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in an external magnetic field. For t & 1 one has
in all cases c& o=T, as is also obtained for inde-
pendent spins in a magnetic field A, «kT.

Results for the magnetic field dependence of
Z(&) and cs(T) and for the entropy will be pub-
lished elsewhere.
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We have investigated the number, Nz, of displaced lattice atoms in room-temperature
implantation in Si of polyatomic-carbon-ion beams {C„and C„„O„+) for several values
of n, using the backscattering-channeling-effect technique. For each ion species the
same energy (8.8 keV) per carbon and the same atomic fluence and flux were used. N&

increases rapidly with increasing n, indicating that the deposited-energy density within
the collision cascade is a key factor in determining how much damage is created and re-
tained.

The use of polyatomic- (or molecular-) ion
beams in ion implantation provides a simple, di-
rect method of varying the deposited-energy den-
sity within each individual collision cascade,
while maintaining constant most other cascade
parameters such as ion range or cascade volume.
It thus provides a powerful technique for investi-
gating some of the mechanisms involved in radia-
tion-damage studies: for example, the role of
"energy-spike" effects as recently discussed by

Sigmund, ' or the possible existence and magni-
tude of significant annealing stages during im-
plantation.

Moore, Carter, and Tinsley found that diatom-
ic heavy ions (As, +) implanted into GaAs at room
temperature produced about 3(P/g more damage
than the same number of As atoms introduced as
monatomic ion species (As+ ). In silicon, an even
larger "molecular effect" has been observed, '
with the diatomic heavy ions (As, +, Sb,+, Te,+,
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or Bi~+) producing up to 80%%uo more damage than
the corresponding atomic fluence of monatomic
lons.

A logical extension of these "molecular-ion"
studies is to use an element for which a whole
series of polyatomic-ion beams (M„') is available
and thus investigate the molecular effect as a
function of n. For our purpose, the carbon-ion
series is an obvious choice, as polyatomic-ion
beams up to at least n = 20 are readily obtained.
An additional advantage in using an ion of fairly
low atomic number (such as carbon) is that pre-
vious monatomic-ion studies" have shown that
annealing effects at room temperature are much
more important than with heavier ions—andhence
the molecular effect might be even larger than
already reported. '3 Indeed, some evidence of
this has already been suggested by Mueller, Rys-
sel, and Ruge' and by Gyulai' in their use of BF,+
ions as an effective way to create an amorphous
boron-implanted region in Si.

The present Letter reports an investigation of
lattice disorder in Si at room temperature, using
8.8-keV C', 20.5-keV CO', 32.2-keV CO, ', and
57-keV C,(H,)' ion beams. The H atoms are put
in parentheses to indicate that their role in cre-
ating radiation damage is assumed to be negligi-
ble. For comparison, we have also included a
much heavier monatomic ion (57-keV Ga'), which
we calculate to have almost the same cascade
volume and hence the same deposited-energy den-
sity as the 57-keV C,(H,)' ion. We have (arbi-
trarily) defined the cascade volume as the volume
of a spheroid whose axes are determined by the
longitudinal (hx')'" and transverse (y')'" com-
ponents of the damage straggling', the Ga' cas-
cade volume thus calculated is -18%%uc larger than
that for the C, (H,)' ion.

All implantations were performed at 25'C into
1.0-0-cm p-type (111)Si using the 60-keV Chalk
River isotope separator. The crystals were
tilted -8' from the surface normal to minimize
channeling. In order to compare the various poly-
atomic species under comparable conditions, the
total implantation time (6.0+ 0.5 min) and the
atomic fluence [(3.2 + 0.1)x 10" cm '] of implant-
ed (C+0) atoms were both maintained constant.
Furthermore, each ion had approximately the
same energy (8.8 keV) per carbon atom. In this
way, the total amount of deposited energy and
also the cascade dimensions, the mean range,
and the straggling of the implanted atoms are
expected to be the same for all ions. (In the case
of CO+ and CO, ' ions this identity is not quite
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FIG. 1. Backscattering energy spectra for aligned
(( &&1)) and random (nonchnn~eled) incidence on a Si
crystal implanted at room temperature with the same
atomic dose [8.2x10 C (and 0) atoms/cm2] of various
polyatomic ions. In each case, the ion energy was se-
lected to correspond to 8.8 keV per C atom. The ana-
lyzing beam was 1.0-MeV helium.

