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The saturation magnetizations, crystallization temperatures, and thermomagnetic curves of vari-
ous Co-rich Co-Nb-8 glasses are presented. The saturation magnetizations and the phases of the
crystallized specimens are also reported. A scanning transmission electron microscopy study on one
of the glasses revealed no gross chemical phase separation. A model for the magnetic moments of a
Co- TE-M system is developed, with the use of Cowley's short-range order parameters, that is based
on the coordination number of Co atoms around the early-transition-metal ( TE) and metalloid (I)
atoms. Application of the model to the moment data shows that the coordination numbers around
the Nb and 8 atoms in the glasses are 12 and 6, respectively, and that the Nb and 8 atoms have a
tendency to cluster around each other. The moment difference between the crystalline and glassy
samples may have been caused by Co3Nb Laves-type phases present in the former, rather than by
chemical phase separation in the latter.

I. INTRODUCTION

The magnetic properties of TL TE binary a-lloys (where
Tz is a late-transition metal and TE is an early-transition
metal) are interesting because the magnetic moments of
the glassy alloys are often higher than those of their corre-
sponding equilibrium crystalline compounds. ' As an
example, saturation moment data for Co-Nb alloys' are
plotted in Fig. I. It is seen that Buschow's' moment data
are higher than those of Naka et al. , but both sets of
data for the moments of the glasses are higher than those
of the corresponding crystalline states. The difference be-
tween the data of Buschow' and Naka et al. may have
been caused by the different quench techniques that were
used. Buschow and his co-workers' ' have suggested
that the difference in moments between the glassy and the
crystalline alloys are caused by chemical ordering in the
glass such that like-atom bonding is preferred.

Chemical phase separation has been observed in Pd-
Au-Si glasses, in Zr-Ti-Be glasses, in Pb-Sb-Au glasses,
in rare-earth glasses, in Fe-Ni-B glasses, ' '" and in Zr-
Ni-B glasses. Polymorphism in Ni-P glasses has been
seen. ' There is increasing evidence of chemical ordering
in Fe-Zr glasses. ' A recent study has shown that glassy
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FIG. 1. Magnetic moments vs concentration (atomic fraction)
for Co-Nb glasses {open symbols) and equilibrium crystalline
specimens (solid).

Ni-P is chemically ordered, but that glassy Cu-Zr is not. '

Unfortunately, neither Buschow, ' nor Naka et al. per-
formed any structural analysis to check for chemical
phase separation in their materials.

The purpose of our work is to investigate the depen-
dence of local structure and magnetism in glassy and crys-
talline Co-Nb-B alloys formed by liquid quenching. New
data and models are presented so as to unify work done
previously. ' In Sec. II the experimental techniques
are described. The results are given in Sec. III. In Sec. IV
the results are analyzed in terms of a local environment
model for the behavior of the magnetic moment as a func-
tion of composition. In Sec. V the conclusions are drawn.

II. EXPERIMENTAL PROCEDURES

The Co-Nb-B glasses were formed by rapid quenching
from the melt with the usual melt-spinning technique.
One alloy, CosoNb&288, was formed with the ultrasonic
gas atomization (USGA) technique. The metal-spun
ribbons had an average thickness of about 40 pm, the
USGA powder had an average diameter of about 70 pm.
The samples were analyzed by x-ray diffraction with Mo
K radiation for maximum penetration. Crystallization
of the glasses was performed by holding the samples at
700 C for 2 h in a helium atmosphere. Specimens for
scanning transmission electron microscopy (STEM) were
made by the twin-jet electropolishing method. Ion milling
the STEM specimens induced crystallization. Differential
scanning calorimetry was made with a commercial instru-
ment with a scan rate of 20 K/min. Magnetization mea-
surements were made with a vibrating sample magnetom-
eter with a temperature range of 77 to 1000 K. Values of
the saturation magnetization at 0 K were obtained by ex-
trapolating the saturation Inagnetization data to 0 K.

III. EXPERIMENTAL RESULTS

Most of the Co-Nb-8 glasses formed rather easily by
the melt-spinning method. The structures of the as-
quenched ribbons are given in Table I. The compositions
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TABLE I. As-quenched and crystallized structures of Co-Nb-B melt-spun alloys. The phases in
parentheses [e.g., (Co3Nb)j are less predominant phases by volume. Compositions are in atomic percent
after analysis. ND represents not determined.

