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contrast, covering as much as 100 AI, can some-
times be seen; the pattern is such as could result
from fringes produced by a crystaQite, with a
superposed random contrast from another part of
the specimen, behind or in front of the crystallite.

Considerations set out above make this a much
more likely explanation than that the fairly reg-
ular pattern observed could all originate from a
volume A't of material with a random-network
structure.
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The temperature and the magnetic field dependences of the ultrasonic attenuation are measured at low

temperatures in lightly doped p-Si samples with various impurity concentrations and dislocation densities.
In the dislocation-free sample, a peak is found in the temperature dependence, which is related to the
content of acceptors. In the sample with high dislocation density (2 X 10~ cm ~), an additional
attenuation is found below 3 K which is ascribed to the resonance absorption by acceptor holes and
the attenuation is quenched with a lower magnetic field (about 10 kG) than that in the dislocation-free
sample. It is also found that the stress caused by an In-bonded quartz-plate transducer changes the
attenuation remarkably below 3 K. Therefore ZnO piezoelectric thin films were used in the present
study. The observations are explained semiquantitatively in terms of the acceptor-hole-lattice
interactions in the effective-mass approximation by taking the distribution of the internal stresses into
account after Suzuki and Mikoshiba. The apparent difference in the contributions to the attenuation
from the correlation among the impurities and from the dislocations is ascribed to the differences in
the distribution of the internal stresses. It is pointed out that the degeneracy of the acceptor ground
state is lifted even in the samples with boron content of 5X10'~ cm ' because of the electronic
correlations among the randomly distributed impurities.

I. INTRODUCTION

Ultrasonic attenuation at low temperatures in
lightly otheaoily do'ped n-type Si is well explained
in terms of the relaxation process of electrons
among donor levels or among valleys of the con-
duction band. ' ' The change in the elastic modu-
lus in heavily doped P-type Si is also explained in
terms of the coupling between acoustic waves and
degenerate hole gas. '

Recently, Suzuki and Mikoshiba proposed a
model to explain the ultrasonic attenuation in light-
ly dojed P-Si, in which holes are bound to accep-

tora at low temperatures. The model is based on
the following terms: (a) The coupling between
holes and acoustic waves is calculated in the re-
gime of the effective-mass approximation by using
the acceptor- hole-lattice coupling Hamiltonian'
and by assuming that the wave functions of the rele-
vant acceptor states are representable by s-like
envelope functions. (b) The presence of randomly
distributed internal stresses is assumed, which
split the fourfold ground levels of the acceptors
into Kramers' doublets. To take the internal
stresses into the theory in a tractable way, the
random local stresses are represented b", the nor-
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Boron-doped-Si single crystals belonging to the
low-impurity-concentration region were used as
samples. The acceptor content N, was estimated
from the resistivity at room temperature p(rt). "

TABLE I. Sample characteristics. In the description
of the crystal growth, CZ and FZ represent the Czoch-
ralski and the floating-zone methods, respectively.

Sample

Nn {cm )
p(rt) (Qcm)
Dd (cm 2)

Crystal growth

Si16LD

4. 9 x10
0 45
&10
CZ

S116MD

4.5 x1016
0.49
10 —10
cz

Si16HD Si17LD Si18

4. 6 x1016
0.46
2 x104
FZ

4.6x10
0.099
&10
cz

2 x 1016

0.036

mal stresses in the [111]or its equivalent direc-
tions (the (111)family) and the distribution of their
magnitude is expressed by a Gaussian (or Lorent-
zian). The analyses of the experimental results
of the temperature, the uniaxial stress, and the
magnetic field dependences of the attenuation" '"
have shown that the presence of the internal stres-
ses is essential to explain the attenuation in light-
ly doPed P-Si at low temperatures. "

The purpose of this paper is to clarify to what
the internal stresses are related, by measuring
the ultrasonic attenuation as functions of the tem-
perature and the magnetic field, in samples with
various impurity concentrations and dislocation
densities. It is shown in this paper that the in-
ternal stresses increase with the concentration of
the impurities. The dislocations also induce the
internal stresses, but they contribute to the at-
tenuation in a different way. Phenomenologically,
the apparent difference in the excess attenuations

by acceptor-hole-lattice interactions in the pres-
ence of the impurities and in the presence of the
dislocations is ascribed to the difference in the
distributions of the internal stresses. The more
substantial pictures of the internal stresses are
shown to be the electronic correlations among the
acceptors for the former and the mechanical stress
for the latter.

It has been reported that the reproducibility of
the attenuation in the lightly doped P-Si is rather
poor, ' ' ' but it has been found that the reproduci-
bility is closely related either to the unexpected
strong dependence of the attenuation on the mag-
netic field (in the use of magnetic film transducers)
or the stress caused by bonded transducers (in the
use of quartz-plate transducers). In this paper
data free from these messy problems are pre-
sented which were obtained by means of ZnO piezo-
electric-film transducers and by supporting sam-
ples carefully so that external stresses do not act.

II. EXPERIMENTAL

A. Temperature Dependence
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FIG. 1. Temperature dependences of the attenuation
of 585-MHz fast transverse waves propagating in the
[110]direction for three samples with the same boron
content (4 6 4. 9 x 10'8 cm 3) but with different disloca-
tion densities. In these measurements ZnO-piezoelec-
tric films were used as transducers.

