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Transformation to amorphous state of metals by ion implantation: P in Ni
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The amorphization of Ni single crystals by P ion implantation was studied via in situ Rutherford
backscattering and channeling experiments. Both the P-implant and the Ni-disorder profiles were

analyzed. At 90 K, no P mobility was found under implantation. The fluence dependence of the
disorder level is analyzed in terms of amorphous-cluster formation above a threshold P concentra-
tion. The radius of the clusters is four interatomic distances, i.e., the correlation length of a typical
amorphous lattice as determined in structure-sensitive experiments. The amorphous fraction a in

the implanted layer is a=0.5 when x -0.12 (Ni1 „P ) and a=1 when x -0.15. At 300 K, short-

range P motion occurs during implantation. Amorphous clusters are formed even at low P concen-

trations (x -0.05). The P-to-Ni ratio in the clusters is that of the eutectic, and we found a=1 at
the eutectic composition. There is evidence that the amorphization mechanism described in this pa-

per also holds for other metal-metalloid systems.

I. INTRODUCTION

There has been a wealth of experimental and theoretical
work on the structure and the formation of amorphous
metallic alloys, much of it recently summarized. ' The
formation problem has been approached mainly from a
thermodynamical viewpoint, e.g., by establishing forma-
tion and amorphous-phase stability criteria. Work on the
construction of the amorphous lattice from appropriate
elementary structures has been restri. cted essentially to
computer modeling or theoretical analysis, ' although
the advent of new cluster-physics techniques ' raises
hopes of direct experimental access.

In this paper we report channeling experiments on Ni
crystals implanted with increasing phosphorus concentra-
tions which provide rather direct information on the
mechanism by which an amorphous metallic lattice is
built up from an increasing number of elementary clus-
ters. A simple statistical model accounts for the amorphi-
zation process at liquid-nitrogen temperature (LNT): the
minimum radius of an amorphous cluster is found to be
—10 A, i.e., the typical value of the amorphous-lattice
correlation length deduced from structure-sensitive experi-
rnents performed on a-Pd80Sizo, ' a-FesoBgo, Q-Nls2B, s,
and a-Ni66B34 ' A comparison of channeling experi-
ments at LNT and room temperature (RT) shows that the
buildup mechanism is basically identical, but reveals
differences in the P-to-Ni number ratios in the amorphous
clusters: The latter are discussed in terms of local phase
stability criteria, which differ depending on thermo-
dynamical equilibrium. Preliminary results were present-
ed some time ago. '

A number of metallic glasses have been produced previ-

ously by ion implantation, ' ' with the goal of compar-
ing their characteristics (structure, electronic properties)
to those of their counterparts produced by other tech-
niques, or alternatively, of producing new glasses by forc-
ing. solubility limits. So far, these experiments have been
discussed mainly in relation to thermodynamic-
equilibrium phase diagrams ' and, more recently, in rela-
tion to the effect of damage cascades on the crystal-to-
amorphous phase transition. From the latter point of
view, ion-implantation experiments are complicated (ex-
cept when self-implantation is performed), since the
chemical composition and the structural order are
changed simultaneously; defect mobility, where present,
further complicates matters. Irradiation (rather than im-
plantation) experiments are thus generally a more ap-
propriate way of studying the driving force due to damage
on the crystalli. ne- or amorphous-structure stability cri-
teria. As discussed below, this restriction does not apply
to a study of the amorphization mechanisms.

Schematically, the situation here is as follows. We start
from a pure single crystal of Ni, into which increasing
amounts of P are implanted. Each incoming P ion, with
an energy of —100 keV, displaces some 10 target atoms.
Many (or most, depending on the target temperature and
hence defect mobility) of these defects recombine in very
short times; dislocations are produced, in increasing num-
bers and size, as the fluence is increased, until a dense
dislocation network pervades the implanted layer. Above
P concentrations of a few atomic percent (see below),
amorphization sets in, as shown by channeling,
transmission-electron-microscopy (TEM), and x-ray dif-
fraction experiments. The dislocation network seen in
TEM is progressively washed out as amorphization
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progresses. At high P concentration (above 15—20 at. %),
the entire implanted layer is amorphous. It should be
stressed that, by this time, each atom in the implanted
layer has been displaced some 100 times, on the average.
When analyzing the amorphization process, one cannot
neglect the effect of these repeated displacements, particu-
larly in discussing the stability of amorphous clusters.

