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Neutron diffraction measurements have been performed on amorphous Nio 95Tbo 05 and crystalline
Ni. Thick dc-sputtered films of the amorphous alloy were prepared by high-rate triode magnetron
sputtering into liquid-nitrogen-cooled substrates. The contributions of structural and thermal disor-
der to the first-neighbor radial distribution function were obtained using the crystalline Ni results
along with corrections for finite g,„. The results indicate a Ni-Ni first-neighbor structural disor-
der whose width, cr&/r& -3%, is substantially lower than values suggested for amorphous metals.
Comparisons with theoretical models of the pair distribution function of a-Ni and a-Fe based on re-
laxed dense random-packed structures indicate good agreement with the results of Heimendahl.
Density measurements have yielded the packing fraction for a-Nio95Tbp05. Extrapolation of this
value has allowed an estimate of the packing fraction of pure a-Ni to be obtained. The results indi-

cate a density greater than the maximum for a hard-sphere, dense random-packing model, but signi-
ficantly below that of crystalline values found in some relaxed models.

INTRODUCTION

Considerable interest in the structure of amorphous and
liquid metals has evolved from theoretical models of
dense-packed hard spheres. ' Refinement of these
models has involved use of softer repulsive potentials, as
well as structural relaxation and Monte Carlo pro-
cedures. Recent interest in the possibility of
icosahedral order in amorphous metals and quasicrystal-
line materials has also revived interest in cluster models of
intermediate-range order. ' These various models and
their detailed pair distribution functions and densities for
amorphous transition metals have not been extensively
compared, however, to experiment. Experimental studies
of elemental amorphous transition metals have been con-
strained to in situ low-temperature electron diffraction
studies due to thermal and thickness instabilities of these
amorphous solids. " In addition, the density of very-
thin-film amorphous transition metals is unknown. This
implies that the radial distribution function and coordina-
tion numbers have not been obtained with accuracy.
Similarly, a recent study of electrolytically prepared a-Fe
at 300 K employed two-phase material with small amor-
phous particles of unknown density. '

Much of the experimental structural and physical prop-
erty work in amorphous metals has thus involved alloy
systems whose properties may differ considerably from
that of pure elemental amorphous metals. Significant co-
valent interactions between transition metal (TM) and
nonmental (m) atoms' or the presence of large concen-
trations of other metal atoms may result in substantial
differences from single-atom models. In the present study
a dilute alloy of Tb in a-Ni has been prepared in thick
film form and studied by neutron diffraction. Although
the presence of 5% Tb will influence the structure, its
contribution to the Ni-Ni pair distribution function is

small for the first coordinate sphere. This allows an ap-
proximate comparison with theoretical calculations for
a-Ni and a-Fe models. The stable, thick-film nature of
the present system allows an accurate high wave-vector
neutron diffraction determination of S(Q), the total
structure factor. In addition, the density of the system
may be obtained and extrapolated to its approximate pure
a-Ni value. This provides a means of obtaining the pack-
ing fraction which is found to have a value above that of
the maximuin dense random-packing (DRP) model, but
below fcc, crystalline-like values, obtained in certain re-
laxed DRP models.

In addition to the alloy measurements, the radial distri-
bution function of crystalline Ni has been obtained. This
allows an estimate of the corresponding thermal broaden-
ing factor for the amorphous alloy Ni-Ni first-neighbor
distribution. An approximate separation of this contribu-
tion from the total first-neighbor distance fluctuations
provides a means of obtaining the static disorder parame-
ter. Prior to this study, such measurements have not been
made in amorphous metal systems. In the amorphous
semiconductor a-Ge and a-Si, such studies' ' ' have been
important in determining that the structural disorder in
the first coordinate sphere is small. In contrast, in amor-
phous metals the absence of comparable covalent interac-
tions is expected to result in a larger spread of first-
neighbor distances that are of basic importance for an
understanding of the structure and its resulting physical
properties.

