An Investigation of the Structure of Amorphous Co-P Alloys.
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Amorphous Co-P alloys with different phosphorous concentrations were produced by melt-
spinning, sputtering, and electrodeposition. From the combination of X-ray and neutron diffraction
the atomic distances and coordination numbers for the Co-Co- and the Co-P correlations were de-
termined. The short range structure, in dependence of the P-concentration, 9 at% P < ¢, < 26 at%

P, exhibits rather abrupt changes at the eutectic composition, ¢, . =

=199 at% P. It is suggested that

at P-contents above c, . the short range order is more pronounced than at lower P-contents. The co-
ordination of nine Co atoms around P, as established prevxously for many transition metal-metalloid
glasses, is found only at the eutectic composition. There is almost no dependence of the structure of
the amorphous alloys on the specific production method. It is indicated that the melt-spun and the
sputtered glasses are in a slightly more relaxed state than the electrodeposited glasses.

1. Introduction

Amorphous binary Co-P alloys are rather good
soft magnetic construction materials [1] with excel-
lent corrosion resistance versus oxygen-, chloride-,
nitrate-, sulfate-, and sulfite-containing environ-
ments [2 - 7]. They seem to be suitable for the pro-
duction of thin film video heads and memory devices
because of their rather high magnetic coercitive field
strength [8 - 14].

Investigations of the structure of Co-P metallic
glasses and other metal-metalloid alloys have been
reported already by several authors. In Table 1 we
present a compilation of structural data of amorphous
transition metal (Fe, Co, Ni)-phosphorous alloys from
previous studies. However, very few detailed inves-
tigations of the dependence of the structure on the
metalloid content have been performed. It has been
suggested that the coordination of nine metal atoms
around one metalloid atom is a rather stable config-
uration, which does not depend on the composition
(see e. g. [25]). In fact, the values of Z, ), in Table 1
seem to support this suggestion.

In the present work (Part 1) the compositional
dependence of the structure of Co,y,_ P, metallic
glasses was investigated within the range 9 < x < 26,
employing the combination of X-ray and neutron
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Table 1. Amorphous transition metal (TM)-phosphorous
(P) glasses: atomic distances R;; and partial coordination
numbers Z;;. X: X-ray diffraction, n: neutron diffraction,
TOF: time of flight spectroscopy, pol: polarized neutrons,
DRP: dense random packing.

Alloy Ref. RTM ™ Ro_t™ Zrm—1m Zp—1m Method
[A] (A]

Cogy 0Py ohere 254 230 115 92 X,n
Cog, ¢P1g, [15] 257 230 100 80 nTOF
Cogo oPao [16] 255 232 101 89 npol
CogyoProo[17] 247 229 105  — Co-KEXAFS
Cogy oPyoo [171  — 2.29 — 9.0 P-K EXAFS
CoseoPyuo[18] 264 228 100 — Co-KEXAFS
Cogs oPaeo (191 248 220 90 — Co-KEXAFS
C°660 30191 — 2.20 — 9.0 P-K EXAFS
igo.oPao [20] 256 228 94 93 n

egs oPlso [21] 260 228 112 9.1 DRP model
Feg, oPgo [22] 261 238 107 81 X
Feg oP. P00 231 — — 102 8.4 DRP model
egooPa00 [24] 261 232 100 — Fe-KEXAFS

diffraction. Furthermore, we studied the dependence
of the structure on different methods for the produc-
tion of amorphous Co-P alloys: melt-spinning, elec-
trodeposition, and sputtering. In the following paper
(Part 2) [26] an EXAFS study of amorphous Co-P
alloys will be presented.

Concerning the principles of X-ray- and neutron-
diffraction with amorphous alloys we refer to the re-
view [25] and the references therein. In the present
work the definitions of structural parameters and the
symbols from [25] were used.
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2. Experimental
2.1. Sample Preparation

Three different methods for the preparation of the
amorphous Co-P alloys were used, namely melt-
spinning (MS), sputtering (SP), and electrodeposi-
tion (ED).

2.1.1. Melt-spinning

From pieces and powder of cobalt (99.99 %) and
from pieces of phosphorous (99.9999 %) small cylin-
ders were obtained by pressing. The cylinders were
filled into quartz tubes which were sealed under ar-
gon atmosphere. At a temperature of 580 °C the phos-
phorous forms the Co,P compound and the cylinders
then consist of Co,P together with metallic Co. These
cylinders were melted by induction heating under ar-
gon (p =400 mbar) and then cast into a copper mould.