Table I lists N„p(rt), dislocation density D+ and
the method of crystal growth, which reflects the
concentration of oxygen; it is known that pulled Si
crystals contain considerable amounts of oxygen as
impurities (from 10 to 10' cm ). ' This was
confirmed in our case also by the presence of the
infrared absorption band at 9 p. . Etch-pit density
is considered as the dislocation density here. The
crystals were kindly supplied by Abe of Shinetsu
Semiconductors Co.

The specimens were in the shape of rectangular
parallelepipeds about 6x6x14 mm (14 mm along
the [110]axis). The ultrasonic waves of 300-
600 MHz with the polarization in the [001] direc-
tion were propagated along the [If0] direction (fast
transverse waves). The end faces normal to the
propagation direction were polished up to within
a parallelism of 5 seconds of arc and a flatness of

0
600 A. The transverse waves were generated by
means of either sputtered ZnO transducers" or
In-bonded quartz transducers.

In Fig. 1 are shown the temperature dependences
of the attenuation for Sil6LD, Sil6MD, and Sil6HD
at 585 MHz obtained by means of ZnO-film trans-
ducers. It is remarkable that every sample has
an attenuation peak near 8 K whose height is com-
parable with each of the others, while in Si16HD
the attenuation increases with decreasing tempera-
ture below 3 K in contrast with the cases for
Sil6LD and Sil6MD. This fact suggests that the
character of attenuation peak in the samples with
concentration of 5&10' cm ' is related to the con-
tent of dopants. On the other hand, the incre-
ment below 3 K in Si16HD is closely related to
the presence of the local stresses due to disloca-
tions.
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This interpretation of the effect of (mechanical)
local stresses due to the presence of the disloca-
tions is supported by the following fact. In the
earlier stages of the present work, In-bonded
F-cut quartz plates with the thickness of 220 p,

were used as transducers. The reproducibility
of the measured attenuation in those days was
rather poor for the samples with concentration
of - 5&10M cm; for instance, a rapid cooling of
the sample from room temperature to liquid-He
region caused bigger attenuations at low tempera-
tures compared with a slow careful cooling. (When
a similar cooling process was adopted, however,
data were rather reproducible. ) In Fig. 2 are
shown the temperature dependences of the attenua-
tion which were obtained by means of the quartz-
plate transducer. The letter Q added to the name
of the sample represents that the measurements
were performed with the quartz-plate transducer.
Comparing Fig. 1 with Fig. 2, it is found that the
two temperature dependences for Si16HD and
Si16HDQ are similar in the sense that the attenua-
tion peaks appearing below 3 K, near 8 K, and near
25 K are observed in both samples, though the peak
near 25 K is rather faint in the measurement with
the ZnO-film transducers. For the other two dis-
location densities, however, the features are dif-
ferent except for the peak near 8 K, and both
Si16LDQ and Si16MDQ are similar to the case for
Si16HD. This fact clearly indicates that the in-
crement below 3 K is due to the (mechanical) stress
caused by the dislocations or by the difference in
the thermal expansion coefficients between Si and
quartz. A detailed account on this problem will
be presented in a separate paper. The tempera-

2 3 4 5 6 78910 20 30 4050
TEMPERATURE (K)

FIG. 2. Temperature dependences of the attenuation
of 585-MHz fast transverse waves propagating in the
h10] direction. In these measurements, In-bonded quartz
plates were used as transducers.

ture dependence of the attenuation of the 400-MHz
fast transverse waves in Si17IB is shown in Fig.
3, which was obtained by means of the ZnO-film
transducer. In this case, the attenuation peak
appears around 2 K.

B. Magnetic FieM Dependence

The application of an external magnetic field
changes the ground state of the acceptors by caus-
ing the Zeeman splitting in addition to the split-
ting due to the internal stresses. In Figs. 4(a)
and 4(b), the dependences of the attenuation on
the magnetic field parallel to the [ill] direction
are shown for Si16LD and Si16BD, while the mag-
netic field dependence in SilVLDQ has been pre-
sented in Ref. 13. These dependences are char-
acterized by the feature that as the magnetic field
is increased the attenuation increases first and
then decreases down to a saturation level where
the excess attenuation due to acceptor-hole-lat-
tice interactions is quenched: The attenuatio~ at
the saturated level a, is rather independent of the
temperature and, furthermore, it almost coincides
with the minimum attenuation in the temperature
dependence.

The characteristic parameters, otb 0.~, e„H~,
and H„which specifies the magnetic field de-
pendences, are defined in Fig. 5. From the tem-
perature dependences which are found in the mag-
netic field dependence characteristics, the fol-
lowing terms are noted:

(Tl) The magnetic field II~ which gives the
maximum attenuation shifts toward lower rnag-

8
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FIG. 3. Temperature dependence of the attenuation of

400-MHz fast transverse waves propagating in the h10]
direction in Si17ID. In the measurement, a ZnO-
piezoelectric film was used as a transducer. The solid
curve is the calculated one with =3. 0 K, a=2. 0 K,
and P=0. 11 (see Sec. IIIB).