Co

80
80
80
80
80
80
80
80
80
84
84
84
84

Composition (at. %)
Nb

6

10
12
12
14
15
18
20

6
10
12
14

14
12
10

8a

8
6
5
2
0

10
6
4
2

As-quenched
structure

fcc
glassy
glassy

fcc
glassy
glassy
glassy
glassy

fcc (Co3Nb)
fcc

glassy
glassy

glassy (fcc)

Crystallized
structure

fcc
fcc (Co2NbB)

fcc (Co~NbB)
fcc (Co3Nb)
fcc (Co3Nb)
Co3Nb (fcc)
Co3Nb (fcc)

ND
ND
ND

T
('C)

440
445

455
470
475"
525

425
450b
475b

'This composition was made by USGA.
Estimated from the magnetization vs temperature curve.

are those obtained from chemical analysis. Figure 2
shows a ternary phase map of the as-quenched alloys
along with the primary equilibrium phases. In some
cases, the specimens were crystalline, or partially crystal-
line, as-quenched. However, even the "glassy" samples
may contain up to 5—10 vol. % microcrystallites. '"'

A micro-x-ray-fluorescence analysis was performed
with the STEM on the Co80Nb~486 alloy to check for
chemical phase separation in the glass. The smallest re-
gion that could be analyzed was about 100 A. Parts of
the latter sample were found to have 5—10 pm size
domain patterns, where the Nb concentration was found
to be roughly 15%%uo higher along the domain borders than
that found inside the domains. Piller and Haasen' have
seen chemical separation with sizes of around 4 pm, but
the compositional differences seen by the latter authors
were much greater than that seen in this work. It is there-
fore unlikely that the Co-Nb-8 glass is chemically
separated enough for it to be classified as such.

Fixed-field therm amagnetic curves for the
Co8oNb~820 ~ series glasses are shown in Fig. 3. The
crystallization temperatures as measured by differential

Co

scanning calorimetry (DSC) (arrows) are close to regions
where the magnetization rises sharply. The saturation
magnetizations for the CogoNb B2p and the
Co84Nb B&6 „glasses and crystalline specimens are listed
in Table II, along with the extrapolated 0-K moments in
Bohr magnetons. To evaluate the cause of the differences
in moment (Ap) between the crystalline and glassy
CogpNb B2p „alloys, an x-ray analysis was performed to
identify the predominant phases in the crystallized alloys,
and the results are listed in Table I. For alloys with
x (12, in which bp is 0.1 pz/Co-atom or less, it was
found that the crystalline alloys were mostly fcc. Howev-
er, for x) 14, in which Ap is appreciably larger, the
Co3Nb phase, with the MgNi2 structure, was found.
Other workers have reported the latter structure in binary
Co-Nb (Ref. 28). Crystallized samples with x=10 and
x = 12 also had the CozNbB phase.

IV. DISCUSSION

A. Magnetic moment models

Corb et al. ' have used a ligand approach to model the
magnetic moment in T~-M alloys where M represents
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FIG. 2. Ternary phase map of the Co-Nb-B system showing
results of rapid quenching. Open circles: glasses; solid circles:
crystalline; squares: fcc. Predominant equilibrium crystalline
phases (lines) are also shown (Ref. 23).
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FIG. 3. Magnetization vs temperature for Co-Nb-B glasses.
Arrows mark the crystallization temperatures as measured by
DSC.
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TABLE II. Magnetizations for Co-Nb-B alloys. M, is the saturation moment in emu/g at tempera-
tures shown in the parentheses in units of K. Saturation moments extrapolated to 0 K, p, are given in
Bohr magnetons per Co atom. ND represents not determined.

Composition (at. %)
Co Nb B

glass
M, (293) M, (77) M, (0)

crystalline
M, (293) M, (77) pg)„, Pcrystalline

80
80
80

80
80
80
80
80
84
84
84
84

6
8

10
12
12
14
15
18
20
10
12
6

14

14'
12
10

8a, b

8
6
5
2
0a

6
4

10'
2c

72
66
60
41.5

92
82

89
85

78
72.5
67
51

95
88

65

90
85

79
75
69.5
53

96
89

67

93.5
84.5
79
ND
72
62
56
41
39
ND
ND
ND
ND

96.5
88.5
82
81
75
64.5
58.5
42.5
43
ND
ND
109
ND

1.13
1.10

1.05
1.02
0.96
0.76

1.23
1.17

0.91

1.17
1.13
1.06
1.07
0.99
0.88
0.81
0.61
0.65
ND
ND
1.32
ND

'Mostly fcc as-quenched.
USGA specimen.

'Partially crystalline as-quenched.

metalloid. In this model, it is assumed that the M atoms
reduce the magnetic moments of neighboring TL atoms
by forming localized p-d bonds that reduce the number of
spin-polarizable d orbitals on the TL, atoms. The result
for the moments, in Bohr magnetons per TL atom is

TLp= n~ —ZM (n~/5)XM IXT (1)

Here, n~ is the moment of the TL atom in the pure state,
TL ~

ZM is the coordination number of TI atoms around the
M atoms, and X~ and XT are the concentrations of M

L
TL

and TL atoms where gX~ ——1. For the Co-B glasses, ZM
is found to be 6, ' ' in agreement with that found in the
equilibrium Co3B compound (Fe3C structure), and also
with that found by NMR ' ' and by x-ray diffraction in
TL -M glasses.