II. EXPERIMENTAL DETAILS

The Ni single crystals used were oriented along the
[100] direction. They were mechanically and then electro-
chemically polished. For one experiment (see Appendix) a
13-nm-thick C film was deposited on half of the crystal
surface.

Implanted-P profiles were measured at different im-
plantation fluences by using Ni thin films (about 200 nm
thick) evaporated on a Be substrate in a vacuum better
than 10 Torr.

Phosphorus implantation was performed at the Centre
de Spectrometric Nucleaire et de Spectrometric de Masse
(CSNSM) implanter in Orsay under a vacuum of
(2—5)X10 Torr. The energy was 125 keV, and the
total fluence ranged from 5 X 10' to 3 X 10'
P atoms cm . A three-axis goniometer allowed align-
ment of the crystal, and the implantation was always per-
formed in a random direction by tilting the crystal away
from any major lattice direction. The substrate was held
either at LNT or at RT depending on the experiment.
The implantation dose rate was always kept below 1.5
pAcm in order to avoid sample heating. The tempera-
ture of the samples was monitored by a Pt resistor fixed
inside the sample holder. The LNT was actually 88 K
and rose to 95 K during implantation.

Channeling measurements were performed in situ after
each implantation and at the implantation temperature by
using a 380-keV "He + beam delivered by the CSNSM
implanter itself. In order to check the effect of thermal
vibrations on channeling and to compare LNT and RT
experiments, channeling measurements were performed on
samples implanted at LNT, both at LNT and at RT for
several implantation fluences.

After a series of implantations and in situ ineasure-
inents, channeling experiments were performed at RT by
using the 2-MV Van de Graaff accelerator of both the
Ecole Normale Superieure (Paris) and the Laboratori Na-
zionali di Legnaro (Padova). In the high-energy experi-
ments, the P-concentration profiles at the higher implant-
ed fluences could be rather accurately deduced from the
change in the Ni level of the random spectrum. The mea-
surements were calibrated to an accuracy better than 2%
(Ref. 26) by using absolute backscattering standards.
The depth resolution at all Rutherford-backscattering
(RBS) energies was about 10 nrn, i.e., much smaller than
the implanted-ion range.

III. DATA REDUCTION

The channeling surface peak was obtained by following
the procedure described by Stensgaard et al. The sur-
face peak of the unimplanted crystals was always found to
be slightly higher than the theoretical value for a perfect.

and unoxidized crystal by an amount corresponding to
(3.0+0.4) X 10' Ni atoms cm . The oxygen contamina-
tion of the samples was measured by using the
' O(d,p) ' 0 nuclear-reaction yield calibrated against
absolute standards. It was always found to match the
excess Ni amount in the channeling surface peak very
closely: We conclude that this excess is due to a surface
oxide layer 1 to 2 monolayers thick. This result confirms
the quality of our polishing technique.

Dechanneling curves were obtained by normalizing the
channeling yield to the random yield at the same energy,
i.e., neglecting any possible difference in the energy loss of
the channeled and random beams.

The P-implantation profiles were deduced from the ex-
perimental RBS spectra obtained with a 1.8-MeV He+
beam. A computer program developed at Padova ' first
calculates an approximate profile by comparing the sig-
nals corresponding to particles backscattered on Ni atoms
for implanted and unimplanted samples. This compar-
ison is performed at the same incident energy, taking into
account the different energy loss of the incoming parti-
cles. The energy-to-depth conversion is calculated for the
implanted sample by assuming that Bragg's additivity rule
applies to the stopping powers. The profile obtained in
this way is then used as a starting trial profile for a com-
puted best fit of the overall spectrum, fitting both the Ni
and P signals. The resulting profile depends, of course, on
the stopping powers used. . In our case the stopping
powers were deduced directly from the thin-film spectra,
after calibrating them against the absolute RBS standard,
and were found to be about 5% and 10% lower than those
reported by Ziegler for Ni and P, respectively.

IV. RESULTS AND DISCUSSION

TEM (Ref. 23) and grazing incidence x-ray" experi-
ments have given direct structural proof that, above a
threshold fluence, P-implanted Ni is progressively amor-
phized; this result is also obtained indirectly from
electrical-conductivity experiments. ' In the following
subsections, we first compare the P-implantation profiles
to the implantation-induced disorder profiles in the Ni
lattice, and we show that the latter are directly due to the
former. We then analyze the P-implantation fluence
dependence of the disorder.