true; because of their mass difference, the in-
cident energy would be partitioned between C and
0 in the ratio of 11.7 keV per 0 atom to 8.8 keV
per C atom, but the corresponding ranges, strag-
gling, etc. are still very similar. ) Two or more
runs were performed for each implantation con-
dition. These duplicate analyses agreed within
10%%up.

A typical set of damage spectra is shown in
Fig. 1. Even though the atomic fluence was held
constant, we see that the peak area and therefore
the damage level increases rapidly with increas-
ing size of the polyatomic ion.

The total number N„of displaced atoms per
implanted ion is obtained by summing the damage
peak areas in the aligned backscattered spectra
of Fig. 1, after normalizing to the corresponding
random (nonaligned) spectrum. This technique
has been fully described by Risen. ' A linear de-
channeling correction has been applied to account
for those particles that are scattered from the
aligned direction by the damage at shallower
depths and subsequently backscatter from non-

1442



VOLUME 34, NUMBER 23 PHYSICAL REVIEW LETTERS 9 JuNE 1975

displaced lattice atoms; this simplification is
not serious for the shallow implants considered
in the present study.

It is important to note that the damage contri-
buting to a well-resolved peak such as those in
Fig. 1 consists of grossly displaced Si atoms:
i.e. , individual interstitial atoms (but these are
probably not stable at room temperature), clus-
ters of interstitials, and amorphous regions.
Other types of damage, such as vacancies (with

their associated relaxation of neighboring lattice
atoms), dislocations, or lattice strain only en-
hance the dechanneling rate and hence increase
the scattering yield from all larger depths [see,
for example, Fig. 1(A) in Pronko et al. ' ]; they
do not normally produce a resolvable damage
peak.

From the peak areas in Fig. 1 and from similar
data for the other implants, we obtain the N& val-
ues given in Table I. The magnitude of the molec-
ular effect is illustrated by the ratio (N„/n),
where n is the number of carbon plus oxygen at-
oms in the polyatomic ion. A strong correlation
is evident between the damage per implanted at-
om and the size of the polyatomic ion: i.e., (Nz/
n) increases more than tenfold over the range of
n values in Table I. As an empirical guide, we

see that (Nz/n) is nearly proportional to n', in-
dicating that, in these room-temperature carbon
implants, the amount of retained damage depends

roughly on the square of the deposited-energy
density within the collision cascade surrounding
each implanted ion.

The "straggling" mentioned above in calculating
the cascade volume includes contributions both
from the width of any one cascade and from the
variation in shape between the different cas-
cades. The relative importance of variation and

width is difficult to estimate satisfactorily, " and

hence a quantitative calculation of the deposited-
energy densities for the various polyatomic ions
is not possible at this stage. However, if the

calculated volume were to exclude the shape vari-
ation between cascades, then the deposited-en-
ergy density would increase more slowly than n

(i.e. , the average cascade volume must obvious-
ly increase somewhat as n increases), and hence
the "molecular effect" reported here is an even
stronger function of the deposited-energy density.

