-
rent’ experimental technique and analysis. There are trends in the data
that indicate that the present measurement of defect density errs if con-~
centrations are larger than ~v 10ls ;::m_3. The increases in the second
moment caused by thermal damage at 600°C and TO00°C are proportionately
smaller for nuclei with larger quadrupole moments. That is, the ratios

of the increase in the 'Gan

As75 'second moments are greater than expected. These ratios -should be

second moment to the increase in the Ga69 and

fixed by the nuclear properties. It is clear that the fast componént of
the FID decays so quickly in the presence of these large quadrupole in-

teractions that our fitting analysis is not sensitive enough to it. This
results in a deviation in the pseudodipolar coupling constant’ and a dis-

agreement between the defect densities as measured by Ga and As resonances.

Additional evidence that this experiment cannot measure relatively .

large defect concentrations 1s seen in the data for the Si doped sample,

69

The Ga ™~ second moments are much smaller than one expects from the large

T

second moments of Ga'~. To an even greater extent, the same is true of
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‘, ’ A_sTS Assum:lng tha.t the pseudodipolar interaction is the same .in all
B Ge.A.a cr‘ysta.ls, and a.sswn:l.ng tha.t the ionized Si donors are located on Ga .

sites, then the Ga.7 data, indicete a charged defect density of 6.4 x 10 15

'cm"3’, vhe‘re the Debye-Hiickel screening has been taken into account. Hall

16 -3

effect meéaui'ments yield a carrier concentration of 4 x 10 cm ~, 80
there are at least that many ionized impurities. With the current experi-

mentel limitations, this technique is too sensitive to accurately ‘measure

charged defect concentrations greater than 10%% em3.

It is concluded that the present experiment does not dependably

measure frequency second moments larger than 5 x 106 sz. This corres-

ponds to a FID half width of approximately T0 }.\.sec. Using the Ga Tl
69 75

Ga ™, and As’'” resonances this corresponds to charged defect densities
of 2.5 x 10 15 3, 9 x lolh 3, and 2 x 10lh cm-3, respectively. In-

~order to meke ‘equiv‘alen‘t cw measurements, a large S/N is required at least
as far as 5 kHz from the center frequency. This is difficult to obtain
when the resonance linewidth is ~ 2 kHz. With improved damping of the
piezoelectric noise and with spin locking techniques we ‘expect these upper
lil;lits: to be extended to charged defect densities near 10T w3, At
these concentrations we expect that second order quadrupolar effects will

be important, and that the lineshape will have-changed substantially.

The lower limit of measurable charged defect concentration

would occur where the quadrupole contribution to the As second moment is
Just measureable s say 0.1 gaussa,

2 cm-»'3

This corresponds to a defect density

12 cm-3

of 6 x 100 on the As sublattice of 3 x 10

on the Ga sublat-

tice, representing a defect to atom ratio of the order of 10'10. When
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g thismethodisapplica’ble , it rivals the sénsifivj.ty"qf neutron active-’
';‘“fiph §néfﬁ§¥1 ¢ffe¢t mea5urements. Unlike neﬁxron’activgtion measure-

‘ méﬁta,-theanRjﬁethdd-q&n]§bsérve‘electronicqllivactiveavacancies. Un~
likefﬁhll §ffect measufqnents, the NMR method detects the total number

of charged.derects, not the net charge carrier‘concentration.



VI. SUMMARY

There remain questions about the structure and formation of

defééts in large,concentrations; and these questions suggest further irn-
veétigations. One important improvement of this experiment is to extend
the range of defect concentration measurement to ~ 10T em™3, The prob-
lem in the current work is that the FID decays significantly before it
can be observed. This problem could be largely resolved if a zero time

resolution technique35’36

were employed. The entire FID would then be
visible. Assuming that the rf magnetic fleld is large enough to nutate
all nuclei coherently, the entire satellite contribution could be ob-~
servedveven in the presence of large defect concentrations. Then the
range of measurement could be extended %o 1007 cm™3 or possibly 1018 em™3
In this experiment the defect concentrations were small, and
the data are adequately explained by As monovacancles. Howéver, in the
presence of large defect concentrations there.is & greater probability
of forming defect clusters. The structure of defect clusters as well as
the near neighbor electronic shielding can be probed in further investi-

gations using the double resonance techniqne.37

This technique is capa-
ble of detecting rare spin species (1015 cm’3) by their effect on the
resonance of an easily observable spin system. One can apply this method
to detect the resonance frequency shift of the nuclel near to a defect,

and in this way probe the structure and effective charge of the defect.