TAKEHIKO ISHIGURO

netic field with decreasing temperature, regard-
less of the magnitude of the attenuation at H= 0.

(T2) The amount of the increment in the at-
tenuation (a~- No) increases with decreasing tem-
perature.

Table II lists the values of the characteristic
parameters at 4. 23 K to compare the magnetic
field dependence in several samples. Since the
attenuation is expected to be proportional to f and

N, (f is the frequency of the ultrasonic wave) as

,'ZK

1.4
(a)
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~ 1.0
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FIG. 4. Magnetic field dependences of the attenuation
of 585-MHz fast transverse waves propagating in the
[110)direction in (a) gi16LD and (b) Si16HD at two tem-
peratures. The magnetic field was applied in the [111)
direction.

0 Hp Hs

FIG. 5. Definition of the parameters which charac-
terize the magnetic field dependence. The values for
several samples are listed in Table II.

will be shown later [Eq. (3)], the values of a~
—no and ao- a, are divided by f N, to compare the
coupling of waves at various f and N, [strictly
speaking, however, the attenuation also depends
on f through Lorentzian terms in Eqs. (4) and

(4')]. In the same table the observation in sam-
ples with boron content of 2x 10'8 cm ~ (Silg),
which belongs to the intermediate concentration,
is also summarized by quoting from Ref. )9. This
is different from the samples belonging to the low
concentration region, since the attenuation de-
creases monotonously with increasing magnetic
field.

The effect of the quartz-plate transducer upon
the attenuations becomes smaller as the acceptor
concentration. increases as described before' and

the properties of Si17LD and Sil8 are represented
rather well by Si17LDQ.and Si18Q, respectively.
On the other hand, to indicate the effect of the
stress due to the quartz plate, the magnetic field
dependences are also summarized in the columns
headed by Si16LDQ and Si16HDQ. In Table II the
following points are remarked:

(H1) The increment of the attenuation (a~ —ao)/
f N„decreases as increasing N, and it becomes
zero in Sil8Q.

(H2) The amount of the excess attenuation
(aq- +,)/f N, at 4. 23 K is of the same order.

(H3) The maximum and the saturation in the
attenuation in SilGHD appear at lower magnetic
field than in Sil6LD. The tendency is consistent
with the change in both H~ and H, of Si16LDQ
(toward lower values from that of S116LD). This
also supports that the stress induced by the dis-
location resembles that by the quartz plate.

(H4) Though the effects of both the dislocation
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TABLE II. Values of the parameters which characterize the magnetic field dependences of the attenuation at 4.23 K.
The letter Q added at the end of the name of the samples indicates that the measurements were performed with quartz-
plate transducers.

y (MHz)

~p ~0 (dB/cm)

0.0 —u, (dB/cm)

HA (kG)

H (kG)

2
y -o' (10 23 dBcm

)7 N~ MHz

2eo ns -23 dBcm
f'"Na MHz

Si16LD

585

0.17

0.59

1.4
27.

1.0

3.5

Si16HD

585

0.17

1.09

0.5

8.

6.9

Si17LDQ'

335

0. 05

4. 8

22.

0.097

9.3

Si18Qb

156

0.

1.85

28.

0.

3.8

Si16LDQ

0.12

1.05

0.9

20.

0. 7

6.3

Si16HDQ

585

0.16

1.6
0.6

13.

1.0

10.2

Reference 13. Reference 19.

and the bonded quartz plate cha~ge the excess
attenuation toward the same direction (lower H~,
lower H, ), the combination of the two (realized
in S116HDQ) does not enhance the effect.

III. DISCUSSION

A. Interaction of Acceptor Holes with Ultrasonic Waves

The ground state of acceptor holes in boron-
doped Si has a fourfold degenerate structure due

to the tetrahedral symmetry of their environments. '
The quartet is, however, more or less split into

a pair of Kramers doublets because of the pres-
ence of the internal stresses in the crystal. Su-

zuki and Mikoshiba presented a theory to explain
the temperature dependence of the excess at-
tenuation in lightly doPed P-Si, in which holes are
bound to the acceptors at low temperatures, on

the basis of the effective-mass approximation and

the assumption of the presence of the randomly
distributed local stresses. Since we consider the

experimental results on the basis of the theory,
it is briefly described here.

They assume that the four levels of the ground

state are identified in terms of the atomic J= &

states and the envelopes of the wave functions are
represented by isotropic (s-like) variation radial
functions. In order to calculate the stress split-
ting among the states and the matrix elements for
the transition of the holes, the following acceptor-
hole-lattice Hamiltonian is used:

H», = g D'„[(J„-—', J )e + c.p. ]

+ ,' D'„[(J„J„+J„J„—)e~+ c.p. ],
where J, is the ith component of the angular mo-
mentum operator for J= &, e&& is the conventional
strain component, c.p. denotes the cyclic permuta-
tion with respect to the indices x, y, z, and D'„

and D'„are the deformation potential parameters.
To perform the calculation in an analytically

tractable way, the internal stresses are repre-
sented by the normal stresses in the [111]and its
equivalent directions, whose magnitude is dis-
tributed in the Gaussian/Lorentzian. By taking
account of the Raman (two-thermal-phonon) pro
cess" as well as the direct (one-phonon) process
to consider the level broadening, Suzuki and
Mikoshiba obtained the formulas for the ultrasonic
attenuation o. as given below:

n= f n(~)g(n)dn,

N Sv
n(&) = '

