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Electrical properties of amorphous Ni-P alloys produced by ion implantation
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The resistivity temperature dependence of room-temperature-implanted Ni&, P alloys

was measured at P concentrations between x =0.14 and x =0.27, and compared to that

of evaporated and electrodeposited alloys. The results are discussed in the light of previ-

ously reported channeling experiments on the -same alloys. It is found that the implanted

amorphous Nii „P„systems are identical to their counterparts prepared by conventional

techniques.

I. INTRODUCTION

Ion implantation is known' to be a suitable
technique to produce room-temperature-stable
amorphous alloys. But, while the physical proper-
ties of amorphous systems prepared by quenching
or electrodeposition techniques are extensively in-

vestigated, very little is known about their implant-
ed counterparts. Recent resistivity, channeling, '

and hyperfine interaction experiments on implant-
ed Ni-P alloys have provided interesting informa-
tion on the amorphization mechanism as well as
on the local structure of the disordered layer. This
paper presents a rather complete study of the con-
duction properties of this system.

The temperature dependence of the resistivity of
room-temperature-implanted Ni-P films was stud-

ied versus the P-implanted dose, i.e., the film com-
position. We show that above a certain P concen-
tration, related to the amorphization threshold evi-

denced in channeling experiments, ' the value of
the resistivity and its temperature dependence are
the same for a given P concentration as those ob-

tained in the case of evaporated or electrodeposited
Ni-P alloys. To our knowledge, no comparison of
this kind has previously been reported.

II. EXPERIMENTAL

Nickel films were prepared by evaporation of
pure Ni on quartz substrates in a vacuum better
than 10 Torr. The thickness of the films
(400—500 A) was measured before implantation by
Rutherford backscattering (RBS) experiments using
the 380-keV He + beam of the implanter. Film
resistivity ratios between room temperature and 77
K before implantation are typically 1.7.

Four films were implanted at room-temperature

with P+ ions delivered by the implanter of the
Centre de Spectrometric Nucleaire et de

Spectrometric de Masse-Orsay at energies of
50—75 keV depending on the film thickness.
Doses were varied from 5&10' atom cm to
1.5 X 10' atom cm, with dose rates lower than 2

pAcm to avoid target heating. The vacuum
during implantation was always better than 10
Torr. The thickness of the films and the energy of
the P beam were chosen in order to obtain

Ni& P alloys as homogeneous as possible over
the whole film thickness, using the theoretical
range and range-straggling calculations of Winter-
bon and the results of our previous experi-
ments on the Ni-P system. The composition of
the films and their homogeneity were measured
after implantation by RBS experiments using a
1.8-MeV He+ beam provided by the Van de
Graaff accelerator of the Groupe de Physique des
Solides, Ecole Normale Superieure Paris VII. The
energy resolution was 12 keV, corresponding to a

0

depth resolution of about 140 A.
Figure 1 shows a typical RBS spectrum after P

implantation. It exhibits two peaks arising from
the backscattering of a particles on P and Ni
atoms, respectively. The best way to determine the
mean composition of thin homogeneous films is to
measure the ratio of the areas of the two peaks.
But in our case, this would lead to rather large er-
rors due to the partial overlap between the P peak
and the background due to the quartz substrate
and to the (small) contribution of a P-implantation
profile tail in this substrate. The mean composi-
tions given in Table I were then deduced simply
from the ratio of the heights of the two peaks;
they agree well with the less precise values ob-
tained from the ratio of the peak areas after taking
the above remarks into account. The shape and
width of the P peaks testify that the P-
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FIG. 1. RBS spectra on a Ni film before (open circles) and after (full circles) implantation at room temperature of
8.3 X 10'6 atoms P/cm . Analyzing particles: 1.8-MeV He ions. Energy calibration: 3.04 keV/channel.