5k
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‘ While questions reme.in about la.rge defect concentrations in

8 :GaAs this experiment hag made severa.l contributions toward the use of
~-NMR a8 an e.ccura_te mee._sur.ement technique'. A straightforward point de-
 feot model was devéloped. Using this model, it was shown that the

’ qu’a,drupola.r second moment contribution is linearly proportional to the
charged defect density, and thé"pmportionality conétant wvas derived. In
addition, the effect of the quadrupolar interaction on the FID lineshape
was calculated .4

Due to the existence of the pseudodipolar interaction, the
second moment analysis had to separately identify the quadrupolar and
pseudodipolar contributions. . A technique using data from both Ga isotopes
was successfully employed. That this analysis is correct is adequately
demonstrated by two facts, One 1s that the pseudodipolar interaction,
within experimental error, reniains independent of the total second moment,
i.e., thermal damage. The second is that the charged defect densities
as measured by Ga and by As resonances agree for samples with small con
centrations, where no FID fitting difficulties were encountered.

It has also been shown that the NMR second moment is extremely
sensitive to defect concentrations in GaAs, and that measurements in com-
pensated crystals are useful. The second moment is 80 sensitive that this
first order line shape and second moment analysis are insufficient to
treat samples of defect concentration greater than /\-110]'5 cm-3. Further-
more, in -a erystal of carrier concentration of 2.4 x 10 cm -3 s, this NMR

technique mee.sured‘ a charged defect concentration of 2 x 10 Lh cm_3.' 8ince
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kbthe sum of the donor end acceptor concentrexions are detected, it is
'*,;olear that this NMR technique is of greater value in the measurement of.
‘defects in compeneeted crystals than are Hall effect measurements.
Finally, this research- hes demonstrated that As monovacencies
~are indeed generated in thermal quenching experiments and that . they be-

" come jonized with an effective charge of e®* = .e.
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APPENDIX A

' ‘Pulse Programmer Description

The operation of the pulse programmer shown in Fig. 12 is based

on a 256 bit random access memory divided into sixteen 8 bit words. Each

step of & pulse sequence réqnires a single word of memory. In the eight .
bit word, four bits of a word specify the next memory address to be accessed,
and four bits specify the function to be executed (a particular pulse or
time delay). - These four bit half words allow access Of'any memory address
and execution of 16 individual functions. In‘operation, the memory words
are retrieved in an order specified by the preceding word, executing the
desired functions in that order. For example, a sequence step with memory
contents 1A (hexadecimal notation) will execute function 1, and memory
address A wlll be: accessed on the next step.

During a read cycle, the function half word (four bits) is held
stable in the function register that drives the inputs of a 1-of-16 de-
coder. The output of this decoder ensbles the timing device corresponding
to the appropriate function. The next address half word is gated Ilnto the
next address register, and later into the current address register in prep=-
aration for the next read cycle. All registers are composed of type JK
flip-flops. The inputs are strobed with timing pulses.

The‘timing pulse generator controls the memory data read and

write cycles. Four timing pulses are required whose durations and separa-
“tions are details of the memory. The pulses are generated by monostable

multivibrators (one shots).
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Figure 12.

Block Diegram of the Pulse Programmer.
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":‘l'hev:;vnem:ory ureé.d cycle is initiated when the timing device of
‘an"execufing- funct'idn'ftermi‘naft;es'.' The series of timing pulses then re-
‘tr:le'&es .thé memory d.a.té. from. the currenf address and executes the func-
tion specified in fhe function register. In addition the timing pulse
generator increments the internal step counters once every read cycle.
At the end of the four timing pulses, the timing generator stalls. It
is reinitiated at the end of the currently executing function.

Any of the function timing devices must be able to trigger the
timing generator, so the output of each drives an input of a l6-input OR
gate. A negative-going edge of the Aoutput of this gate triggers the
timing generator. One input of this OR gate is connected to the manusl
halt control. _ When held high, this input can inhibit negative going edges -
at the output. Then the timing generator cannot be retriggered, and the
sequence halts. Progrems may be executed one step at a time by manually
triggering the timing generastor while inhibiting negative-going edges at
the output of the OR gate.