3 (~ D'„)'[n,(n)+ n, (n)],

+~ 2
SAT~& I' ' ~ 4F ' I'» 4I' ) '

(4)

N, = (1. e~~~r) ~

(1 -4/kr) 1-
4= 3D„s44X

(6)

(6')

(6)

tential constants at the acceptors, D„' and D'„, be-
come equal to those at the band edges, D„andD„',
where co and v are the angular frequency and the
velocity of the ultrasonic wave, respectively, p
the crystal density, T the tempera&pre, 4 the er er-
gy splitting between the doublets, s~ the elastic
shear modulus, X the stress, g(n) the distribution
function, and P& and P2 the reduction factors
(0& P„Pz & 1) which are required because the stress
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in the (111)direction gives larger contribution to
the attenuation than that in the other direction, for
instance, the (100) direction. I', and I's are the
level widths which are represented by the following
forms:

1.0

I'„= I'q„+ I' „(n= 1, 2)

I I (1 -alar )-&

I' = I'0(e ~ - 1)

2(1+D ) D a'a G(~)
45wp

(1+D2) (2 D„'/3)
Ri R2 25 ~epg 6

4 x

~ G (xkT)dx,x 1 z

3-5 2G(e)=v, 'f
I g

+ ~vz f(Sv) Sv2

(7)

(8)

(8')

(9)

(10)

a 5

r
r

5

0.1

25

, r
P

i ~

585MHz 8
2 ( ~~ d1

dZ

Ooo~
0 5 30

f (k) = [1+(a*k/2) ]
D =D'„/D'„

(12)

(13)

where a* is the effective Bohr radius of the ac-
ceptors, and v j and v& are the velocities of the
longitudinal and the transverse modes in an iso-
tropic approximation, respectively.

B. Temperature Dependence in the Dislocation-Free Sample

To perform numerical calculations, we adopt
here the deformation potential constants deter-
mined by heat-pulse experiments for two rea-
sons. First, they are the values obtained by the
measurement on acceptor holes (most of the re-
ported deformation potential constants in P-Si are
relevant to the valence-band holes" ). Second,
the analysis of the heat-pulse data stands basically
on the same principle in the evaluation of the cou-
pling between holes and lattice.

Since it is assumed that the envelope functions
consist solely of s-like parts, the deformation po-
tential constants at the acceptors, D„' and D„', be-
come equal to those at the band edges, D„and D„',

respectively. For the values of D„and D„', how-

ever, the heat-pulse experiments have offered the
different values relevant to either dynamic stres-
ses (thermal phonons) or static stresses. (The
' dynamic" and the static" are discriminated with

respect to the relation between the wavelength and
the effective Bohr radius of the impurities. ) In

the present problem, the coupling between the
ultrasonic waves and the acceptor holes is cal-
culated with the values for the static stresses,
since the wavelength is much longer than the ef-
fective Bohr radius (a*= 13.6 A). On the other
hand, for the relaxation of the thermal phonons
which determines the level width, the values for

TEMPERATURE (K j

FIG. 6. Temperature dependences of the calculated
Fz„—-I'z (g =1, 2), I'~, and I'~ as functions of the
splitting A. The values are expressed in units of degrees
Kelvin. The arrow mark indicates the temperature cor-
responding to 585 MHz.

the dynamic stresses are applied. Thus, we use
the deformation potential constants of D'„= 3. 8 eV
and D'„= 6. 5 eV for Eqs. (3) and (6), and D'„= 2. 7
eV and D„=4. 9 e V for Eqs. (9) and (10).

Now, let us check the properties of the formu-
las on the attenuation [Eqs. (2)-(13)]. To do so,
we consider first the attenuation under a uniform
stress to make it easier to follow how the stress
works in the model, though it is necessary to con-
sider the randomly distributed stress as the in-
ternal stress to compare with experiment. The
temperature dependences of 1 „„and I'~„(n = 1, 2)
are shown in Fig. 6, where the stress is expressed
in terms of the splitting 4 in the unit of degrees
Kelvin. In Fig. 7 are shown the temperature de-
pendences of the calculated attenuation for the 585-
MHz fast transverse waves propagating in the [110]
direction in the sample with N, = 4. 6&& 10'6 cm
here, the following values are used: p= 2. 33 g/cms
v= 5. 86&&10 cm/sec, v~=9. 33&10 cm/sec, v2
= 5. 42 && 10' cm/sec, s «= 1.26 x 10 ' cm /dyn,
Pg= Pg= 1.

The temperature-dependent parts of Eqs. (4)
and (4') consist of the products of 1/T, N& (N2),
and the Lorentzian-type function including I'& and
I'z, the Lorentzian gives a maximum value when
the two squared terms in the denominator become
equal. When & is less than 0. 5 K, except for
&= S~ the dominant contributio~ to I

& and I'&

comes from I'» and I'». Thus, I'& and I'2 at
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5. 5 K become equal to the energy corresponding
to 585 MHz, as shown in Fig. 6. Since n& in-
cludes the terms N„N2, and 1/T, in addition to
the Lorentzian, the resultant temperature depen-
dence shows the maximum around 8 K, while a&
shows the same temperature dependence if
4 «K&o (if 4» k&u, ctm is negligible compared with
o!q). At &= h~, however, n2 decreases with in-
creasing the temperature and the contribution of
o2 becomes bigger than that of e&.