EXPERIMENT AND DATA ANALYSIS

Both a-Nio 95Tbo 05 and c-Ni thick films were prepared
by triode magnetron sputtering at high rates. A sputter-
ing pressure of 5 mTorr was employed with a cathode-
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anode separation of 2.25 in. The system based pressure
was 3 X 10 Torr and the sputtering rate was 850 A/min.
The amorphous sample was deposited on Al foil in
thermal contact with a large plate cooled by liquid nitro-
gen. The c-Ni films were prepared on noncooled foils.
Self-supported films of typical thickness 30 pm were
analyzed by x-ray diffraction to determine their crystal-
line or amorphous state. These films were removed by
simple peeling from the substrate. Neutron activation
analysis confirmed that the film had the same 5 at. % Tb
as the 2.25 in sputtering target, as well as indicated that
little Ar (&1%) was incorporated in the films. Sample
volume measurements were performed on a gas-phase au-
topycnometer (micrometric 1320) for the amorphous al-
loy. For improved accuracy a large, —8 g, sample was
employed. This volume was combined with microbalance
mass measurements to obtain an alloy density of 8.43
g/cm .

Neutron diffraction measurements were performed at
300 K at the Argonne National Laboratory Intense Pulsed
Neutron Source on the SEPD (special environmental
powder diffractometer) instrument. This instrument em-
ploys a broad, nonmonochromatic beam that is energy
analyzed to obtain the wave vector Q. Time-of-flight
measurements were performed on the samples, a reference
V scatterer and an empty V container. The appropriately
normalized detector intensities for angles of 15', 30', 60,
90, and 150' were corrected for absorption, container, and
multiple scattering contributions. ' The corrections were
calculated at ten wavelengths and fit with polynomials.
The packing density of the sample in the V container was
employed as a variable so as to yield a structure factor,
S(Q), that oscillates about unity at high Q values. Values
of Q,„=36and 22 A ' were employed for c-Ni and for
a-Nip 95Tbp p5 resPectively.

The normalized and background corrected intensities
were employed to calculate an initial S(Q) which was uti-
lized to obtain Placzek corrections point by point for each
detector group. The Placzek correction utilized an effec-
tive temperature of 300 K. An analysis of the approxima-
tion form of the vibrational spectrum' of a-Ni indicates
that this is a reasonable approximation. A weighted aver-
age of the different detector groups yields the final S(Q)
which is Fourier transformed to obtain G(r) by the rela-
tion

G (r) = (2/vr) J Q [S(Q) —1]sin(Qr)M (Q)dQ,

where M(Q) is a damping or modification function. The
Lorch' function M ( Q) =sin( srQ /Q, „)/m'Q /Q, „, as
well as the undamped M(Q)=1 value were employed.
The former, although reducing oscillatory noise in the re-
duced radial distribution function G (r) and the radial dis-
tribution function (RDF), J(r), also reduces the resolution
of the first- and second-neighbor peak in these functions.

The use of a finite Q,„ implies that spectral resolution
is also reduced. Suzuki has studied this effect' for a sin-
gle Gaussian shaped peak and obtained curves that may
be utilized to approximately correct for finite Q,„. Us-
ing his universal curves in terms of Q*,„—=Q,„r~, where
r& is the mean first-neighbor distance, we have self-
consistently estimated the correction factor for a-

Nip 95Tbp pg and c-Ni. The correction factor for the width
of the first-neighbor RDF peak for c-Ni for M(Q)=1
sPectra is 0.98, while for a-Nip 95Tbp p5 the factor is 0.95.
While these approximate correction factors are relatively
small here for Q,„&20 A ', Suzuki's calculations clear-
ly indicate that such corrections are nonlinear in Q
and thus may be significant at lower Q,„values em-
ployed in a number of previous studies. ' For values of
Q &Q,„=0.7 A ', S(Q) was extrapolated to Q=O us-
ing a quadratic dependence on Q.