concentration homogeneity over the whole sample
thickness was typically 10% for all our samples, as

already observed~ on other experiments on im-
planted Ni-P systems. Comparison of the RBS
spectra obtained on unimplanted and implanted
films (see Fig. 1) also allows a determination of the
average Ni-sputtering coefficient by P ions:
S =2.1+0.2. The P-sputtering coefficient by P
ions is more difficult to determine, due to the un-

certainty of about 5 lo in the implanted dose. The
analysis of the P peak shows that up to a dose of
9)& 10' atom cm there is no measurable sputter-

ing of P atoms within our experimental uncertain-

ties, and that for higher doses the P-sputtering

coefficient may be estimated at 1.0+0.5 assuming

a P surface coricentration x -0.20. The above

values clearly indicate preferential sputtering for
the host atoms. This point is obviously important

for studies on the implanted Ni-P system.
The resistivity measurements were performed be-

tween 4.2 K and room temperature usirig a stand-

ard four-point probe technique. Temperature mea-

surements were carried out using a calibrated car-
bon (100 0 Allen-Bradley) resistor from 4.2 K up
to 30—40 K and a calibrated 100 0 platinum
resistor from 30—40 K up to room temperature.

TABLE I. Sample and resistivity data.

Film'
composition

p (293 K)
(pQ cm)

PX104
a)& 103

N~o. 86PO. 14

Nio. s&Po. &9

Nio. 77Po.z3

Nio. v3Po. 27

83.1(8.3)
111(11)
151(1s)
164(16)

4.4(1)
1.8(l)
0.23(1)

—1.3(1)

12
14.5
17.5

—0.44{5)
—0.62(5)
—0.80(5)
—1.04{5)

The error in the given film composition extracted from RBS experiments (see text) is +0.01.

1 dp

x=293 K.

1'a=-
p ~«~, 4, „
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The heating rate was typically 60 K/h. Uncertain-
ties in film dimensions are the main contribution
to the error (of the order of 10%%uo) on the absolute
magnitude of the resisitivities.

III. RESULTS

R(T)
R(4.2)

1.000

8

NI1 „P„
12 T(K)

x =0.14

x=0.19

x=0.23

IV. DISCUSSION

As found in a previous experiment, the resisi-
tivity values of the Nii „P„implanted films are in
the range 80—160 pQ cm, characteristic of amor-
phous metallic alloys. Figure 4 compares the
values reported in Table I with those obtained by
Cote' and Bouchet" on electrodeposited and eva-

porated Ni-P alloys, respectively. In spite of the
differences in preparation techniques, the overall
resistivity composition dependence is the same for
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The resistivity temperature dependence between
4.2 K and room temperature for the implanted
Ni-P films is shown in Fig. 2. It is clear that: (i)
The overall slope of the curves decreases when the
P concentration increases and becomes negative for
the highest concentration; (ii) the variation is linear
at high temperatures, i.e., above —150 K (slope P)
for the four samples; (iii) there is a resistivity
minimum (T~ ) around 15 K for those alloys
whose resistivity slope is positive at high tempera-
ture. An analysis of the low-temperature part
(below T ) of the resistivity variation reveals a
logarithmic temperature dependence (slope a) as
evidenced in Fig. 3. Table I summarizes the
parameters obtained from the data in Figs. 2 and
3.
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FIG. 3. Resistivity vs lnT in the range 4.2 —15 K for
room-temperature-implanted Ni-P films.
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the different samples. This dependence has been
ascribed mainly' to the increase of the Fermi
momentum kF with alloying. According to the ex-
tended Ziman theory, ' as 2k~ approaches k~ (the
position of the first maximum in the structure fac-
tor) an increase of the resistivity is expected with a
gradual transition of dpldT from positive to nega-
tive values.

