
VOLUME 17, NUMBER 25 PHYSICAL REVIEW LETTERS 19 DECEMBER 1966

F'~ nuclear Zeeman energy. In fact, the observed
spectrum shows that the separation between
the D, and A, lines as well as between the D3
and A+, lines corresponds to approximately twice
the F" nuclear Zeeman energy.

The maximum F' nmr enhancement of near-
ly 100 obtained in this experiment is significant
in view of the belief that it is one of the largest
ever observed in an ionic crystal at room tem-
perature. If one employes a higher microwave
power source, a greater nuclear polarization
may be obtained from the crystals. It is also
interesting to note that the dynamic nuclear

polarization in the crystals is obtained from
second-order forbidden transitions, which ap-
pears to be very unusual.
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When heavy ions with energies less than 1
MeV are injected into a crystal, they are stopped
near the surface of the crystal —typically with-
in a fraction of a micron. ' But measurements'
of the number of implanted ions per cms have
revealed large concentrations of ions much
deeper (up to 10 p) than the normal stopping
region. Channeling' affords one explanation
of penetration up to depths of -1 p, , but the
' supertails" extending several microns deep
are almost certainly not caused by channeling. ~

All "supertails" observed to date have either
the form (x'+d) ", with g= 2 to 7, or the form
exp(-kx). Both of these forms are explained
by a simple steady-state diffusion model, which
was suggested independently and earlier by
McCaldin. ' Kornelsen et al.3 also suggested
that interstitial diffusion stopped by vacancies
might be important. Previous explanations of
these "supertails" have involved either super-
deep channeling'~" or a single-stream diffusion
with a constant number of traps. ~~" The pos-
sibility of anomalously deep penetration due
to the periodicity of the lattice has been dis-
cussed by De Wames, Hall, and Lehman, "and
the effect of the crystal binding of target atoms
on the scattering process has been considered
by De Wames and Hall. "

The present theory affords a new method of
measuring diffusion constants and binding en-
ergies of damage centers which are otherwise
difficult to measure, and it offers a method
of tailoring different types of concentration

profiles such as exp(-x'), exp(-kx), or (x

+d)
Every implanted ion produces many vacan-

cies V and self-interstitials I. We assume that
the diffusion of the vacancies and self-inter-
stitials is unaffected by the relatively small
number of implanted ions (denoted by 8 for
bombard), and that the diffusion is fast enough
so that at the distances into the crystal where
the observations are made, the steady state
is maintained during the implanting time. '
Then the diffusion of the V's and I's is described
by the equations

0 =D (d'n /dx') Pnp, —

0=D (d'n /dx')-Png,

where D's are diffusion coefficients, n's the
number of V's or I's per cm', and the term
-Pn~l represents the combining of vacancies
and self-interstitials. The solution of (1) and
(2) determines the density ny(x) of vacancies.
The interstitial B diffusion reaches its steady
state also, and the interstitial B's and the va-
cancies combine to give substitutional B's,
which diffuse so slowly that they are assumed
trapped in place. After the implantation, the
interstitial''s, self-interstitials, and vacan-
cies diffuse away rapidly, leaving the substi-
tutional B's.

The solution of the two coupled nonlinear dif-
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ferential equations (1) and (2) for x &I is"

( 1-e t -k (x-I)

is, with T the implantation time,
'T

n (x)= f dfP n~,

where

n (x) =(D /D )n (x)+Rn (I), (4)
n (x) =P rn (l)n exp[-k (x —I)] (12a)B

for 8=1,

Dp (I)—Dp (I)

v"v"'

2+ 7'

n (x) =P 7n (l)n (I)-
(x-l +do)

(12b)

and x =l defines the border of the stopping re-
gion. The interesting feature of the solution
(3) and (4) is that for R =0,

D n (l)d '
0"V')-D "I" (. I,d )V 0

where

f'D l"'

while for DVnV(l)»Dlni(l), i.e. , for R=—1,"
n (x) = constant =n (I),

n (x) =n(l)e—I I
For intermediate values of R, ny and nI have
the form (6) for x—l &x —= d0/R'~2, and they
have the forms (8) for x-I &x .

The number nB of interstitial B's is deter-
mined by the steady-state diffusion equation

0 =D (d'n /dx') Pnp—
For nV given by (8), the solution to (9) is

n (x) =n (l) exp[-k (x-l)],

k '=P n (I)/D, ,

and for n v given by (6) the solution is

n (x)=n P)
(x—I+d, )

y'

where x is the positive root of

r(r+1)/6 =P D /PD B'

Finally, the number n~ of substitutional B's

(6)

(7)

(8)

(9)

for R =0.

Creation and annihilation of V's and I's in
pairs and particle conservation normally make
R =0, giving the power-law concentration (12b).'7

However, deviations from the power law are
sometimes possible, as discussed in Ref. 15
and below for the experiment in Ref. 6. Other
salient features of the power-law profiles are
the following: The power g=2+x is indepen-
dent of bombarding energy E, dose rate J, and
time ~, but depends on temperature T in gen-
eral. The amplitude of ns at x = l is proportion-
al to &, and the displacement d, is independent
of ~. The behavior of nS (I) and d, as functions
of T, F-, and J depend on the stopping profile
and surface effects, but a simple model with
I = 0 and J = Ddn (0)/dx —gives d0 = (12DVDI/Pf&)'~
and ns(l) =Cf "3TJ '~, where C is a function of D's
and P's only, and f'J is the vacancy flux. It is
possible that deep in the supertail, ns may be
independent of & if 8 t 0 during the latter part
of the bombardment.