RESULTS AND DISCUSSION

Shown in Fig. 1 is the radial distribution function ob-
tained in Eq. (1) for c-Ni using a Lorch damping and the
relation

J(r)=rG(r)+4mr pp . (2)
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FIG. 1. Radial distribution function of crystalline Ni at 300
o

K with Lorch termination for Q,„=36 A

The density, pp, employed in Eq. (2) was that of bulk c-Ni
and is an upper limit to that of the thick-film material.
The form of J(r) in Fig. 1 is quite similar to the expected
form for fcc Ni. The peaks in J(r) are finite in width due
to contributions from thermal disorder and the effects of
the damping function, finite Q,„and instrumental reso-
lution. The first and second coordination regions are
shown in Fig. 2 for both M(Q)=1 and for the Lorch
function. %'hile the damping function reduces terrnina-
tion oscillations, it clearly increases the width of the first
two peaks in the RDF relative to undamped termination.
The width of the latter yields an improved estimate of the
thermal broadening of c-Ni. The further correction for
finite Q,„,discussed above, narrows this width by an ad-
ditional 2%. The resulting thermal width of c-Ni for the
first RDF peak is (o i),h

——0.077 A, corresponding to
(oi),h/ri ——3.1%. This value is 14% smaller than that
predicted by a simple Debye theory. However, when
coupling between first neighbors and the atom at the ori-
gin is incorporated into the theory, ' the experimental re-
sult is only 5% smaller than the predicted value. Prelimi-
nary analysis of the data led to slightly higher values of
o.

~ for c-Ni and a-Nip 95Tbp 05.
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FIG. 2. Radial distribution function J(r) of crystalline Ni at

300 K with (dashed line) and without (solid line) Lorch termina-
o ]

tion for Q-,„=36A . Coordination number Z(r) of the same
sample as a function of radial distance from an atomic site
(dot ted-dashed line).

FIG. 4. Reduced radial distribution function G(r) of amor-
o

phous Nip95Tbpp5 with Lorch termination for Q-,„=22 A
The inset shows the first two peaks with (solid line) and without
(dotted line) Lorch termination.

The coordination number, Z(r) = J(r')dr', is shown
p

in Fig. 2 for Lorch damping. Similar results are obtained
for M(Q) =1. The values of 12.3 and 18.5 obtained for
the first and second coordination numbers are near to the
fcc values of 12 and 18, respectively. The 2—4% larger
values may in part be a consequence of the somewhat
lower film density than that of bulk Ni employed in deter-
mining the RDF.

The form of S(Q) for a-Nip 95Tbp p5 is shown in Fig. 3
for Q,„=22 A '. The resulting G(r) using Lorch
damping and M(Q) =1 are shown in Fig. 4. The slope of
the low r region yields a density, pp ———4mG(r)lr which
agrees within a few percent with the measured value of
8.43 g/cm . For c-Ni, the slope of G(r) at low r is also
found to be within its bulk range. The J(r) obtained with
the bulk value of the density is shown in Fig. 5 for r & 12
A. Clearly defined radial correlations are present here
and in G(r) up to large values of r in these alloys. Such

oscillations are a similar to those observed in amorphous
transition metal-metalloid alloys. ' ' A higher resolution
RDF is shown for r & 6 A in Fig. 6 for the case of
M(Q) =1. For comparison, the Lorch damping result is
also shown. As in c-Ni the latter reduces the resolution of
the lower r peaks in J(r). Certain weak shoulder features
seen at r =3.6 A and 5.6 A appear to be present for both
M(Q) choices, suggesting that they are not artifacts of
the data analysis.

As may be clearly seen in Fig. 6, the first peak in J(r)
is asymmetric in form. This result is similar to that ob-
tained for both DRP structures, as well as relaxed DRP
models, and is a consequence of repulsive interactions at
small r. The first peak of the RDF yields the approxi-
mate mean position of the nearest neighbors; this occurs
at 2.48 A which is 0.5% below the c-Ni value. To obtain
an estimate of the structural disorder in the a-Nip 95Tbp p5

amorphous film, the width of the first peak to lower r
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FIG. 3. Total structure factor of amorPhous Nip 95Tbp p5 at
300 K.