Included in Table I is the result obtained for a
high-Z monatomic-ion (Ga+) implant at the same
energy (57 keV) and ion dose as the C, (H, )+ im-
plant. These two grossly different ion species
were selected for comparison because their cal-
culated cascade volumes (and therefore the de-
posited-energy densities within the individual cas-
cades) are very similar. Strictly speaking, the
collision cascade does not involve the total de-
posited energy, but only the nuclear-stopping
portion, v. In the present 57-keV comparison,
the corresponding v values are also very similar:
viz. 37 and 34 keV for the Ga' and C,(H,)' ions,
respectively. This small difference in v values
partially offsets the calculated (18%) difference
in cascade volumes, so that the deposited "nu-
clear-energy" densities for the two cascades are
almost identica.'- --and so indeed are the observed
damage levels in Table I." This indicates that
the concept of cascade energy density provides
an effective means of correlating the lattice dis-
order induced in Si by various low-energy heavy
ions.

An interesting extension of this work will be to
investigate the magnitude of this "molecular" (or
polyatomic) beam effect in Si at extremely low

temperatures. Indeed, for low-energy-density
cascades where thermal-spike effects are not
significant, ' the presence or absence of an ob-
servable molecular effect should provide a sen-
sitive criterion as to whether or not all annealing
processes have been suppressed.

Ion

C+
CO+

CO2
C (H)+
Ga'

(kev)

8.8
20.5
82.2
57.0
57.0

9
68

258
842

1081

TABLE I. Values of N& and (N~ /n).

9
84
86

140
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The temperature and frequency dependence of the nuclear spin-lattice relaxation in
amorphous B203 has been investigated and a T& minimum with unusual properties has
been discovered at -300 K. The relaxation is described in detail by Raman-like process-
es involving the two-level disorder modes and phonons characteristic of glassy materials.

A direct comparison of the nuclear spin-lattice
relaxation rates of solids in their vitreous and
crystalline forms has been made in only few ma-
terials. Rubinstein and Taylor' studied and com-
pared the relaxation rates of crystalline and
amorphous As, S„and reported a much faster re-
laxation rate in the glass. Earlier, Haupt and
Muller-Warmuth found that the relaxation rate
of protons in some organic glasses is much fast-
er than in their crystalline counterparts. These
results strongly indicate that defects which are
intrinsic to the glassy state of matter are very
effective sinks for nuclear-spin-excitation ener-
gy.

Recently Szeftel and Alloul' examined the nu-
clear spin-lattice relaxation in glassy and crys-
talline B,O„among other samples. These au-
thors report that T, (the spin-lattice relaxation
time) in crystalline B,O, was much longer than
in glassy B,O, and that the temperature depen-
dence of the relaxation time is T, ~ T '3 in the
temperature range 1.2 to 90 K.

We report on measurements of the spin-lattice
relaxation time of "Bin crystalline and amor-
phous B,O, in the temperature range 150 to 500
K, and nuclear resonance frequencies ranging
from 10 to 30 MHz. We find a minimum in T, as
a function of temperature in the vicinity of 300 K,
and an increase in T, with increasing tempera-
ture thereafter. Our data agree with those of

Szeftel and Alloul in the small range of tempera-
ture overlap between the two experiments. Our
values of T, are found to be practically indepen-
dent of Larmor frequency (dz at temperatures
both above and below the T, mimimum, in con-
trast to the predictions of the Bloembergen, Pur-
cell, and Pound' motional-narrowing theory. The
temperature at which the mimimum occurs is
only weakly dependent on cuz, and the value of T,
at the mimimum is nearly independent of ~z. The
measured line shape (due to random distribution
of electric-field-gradient axes with respect to
the applied magnetic field which broadens the "B
nuclear-resonance line because of the sizable
quadrupole moment of this nucleus) does not
change at all in the temperature range we have
covered, indicating that melting of the glass is
not involved at these temperatures. ' We have
made extensive studies of many B,O, glasses
containing widely different paramagnetic impuri-
ty concentrations and absorbed water content
which show that the spin relaxation is unrelated
to these extraneous impurities.

The T, measurements were made on the cen-
1 1tral —~ to + z component of the quadrupole-split

resonance line with a Bruker SXP pulsed spec-
trometer using both the saturating-comb and the
repetition-rate techniques. Both types of mea-
surements gave identical results for T,. The re-
sulting temperature dependence of T, in B,O, is
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