A. Phosphorus-implantation profile

The thin Ni films were implanted both at RT and LNT
at total fluences ranging from 2 X 10'. to 3 X 10'
P atoms cm . The Ni contents measured by RBS before
and after implantation led to an average sputtering coeffi-
cient S =1.4.

Consider (Fig. 1) the RBS spectrum recorded for a sam-
ple implanted with 2.4&(10' P atoms cm at RT. The
solid line represents the computer-generated spectrum ob-
tained with the P profile (solid line) shown in the inset.
This profile can be approximated by a Gaussian with a
peak position at 59 nm below the surface and with a full
width at half maximum (FWHM) of 78 nm. Sputtering
broadens the original implantation distribution and shifts
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FIG. 2. Distribution profiles of P ions implanted at 125 keV
in Ni films extracted from the fit of experimental RBS spectra.
The solid lines are the calculated profiles obtained for each flu-
ence using experimental values of R~, AR~, and S.

it towards the surface. In our case the sputtered-off layer
was about 4 nm thick and had a negligible effect (within
the experimental uncertainties) on the width of the distri-
bution, whereas it caused a shift of about 2 nm in the
peak position. We conclude that the original implantation
profile of 125-keV P ions in Ni is characterized by the pa-
rameters Rz ——61 nm and ARp ——33 nm. These values are
higher than the Winterbon-Sigmund-Sanders '

(WSS)
values:35 53 and 24 rim, respectively. The dashed curves
in Fig. 1 are the result of a calculation based on the pro-
gram TRIM (Ref. 36) normalized to the total P fluence:
The projected range (64 nm) is in good agreement with the
experimental value, whereas the experimental profile
width is about 20% larger than the calculated b,R& value
(27.5 nm). The sensitivity of our fitting procedure ' al-
lows us to assert that the spectra calculated from WSS
and TRIM do not fit the experimental profiles. A ca,lcula-
tion of the ion-beam-mixing effect on the implantation
profile was performed following the Sigmund-Gras-
Marti theory. The result shows that mixing had a negli-
gible effect on the distribution width compared to the ef-
fect of sputtering, whatever the P fluence.

Phosphorus profiles for different implantation fluences
at LNT and at RT were measured on thin films and simi-
larly compared to the profiles calculated on the basis of
our experimental implantation and sputtering parameters.
The results are shown in Fig. 2. The thin films implanted
at LNT were analyzed only after annealing at RT, owing
to the need of a high-energy beam for the depth-profile
analysis. However, P is not mobile in Ni at RT, so that
the measured profiles are likely to correspond to the as-
implanted profiles. We checked that, for a given fluence,
they were identical to those of the corresponding RT-
implanted samples, as shown in Fig. 2 for 9 X 10'
P atomscm . The procedure discussed above led to
good agreement between the experimental and calculated

profiles for implantation fluences lower than 2 X 10"
P atomscm . We conclude that for these fluences there
is no long-range migration of P and, in particular, no pre-
ferential migration towards the surface.

The situation is markedly different for P-implantation
profiles obtained at higher fluences, where profile
broadening sets in. In fact, the profile was practically flat
between the surface and Rz+hR~ at the highest fluence
studied. The profile broadening cannot be accounted for
by the change in sputtering efficiency due to the P con-
centration at the surface: The profile flattening was so
large at a fluence of 2.8X10' P atomscm that it im-
plies P-atom mobility through out the region in which im-
plantation damage is produced. As seen in Fig. 2, this ef-
fect occurs even at LNT.

Our concentration-profile measurements allow us to re-
late this effect to critical compositions of the Ni-P system
(as found in the equilibrium phase diagram): The P-
profile broadening —and corresponding defect-enhanced P
mobility —sets in when the P concentration at Rz reaches
19 at. %%uo, whic h is th edee peutecti ccomposition . Thi s in-
trusion of the equilibrium phase properties in both LNT
and RT experiments on high-fluence implants is a point
to be accounted for below. Radiation-induced mobility of
P at concentrations in excess of 25 at. % has been already
reported by us in a previous paper. In the same paper,
radiation-enhanced mobility of P was assumed to occur at
RT, even at low concentrations, in order to explain the
nearly flat depth profile observed at that time. This con-
tradicts our present result; as discussed in the Appendix,
the previous result was due to the low P-implantation en-
ergy (80 keV).