FIR. 5. Radial distribution function J ( r ) of amorphous
Nip 95Tbp p5 at 300 K with Lorch termination.
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FIG. 6. Radial distribution function J ( r) of amorphous
Nio 95Tbo» at 300 K with (dashed line) and without (solid line),
Lorch termination. Neutron weighted coordination number
Z'(r) of the same sample as a function of radial distance from
an atomic site (dotted-dashed line).

values has been employed. A Gaussian fit to this portion
of the peak was employed to obtain the width for the
M(Q)=1 case. This width was further self-consistently
corrected as in c-Ni for finite Q „.This yields a correc-
tion of 5% to the width shown in Fig. 6. The total effec-
tive Gaussian width of the lower portion of the first RDF
peak is found to be (o ~)«„~/r ~

——4.2%.
The width of the lower half of the first RDF peak

corrected for finite Q,„corresponds to a total thermal
plus structural disorder normalized width (cr &/r &

)=4%.
The independence of these contributions and their approx-
imate Gaussian forms suggests that (o~) =(o&),h+(o~)d,
where (o.&)d is the static structural disorder contribution
and (o &) is the measured e ' width. The thermal. con-
tribution may be estimated to be that of c-Ni as a first ap-
proximation. This yields a relative disorder (o ~ )d /r,
=3%%uo for the lower r portion of the first coordination
sphere. As the a-Ni095Tb005 peak is asymmetric the use
of Gaussian additivity of disorder contributions is only an
approximation. An independent estimate of the structural
disorder may be obtained by deconvolving the experimen-
tal J(r) using the thermal disorder of c-Ni. This pro-
cedure yields (o, )dlr, =3%, indicating that the assump-
tion (o&)~ =(o~)th+(o. &)d is a good approximation. This
value is comparable to the estimated thermal disorder and
contrasts with amorphous semiconductors where (o&),h is
substantially larger than (o &)d.

' '
The value of -3% for the structural disorder for the

first coordination sphere width is considerably lower than
the 5—6% value estimated for a-TM-I alloys. ' This is,
in part, a consequence of the significant thermal disorder
contribution, as well as the need for significantly larger
corrections for lower Q,„values than those employed
here. An analysis, for example, of the first J(r) peak
for Ni-Ni correlations in a-Ni0»B0», indicates after
correcting for thermal broadening and finite Q,„,a simi-
lar value for the static disorder. The lower experimental
Q,„of 13 A in this case yields an estimated termina-

tion correction factor of 0.7.
The integral of J(r) of Fig. 6 yields for a binary alloy a

neutron weighted coordination number, Z'(r):

7 2

Z'(r)= g w9rG&(r)+4nr pp dr .
0 ij =1

(3)

The neutron weighting factors w,z
x;x——jb;b& /(b ), where

x; and b; are the concentration and coherent scattering
lengths for species i. For a-Ni095Tbp05 these have the
values of wNj Nj:0.927 and uNj Tb 0.036 and b~; ——10.3
fm, bTb 7.6 f——m. The observed Z'(r) is shown in Fig. 6.
Theoretical calculations of Z'(r) for the related a-
Co1 „Gd system indicate, for low Tb concentration,
that at low r ( & 1.15r, ) it is dominated by Ni-Ni correla-
tions. This is a physical consequence of the significantly
larger Tb size and constraints on atom approach distances
for modified hard-sphere constraints. For larger values of
r, contributions from Tb atoms influence J(r) and G(r)
in selected regions. This is particularly the case where
GN; N;(r) is small. Figure 6 indicates for r=3.3 A corre-
sponding to the minimum in the RDF beyond the first
peak, an effective coordination number Z'=11.9. Al-
though this number is a weighted value, it is estimated to
be rather close to the value of the total Z obtained if Ni
and Tb were to have similar scattering strengths. This is
a consequence of the dominance of the Ni-Ni term in Eq.
(3).