In Ref. 5, where 20-keV Sb ions were implant-
ed into Si at 500'C, n~ was found to have the pow-
er-law form (12b), with r = 0.2, for over four
decades of ng and 0 &x &10 p, . Only the orders
of magnitudes of the constants in (11) for r are
known, but x=0.2 f DB ——25DI d DV~ DI DB
for example.

Implanting 20-keV xenon into tungsten has
given a "supertail'" as shown in Fig. 1, where
the points from the experimental curve fit the
solid theoretical curve -(x-i+do) '7 very well.
The poor fit to an exponential is shown for com-
parison. Since the residual activity is the in-
tegral of the remaining ns's, this gives ns
-(x-I+d, )

' . The reasonable value of r=4. 7
could result from Dy»BI=4. 5DB, for exam-
ple. Changing E from 20 to 40 keV~ left x un-
changed within the accuracy of fitting the curves,
as expected from the theory. The authors' con-
vincing argument that only interstitial B's dif-
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fuse is in agreement with our theory. Their
fixed-trapping model is quite plausible, and

may dominate over the diffusing-trap mecha-
nism in some cases.

Some profiles not extending to the usual depths
of "supertails" could also possibly involve dif-

on Qpth Xelss and Krss implanted at 5 keV
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FIG. 1. Integral penetration distribution for 20-keV
Xe into tungsten in the [111]direction. The points are
replotted from the experimental curve of Fig. 3, Ref. 4,
and the solid curve is theoretical. The dashed exponen-
tial curve, from the previous theory, 4 was fit to the
slope and height of the experimental curve at x = 1 mgg/
cm2 and is four orders of magnitude too small at x = 8
mg/cm2.

into polycrystalline tungsten had power -law
profiles with x =2 for three decades of ns -ex-

tending from very near the crystal surface to
x = 0.07 and 0.14 p, respectively (with d, -l
=0.013 mg/cm =0.0067 p, and 0.02 mg/cm'
=0.01 p, respectively). Although the profiles
are within the measured channeling range for
aligned single crystals, the fact that two dif-
ferent ions have the same, and special, value
of r=2 suggests either Dy «DI, DB or a two-
stream diffusion of V's and interstitial B's."
At 20 keV the polycrystalline profiles appear
to be more complicated.

For implantation of 5&&10' ion/cm' of 30-
and 50-keV phosphorus ions into Si, the con-
centration decreased exponentially for six or-
ders of magnitude of ns for 0 &x & 0.5 p, .' Even
though 0.5 p is within the channeling range for
well-aligned beams, it seems difficult to ex-
plain six decades of exponential decrease by
channeling. An alternative possibility is that
since the concentration of ns is very large
(-4&&102' cm s) in the stopping region, a sub-
stantial fraction of the interstitials created
are interstitial B's rather than self-intersti-
tials I. Since the V's and I's are therefore
created at different rates, R0, giving the
observed exponential profile (12a). Under sim-
ilar experimental conditions, nitrogen implant-
ed into Si showed no evidence of a "supertail, "
suggesting that the nitrogen probably diffuses
slowly in Si. The relative effects of diffusion
and channeling in these last two experiments
is an open question.

The effects of the theory on the interpreta-
tion of other experiments, including vacancy-
enhanced diffusion, will be discussed later. "

Interaction with R. Baron, R. %. Bower,
Ramzy Mankarious, O. J. Marsh, J. Mayer,
G. Picus, and G. Shifrin was invaluable in for-
mulating the theory. J. A. Davies and R. Bar-
on made valuable suggestions. The author grate-
fully acknowledges stimulating conver sations
with R. Kikuchi, J. Gibbons, J. Moll, and
G. Pearson. W. Kleinfelder and J. Gibbons kind-

ly allowed us to discuss their unpublished da-
ta, and J. McCaldin discussed his unpublished
work freely.
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The announcement by Kraut and Kennedy'
of a relationship between the melting temper-
ature of a substance and its isothermal com-
pression,

sT=E. IaV V I.iso 0 isothermal'

has caused a flurry of re-examinations of melt-
ing relations. Gilvarry has shown how (1) can
be derived from his earlier work, and more
recently Vaidya and Baja Gopal~ have published
an equation,

hT=E IEV/Vm.c. 0 m.c.' (2)

It is possible to throw considerable light on
the accuracy of these relations and their modes
of derivation by comparison of the equations
with some of the most accurate results avail-
able. In all of these equations AT= T-TO, b, V
= V—Vo, and To is the normal melting temper-
ature of the substance. t/'0 is the room-temper-
ature solid volume in Eq. (1) and the melting-

which is nothing more than a binomial expan-
sion of several equations appearing in the lit-
erature, which are derived from the Lindemann
melting relationship, and may be written in
the form

temperature solid volume in (2) and (3). The
various k's are constants, and the abbreviation
m.c. indicates that the volumes and volume
changes so indicated are to be taken along the
melting curve.

Table I shows the comparisons for the case
of nitrogen, using the 65'K isotherm data of
Stewart coupled with the data of Grilly and
Mills' for the melting temperatures and volumes
along the melting curve. The deviations from
Eq. (2) are clearly large in comparison with
the experimental observations, and while the
deviations from (1) are larger, it is not entire-
ly clear that the volume data are sufficiently
accurate for the comparison to be meaningful.
One should note that internal precision is of
more importance in checking deviations than
absolute accuracy. It is also clear that the
"constant" k in Eq. (3) is not constant and, in
fact, the expressions given earlier by the au-
thor for the variations of this quantity are not
capable of reproducing its behavior accurate-
ly. The Q(x) appearing in Gilvarry's expres-
sions is close to unity for nitrogen.

For a better discussion of (1), two substanc-
es suffice. The first of these is sodium, re-
sults for which are shown in Table II. Here
Bridgman's old 12-kbar measurements, ' because
of their marked superiority (a factor of about
50) in precision, which more than outweighs
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