B. Channeling results

Aligned and random RBS spectra were registered
in situ for crystals implanted at RT and LNT with in-



C. COHEN et al. 31

creasing 'P fluences from 5 X 10' up to 2.9 X 10'
atoms cm . In every case, the surface-peak area (where
measurable) remained small, as in the spectrum of Fig.
3(a), demonstrating that no enhanced disordering of the
crystal surface [such as that due to recoil implantation of
a contamination layer shown in Fig. 3(b)] occurred. In-
formation about the disordering process was extracted
from the analysis of the [110]-aligned backscattering
yields as a function of depth at different P fluences.
These yields, X(t), normalized to the random yields, are
presented in Figs. 4(a) (RT implants) and 4(b) (LNT im-
plants). The results for the RT and LNT implants both
showed strong dechanneling, with a broad peak appearing
around t =Rz when the implanted-P fluence rose above
some (implantation-temperature-dependent) value. More-
over, this broad peak first reached the random yield
(X= 1) at'Rz, and then broadened increasingly with the P
fluence.

The presence of a maximum in the dechanneling curves
is indicative of backscattering on Ni atoms randomly dis-
tributed with respect to the crystal lattice and localized at
a given depth. If crystal distortions alone were present,
they would only induce dechanneling and lead to a mono-
tonous behavior in the X(t) curves, as observed, e.g., for
self-implanted metals. A comparison of the dechannel-
ing peaks to the P-implantation profiles (Sec. IV A) clear-
ly demonstrates that the existence of Ni atoms in "ran-
dom" sites is related to the presence of P atoms.

Channeling alone cannot discriminate whether these Ni
atoms are associated to P in amorphous clusters or in ran-
domly oriented polycrystalline phases. Other experiments
demonstrated that amorphization does indeed take place.
X-ray-diffraction analyses were performed on our crys-
tals after P implantation at fluences for which X(t)= 1 be-
tween the surface and Rz+b, R&, and they revealed that
the alloys were totally amorphous. Similar results were
also found in TEM (Ref. 23) and resistivity (Refs. 33 and
34) experiments performed on Ni polycrystalline thin
films implanted at the same P concentration at 6—10 K
and RT. We conclude that the maximum observed in the
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X(t) curves in the channeling experiments is due to the
presence of amorphous clusters and that its, study provides
information about the amorphization mechanism.

This information is obtained from a comparison of the
X(t) curves with the implantation profiles presented in
Sec; IVA. The peak in X(t) at Rz reaches the random
level and begins to broaden for P Auences at which the
profiles of Fig. 2 display P mobility towards the surface.
We conclude that, when a continuous amorphous layer is
formed at a given depth, additional P atoms implanted in
this region are mobile under irradiation and diffuse to-
wards the boundaries of the axnorphous layer, leading to
growth of the amorphous phase. This process takes place
during both RT and LNT implants: it only occurs in the
presence of implantation-induced mobility, as evidenced
by the absence of any change in the P-implant and Ni-
disorder profiles when a LNT-implanted sample is an-
nealed up to RT (Sec. IVC). In addition, we find that
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tween 400 keV and 1.8 MeV on samples implanted at RT
and LNT up to fluences such that X(RP )-0.5. For these
measurements, the I.NT-implanted sample had to be
warmed to RT and analyzed with a 2-MeV He beam.
We have already shown in Sec. IVA that this treatment
does not induce any P-profile modification, and, in Sec.
IV 8, it was shown that no change is observed in the dis-
order profile. In fact, as shown in Fig. 4(b), small differ-
ences are obtained in X(t), after annealing at RT, a crystal
implanted at LNT with P fluences up to 4)& 10'
atoms cm . This is due to an increase of dechanneling
induced by larger thermal vibrations. For higher fluences,
however, disorder dominates the dechanneling process and
RT annealing has no effect on the dechanneling in the
disordered region [see Fig. 4(b), 10' P atoms cm ]. The
values X(t) obtained for various He energies are displayed
in Fig. 6. For RT- and LNT-implanted samples, nearly
no probing-beam-energy dependence is observed in X(t),
whereas if dechanneling could be attributed independently
to multiple scattering in the amorphous zones (fraction
a), and to distortion of the remaining crystal lattice, the
first contribution should dominate at 400 keV (E
variation), and the second, at 1.8 MeV (E'~ variation).
As a matter of fact, the value X(RP +b,RP ) is so high at
400 keV that this would imply a very large amorphous
fraction a, whose direct contribution to X(RP) should be
much higher than experimentally observed (the maximum
at RP is not very pronounced for these P fluences). We
must then drop the assumption that the crystalline and
amorphous contributions to dechanneling are indepen-
dent. A more likely explanation involves the heterogene-
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phosphorus migration only occurs into regions where the
implantation-induced damage level is quite high (e.g., the
amorphous region extends only down to t-Rz+ARp at
our highest implanted fluences).