The memory write 'c&cle is similar to the read,with the addition
of a timing pulse that enables the alteration of memory data. Of course,
internal initiation of the timing pulse generator is inhibited. Because
the memory data registers also serve as contact debouncers for the data
input lines, these registers must be cleared following each write cycle.

When in use, the two internal step counters override the memory
inputs to the next a.d.dregs register. The counters overflovw after counting
a presettable number of steps. At overflow, counter B clears the pext

address register, making the contents of address 0 the next memory data
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: retrieved. 'fhig address must be progrexmed when counter B is in use. In
& similar 'wajr,: _"a.t ovéiflow-, countér.A seﬁ's. the next address régister, and
_gddresé 15 is thus the menory dats retrieved. An important difference be-
vt'w‘ee,r'r cdunters A and B is that while B counts only sequence steps, A may
also count the number of times that counter B overflows. In the event .
that both counters overflow simultaneously, counter A dominates.

All function timing devices are either one~-shots or digital
counters run by a 10 MHz clock. A function -enabled by the decoder is in-
itiated by the timing generatof, and, upon completion, the function then
initiates the timing generator. One-ghot durations are controlled by
potentiometers, and digita.i counters overflow at presettable times.

Time delays are distinct from pulses only by their function

codes, and by the fact that no pulse outputs are derived from the time

delays. Pulses have codes 0 - 7, and time delays, 8 - 15. Pulses 0 - 4
and delays 8 -~ 12 are controlled by one-shots. Delay yl. is a counter, and
delay 15 is & programmed halt, so it has no timing device. Pulses 6 and
1 are controlled either by one-shots or the same counter used by 1lh. These
¢ are designed for digitally controlled spin-locking pulses. Functiomns 5

and 13 reset counters A and B, respectively. In addition function 13 is

triggered on an edge of the clock signal that controls data acquisition to
be described in Appendix B. This prevents time jitter between the experil-
ment control and the data digitizetion.

The output signals of the pulse programmer are derived in the

output buffer. Eﬁch- time a pulse one-ghot is initiated, a corresponding
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ﬁ;@.fiop 18 set by & timing pulse, TPl. Tt remains set until the pro-
gra.m ‘eieéutea "’a.tvxother‘ function, but it is reset only at TPl time. This.
des’ig‘n?eiiminates the inevitable propagation time between the end of one
function and the beginning of the next. For example, two sequ'ezitia.l
,p‘ul’sés‘n'my be desired with no time separation, The flip-flop outputs are
buffered by power NAND gates that provide the current for the rf switches.
V Any gate may drive any one of the 4 rf switches.
The other output signals derived are to turn on the grids of the
power amplifier and to protect the receiver rf amplifier from the power

pulse, and they are buffered in the same manner.

|



APPENDIX B
Data Acqulsition

-

The basic components of the dats acquisition instrumentation
are ahbvn in Fig. 13. Each FID is digitally sampled up to 1024 times at
a cbnétant rate, 8¢ the FID may be reconstructed using the dste in the
1024 equal time intervals. The digitizing rate is derived from a free-
running 10 MHz crystal oscillator by a frequency divider. If this di-
vider were also free-running with respect to the pulse sequence, then
there would be an uncertainty in the time elapsed from the beginning of
the rf pulse to each interval. The uncertainty would be half the period
of the digitizing rate, and the actual error would vary for each FID.

In order to avoid this time jitter, the NMR pulse sequence is
synchronized with the 10 MHz clock. The first step in a pulse sequence
is time delay 13 (see Appendix A). The corresponding one-shot in the

pulse programmer is enabled by the coincidence of the function decoder

signal and the normal timing pulse that triggers the other function
timing devices. Then on the next positive-going -edge of the 10 MHz clock,
delay 13 is triggered. Thus the pulse sequence begins coherently with
the 10 MHz clock. In addition the leading edge of delsy _]_3_3_ . ‘after an
adjustable delsy, enables the frequency divider. Thus the data acquisi-
tion is coherent with the pulse sequence.

‘The' delayed front edge of the 13 function, by engbling the di-

vider, initiates the.;data acquisition for the currént FID. At the same -
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Figure 13.