Deep eutectica and different atomic radii of the
constituents favour the formation of amorphous
metal-metalloid alloys during rapid quenching. The
Co-P phase diagram [27] shows a deep minimum at
Cpe =19.9 at% P. Coyy,_, P, alloys with x = 14, 16,
18, 20, 22, 24, and 26 were used to produce ribbons
with a melt spin apparatus. The alloys with x = 20, 22,
and 24 yielded amorphous ribbons (breadth: 1 mm;
thickness: 15 pm; length: several meters), whereas
the other alloys yielded only small pieces which were
partly crystalline.

2.1.2. Sputtering

Co,go_,P, targets with the concentrations x = 20,
24, and 26 were produced by induction melting from
metallic cobalt and Co,P powder. The most suitable
sputter parameters for the production of amorphous
films were a pressure of 8x10~3 Torr argon (5N),
0.12 A cathode current, 1.20 kV high frequency po-
tential, and a DC-potential of 1.10 kV. The sputter
yield was 12 mg/h corresponding to a growth in thick-
ness of 0.42 pm/h. Aluminum foil was used as sub-
strate and then dissolved by a NaOH solution at 40 °C
in order to obtain self supporting films.

2.1.3. Electrodeposition

Using the method of electrodeposition, amorphous
Co,99_,P, alloy films can be produced in a wide
concentration range [28, 29]. We used as cathode a
polished and degreased Cu-foil with a free surface
of 32x32 mm? and as anode a cylinder of cobalt
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Fig. 1. Amorphous Co-P: total structure factors from X-ray
diffraction. MS: melt spun, SP: sputtered, ED: electrode-
posited.

(99.99 %). Electrolyte compositions were used as de-
scribed in [29].

2.2. Diffraction Experiments

X-ray diffraction was done with a goniometer
(Siemens D500) in transmission mode using a pri-
mary beam monochromator for Mo-Ka-radiation and
a position-sensitive detector. The corrections for po-
larization, absorption, incoherent scattering, and mul-
tiple scattering as well as the normalization procedure
were done as described in [29]. Neutron diffraction
was done in transmission mode using the instrument
D20 at the Institute Laue Langevin (Grenoble) and
the instrument 7C2 at the Laboratoire Léon Brillouin
(Saclay). For the diffraction experiments between 3
and 5 g of the amorphous alloys were cut into small
pieces and filled into vanadium-containers. The usual
corrections for counter efficiency, background, ab-
sorption, multiple scattering, inelastic scattering as
well as the normalization procedure were done as de-
scribed in [29]. From the diffraction data the total
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Fig. 2. Amorphous Co-P: total structure factors from neu-
tron diffraction. 9 < x < 20.4: instrument D20, ILL, A =

0.879 A. 22 < x < 26: instrument 7C2, LLB, A = 0.70 A.

structure factors were calculated according to the
Faber-Ziman notation [25].

3. Results and Discussion
3.1. Total Structure Factors

The total structure factors S(Q) of the Co-P al-
loys as obtained by X-ray diffraction and by neutron
diffraction are plotted in Figs. 1 and 2 versus the
momentum transfer Q = 4m(sin #)/\, where 20 is the
scattering angle and A is the wavelength. In Fig. 3
the characteristic parameters of the main peak of the
structure factors are shown in dependence of the P-
concentration. Although these parameters do not pro-
vide a direct insight into the structure, they are very
sensitive for structural changes. It is interesting to note
that these changes, due to the increasing P-content, do
not take place gradually but rather abruptly close to
the eutectic composition of the Co-P system, Cpe =
19.9 at%.
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Fig. 3. Amorphous Co-P: characteristic parameters of the
main peak of the total structure factors in Figs. 1 and 2. Q;:
position, S(Q,): height, AQ,: width. Open symbols: X-rays,
full symbols: neutrons. o: electrodeposited, A: sputtered, O:
melt spun. The lines are drawn for the ED-samples as guide
to the eye.