There are also striking differences in the disordering
process for RT and LNT implants, as shown in Fig. 5, in
which we have plotted the normalized channeling yield at
depth RP (i.e., where the P concentration can be con-
sidered to be constant within 3% in a depth window cor-
responding to our experimental resolution, —100 A) de-
duced from Figs. 4(a) and 4(b). Besides the obvious
difference in the slopes of the curves and the appearance
of a threshold effect in the LNT experiments, the fact
that X(RP) reaches the random level for markedly lower
fluences at LNT than at RT must also be accounted for.

Figure 5 also shows the values of X(R&) obtained for
self-implantation of Ni at 190 keV, this energy being
chosen in order to correspond to the same R& value as
that of 125-keV P ions. When Ni is implanted, X(RP)
saturates at values around 0.1. The stabilization of disor-
der by P atoms is obvious.
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In order to study the amorphization process, the amor-
'phous fraction a at RP must be related to the measured
X(RP). Our analysis is based on the following assump-
tion: Above some implanted P fluence, the implanted
layer contains both amorphous and crystalline zones; we
write the total aligned yield X as a sum of the contribu-
tions due to the crystalline and amorphous zones. Except
at the lowest fluences, it is reasonable to expect that these
contributions are, in fact, correlated, i.e., that the yield
from the crystalline zones depends on the fraction of
amorphous material. This was demonstrated by recording
channeling spectra with He iona at different energies be-
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FIG. 6. Depth dependence of the [100]-aligned RBS yields
{normalized to random yields) for LNT and RT P-implanted Ni
using analyzing He beams of different .energies. At LNT the
implantation fluence was 10' P atomscm, whereas it was
5.9~10"P to —' tRT.
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ous nature of the implanted layer. The crystalline lattice
must accommodate the small amorphous clusters: This
leads to interfaces in which considerable lattice distortion
occurs, so that an initially aligned He particle suffers a
dechanneling process somewhat similar to that induced by
stacking faults, i.e., probing-beam-energy independent.

In order to obtain the amorphous fraction a(R&), we
must assume that the backscattering yield in the crystal-
line fraction g, also depends on a. We can then write the
total yield at depth R~ as

X=(l —a)X,(a)+a .

For the sake of simplicity, we have assumed a linear law
for X,(a):

X,(a) =X,(0)+a[X,(l ) —X,(0)] .

The values X,(0) and X,(1) were obtained at Rz by
linear interpolation between the surface yield and the yield
at Rz+b, R&, as schematically illustrated in Fig. 7(a). The

value X,(0) is taken at an implantation fluence for which
a maximum of X(t) at Rz just begins to appear, and X,(1)
is associated with the fluence at which X(Rz) just reaches
the random level. Introducing the value X,(a) given by
(2) in Eq. (1) leads to a relation between a and X. The
values of a at Rz can then be determined from the values
of X at Rz reported in Fig. 5. Conversely, when a is
determined, the function X,(a) in Eq. (2) is known.

The functions X,(a) were obtained in this way both for
LNT and RT experiments. They are shown in Fig. 7(b).
The two lines are nearly parallel and differ only in the
values of X,(0). It must be pointed out that X,(0) corre-
sponds to the yield measured at Rz in crystals already
perturbed by P implantation, but at fluences for which
amorphization has not set in. The values X,(0) are hence
related to dechanneling induced both by thermal vibra-
tions and by the extended defects produced by implanta-
tion. The differences in X,(0) for RT and LNT implants
are too high to be accounted for only by differences in
thermal vibrations; they are indicative of differences in
the nature and number of extended defects, in good agree-
ment with TEM results. The significant feature for the
present discussion is the fact that the slope of X,(a) is
nearly independent of implantation temperature. This
slope is related to the dechanneling induced by consecu-
tive crossing of amorphous clusters. Our result then
shows that the "dechanneling efficiency" of the amor-
phous clusters does not depend on implantation tempera-
ture. This is a good indication that for a given amor-
phous fraction a, the probing beam crosses a mean num-
ber of amorphous clusters which does not depend on T:
Although the details of the amorphization process are dif-
ferent at RT and LNT, the average size of the amorphous
clusters formed is T independent. We shall relate this re-
sult to the structural properties of amorphous systems.
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FICs. 7. (a) Schematic illustration of the procedure used to
determine the quantities X,(0) and X,(1) in Eq. (2) from [100]-
aligned RBS yields of Fig. 4 (for discussion, see Sec. IVC); (b)
functions g, (a) versus a for RT and LNT implants.