As & is increased, the contribution of I gf and
1'~2 dominates (Fig. 6). Then, the attenuation in
the low temperature increases and the maximum
in the temperature dependence shifts toward lower
temperature. When I'~&, I'&~»S, the tempera-
ture dependence of o& is given by

1 (Nq Nq't 2 (a
) =

&
tanh ~ cosh)&

(14)
which decreases with increasing T. On the other
hand, since &»T„, 1'~2, and if~, below 30 K (Fig.
6}, the temperature dependence of o.'z is given by

T( ~g+ ~g)= —coth (15)

which decreases with increasing T when 4 &kT.
In this limit, however, the absolute value of e2
is much smaller than that of e&, because of the
large denominator in the Lorentzian-type func-

60

40

20E

CQ

/ hk~S~
/ M(~~

10
iI

2 3 4 5 678910 15 20 30
TEMPERATURE (K)

FIG. 7. Temperature dependences of the calculated
attenuation at 585 MHz for N~ =4. 6 x10 cm under uni-
form stresses. The figures given to the curves represent
the splitting 4 by the internal stress in units of degrees
Kelvin.
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FIG. 8. Comparison of the calculated curves with the
experimental result in Si16LD. The solid curve is ob-
tained by taking =1. 0 K, a=0. 3 K, and P=0. 14, while
the broken curve is obtained by =0. 8 K, o = 0.3 K, and

P =0.14.

tion due to &.
The effect of the magnitude of D'„and D'„ is de-

scribed as follows: If we take larger values for
them, the absolute value of the attenuation increases
(through the static deformation potential constants}
and the peaks shift toward low-temperature side
(through the dynamic constants); for example, with
dynamic D'„= 3. 15 eV and D'„=6. 3 eV in Eqs. (9)
and (10), the peaks at 4= 0. 1, 1, and 10 K appear
at T=6.8, 5. 4, and 2. 6 K, respectively.

To fit the calculated to the observed temperature
dependence, it is required to take account of the
presence of the randomly distributed internal
stresses. ' As the distribution function of the in-
ternal stresses, we take the Gaussian distribution
function,

Z(~) = (») "'o 'exp[- (&- &.)'/2r 'I, (16)

where 40 is the mean and 0 is the variance, be-
cause the local stresses are thought to be distribu-
ted inhomogeneously.

A good fitting for Si16LD has been searched in
the following way: Appropriate 60 and v have
been selected so that the relative change against
the temperature is well fitted and then the reduc-
tion factors, P& and P2, have been decided by mak-
ing the maximum value near 8 K accord with that
calculated on the assumption of P&= Pz. In this
procedure, the zero level of the excess attenuation
has been taken at the saturated level under the
strong magnetic field, where it is thought that the
excess attenuation due to the acceptor holes is
quenched. In Fig. 8 one of the best fits is shown
by the solid curve with 4O= I.0 K, o' = 0. 3 K, and
P&= P&= 0. 14. In the same figure, the broken curve
obtained by setting L10=0. 8 K, a =0. 3 K, and
Pz= Pz= 0. 14 is also shown to illustrate how the
distribution affects the calculation. In these cal-
culations the contribution of e& dominates.
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In Fig. 3 one of the best fitted calculated curves
for Si17LD is shown. In this case the reduction
factors are taken so that both attenuations at 2 K
and at 20 K coincide with the measured. The
general trend of the results is the appearance of
a maximum around 2. 5 K and the agreement with

the experimental result is not so good as for
Si16LD. The parameters used for the calculated
curve in Fig. 3 are 4o= 3. 0 K, o = 2. 0 K, and

Pq= P2= 0. Il. In this case also the contribution of

n, dominates.

C. Dislocation Density Dependence

In the diamond-type lattice, the 60' dislocations
which have (—,'a) (110) Burgers vectors (a is the lat-
tice parameter) and (111)glide planes are easily
found. There are also various types of disloca-
tions, whose angles between Burgers vectors and

dislocation axes are distributed from 0' (screw
dislocations) to 90' (edge dislocations). 4

It is believed that the dislocation modifies the
acceptor states by introducing mechanical stresses
which break the tetrahedral symmetry. The cal-
culation of the stress field around the dislocation,
however, is laborious except for a few limited
cases; the screw or the edge dislocations in an
elastically isotropic media. For the screw dis-
locations the stresses are expressed in terms of
shear stresses, while for the edge dislocations in
terms of the combination of normal and shear
stresses. It is known that the stress and the strain
at moderate and large distances from the disloca-
tion axis are inversely proportional to the radial
distance x from the axis. 4

To consider the effect of the dislocations, we
take first a simple model by assuming that the ac-
ceptors are distributed uniformly and by neglect-
ing the correlation among the impurities. It is
also assumed that the stresses around the dis-
locations are represented by the stresses along
the (111)direction, to take advantage of the formu-
lation in Sec. III A, whose magnitude is given by