Block Diagram of the Data Acquisition System.
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'timef a FIDéouiitér isdécfdﬁeﬁted. - This' counter is preset to the nimber
: ‘of TID'B desired in a pa.rticular signal. averaging run.. When the counter
rea.chea zero, the time delay is disebled, and all future signals from the
programmer are. ignored.

‘When .enabled, the frequency divider produces pulses at the de-
sired digitizing rate. These go directly to the analog-to~digltal con-
verter (ADC) and decrement - Channel Counter A. On each pulse, the ADC™
begins digitizing a channel of the FID. When the ADC is finished (about
150 nanoseconds later) it :iséues a pulse storing the data in the Random
Access Memory (RAM), and incrementing the RAM Address Counter. The Chaunel
Counter is preset to the number of channels of FID data desired. The maxi-
mum is 1024, When the Channel Counter reaches zero, it disables the
divider, halting the sampling of the FID. All counters are then reset,
and the conversion stalls waiting for the next signal from the programmer.

Now the currgnt FID in temporary storage is transferred to the
minicomputer. The transfer is initiated by the signal from the Channel
Counter A that also disables the divider. On this signal, the data break
interface suspends the normal computer program and allows direct transfer
of the data into the computer core memory. This 1s done synchronously
with the computer timing.

A computer timing pulse tx:ansf'ers the data from the RAM into the
computer memory address specified by the Address Counter, and increments
both the RAM Address Counter and the computer Address Counter. At the

same time Chammel Counter B (preset to the number of channels of data) is’
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: decfé;énﬁei "This prdéess is cbniinued,' one data word transfered in each-
f”gﬁgputer(cyclq,xugtil Chanhel,cdunteréB reaches zero. On a signal from

| Chénﬂel Counter B the ccmpuxer resumes its program, all counters are reset,
and. the data transfer stalls waiting for. the completion of the digitiza-
tion of the next FID.

Now it is up to the computer program to add the new data,
channel by channel, to thé sumiof.the previous FID's, However, the date
break transfer; vhile extremely fast*(l.h-)Asec/vord), has the disadvantage
that the program has no simple way of testing to see if a data break has
occurred.

Our solution to this problem is to use the programmed data trans-
fer interface, This allows the data acquisition program to test the status
“of ‘& flag to determine if a data bresk has occurred. The flag is set by
Channel Counter B signaling the end of & data break. When the program
finds the flag set, it adds the current FID to the cumulative sum, resets

the flag, and returns to a routine displaying the data on an oscilloscope.



APPENDIX C

The objective of this appendix is to compute the NMR line shape’

due to the quadrupolar interaction using a continuum crystal model. From
Eqs. (3g), (12) and (13) the satellite frequency shift of a spin 3/2

nucleus located a distance r from a charged impurity is

A -q' /r (01)

where

*, :
e WK Y S -
J = e—'é'%Bq(“yhgx +‘Y\xn;Y 'H\,,V\yZ) . (c2)

We calculate the volume ﬂ about a single .impurity containing nuclel
with frequency shifts greater than some AV .
The volume Q is bounded by a revolution about the 3 direc~

tion of a curve described by
re = -—O(Cosfk/A\) (c3)

‘wh'ere ¢ is the angle betve'en? and ? . For d) = O there is a min-
imm frequency shift AV, = 0(/ r °Z for the nuclei located on
the crystal surface, a distance To from the impurity. The maximum fre-
quency shift is A\)m: o /az , for the nearest neighbor nuclei lo-
cated at a distance (A from the impurity. The volume within the near-

est neighbor sites and outside the sample are excluded from _(2 . These

TO



. exclusionselminateunphysical infinities.

o beindependent 6 £ Ty but not. of Q. .

