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The splitting distribution of the acceptor ground state of Si(B) is determined from the frequency 
dependence of the ultrasonic resonance attenuation and from acoustic paramagnetic resonance. 
In the purest crystals a residual distribution is found of unknown origin. In crystals containing 
carbon or oxygen at concentrations above about 10z2 m-s the distribution is broadened in rough 
accordance with statistical estimates. 

Die Aufspaltungsverteilung des Akzeptorgrundzustandes von Si( B) wird aus der Frequenzabhgng- 
igkeit der Ultraschalldlmpfung und aus der akustiachen paramagnetischen Resonanz ermittelt 
In  den reinsten Kristallen wird eine restliche Verteilung unbekannter Herkunft gefunden. In 
Kristallen mit Kohlenstoff und Sauerstoff in Konzentrationen oberhalb etwa loz2 m-3 ist die 
Vertailung verbreitert in ungefahrer Ubereinstimmung mit statistischen Abschatzungen. 

1. Introduction 

Residual defects in crystals lead to random internal strain, electric and/or magnetic 
fields, which may be detected by several methods. One of these is the inhomogeneous 
broadening of resonance lines of impurities being sensitive to those fields. In  the case 
of the fourfold degenerate rS ground state of acceptors in cubic semiconductors the 
coupling to elastic and electric fields is strong enough to prevent the observation of 
ESR unless the sample is rather pure. On the other hand, inhomogeneous line broad- 
ening may then be regarded as a sensitive means of detection of small amounts of 
defects. Neubrand [l] was the first to observe inhomogeneous broadening of the ESR 
resonance lines in the case of Si(B) and to study its dependence on 0 and C concen- 
trations. Also in the case of GaAs(Mn) broad resonance lines have been found [Z], 
their width corresponding to extrapolations from ultrasonic measurements. 

The strong coupling to the lattice facilitates a direct determination of the zero 
(magnetic)-field splitting by resonant absorption of ultrasound a t  corresponding 
frequencies. Also, acoustic paramagnetic resonance is feasible a t  low acceptor concen- 
trations. I n  this paper we present measurements of the distribution of splittings of the 
acceptor ground state in Si(B) crystals containing different amounts of oxygen and 
carbon as point defects and also in nominally pure crystals. 

2. Theory 

I n  the following we formulate the interaction of a coherent wave with the ground 
state split by static fields. Since these static fields generalIy are much stronger than 

1) D-7000 Stuttgart, FRG. 
2) Part I see phys. stat. sol. (b) 111, 213 (1982). 
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those of the wave, one has to diagonalize the matrix of the static perturbation by a 
unitary transformation in order to obtain the static splitting. The co-transformed 
matrix corresponding to the perturbation by the wave will then describe the inter- 
action. I t s  non-diagonal elements give the transition probability, that is the coupling 
constants for resonant absorption, whereas the diagonal elements describe the modula- 
tion of the splitting by the coherent wave, i.e. the coupling constants for relaxation 
absorption. By a suitable choice of the field coordinates the coupling can be ex- 
pressed in a simple form, as will be shown for elastic fields in the following section. 

2.1 Splitting b y  elastic fields 

2.1.1 Interaction with elastic fields 
The strain Hamiltionian has been given by Bir et al. [3], using matrix representations 
of the angular momentum operator with j = $. The resulting 4 x 4 Hermitean matrix 
has only three independent elements, 

} (1)  
Hu = Hd4 = -H22 = -Ha = A1 , 
H13 = H24 = A, + id3 ,  Hik = HE , 

HI2 = -HS = A,  + i d ,  , 
H14 = Ha = 0 ,  

where the At are products of five of the elastic normal coordinates with the appropriate 
deformation potential constants 6’ and d’, 

(2) 1 d, = (E33  - + ( E l l  + E22))  b‘ 9 A2 = (E22 - E l l )  b’ -+ 13 9 

. A, = dlEI2 , A, = d’e32 , A, = . 