By taking an appropriate value for C, tempera-
ture dependences which show increases with de-
creasing the temperature below 3 K are obtained.
In Fig. 9 are shown the calculated temperature
dependences after Eq. (19) by adopting the follow-
ing values: C= 1.32x10 dyn/cm (curve &),
1.Ox10 dyn/cm (curve B), and 6. 5x10 dyn/cm
(curve C) at D~= 2x10' cm corresponding to
Sil6HD. It is remarked that, according to the
analysis of the numerical calculation, the tem-
perature dependence below 4 K is attributed to the

contribution of the stress region where Ll —@co

(resonance absorption of the ultrasonic waves)
is satisfied. The temperature dependence for the
case of D~=2x10 cm at C=1.0x10 dyn/cm
is shown by curve D in Fig. 9. The remarkable
decrease in the increment of the curve D is con-
sistent with the observation in Si16MD, in which
almost no dislocation effect is observed. The
absolute values of the attenuations in Fig. 9, how-

ever, are too large to adjust with the reduction
factors described in Sec. IIIB. The big attenua-
tions are attributed to the resonance absorption.
What should be noted here is that the value of the
relevant 6 (= 2. 8 x10 K) is much smaller than the
splitting associated with the interactions between
the impurities as described in Sec. IIIB. Therefore
it is not reasonable to neglect the presence of the
splittings due to the correlation among the impuri-
ties.

E

200

C/r, r &r~

C/ro, r (ro
(1'7)

(18)

the averaged attenuation around the dislocation is
given by

a~ = f n(n)2wrdr/mr~~

(r~ is interpreted as the average spacing among
the dislocations which are uniformly distributed).

(19)

where C is R constant and r tb which is of the order
of several lattice spacings, is introduced to sup-
press the divergence in X at a point close to the
dislocation core. By introducing the cutoff radial
distance r~ with the relation,

0
0

I 2 3 4 5 678910
TEMPERATURE (K)

I"IG. 9. Temperature dependences of the attenuation
at 585 MHz in the sample with dislocations. Curves A,
B, and C are obtained by taking C =1.3 x10 dyn/cm2,
1.Ox10 dyn/cm, and 6.5 x10 dyn/cm2, respectively,
for the sample with the dislocation density of 2 x104
cm"2. Curve D is obtained by taking C=1.0x10 dyn/cm
for the sample with the dislocation density of 2x10 cm
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On the basis of the formulation described in

Sec. IIIA, the increase in the attenuation as de-
creasing temperature below 3 K is realized just
by the resonance absorption (Sec. III B). There-
fore, if it is shown that the presence of higher dis-
location density in addition to the impurities per-
mits the formation of the splittings of 4= S~ in
higher probability, the presence of the specific
temperature dependence as in Si16HD is under-
stood in the framework of the present theory.

Let us consider that the splittings due to the
dislocations &d and due to the interactions among
the impurities && are distributed independently.
Then the distribution of &= &d+ && is represented
by the following probability density p(4):

p(b) = J p&(4- s~)p~(b„)dA~, (20)

where P~(&&) and P~(&~) are the probability densi-
ties for && and &d, respectively. Since S~«(&0 )

is satisfied, under the condition of &d & 0 one ob-
tains

p(II&o) = (2vo ) '~'4„',

xJ exp[ —(a~+ &0)'/Pu'](I/b ~3)ds~, (21)
4dd

where &do and &«are the splittings at r =ro and
r =r~ in the absence of &„ respectively. (Con-
tributions from &~ & b,,o are negligible. ) Equation
(21) indicates that P(K~) is a function of &«, in
other words a function of Dd. If both 4d and Llo

have the same sign, Eq. (21) is a monotonically
decreasing function of &«, which is not appropriate
for the present problem, because with this func-
tion the sample with lower Dd has a bigger contri-
bution to the resonance absorption in contrast with
the observations. On the other hand, if &d and 40
have different signs, the 4«dependence of p(Era)
becomes as shown in Fig. 10, which is obtained
under the condition of 40=1.0 K, 0=0. 3 K, 4«=~.
The P(h~) decreases as decreasing &«under
&dd & 0. 7 K in this case. If we take the value of
C -=10' dyn/cm, which is not an abnormal value, a'

the 4«becomes 0. 12 K at D„=2. Ox 10 cm, and

the probability density at b = If~ decreases with D,
(hence 4«), which is preferable to explain the ex-
periment.

Now, it is worthwhile to give light on the assump-
tion that the internal stresses are represented by
the normal stresses in the (111)directions in the
present formalism. As is wellknown, to describe a
given stress, three principal normal stresses are
required~6: This is easily understood if it is re-
called that the symmetrical second-rank tensor is
equivalent to a quartic form, which requires three
principal components. Thus, the representation of
the stresses around the dislocation in terms of the
normal stresses is not a good approximation and

this fact is responsible for the incompleteness of
the present theory.

As a conclusion of this section, it can be said
that an appropriate combination of the two types
of the internal stresses (due to the dislocations
and the impurities) is considered to increase the
probability of the formation of the level splitting,
&= Sco, and thereby the increment below 3 K in
Si16HD is ascribed to the resonance absorption
of the ultrasonic waves.