. n

The line shape will be shown
Thus the sample dimension r, has
no effect upon the line shape. Further, the near neighbor distance

" may be used ﬁo determine the location of the defect sites. The volume -

L) s ‘found by the simple magm

cos™ (Rav/t) 1, L/ |
_G.{A\’) Y Ssm4>d¢ r‘alr +‘hrLiM4"M S rdr -
GEw/a) (ch)
\ 005 6k) o e Ny
~47|sinddé Srzdr‘ -%wsﬁ"ﬂ‘w‘f g r2dr
| ° oS\ wlx) “°

&1~ 2 /o) ~ (-2 AV/00m) pv (v,
Q(A") = §<0(/Av)% cf(l"-A\’/A“m) A\%(A\KAV,,. (c5)

0, Av.cav

The number of nuclei Ns( A ) shifted by an amount greater than

AV is C3N/lm r;’)_f)_ , where N is the number of resonant nuclei in
Then the distribution g( AV ) of frequency shifts caused

The result is

ﬁhe sample.
by a single impurity is
()= — 3 |
3“ )—_c{A\? . (c6)

(c5) and (C6) the expression for g( AV ) becomes

|- (N/Awn)s/z, NI

- N e 2\ oA (c7)
g(av)= g-&-% o) = (/o) | AL AV LAV

Combining Egs.

O, AVmLAv
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, " Nextthe -’frequeﬁcy _»sh:l‘rt distribution due to & number N, of im-
purit:lesrandomly ditstribuée@ ‘throughout the sample must be calculeted.
Due to the 1otx/g” rénée nature of the induced efg, the satellite transi-
tions of ‘each nucleus are s’ig’nificantly affected by many defects, even

at very low defect _concentrations (10'2 em™3)

central limit - 'theoran38’ to calculate the frequency shift distribution due

. Thus one may use the

to a number NI of randomly distributed defects, According to that theorem,

the distribution will be gaussian with a second moment given by
a T -

wheie (A\),a)? is the second moment of g( A\ ). Using the relation
oV /avia=%r &&{ , one finas

2 k2~epe
(A"akf Z_____@s.ﬂ”%fh Ca P £®©) (c8)

vhere © 1is defined in Eq. (7), and /01 is the charged defect density.
Finally, the relation between the distribution of quadrupole

frequency shifts GQ( AV ) (Basically an inhomogeneous broadening), and

the NMR line shape G( V' ) must be established. The quadrupole frequency

shift ‘distribution is a gaussian function with second moment (A\)z>q .

GQ av)= (2:” LA "2>Q3% exp (- Av% < A\,%).( 9)

For the spin 3/2 case, the magnetic resonance line shape is

found through the expression
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oo ” | (10)
’ #@9)6‘,@) E’:"GL{(WM") ttt@t t&w)-f-s@‘_i(v 4V, Ao)]

vhere 6y /2, 3 /2( V‘-—iAV, AV ) is the line shape function of the 3/2-1/2
trahaition caused by other broadening mechanisms (as modified by the
quadrupole shifts). The first argument in the functional dependence of
G1/25 3/2 is the center friquenby‘forvthe 1/2-3/2 transition and the sec-
ond is intended to represent the -effect the shift mdy cause .on the:line
shape. The shape due to other‘ihteractions can be modified by the shifts,
e.g. ,terms in the dipolar hemiltonian that are secular in the absence of
shifts will becomevnon-secular when the shifts are large enough, thus

modifying the width of the dipolar broadened line. ‘and

/2, 1/2
G;3/2’ -1/2 are the corresponding shape functions for those transitions.
The factors 0.3, 0.4, and 0.3 are veighting factors that arise from the
transition matrix elements for the three transitions.

For thé case of low defect concentrations treated here, we
ignore the effect of the frequency shift upon the line shape. Further
we assume that Gy )y 3/0(VO ) =8/ 1/5(V0 ) = C gy (VO
= Gy ( v ) where Go( V ) is the lineshape in the absence of the quad-
rupole interaction. Then Eq.(C10), in view of these approximations be~

comes

Q™) =04 G, ) +0.G Sc\(lw) G Mtav) Cz'ch) (c11)

Soo



he

s | ‘ If G ( 9 ) is a."ga.uss:l‘e.n with ;econd moment (A\)z)o _then
GC‘” . 06 [27'(<A\”'>°+ <Av'~>q)] exp [\’%,((m'z +cavty) ]
' (c12)
+ 0OY [21r<A\>‘>] exp [/ caves, ']

w‘her.e-r \) is centered at the Larmor frequency. Thus the second moment

of the composite line is

(Av3) = (sz? +O(o<4\>e‘>¢ | (c13)

The Fourier transform of G( ‘V ) is the FID function. Thus ‘the
quadrupolé broadened FID should have the form of Eq. (19) with Il/12 = 2/3

wa ofg = o +HnEavy .