D. Amorphization mechanisxa

The variation of a at Rz as a function of the local P
concentration is shown in Fig. 8 for RT and LNT experi-
ments. It displays the same overall features as X(Rz) in
Fig. 5: a fairly slow-rising curve starting at very low P
concentrations for RT implants, and a rather sharp transi-
tion above a concentration threshold for LNT implants.
Full amorphization is reached at RT for a P concentra-
tion of 19 at. %, which corresponds exactly to the deep
eutectic in the Ni-P phase diagram, while a is already uni-

ty for a P concentration of —15 at. %%uoat LNT . Thi sre-
sult is in agreement with the resistivity measurements of
Refs. 33 and 34.

We first discuss the LNT results in terms of the simple
assumption made in Sec. IVC, viz. , that P implantation
leads to the formation of amorphous clusters and that
these clusters are amorphous because they contain a
minimum amount of P atoms. (The following discussion
applies only to implanted-P fluences such that no P mo-

, bility occurs. ) In other words, the P atoms —if in suffi-
cient number —stabilize the glass structure relative to the
crystalline structure, in a situation where the hig'h-

energy-density cascades (and related atomic displace-
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The solid line represents the best fit to the LNT experimental
data using Eq. (4). Dashed lines are calculated, using Eq. (4),
with different elementary volumes v, of the amorphous clusters
(see text).

ments) due to the incoming P ions constantly shake up the
implanted lattice. Thus, although the system as a whole
is far from equilibrium, the statistical energy-deposition
mechanism allows it to minimize its energy locally, lead-
ing to a crystalline or glassy structure depending on the
loca.l P concentration.

The shape of the transition provides information on the
minimal size v, of the amorphous clusters formed. We
assume that amorphization occurs when the number of P
atoms in such a cluster is at least N, . We subdivide the
crysta1 around depth R~ into small identical volumes v, .
At a given implantation fluence, the mean number of P
atoms in a volume v, is N, and the probability distribu-
tion of N around N is given by Poisson statistics:

I'(N) = (N) exp( N)/N!—
The amorphous fraction a for any average P concentra-
tion is given by the proportion of elementary volumes v,
for which N &N, :

a= g (N) exp( N)/N!—
X=X

C

(4)

When N, is sufficiently large, a is simply an error func-
tion.

The mean number N of P atoms in a cluster is directly
proportional to the elementary volume v, and to the mean
concentration c of P in the sample. Labeling c, the criti-
cal average concentration corresponding to X„the experi-
mental curve a at LNT was fitted using Eq. (4) by vary-

ing the parameters c, and v, (see Fig. 8). The value of the
parameters c, and v, is influenced, respectively, by the
the position of the transition and the shape of the curve.

The best flt corresponds to the following values:
c, =12.2 at. % and v, =4X10 ' cm, i.e., a sphere with
a radius of four interatomic distances. Such a cluster con-
tains about 400 atoms. The determination of the
amorphous-cluster radius is rather precise. For example,
Fig. 8 also shows calculated fractions a, using Eq. (4),
with amorphous clusters whose radii correspond, respec-
tively, to three and five interatomic distances: they clear-
ly do not flt the results.

For RT implants, our channeling results show that
amorphization already occurs when the mean P concen-
tration is 3 times smaller than that at LNT (see Fig. 8).
Attempts to fit the RT concentration dependence of a
with Eq. (4) led to a meaningless result: the correspond-
ing volume v, has a "size" of about one interatomic dis-
tance. Moreover, the dechanneling analysis of Sec. IVC
showed that the clusters must all have the same average
size. The basic idea of amorphous-cluster formation—
with a critical size—may still be retained under one fur-
ther condition. As noted above, total amorphization
occurs at RT when the overall average concentration cor-
responds to the thermodynamically favored, deep eutectic
composition (19 at. % P). The simplest assumption is that
as soon as the average P concentration has reached some 5
at. %, amorphous clusters may form with a uniquely de-
fined composition —that of the eutectic —which is the
nearest most-stable available amorphous phase. This
clearly requires some P motion. This is in apparent con-
tradiction with Sec. IVA, where we showed that 1ong-
range P migration is excluded below a P concentration of
19 at. %, but the formation of small clusters with a Ni-
to-P ratio corresponding to the eutectic composition in a
system whose average P concentration is 5 at. %%uoonl yre-
quires very-short-range rearrangements (a few interatomic
distances on average). Such lattice rearrangements are
quite conceivable, again assuming local minimization of
the alloy's energy under implantation. At RT thermal en-
ergy provides an additional driving force for the
crystalline-to-amorphous transition. Thus the amorphous
fraction at RT should simply be proportional to the
implanted-P concentration, in reasonable agreement with
the results of Fig. 8.