The neutron S(Q) in Fig. 2 exhibit a prepeak at
Qp = 2.1 A=, As this peak does not occur in the
X-ray S(Q) in Fig. 1 and as its amplitude increases
with increasing P-content, we can conclude that it
is caused by P-P pairs which are not directly neigh-
boured, but are separated by Co-atoms. The common
view of this phenomenon is that the chemical inter-
action between the metal- and the metalloid atoms
causes a chemical short range order effect which is
characterized by a shell of Co-atoms around a central
P-atom [25]. If we discuss this structural feature in
terms of concentration fluctuations, i. €. as a deviation
from a statistical distribution of the Co- and P-atoms,
itis interesting to note that X-ray diffraction is not sen-
sitive to concentration fluctuations. This is due to the
fact that the Co- and the P-atoms exhibit nearly equal
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Fig. 4. Amorphous Co-P: total pair correlation functions
from X-ray diffraction.

electron densities in the amorphous alloys, i. e. their
atomic volume scales roughly with their atomic num-
ber. In contrast, for neutrons the scattering length of
the smaller P-atoms (bp = 0.51 x 10~'2 cm) is larger
than that of the Co-atoms (b¢, = 0.25 x 107!2 cm),
which means that concentration fluctuations give rise
to fluctuations of the scattering length density.

These considerations are revealing for a second
interesting feature in Figure 2. With neutrons we ob-
serve a small angle scattering effect which does not
appear with X-rays (Figure 1). Obviously, this effect
is caused by concentration fluctuations. It is suggested
that some kind of chemically ordered Co-P clusters
exist in the Co-P glasses. From the onset of the small
angle scattering effect around Q < 1 A~! the size of
the clusters can be roughly estimated to be in the order
of 10 A, which corresponds to one shell of Co atoms
around a central P atom. For a quantitative investiga-
tion of this structural behaviour dedicated small angle
scattering experiments, including the magnetic scat-
tering, are required.
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Fig. 5. Amorphous Co-P: total pair correlation functions
from neutron diffraction.

3.2. Total Pair Correlation Functions

The total pair correlation functions G(R), as
obtained by Fourier transformation of the S(Q)-
functions, are shown in Figs. 4 and 5. These total
functions are composed of three partial pair correla-
tion functions G,-j(R). For the case of the composition
Cog,P,, and neglecting the magnetic scattering con-
tributions:

GX(R) =0.77 Gy (R) +0.02 Gpp(R) +0.21 G p(R),
(1a)
G™(R) =0.44 Gy (R) +0.11 Gpp(R) + 0.45 G p(R).
(1b)

The weighting factors of the partial G;;(R) show a dis-
tinct contrast between X-rays and neutrons. With X-
rays the total G(R) is mainly determined by the partial
Goco(R)-function. Furthermore, for X-rays the con-
tribution of Gpp(R) can be neglected and for neutrons
it is rather small.
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Fig. 6. Amorphous Co-P: fit of the main peak of g(R) (see
text). — experimental curve from neutron diffraction, e fit,
- - - contribution of gc,c,(R), - - - contribution of gc.p(R).

3.3. Evaluation of the Co-Co and Co-P Partial
Correlations

The straightforward derivation of the three partial
correlation functions from only two independent scat-
tering experiments is not possible. Therefore we used
an alternative approach to determine the Co-Co and
the Co-P partial correlations within the range of their
first coordination shells. This is based on the facts
that the overall contribution of the P-P correlations to
the total G(R) is small (1a and b) and, in particular,
that in the range of the first coordination shell around
the P-atoms the contribution of P-P atomic pairs, not
appearing as direct neigbours, can be neglected.

Different techniques to obtain Gg,c,(R) and
Gcop(R) from the total GX(R) and G™(R) were tested.
Their direct calculation from (1a and b) by neglecting
Gpp(R), yielded partial G;;(R) from which the atomic
distances R, and R p were obtained. However, the
resulting coordination numbers seemed to be ques-
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tionable [29]. More reasonable results were obtained
by fitting partial functions, gc.c,(R) and g p(R), to
the total g(R) functions. Note, that g,j(R)-functions
and G;;(R)-functions are related by

Gi(R) = 4mp,R[g;(R) - 1], 2

where p, is the mean atomic density.

Usually Gaussian curves are employed for this type
of analysis. As a better method, we used the par-
tial correlation functions gy;ni(R) and gy;p(R) which
have been established for the Nig,P,, glass by neu-
tron diffraction using the isotopic substitution tech-
nique [20]. It is supposed that the characteristic fea-
tures of these functions are the same in the systems
Ni-P and Co-P, in particular their asymmetric shape.
During the computer fits, the position, the amplitude,
and the width of the main peak of the input func-
tions gy;n; (R) and gy;p(R) were varied as parameters.
The examples of the fitting procedure to the neutron
G"(R), shown in Fig. 6, illustrate the good agreement
between the experimental and the fitting curves.