(lH,Iz + /HI2l2 + 1H1312)2 = (0: + A$ + 
The transformation invariant determinant is 

+ A: + A : ) , .  (3) 
After diagonalization, (1) reduces to  HLI = Ha = -HZ2 = -HS = d .  Therefore, 
the level splitting of the acceptor ground state is E = Hu - H,, = 2 A  and from (3) 
d niay be regarded as the length of the five-dimensional vector A with components Ai. 
( A ,  = + E ~ ,  + 8%) does not split the levels but only shifts them.) The calculation 
of the matrix elements ghj of the transformed interaction matrix of the sound wave E 
is simplified by making use of the invariant + j z J 2 .  The 
probability for transition between the twofold degenerate Kramers levels is propor- 
tional to jK12 + /GI2, while Im2 is the modulation of the level distance by the 
oscillating strain field of the wave. It can be shown that 

= ]%I2 + 

are the squared coupling constants for relaxation and resonant absorption, respecti- 
vely, with Z t k  = (qhL& + &&)/2, where g, ii are the wave and polarization unit vectors 
of the sound wave, respectively. It is seen that relaxation and resonance are com- 
plementary in the sense that DX is maximum when D:e~ is zero and vice versa. Por- 
mulae (4) and (5) simplify the calculation for random strain fields and random phonons 
in thermal conductivity. If, for instance, the distribution of the static fields is such 
that all angles are equally probable, the effective coupling constant for resonance 
attenuation 

(6) 
- 

0: = (D:es> = f A2 
will be reduced for all types of sound waves by the same factor. ($ is the five-dimension- 
a1 average of sin3 rp.) 
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As is seen from (1)  in Part I, resonant absorption ares is proportional to D f ( E )  NE(E),  
hence from the microscopic model of the random fields not only iVE, but the product 
Df(E) NE(E) has to be calculated. 

In  contrast, for high enough homogeneous external fields the coupling is determined 
by these, the zero-field splitting being a perturbation leading to a certain form of 
inhomogeneous linewidth. In the case of an external strain, coupling and line form 
may be obtained, using the splitting vector. 

For a magnetic field coupling constants have been calculated by Yafet [4]. Both, 
D& and the additional perturbation by static strain E, depend on the angle of magnetic 
field. According to Neubrand [ l ]  and Yafet [4] the four levels m = -$, -a, ++, 
+ with B a t  an angle 0 to  [OOI] in [ l l O ]  plane are 

where p ( 0 )  = 1 - 5 sin2 8 + (15/4) sin4 8 and 

q e )  = 2 ~ , ( e )  = A,(I - 3 C O S ~  e)  - (/%t3 sin2 e + 
(8) 

/; 
+ (A, + A,) sin 2 8 ) .  

E,(O) is the perturbation by a small elastic field. We see that the components of the 
splitting vector may be separated by working a t  the angles corresponding to cos2 8 = 
- - + and cos2 0 = 1. The transition matrix elements are given by [4] 

2BI2 = -& $isin 28 + ;?, sin 28 + (a4 + 0,) 1/2: cos 28 - i[22i2 sin e - 
- (0, - A;) tFcOs e l ,  (9) 

--i[2Z2 cos e + (2, - 0,) tiisin 61 , (10) 

H,, = H14 = 0, i.e. transitions +m --, -m are forbidden in first order a t  high enough 
magnetic fields. (Here a misprint in [4] was corrected; it was checked that IBl1I2 + 
- - 

- + 16T,,I2 + I%1312= A2.) 

2.1.2 Distribution of Splitting8 for point defects 

In  an isotropic continuum a point defect produces the displacement field u of the 
lattice atoms a t  the distance T [5], 

u(r)  = - -A(r / r3) .  (11) 
The elastic strength A of an impurity atom on a lattice site is an unknown parameter. 
It can be estimated from the covalent radii of the lattice and impurity atoms R s ~  
and Ri  [ 6 ,  71, 

1 1 + V  R i -  Rsi A = - - - -  
4nnsi (1 - Y) Rsi ’ 

nei is the volume concentration of the lattice sites. Por the cubic silicon we have to 
take the Voigt average of v as an approximation using the three elastic constants ell, 
cI2, and ca4 ~ 7 1 ,  
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Fig. 1. Splitting distribution of the acceptor 
ground state due to carbon point defects, as 
obtained by Monte-Carlo calculation. nC = 
= loz3 m-3; 0 10 neighbours, i 100 neigh- 
bours 

From (11) the corresponding strain field can be obtained. I n  terms of the splitting 
vector d(r) we get 

where r = (xl, x2, x3) are the coordinates of the point defect relative to the acceptor. 
The splitting vectors of all point defects have to be added to get the resulting splitting. 
The probability distribution P ( d )  of the vector A will be the product of those of its 
five components. The distribution of its absolute value A (which is equivalent to 
N,(E)) is then obtained from integration over the angular parts of P(A) .  I n  general, 
this integration can he done only numerically. For the simple case of a Gaussian, 
Pi(Ai) - exp ( -&/202), with the same width o for all P( one obtains Pd(il) - 