It is also possible, in an approximate sense, to extrapo-
late the results for the 95%%uo Ni alloy to that of a hypothet-
ical pure a-Ni system. Calculations of Cargill of a-
Co1 Gd„, using a relaxed DRP model, support an ap-
proximate 5%%uo increase in density of the pure a-Co over
the 95% alloy. Comparisons of his J(r) values indicate
that the effective coordination number of the 95% alloy is
approximately 5% below that of pure a-Co. This sug-
gests that the alloy Z' number is comparable to or
perhaps of order 5% less than the coordination number
expected for a hypothetical pure a-Ni system. For pure
a-Co the theoretical results indicate a coordination of
11.85+0.5. Although Z'(r) for a-NiQ 95Tbp pg has a con-
tribution from Ni-Tb correlations, it is useful to compare
its form to that of c-Ni in Fig. 2 in a semiquantitative
manner. The differences in these J(r) with increasing r
indicate the more gradual rise to a crystallike coordination
in the amorphous state. This is a consequence of structur-
al disorder and a locally lower density in the metastable
amorphous system.

A comparison of the experimental pair distribution
function g(r) =J(r)/4mr Pp for a-NiQ 95Tbp pg and that of
models ' of pure a-Ni and a-Fe is shown in Figs. 7 and 8.
The theoretical results have been broadened by the 3.1%
thermal disorder obtained for the first peak of pure c-Ni
(Ref. 26) and the a-Nip 95Tbp p5 correction factor for finite
Q,„. The experimental and theoretical spectra have been
normalized to the first peak in g(r). The theoretical re-
sults of Maeda et aI. , based on a Monte Carlo modeling
of a-Fe which employed a Johnson potential, do not agree
well with the present alloy g (r). Of particular importance
is the position of the second peak in the experiment at
r2 ——1.72r&, whereas this theory has r2 —1.66r&. Similar
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FIG. 7. Pair distribution function g (r) of amorphous
Nip 9gTbp p5 at 300 K with M (Q) = 1 in Eq. (1) (solid line). Mae-
da and Takeuchi model (Ref. 7) of g ( r) broadened with
(0~)&h/r~ ——3.1% (dashed line). The curves have been normal-
ized to the position of the first peak.

results are obtained for the results of Doyama and
Yamamoto whose relaxed DRP has r 2

—1.66r &. At
larger values of r the experimental peaks in Fig. 7 are also
seen to occur at larger values than that of theory. While
the effects of Tb might be expected to yield this effect, an
analysis of the relaxed DRP model of a-Co& Gd sys-
tem for x=0.05 indicates that the rare-earth contributions
are not sufficiently large to significantly change the posi-
tions of the major peaks in g (r) or G(r) as a first approx-
imation.

The comparison with the relaxed DRP model of a-Ni
of Heimendahl shown in Fig. 8 yields better agreement
with experiment. This is also shown in the inset of Fig. 8,
where a more dense, thermal broadened theoretical histo-
gram was employed for the nearest-neighbor distribution.
While the theoretical g (r) is slightly wider than the exper-
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FICi. 8. Pair distribution function g ( r ) of amorphous
Nlp 95Tbp pg at 300 K with M(Q) = 1 in Eq. (1) (solid line).
Heimendahl model (Ref. 5) of g ( r ) broadened with
(o.l),h/r~=3. 1% (dashed line). The curves have been normal-
ized to the position of the first peak. The inset shows the first
peak obtained from a finer histogram of the model.

iment, the results indicate considerable similarity between
spectra. Beyond r=l. lr& the experimental g(r) is larger
than the theoretical result. In this region g (r) is small for
Ni-Ni correlations. As such, contributions from Ni-Tb
and Tb-Ni terms in g (r) are the likely origin of the differ-
ences. The trend observed in the region between
r =1.2 —1.6r