In situ TEM studies of Ni-P and Pd-Si amorphization
agree with the results presented here and indicate an effect
of implantation-induced dislocations on the buildup of the
amorphous layer.

The situation is quite different when the P concentra-
tion is higher than -19 at. %, i.e., when full amorphiza-
tion occurs and long-range P diffusion takes place. This
was previously studied and is outside the scope of the
present paper, although implantation-induced P mobility
in the amorphous Ni-P system has implications on the
stability of the latter.

E. Relation of the amorphization process
to the metallic glass structure

In Sec. IV 0 the amorphization process was analyzed in
statistical terms without any reference to the nature of the
order (disorder) on a short-range scale. The analysis of
the I.NT experiments led us to introduce a characteristic
size in our calculation: that corresponding to the radius
( —10 A) of the elementary amorphous cluster. It is
noteworthy that such a characteristic length is also found
in structural studies of metallic glasses. This was not true
of early models of the glass structure, but more realis-
tic models ' which take chemical short-range order (and
the corresponding relation of the amorphous structure to
that of its crystalline counterpart formed in the same
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composition range) into account do find that the structur-
a1 correlation in the glass extends over distances -3—4
interatomic distances. The most recent stereochemical
models (e.g., Refs. 7 and 40) lead to the concept of the
glass as deduced from the corresponding crystal structure
by a series of structural operations (such as twinning) with
a correlation length determined by the basic features of
short-range order, i.e., coordination number and range of
the pair-correlation functions. Direct evidence for a
correlation length of —10 A is provided by the coherent
images obtained in high-resolution TEM experiments on
a-Pd8OSi20, ' by the oscillations seen in the 8 pair-
correlation functions for a-Ni82BI8 and a-Ni66834 as
we11 as by the range of oscillations in extended x-ray-
absorption fine-structure experiments on, e.g., a-Ni8OPqo
(Ref. 41) or a -Ni2B (Ref. 13). Nuclear-magnetic-
resonance experiments can also be interpreted in this

' way.
All these results point to this —10 A correlation length

as the maximum distance over which short-range order
can be defined in a glass (at least for metal-metalloid
glasses). The results obtained in Sec. IVD strongly sug-
gest that this correlation length is also the minimum dis-
tance over which the amorphous structure can be sta-
blized in a crystalline lattice.

V. CONCLUSIONS

Ion implantation serves a double purpose in these ex-
periments. The first is its capacity as a means of modify-
ing the alloy composition in a controlled way. The second
is related to the disorder accompanying the compositional
change, but its action is less clear. Stable disordering due
to simple displacement-cascade-damage overlap has been
proven in semiconductors, but with the exception of Ga
(Ref. 22) amorphization by damage cascades alone is cer-
tainly not evidenced in pure metals even at low tempera-
tures, ' where damage mobility and recombination are
significantly reduced; attempts to relate disorder changes
in metals to such implantation parameters as the
deposited-energy density have only met with very limited
success, restricted to cases where the damage density
was very low, and due to nonoverlapping cascades;
implantation-induced amorphization of metals has so far
only been found in cases where the disorder was produced
by significant quantities of chemically active solute
atoms. ' ' ' One of the original purposes of the
present work was to determine whether low-temperature
implantation of metalloids could stabilize the glassy struc-
ture versus its. crystalline counterpart at lower meta11oid™
atom concentrations than those necessary when preparing
such amorphous systems by room-temperature implanta-
tion, or by the more familiar fast-quenching, sputtering,
or chemical techniques. Our results do show that this is
possible, but the reduction in amorphization threshold is
only -3 at. %, a significant increment, but not sufficient-
ly large to invoke a drastic effect of radiation-damage sta-
bilization. We conclude, in agreement with the now gen-
erally accepted view of glassy metals, that the chemical

short-range order due to the solute atoms is the decisive
factor in stabilizing lattice disorder. The repetitious role
of the damage cascades is to randomly upset the geometry
of the implanted layer, allowing any elementary assembly
of atoms to choose its equilibrium configuration out of a
moving spread of geometrical and compositional fluctua-
tions.