I n  order to obtain the splitting distribution together with the effective coupling 
constants with the sound wave we have made a Monte Carlo calculation, putting 10 
or 100 point defects a t  random around one acceptor. Fig. 1 shows the result for a 
concentration nc = loz3 m-3 of carbon atoms having a n  elastic strength of A = 
= 0.85 A3. Height Nmax and position E m a x  of the maximum shift linearly with concen- 

-tration. From the Monte Carlo calculation we obtain 

d ( r )  = (3A/2r5) (b’(3z; - r2), b’(zg - zz), 2d’z1x,, 2d’z3x,, Zd’z1x3) , (14) 

- A4 exp ( -4’/20~) with d m a x  = 20 and Pd(Amax)  dma,  = 1.15. 

Emax = 7.6 x nc Jim3 
and 

NmaxEmax = 0.46 n, . 
The effective coupling turns out to be nearly independent of E ;  for the reduction 
factor we obtain instead of the equipartition value of 0.8 (cf. ( 6 ) )  the values 0.97, 
0.86, 0.77 for [ l l l ] ,  [110], [loo] longitudinal phonons, respectively, which means some 
“angular” variation of the distribution of A .  The components A, are Lorentzian- 
distributed around zero in accordance with the calculations of Stoneham [8 ] .  

For concentrations nC between loz3 and 1 0 2 4  m-3 Emax varies between 1 and 10 GHz, 
a regime well accessible by microwave acoustics. Since A for boron is smaller than for 
carbon, a concentration of 1O2I m-3 boron atoms can be neglected. The same distri- 
bution is obtained for 10 and 100 atoms (in the volumes corresponding to the same 
concentration). Hence only nearby impurities are effective. 

2.2 Split t ing by electric fields 

Spar t  from strain fields internal electric fields are possible, e.g. due to compensating 
donors. The distribution of internal electric fields will depend on the distribution of the 
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Fig. 2. Calculated splitting distribution due to electric 
fields from donor-acceptor ions. a) 30000 configurations 
of 100 donors and 450 acceptors with statistical choice 
of ionized acceptors b) 6000 configurations- of 20 donors 
and 36 acceptors with nearest d-a pairs ionized. na = 
= 5.4 x 1021 m-S, x = 0.1 

v(GHzJ - 
charges. First of all, during growth of the crystal, the electric fields will lead to some 
correlation between donor and acceptor sites [9]. Apart from this site correlation there 
may be a correlation of ionized donor-acceptor pairs a t  low temperatures, since it is 
energetically favorable that the nearest acceptor to a donor is ionized. This leads to  a 
lowering of the electric fields and thus to a lowering of the most probable splitting. 

The electric field splits the acceptor ground state into two levels separated by [3] 
112 

[@2E4 + (a2 - 3P2) (EiEi + EZE: + EiE:)( +p2x2E2] . (17) 

Here E = (Ez,  E,, E,) denotes the electric field strength, E, the acceptor ionization 
energy, a the first Bohr radius, ( r )  = (I  yr%* d3r)li2 an averaged radius of the accep- 
tor ground state, and po = e( r ) ,  p = ea. The coupling constants to the electric field 
(@, 6, x) have not been measured so far, since the field strength necessary for obser- 
vable level splitting is too high. Estimations of their values have been given in [3] for 
Si(B) : /I = -0.2, 6 = -0.42, x = 0.01. For the ideal effective mass acceptor there is 
no linear Stark effect, i.e. x = 0. x is a measure of the concentration of the wave 
function near the acceptor ion, where the point symmetry T, is effective. 

The form of the resulting distribution depends sensibly on the relative strength of 
the linear and quadratic Stark effect. In  Fig. 2 we have plotted the calculated distri- 
butions for thermally correlated and uncorrelated ion pairs. Here the linear Stark 
effect dominates, since we have used a larger value for x. For smaller x the quadratic 
terms dominate a t  high fields which leads to broad and flat distributions. 

It is seen that the nearest-neighbor correlation reduces the splitting considerably. 