0.01

0.001 I I I I II I I I I II

0.001 0.01 0.1

(K)
FIG. 10. Calculated p(i~) at K(u =2. Sx10 K (5S5

MHz) as a function of ~ under the condition of Ap =1,0
K and 0 =0.3 K, which corresponds to Sil6LD .

5

D. Effects of Boron and Oxygen Content

As pointed out in Sec. II A, the temperature
dependences in the samples with boron content of
4. 6-4. 9x10'6 cm are characterized by the peak
near 8 K, which is explained by the presence of
the internal stresses of Llo= 1.0 K and v = 0. 3 K in
terms of the aforementioned model. On the other
hand, for Si17LD, the best fit is obtained by taking
&p= 3.0 K and o = 2. 0 K. Thus, the specific dif-
ference between Si16LD and Si17LD is attributable
to the difference in the distribution of the internal
stresses associated with the correlation among the
impurities. Furthermore, it is noted that the
specific attenuation (the peak near 8 K in Si16LD)
is remarkably modified neither by the presence of
the dislocations nor by the oxygen content.

It is known that there are considerable concen-
trations of electrically inactive elements in Si,
such as oxygen and carbon. ' The content of oxy-
gen in a pulled crystal is reported to be 10 cm
or more. Furthermore, it is reported that the
oxygen stays mainly at interstitial sites while the
boron stays at substitutional sites. Based onthese
facts, it is expected that, as point imperfections,
the oxygen may produce stronger mechanical
stresses than the boron on an average. Neverthe-
less, the effect of the oxygen is negligible com-
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where N is the content of the impurity atoms, the
probability of the encounter between two atoms
even with the separation of several times of the in-
teratomic distance (2. 4 A) is low. ' Thus, it is
considered that the stresses induced by uniformly
distributed point imperfections in Si cannot offer
the considerable local stresses which are described
in Sec. IIIB.

One of the ways to interpret the considerable
stresses among the boron impurities is to take
account of the possibility of the preferential ag-
gregation or clustering of the atoms, but such
clustering has not been reported in this kind of
low concentration of boron in Si. The other way
is to pay attention to the extent of the acceptor
wave function. Though it is reported that the ef-
fective Bohr radius of boron in Si is 13.6 A, the
tail of the wave function spreads to further extent.
Since the borons are randomly distributed, the
interactions at the tails break the tetrahedral
symmetry of an acceptor state and lift the degener-
acy of its ground states. In the higher concen-
tration, modification of the ground states is strong-
er because of the closer interactions among the
borons. Thus, it is reasonable to consider that
the inherent internal stresses are ascribed to the
electronic correlation among the acceptors instead
of the mechanical stresses through lattice defor-
mations.

According to Suzuki and Mikoshiba, the split-
ting by the formation of the molecular-ion type
combinations of the borons, which is probable in
the presence of the compensating impurities, is
given by the following relation:

a=oe /M)[(2/3) (R/a*) —1]e " ' (23)

where R is the spacing between two atoms forming

pared to that of the boron, in contrast to the ther-
mal conductivity. ~

Now we consider that for the thermal phonons
the oxygen atoms themselves act as scatterers,
while for the ultrasonic waves, which have very
long wavelength, the oxygens do not act as strong
scatterers. The presence of oxygen may modify
the attenuation by modulating the acceptor states
through affecting the local mechanical stresses.
It should be remarked, however, that the stress
distribution around the point imperfections in crys-
tals is localized because the stress decreases
proportionally to the third power of the distance
from the defects, and, moreover, as the diamond
lattice is not densely packed, the strains associated
with the point imperfections are small. Since the
probability density of finding the nearest neighbor
at the distance R is given by

P(R) 4s+R2e-&4/s&rNR
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FIG. 11. Temperature dependences of the attenuation

due to molecular-ion centers. The solid curve is for N, = 5

x10 cm 3 at 585 MHz and the broken curve is for N,
=5x10 cm 3 at 400 MHz.

a pair and tc is the dielectric constant. By taking
account of the probability density for R [by Eq.
(22)], the temperature dependences of the attenua-
tion for N=N, = 5~10' cm and N, = 5& 10' cm
are obtained as shown in Fig. 11 by the solid and

the broken curves, respectively, under the assump-
tion of full compensation. One can get the attenua-
tion at the intermediate compensation by simply
multiplying the compensation ratio. The peaks in
the calculated curves appear at different tempera-
tures from the observation. Therefore, the cor-
relation between the acceptors cannot be explained
in terms of the molecular-ion model.

E. Magnetic Field Dependance

In the low-magnetic-field region, where the
splitting due to the internal stresses is much
larger than the Zeeman splitting, the attenuation
is calculated by regarding the Zeeman effect as
a perturbation to the system. On the other hand,
in the strong-field limit, the direction of the quan-
tization for the Hamiltonian should be taken in the
direction of the external magnetic field. These
calculations have given a semiquantitative explana-
tion of the magnetic field dependences. ' The at-
tenuation shows a small increment at low magnetic
field due to the resonance transitions of the ac-
ceptor holes among the randomly distributed split-
ting states and decreases sharply down to the levels
where the attenuation due to the hole-lattice cou-
pling is quenched because of the large Zeeman
splitting.