Our results show that the spatial extent over which the
implanted alloy minimizes its internal energy depends on
the implantation fluence (via composition) and tempera-
ture. In the LNT experiments the energy minimization
occurs via the formation of amorphous clusters —whose
size is just the minimum size over which the amorphous
structure may be defined —as soon as a threshold phos-
phorus concentration is reached. The stability of the
amorphous component increases with the average P con-
centration as the eutectic concentration is approached.
The average composition for which half of the sample has
reached the amorphous state is just the bond-percolation
threshold (c,=0.12) for the fcc lattice, a result that cer-
tainly requires further investigation.

In the RT experiments, the entire sample is amorphous
only when the average composition has reached the eutec-
tic composition ( —19 at. %); It appears that the addition-
al thermal energy is sufficient to enhance the scale over
which minimization of the internal energy can occur:
Lattice rearrangement (accompanied by short-range P
motion) takes place under irradiation, and, consequently,
only the most stable amorphous clusters are now formed
at a P-to-Ni ratio corresponding to the eutectic composi-
tion.

We find that, at higher average P concentrations in Ni,
P diffusion occurs under implantation (i.e., radiation in-
duced) over the volume in which damage mobility occurs;
clearly, as the temperature is raised, the scale over which
energy minimization occurs increases and reaches the en-
tire sample volume, so that the stability criteria for the
glassy structure will just be those obtained at thermo-
dynamical equilibrium.

Such internal-energy considerations can be extended in
several ways. The first and most obvious regards the
irradiation-induced amorphous-to-crystalline transition in
a Ni-P system of constant composition: this transition
should be concentration and temperature dependent. Ex-
periments are underway to test this point. Secondly, the
amorphization mechanism described in Sec. IVD should
be operative at least in other metal-metaHoid systems.
This was demonstrated for the Pd-Si and Ni-B alloys,
which we have studied at I NT and RT. * PreIiminary
results obtained at RT for the implanted Ta-B and Ta-P
alloys show similar behavior, " as do the Nb-metalloid
amorphization experiments of Linker. It will be in-
teresting to study the case of metal-metal systems. Final-
ly, such 1ocal internal-energy fluctuations can also drive
the heterogeneous nucleation of different crystalline
phases in a given implanted crystalline alloy.
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APPENDIX

In our previous work the experimental profiles were
compared to the %'SS calculations, and at that time we
did not know that the experimental bR& is about 40%
higher than the WSS value. As the implantations in Ref.
38 were performed at only 80 keV (i.e., Rz ——40 nm), even
without any assumption of P mobility the profiles should
be relatively flat from the surface inwards owing to the
high ERAL value. The experimental results of Ref. 38 are,
hence, consistent with the present ones, but our previous
interpretation in terms of P mobility at RT has proven to
be incorrect.

The absence of any difference between the RT and
LNT P depth profiles is relevant to the interpretation of
the experiment reported in Ref. 14. There, a linear flu-
ence dependence of the surface channeling peak following
phosphorus RT implantation was reported, in marked

contrast to the LNT results. The difference was interpret-
ed in terms of radiation-enhanced diffusion of P towards
the surface, followed by the formation of amorphous clus-
ters at the eutectic concentration. We have shown that
there is no long-range P migration. Moreover, we were
unable to reproduce this experiment under the same nomi-
nal conditions. However, a similar behavior was reported
by Follstaedt et al. in the case of Ti-implanted Fe and
by Atkinson et al. in the case of Fe-implanted Ti. In
both cases the surface amorphization was attributed to C
contamination of the sample surface.

In order to check this possibility, a 13-nm-thick C layer
was deposited on half of the surface of a Ni single crystal.
Phosphorus was then implanted at R& over the entire
crystal surface. The channeling spectra recorded on the
two halves after each implantation fluence are completely
different, as can be seen in Fig. 3 for 6 )& 10'
P atoms cm . The C-contaminated crystal exactly repro-
duces the results of Ref. 14, whereas the results for the
clean crystal are identical to those reported for RT im-
plantation in Sec. IV B. We conclude that the RT results
of Ref. 14 were due to an erratic carbon contamination re-
lated to a faulty operation of the implantation-chamber
vacuum system.
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