&
is similar to that obtained from a compar-

ison of g(r) for a-Co and an S%%uo Gd alloy. Differences
between the theoretical results of Heimendahl and the al-
loy g(r) for the peak near r =Zr, do not appear, however
to arise from Tb contributions as here the G J(r) are all of
the same sign and do not interfere. Similarly, the some-
what larger value of the theoretical maxima and minima
for r ~ 2.2r& do not appear to be due to the Tb contribu-
tion. Further calculations for the a-NiQ95TbpQ5 system
using a relaxed DRP model would be useful to confirm
this, as well as determine the conditions for improved
theoretical spectra. Clearly further measurements of the
Tb contribution to the G(r) and g(r) are also required to
more accurately quantify the role of Tb.

The bulk density of a-Nip 95Tbp p5 allows a determina-
tion of the equivalent hard-sphere packing fraction. From
the relation F~ =(4n/3)p, (R ), where (R ) =0.95r N;
+0.05r Tb and estimated values of rN; ——1.245 A and
rTb ——1.72 A, the F~ =0.70 is obtained. From this result
it is also possible to estimate the approximate value for
pure a-Ni. Model relaxed DRP calculations for the a-
Co~ Gd system yield an approximate 5.5%%u& greater
density for x=0 relative to x=0.95. This system is ex-
pected to have rather similar ratios of atomic sizes and in-
teratomic interactions as that of a-Ni& „Tb so that the
theoretical results serve as a first approximation here. As-
suming a similar density change for dilute Tb in a-Ni and
a Ni radius of one half r& yields an estimated packing
fraction of 0.68 for pure a-Ni. This value is in good
agreement with the value of 0.68 obtained in the relaxed
DRP calculation for pure a-Co. It is useful to note that
this exceeds by 6 6% the maximum value of the
Fp 0 637 obtained from a hard-sphere model . In addi-
tion, this value is near the lower estimate for pure a-Fe
obtained by the Monte Carlo procedure of Maeda and
Takenchi, but 9%%uo below that of the crystallike upper
limit. It is possible, however, that the present density is,
in part, a consequence of deposition conditions and that
larger values of the density and packing fraction are possi-
ble in annealed a-Nip 95Tbp p5 alloys.

In summary, the neutron di ffraction spectra of a-
Nio 95Tbp pg for g,„=22 A have been employed to ob-
tain detailed information about the Ni first-neighbor local
order. As this local order for r & 1.1r& is dominated by
Ni-Ni correlations, comparison with theoretical studies of
pure amorphous transition metals may be employed for
comparison. The separation of the radial disorder into
thermal and static disorder contributions is found to yield
a 3% value for the latter. This value is considerably
lower than previous estimates of the spread of the first-
neighbor distribution obtained for other experimental
studies due to both thermal and finite g,„effects. The
form of the thermally broadened first-neighbor peak is
found to be similar to that of the relaxed DRP model of
Heimendahl. The additional asymmetry of the experi-
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ment versus theory may well be a consequence of Ni-Tb
correlations that have not been addressed here. At larger
r values the Heimendahl model also yields better agree-
ment for the second-neighbor peak than that of models
employed for a-Fe. Although Tb-Ni correlations may
modify somewhat the G(r) and J(r) results relative to
pure a-Ni, comparison with theoretical results for the re-
lated a-Co& „Gd„system suggest that these corrections
are not large. Thus the peaks in these functions are not
predicted to substantially change as Tb is reduced below
5%. Further measurements would be useful, however, to
more precisely quantify the relation to models of pure a
Ni.

In contrast to previous electron diffraction studies of
a-Ni, the present thick-film material has allowed more ac-
curate density measurements to be obtained. The results
indicate a density that is greater than that of hard spheres,

but substantially below that of fcc c-Ni. This does not
imply, however, that greater densities cannot be achieved
with annealing, for example. Further studies are in pro-
gress in this regard.
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