3. Experimental Conditions 

The following results were obtained with the same experimental set-up as described 
in Part I. For the acoustic paramagnetic resonance experiments we used a rotatable 
horizontal magnet ; fields up to 0.6 T could be attained, field inhomogeneity within the 
silicon sample was below 3%. Uniaxial pressure up to 100 bar was applied perpendicu- 
larly to sound propagation in some caaes by a straightforward drawn piston set-up. 
To reduce an error in force measurement by friction, the spring gauge was mounted 
vacuum-tight within the cryostat gas room. 
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4. Results 
4.1 Prequency dependence of the resonance attenuation 

Since the resonance attenuation a,,, can be suppressed by saturation a t  high inten- 
sities, it can be separated from relaxation attenuation or geometrical effects by 
measuring the intensity dependence. From (1) of Part I we have oI,,,/v2na - N,Df(E)/  
in,. If D, does not depend on E and if the distribution is sufficiently narrow to lie 
completely within the measuring range (0.5 to 4.4 GHz), the absolute value of Dl and 
N E / n ,  can be obtained by integration, since J (N,(E)/na) d E  = 1. 

As regards the distribution to be expected according to Fig. 1, we have investigated 
three groups of samples Si(B) : 

(i) a crystal containing a relatively large amount of oxygen (No. 80 in Table 1 of 
Par t  I) : 

(ii) crystals containing a medium concentration of carbon which should lead to a 
maximum of the distribution within our measuring range (No. 91, 55), and 

1 fl71 ultrasound 

Li  I 1 1  L 
0 02 04 0.1 

magnetic inductionlT) - 
Fig. 3 Fig. 4 

Fig. 3. Nessured splitting distribution in various Si(B) crystals. a) + Si(B) NO. 87a, na = 5.4 X 
x 1021 m-3, nC,O < 5 x 1021 m-3, [ l l O ]  long., T = 4.5 K; o No. 78c, n, = 2 x m-3, [111] 
long., T = 4.2 K; b) + No. 55a, n, = 5.5 x loz1 m-3, nc = 8 x loL2 m-3, [ l l l ]  long., T = 4.2 K; 
0 No. 91, na = 1 x loz1 m-3, nC = 8 x 1V2 m-3, [lo01 long., T = 4.5 K: c) No. 54% n, = 
= 8.5 x loz2 m-3, [ l l l ]  long., T = 4.2 K 
Fig. 4. Acoustic paramagnetic resonance in a clean Si(B) for various angles in a (110) plane. 
Y = 4.4 GHz, T = 4.2 K, crystal No. 78c 
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Fig. 5 
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Fig. 5. Frequency dependence of line positions of APR; Si(B) No. 87% n, = 5.4 X loz1 m-3, 

Fig. 6. Frequency dependence of line strengths of APR, parameters as in Fig. 5 

T = 4.5 K 

(iii) crystals (No. 87, 78) with carbon and oxygen contents below the detection 
limit3) where the distribution maximum due to these point defects should lie well below 
our measuring range. 
Apart from No. 80 all crystals are floating-zone grown, swirl free, WAS0 quality 
material (Wacker Chemitronic GmbH) with negligible amount of dislocations. 

The main results are shown in Fig. 3, where we have plotted D f ( E )  N,(E)/n, versus 
E. If Dl does not depend on E,  these plots show the dependence of n(E).  The gross 
features of the distributions for the crystals containing a known amount of carbon or 
oxygen are as expected for point defects from Fig. 1. We find an unexpected residual 
distribution with maximum near 1.2 GHz and steeper slopes than expected for point 
defects. For a crystal containing a high concentration of boron (No. 54) we obtain a 
shallow and broad distribution. 

4.2 Acoustic paramagnetic resonance 

As pointed out in Section 2.1.1 additional information may be obtained on the distri- 
bution of the splitting vector by APR a t  frequencies (energies) large compared to the 
zero-field splitting. Since the “residual” linewidth is smaller than 1 GHz, measure- 
ments a t  4.4 GHz (the upper frequency limit of our apparatus) should lead to reaso- 
nably interpretable results. Since the acceptor-lattice coupling is relatively strong, 
APR can easily be detected even a t  low frequencies and acceptor concentrations. I n  
Fig. 4 the change in attenuation is plotted versus magnetic induction B for various 
angles 0 between B and [OOl] crystal direction. Four absorption lines A’, A”, B, and C 
can be distinguished. Their width, strength, and position vary with 8.  Varying the 
frequency, the linewidth remains unchanged, whereas the line position varies, as shown 
in Fig. 5. Line A’ disappears as a shoulder under line B a t  frequencies below 1 GHz. 
Line C exists only above a certain frequency (1.5 GHz in crystal No. 87a and more 
than 2 GHz in crystal No. 91). 