The nuclear scattering lengths b, = 0.253x 10712
cm and bp = 0.513x10™!2 cm were used for the cal-
culation of the weights for the Co-Co and the Co-P
contributions. An estimation of the magnetic contri-
bution of the Co-Co pairs, according to the methods as
described e. g. in [30, 31], showed that it is very small
within the range of the first coordination shell. There-
fore it was neglected during the fitting procedure.

The structural parameters for the Co-Co and the
Co-P correlations from the fits are presented in Fig. 7
in dependence of the P-concentration. An overview
shows that the composition at 20 at% P, where the
phase diagram of the Co-P system has an eutectic
point (Cpe = 19.9 at% P), is a particular one. With in-
creasing P-content there are pronounced variations at
the point c,, . which may be even quite abrupt. The dis-
tance between the Co-atoms, R, increases, where
a steeper increase is indicated above ¢, .. At P-con-
centrations above c, . a higher degree of order in the
amorphous alloys is indicated: The distance R p ex-
hibits a distinct contraction and the widths of the Co-P
and Co-Co bond lengths, AR p and AR, become
sharper. At the same time, the decrease of the co-
ordination number Z,, exhibits a jump at c, . by
about two Co-atoms. An important result in Fig. 7 is
that the number of Co-atoms around P decreases from
Zpc, = 10.5 to Zp, = 8 over the investigated range of
the P-concentration. This finding is contradictory to
previous works, where the number of 9 metal atoms
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Fig. 7. Amorphous Co-P: structural parameters for the Co-
Co (full symbols) and the Co-P (open symbols) correlations.
R;j: atomic distance, Z;;: coordination number, AR;;: width of
bond length distribution. o: electrodeposited, A: sputtered,
0O: melt spun. The lines are drawn for the ED-samples as
guide to the eye.

around a metalloid atom in T-M glasses has been sug-
gested as a stable structural feature, independent from
the metalloid content [25]. The coordination number
Zpc, =9 is found in the present work only around the
eutectic composition.

3.4. Dependence on the Method of Preparation

Figures 1 and 2 contain the structure factors S(Q)
of three samples close to the eutectic composition,
which were produced by different methods: sputtered
Cog sP,g 5(SP), melt spun Cog,P,,(MS), and elec-
trodeposited Coq (P, 4 (ED).

The nearly equal structure factors indicate that the
structure of the amorphous Co-P alloys does not
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depend on the preparation method. Considering that
the formation of the amorphous solid is very differ-
ent during the three methods, namely atom by atom
from the gas phase (SP) or from the liquid (ED) or,
finally, solidification of a system of atoms which are
already in close contact (MS), the uniqueness of the
resulting structure is by no means evident. Appar-
ently, the chemical interaction between the metal- and
the metalloid atoms causes a well defined amorphous
structure.

However, the very details of the structure show
some differences. The prepeak at Qp = 2.1 A~! in
Fig. 2 is less pronounced for the ED-sample than for
the MS- and the SP-sample. This indicates that the
distance correlations between the P-atoms are some-
what less defined in the ED-sample. The widths of the
Co-Co- and of the Co-P bond length distributions, at
Cp,e in Fig. 7c, are larger for the ED-sample, which
again reflects a lower degree of order in the elec-
trodeposited material. It is suggested that during the
consolidation of the amorphous alloys the freedom
for the relaxation into an ordered metastable state is
higher during the melt-spinning process and the sput-
ter process than during the electrodeposition process.

4. Conclusions

Amorphous Co,Py,_, alloys with 9 < x < 26
were produced by electrodeposition, melt-spinning
and sputtering. The concentration dependence of their
structure was investigated by X-ray- and neutron
diffraction. The atomic order is governed by the chem-
ical interaction between the metal- and the metal-
loid atoms, which generates a Co-shell around the P-
atoms. With increasing P-content the Co-Co distance
increases, whereas the Co-P-distance decreases. At
the eutectic concentration (19.9 at% P) pronounced
variations occur, and a more ordered structure is indi-
cated above this concentration. As the number of Co
atoms around P decreases with increasing P-content
from Z,c, = 10.5 to Zp, = 8, the view of nine-
fold coordination of the P-atoms as a concentration-
independent structural feature is not confirmed. The
influence of the different production methods on the
structure is very small. The amorphous CogyP,-
alloys produced by melt-spinning and by sputtering
show slightly more pronounced Co-Co- and Co-P-
pair distribution functions than those produced by
electrodeposition.
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