As described in Sec. IIB, the presence of the
dislocations reduces the saturation field H, [see
Fig. 5 and (H3) in Sec. II 8]. To discuss this be-
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havior, we write down here the attenuation formula
in the presence of the strong magnetic field, which
is obtained by taking the direction of the quantiza-
tion along that of the external magnetic field (in our
case this corresponds to the [ill] direction). It is
assumed as in Sec. IIIA that the relevant states of
the acceptors are described by the magnetic quan-
tum numbers and the local stresses are repre-
sented by the normal stresses along the [111]di-
rection. Then, in the presence of both the strong
magnetic field H in the [111]direction and the
splitting due to the local stress &, the attenuation
of the fast transverse waves propagating in the
[170] direction is given by

a(a, H)= s „QN„(—',D„')
~ C,"t

P kT ~~s

that an(H} decreases more rapidly with H than

az(H). This is consistent with the observations.
The small splittings which contribute to the reso-
nance absorption are disturbed easily by the ap-
plication of the external magnetic field.

The increment in the attenuation (o.'~- ao) de-
creases as increasing boron content [(Hl} in Sec.
II B]. This is explained in the following way:
Since the increment is attributed to the resonance
transition of holes among the levels which are
changed by the external field, if the magnitude of
the internal stress is widely distributed, the per-
centage of the acceptors which satisfy the reso-
nance condition at a given field is limited. Con-

sequently the increment is diminished as a whole.

F. Limits of Validity of Model

r„x
(~

E" )2 Fg, (24)

&g ——(2D + 1)yg(E) )+ (D + 2)y (E )

I', = (2D'+ 1)y,(E~)+ (D'+ 2)y,(E„)
I'~ = (D + 1)yq(E ~z)+ (2D + l)y (E )

I' = (D + l)yz(E2~)+ (2D + l)ya(ES4)

(25)

~(&),

(28}
2Da'2 ~ s" (~ - -1

y2(~) = exp~ —I G(&) y

135mp n &kT

The experimental results are fairly well ex-
plained in terms of the acceptor-hole-lattice inter-
actions by taking account of the internal stress
distribution. It has been required, however, to
use some adjustable parameters to fit the cal-
culated to the experiments. This comes partly
from the shortage in the knowledge on the stress
distribution, but the adopted simplifications have
caused the incompleteness of the model. We con-
clude this paper by pointing out these problems.

First, we point out the neglect of the d-like
(anisotropic) terms in the envelope function. It
is not serious, however, since the contribution of
these parts is less than 7% because of the large

E,2= 1.01',~H+ 24,
ES4= 1 01 @AH- 2

E1s = 2. 45 Pz H+ 2 &,
E24= 2. 45 P,~H —2&,

/

c"", /'- o,
f
c", /'=

/
c,"['= o as

/cls f2 fc24)2 o

(27)

(28}

)0
CI

.8

~E

where p& is the Bohr magneton.
Thus, the magnetic field dependence of the at-

tenuation under the presence of the randomly dis-
tributed internal stresses (expressed in terms of
the Gaussian distribution) is given by

a, (H)= (amo') '~' f a(&, , H)

xexp[- (~&- ~,)'/ao']d~, , (28)

.4

~ .2

0
0 10 20

MAGNETIC F I ELD ( KG)

while in the presence of the dislocations but in the
absence of the correlations among the impurities

an(H)= f " a(4~, H) avrdr . (I)
The calculated az(H) and an(H) are shown in Fig.
12 as a function of H, where the attenuations are
normalized with the values at H = 5 ko. It is shown

FIG. 12. Magnetic field dependences of the attenuation
of 585-MHz fasttransverse waves propagating in the
[110]direction. The curves are normalized by the at-
tenuation at H =5 kG. The curve ni is obtained for the
sample with the random stresses which are characterized
by the Gaussian with +=1.0 K and a=0. 8 K. The curve
n~ is obtained for the sample with dislocation density
of 2x104 cm 2.
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spin-orbit splittings in Si. On the other hand, the
representation of the local random stresses by the
normal stresses in the (111)directions should be
noticed, since this is rather unrealistic as men-
tioned in Sec. IIIC. Nevertheless, if three non-
zero normal stresses are introduced, the acceptor-
hole-lattice coupling Hamiltonian in terms of the
angular momentum is not useful and there has not
been discovered a tractable way to develop theory.
The incompleteness in the description of the in-
ternal stresses in the model has been compensated
by introducing the adjustable parameters P, and Pz.

Third, it is found that the correlation among
the acceptors (its effect is treated as the presence
of the internal stresses in this paper) modifies
the acceptor states considerably, even at the con-
centration of 5&&10 cm . The correlation be-
comes stronger in the higher concentration and the
one-acceptor model used here breaks. For in-
stance, a limit of the localized acceptor model is

clearly revealed in the magnetic field dependence
in Si18, the sample in the intermediate concen-
tration region, where the saturation levels at
4. 23 and 3.64 K under the strong magnetic field do
not coincide. ' This is not explained in terms of
the localized acceptor model. Generally speaking,
however, the attenuation by the interacting impuri-
ties is kept unsolved even in n-type Sis and Qe.3'~
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