The frequency dependence of the resonance attenuation in the line maximum is 
given in Fig. 6. The strength of line B increases with frequency while lines A‘ and c 

3, We are grateful to  Dr. K. Graff, AEG-Telefunken, Heilbronn, for having determined the 
carbon and oxygen contents. 
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become weaker. In  the configuration of Fig. 5 and 6 line A" is rather weak, in contrast 
to the configuration of Fig. 4. 

5.  Discussion 

In the following we try to correlate the observed linewidths to possible defects of the 
crystal. I n  principle, electric fields originating from ionized donor-acceptor pairs or 
from charged dislocations, as well as strain fields from point defects or dislocations, 
may be responsible. Also external strains from surface damage or the transducer 
evaporated onto the sample, or from the crystal holder, have to be considered. Electric 
fields from ions seem not to be important in our crystals, in contrast to our first 
suggestion [lo]. Due to a numerical error we overestimated the influence of the electric 
fields. Apart from this a correlation of the ion pairs a t  low temperatures should further 
reduce their importance, as discussed in [ll] (cf. Fig. 2). As a check we introduced a 
concentration of lo2@ m-3 phosphorus donors by neutron transmutation of the silicon. 
After annealing the radiation defects no significant change in the distribution function 
was found. From luminescence measurements in our crystals, it is estimated that the 
donor concentration is not higher. We conclude from this that electric fields do not 
contribute to the splitting in these crystals. They may, however, be important in less 
pure crystals, where a broad, slowly varying distribution has been found [2, 12, 131 

5.1 The Tesidual distribution 

The residual linewidth observed in the purest samples (top of Fig. 3) is much larger 
than expected from the residual concentrations of C and 0. Using (15), Em,, should 
be smaller than 3.2 x 10-26J. Also the form of the distribution is steeper than ex- 
pected from Fig. 1. The value N(E,,,) Em,, = 0.71 is intermediate between those for 
Lorentzian and Gaussian lines. The observed effective coupling constant is D, -- 2.9 x 
x J & 10% (for No. 87a and simiIar No. 78c) instead of Dl = 4.2 x J 
and D, = 3.52 x J, as obtained, respectively, for [l l l]  and [110] longitudinal 
sound from the Monte-Carlo calculation. Since the elastic strength of boron itself is 
small, a concentration of less than m-3 should have no elastic far-field effect, 
what is in accordance with the fact that both crystals have the same distribution, the 
boron content being different by an order of magnitude. So far, we do not know the 
reason for this residual splitting. To avoid external strains from perturbed surface 
layers the side faces of the crystals were etched. Strains from the polished end faces 
with the aluminium electrode and the CdS transducer films evaporated on one of them 
cannot easily be estimated [14]. Since we did not find a dependence of the distribution 
on the length of the crystal, the constant contribution of the end regions should be 
negligible. The crystal faces and also the evaporated films were relatively large, about 
10 x 10 mm2, while the sound channel was only 2.5 mm in diameter. A small effect 
on the distribution from grinding the side faces nevertheless was observed. The residual 
distribution was similarly found in ESR by Neubrand [l] as a residual linewidth with 
Gaussian and Lorentzian components. It seems, therefore, to be due to some internal 
reasons. As a possibility Neubrand suggests self-defects present during crystal growth 
which may remain a t  high concentration in'the material unless the crystal is very 
slowly grown [15, 161. These defects upon cooling will agglomerate to submicroscopic 
clouds in our crystals free from A-swirls and may also associate with the boron. A 
combination of both: far-field distribution from single or agglomerated self-defects 
plus constant splitting from associate might result in the observed distribution. 
However, we would then expect some preferred directions of the splitting vector, 
which did not show up in the results of APR, see below. Annealing a 10 x 10 x 5 mm3 
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sample of No. 57 a t  1200 “C for 100 h in an argon-oxygen-trichlorethanol atmosphere 
should have reduced the residual self-defects e~sentially,~) however, the measured 
distribution remained unchanged. Therefore, we believe that the residual distribution 
(which is found to be independent of temperature between 2 and 7 K) is due to some 
intrinsic dynamic or static effect of the isolated boron interacting with the silicon 
lattice. 