The temperature coefficients (TCR) of the resis-
tivity P (see Table I) found for x )0.19 are typical
of amorphous alloys. A change of sign of P oc-
curs at x -0.24, i.e., at the same composition as in
the case of electrodeposited alloys' and as predict-
ed by the extended Ziman theory. The correspond-
ing residual resistivity po-150 pQ cm fits well
with Ref. 10 and with Mooij s empirical cri-
terion. ' Figure 5 shows that here again good
agreement is obtained between the P values mea-
sured for implanted and electrodeposited or eva-

porated alloys when the eutectic composition is
reached. At lower P concentration, a difference
exists, particularly in the case of the Nio 86Po ]4
sample. This difference could be explained by
compositional inhomogeneities in the film, since
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FIG. 2. Resistivity temperature dependence in the
range 4.2 —293 K for room-temperature-implanted Ni-P
films.
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FIG. 4. Resisitivity vs P concentration for Ni-P al-
loys prepared by different techniques. Implanted: our
results; electrodeposited: Ref. 10; evaporated: Ref. 11.
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FIG. 5. Temperature coefficient of the resistivity vs

P concentration for Ni-P alloys prepared by different
techniques. Implanted: our results; electrodeposited:
Ref. 10; evaporated: Ref. 11.

the existence of a thin Ni layer (10% of the whole
thickness) implanted with only a few percent of
phosphorus may increase /3 by more than a factor
of 2 while the resistivity reduction would only be
of the order of 20%%uo. However, the experimental
conditions discussed above make this hypothesis
unlikely. A more reasonable explanation is that
for the lower P concentrations the alloy is not
completely amorphous, as indicated by transmis-
sion electron microscopy' and channeling ' experi-
ments which show that a P concentration of
18—20% is required to stabilize the implantation-
induced disorder, i.e., to achieve complete amorph-
ization. In fact, this result suggests that the TCR
provides a sensitive probe of implanted-sample
amorphization. Further tests on other systems
such as Pd-Si are warranted to establish this con-
clusion.

At very low temperatures (below 9 K), a loga-
rithmic decrease of the film resistivity with in-
creasing T is evidenced in all our samples (see Fig.
3). For those films which present a positive P, this
leads to a resistivity minimum at T =12—18 K.
Such a behavior has already been observed in
amorphous Ni-P specimen' ' as well as in other
transition-metal —metalloid amorphous alloys. ' '
The slopes u of the logarithmic term and the T
values obtained in our experiments (see Table I) are
comparable to those given by these authors. For
example, Cochrane et al. ' find a= —1.00(4)
)&10 and T =17 K in the case of an electro-
deposited Nio 75Po 25 alloy. Moreover, Table I indi-
cates that a increases nearly linearly with the P
content. A similar result has been reported by
Toth' and by Stobiecki and Hoffmann' on amor-
phous ferromagnetic Fe-B alloys. The compilation
of these results and of the data of Cochrane' on

(Fe4pNi4p) B2p „P„alloys shows that a is roughly
proportional to the effective number of conduction
electrons per atom given by the metalloid impurity.

Several attempts ' * have been made to ac-
count for the resistivity minimum and the logarith-
mic dependence below this minimum, but there is
still considerable controversy regarding the
mechanism responsible for it. Kondo scattering
and "pseudo-Kondo" scattering from the two-level

system presumably existing in amorphous metals
have both been invoked. Our data bring no infor-
mation on the origin of the effect. It is, however,
of interest to stress (as in previous work' ' ) the
fact that neither the sample-preparation technique,
nor the impurity content, affect a or T in

Ni~ „P„and that T~ exists whether the samples
are ferromagnetic or not. The effect is hence

presumably rather basically related to the existence
of sample amorphicity.

V. CONCLUSION

The resistivity experiments reported in this paper
show that the conduction properties of room-
temperature-implanted amorphous Ni-P alloys are
identical to those of amorphous Ni-P alloys made

by evaporation or electrodeposition, as soon as the
eutectic composition is reached. This result, to-
gether with channeling and hyperfine interaction
results leads us to conclude that room-temperature
implantation produces an amorphous state identi-
cal to that obtained by standard quenching or
deposition techniques in the concentration range
x =0.20—0.27. In Ref. 4, we demonstrated that
the buildup of the amorphous layer at room tem-
perature was related to radiation-induced P mobili-

ty. The latter process, which provides a driving
force towards thermodynamical equilibrium, did
not occur at 80 K. It will therefore be of consider-
able interest to determine whether the results re-

ported in this paper also held after low-tempera-
ture P implantation, i.e., when the amorphous sys-
tem is produced still further from thermodynami-
cal equilibrium.
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