5.2 Broadening by  point defects 

In crystals containing carbon impurities (see Fig. 3, middle) the shift of the distribution 
towards higher energies (observed maximum energy 1.1 x J) is larger than 
expected from the Monte-Carlo calculation (Em,, w 0.6 x loe2, J from (15)). Also the 
form of the distributions is steeper than expected from Fig. 1. Thus, our results are in 
qualitative accordance with those of Neubrand: a residual distribution of more 
Gaussian character is superimposed on the broadening due to the carbon or oxygen 
point defects. For a predominance of the latter one has to  work with higher carbon 
concentrations leading to broad splittings. Therefore, we are preparing an extension 
of the experimental frequency range. Also measurements of the low-temperature 
thermal conductivity are in progress [17]. 

5.3 Acoustic paramagnetic resonance 

The width of the lines and its angular dependence of Fig, 4 should give some additional 
information on the distribution of the components of the splitting vector. 

From (9) and (10) we would expect two lines assuming that the components of E,(@ 
are peaked around zero. Instead we find four lines C, B, A’, A”. If we take g’ w 1, we 
may assign B and A” to the allowed transitions -j-3 - T+ and &+ - &+, respecti- 
tively, and - less accurately - C and A’ t o  the transitions +f - -% and +% - -f, 
respectively, forbidden in the high-field limit. In  Fig. 5 the frequency dependence of 
position of lines C, B, and A’ is plotted. (A’’ is forbidden in this configuration.) Line C 
starts at the maximum of the zero-field splitting and retains its asymmetry. The 
assignment of B and A is confirmed by the angular dependence of the line strength. 
For a longitudinal phonon in [ l l l ]  direction we have & = ii2 = 0, A, = A, = A, = 
= d ’ /3  and therefore from (9) and (10) 

_ - -  

IHl2l2 = (d‘/6)2 (sin 28 + 2 45 cos 28)2 ,  

IH, , I~ = (c~’/12)2 (3 + cos 28 - 2 12 sin 2 ~ 2  , 
IHI2I2 = 0 for 6 = 54.74”, and 144.78”, 
IH1312 = 0 for 8 = 54.74’ 

which is in qualitative agreement with Fig. 4. We assume that the forbidden lines C 
and A’ appear because the high-field condition is not yet attained. This is confirmed 
by the frequency dependence of the normalized strength of lines C, B, and A’ (Fig. 6, 
line A” is forbidden in this configuration). Whereas in the high-field limit a/v2 should 
be constant, line strength of A’ and C decays and that of B rises. I n  this configuration 
the coupling constant corresponding to  B ia so large that the high-frequency resonance 
attenuation cannot be measured. The effective coupling constant can be determined 
by integrating a/u2 over the linewidth. The measuring point for B a t  2 GHz 
corresponds to Dl = 4.4 x lo-’* J, whereas from (10) we would expect Dl = 
= 7 x J for the high-field limit. A line corresponding to A’ was also found in 
crystals with wider distributions. Under uniaxial pressure its position and width 

4) Br. W. Zulehner of Wacker Chemitronics, Burghausen, kindly did this heat treatment for us. 
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remained nearly constant, while line strength decayed strongly. A third confirmation 
of the interpretation of A’ is the angular dependence of the g-factor: A good fit 
of ( 7 )  is possible with g; = 1.067 ( 5 5 % )  and gi = -0.037 (+20%) which is 
in good accordance with the values obtained by Neubrand [l]. In contrast, such 
a fit is not possible for line A”. This discrepancy may also be due to the fact 
that the high-field condition is not fulfilled. The linewidth of A“ and B varies 
with angle in qualitative accordance with (8). Since B and A” are symmetrically 
peaked around zero, a preferred splitting due to  some association of a defect 
with the acceptor can be excluded for the residual distribution. Where the Iines can 
be well separated, the form is very nearly Gaussian, as one would expect for a homo- 
geneous distribution of dislocations, as was also found by Neubrand for the residual 
linewidth. The dislocation density nd in crystals No. 78 and 87, as measured by etch- 
pit density, was =( lo5 and 7 x 106m-2, respectively. A rough estimate gives 3 x 
x fn,/m-2 J for a mean splitting. It is, therefore, improbable that the residual 
splitting in both crystals is due to  dislocations. 

Though these results have shown that APR is feasible a t  low frequencies and accep- 
tor concentrations, for a better analysis and interpretation of the lines we are preparing 
experiments a t  higher frequencies. 
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