Although many TE atoms in bcc Fe-TE alloys carry
non-negligible moments, such as Fe-Cr (Refs. 33 and 34)
and Fe-V (Ref. 35), such is not the case for Co-TE alloys.
Neutron diffraction has shown that the moment reduction
in Co TE alloys, wher-e TE ——Cr and V (Refs. 34, 36, and
37) and TE ——Y (Ref. 38), occurs mostly by the reduction
in moment of the Co atoms surrounding the TE atoms.
These and other experimental studies have shown
that the moment perturbation around a TE atom extends
out to at least three or four near-neighbor shells. We sup-
pose that each T~ solute atom reduces the rnornent of
each TL atom in the ith coordination shell around the TE
atom by g (r; ). The moment per TJ atom is then

m T
p=nz —g ZT (r;)g(r;)(XT IXT ), (2)

TL
where Zr (r; ) is the coordination number of TI atoms

E
around a TE atom at the ith coordination shell with dis-
tance r;. For a random solid solution, we have

ZT (r; ) =Zz (r; )XT (3)

where ZT (r; ) is the total coordination number of shell i

Hence,

@=n~—g ZT (r;)g(r; )XT0 (4)
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FIG. 4. Saturation magnetic moments vs composition (atom-
ic fractions) for fcc/hcp Co-TE alloys. Co-Ti: open circles
(fcc/hcp, Ref. 46), solid circles (fcc/hcp, Ref. 47). Co-Cr: open
diamonds (fcc, Ref. 48), solid diamonds (hcp, Ref. 48), solid
squares (hcp, Ref. 49), open squares (fcc, Ref. 34); Co-V: open
triangles (close packed, Refs, 36 and 37), solid triangles (close
packed, Ref. 50).

To obtain the g (r;)'s we fit the low-angle neutron scatter-
ing data of Cable and Hicks for Co-V and Co-Cr
fcc/hcp solid solutions with Marshall's formula for the
differential scattering cross section of unpolarized neu-
trons. We used three near-neighbor shells with Slater-type
radial wave functions for the d electrons. The details are
given in the Appendix. The results for an fcc lattice are
g (r; )=0.32, g (r z ) =0 07, and g ( r 3 ) =0 053p~ /TE atom.

In Fig. 4 the moments of various fcc/hcp Co- TE alloys
are plotted versus concentration for TE ——Ti (Refs. 46 and
47), Cr (Refs. 34, 48, and 49), V (Refs. 37 and 50) along
with the result of Eq. (4) with the aforementioned param-
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3—g Z~,'(r;)g(r;)(Xr IXr, ) . (5)

Following Cowley's treatment of chemical short-range or-
dering, the coordination numbers can be written as

TI 0 TE M
M M(XTI +M XT~ +MXM ) ~

TI 0 M TE
Zz (r;)=Zr (r;)(Xr —az- X~ az Xr' —) .

(6a)

(6b)

eters. The fit is quite good. The Jaccarino and Walker
model ' and the Friedel model do not fit the data of Fig.
4 as well as Eq. (4).

An equation for the moment of a ternary Tz- TF-M al-
loy can be easily formed by combining Eq. (1) and (2) as

TL
p =na —Zm na/5(X~IXz-~)

Parameter

ng
ZM

ZT (r, )

ZT (r2)

( )

g(r~)
g(r2)
g(r3)

M

TaE
E

a

Value

1.79 p&/Co-atom
6

12

24

0.32 p~/TE-atom
0.07 p~ /TE-atom
0.053 pg/TE-atom

—1.0
0.0
1.4

TABLE III. Fitting parameters used to model the magnetic
data of the Co-Nb-B glasses.

The short-range order parameters, ak, are defined such
that a positive value is indicative of clustering of atom k
around atom j, a zero value is indicative of random order-
ing, and a negative value indicates anticlustering between
atoms k and j. Note that for binary Co-8 alloys, we took
aM ———1.0 and ZM ——6 since this alloy forms the Fe3C-
type structure in which the M atoms do not touch each
other. ' For binary Co-TE alloys (fcc), it was assumed

T
that a regular solid solution exists, implying that aT ——0.

E

tion of weakly ferromagnetic phases (p=0.15@~/Co3Nb,
Ref. 1) in the latter, and not necessarily by gross phase
separation in the former.

Because the moments of the glassy and fcc specimens
are similar, the moments of these two alloy types can be
modeled with Eqs. (5) and (6), using the parameters found
in Sec. IV A for the Co-B and Co-TE alloys, and by using

E
aM and o.T as fitting parameters. For this qualitative

B. Application of the model to Co-Nb-B alloys

The saturation moments of CosoNb„B2O „alloys are
plotted in Fig. 5. For x ) 14, the moments of the crystal-
lized samples are lower than those of the glasses and the
fcc specimens, while for x & 12 the moments are approxi-
mately equivalent within experimental error. From Table
I it is seen that the alloys with x) 14 have significant
amounts of the Co3Nb Laves-type phase. Hence, it is pos-
sible that the moment differences between the glassy and
the equilibrium crystalline alloys are mused by the forma-
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FIG. 5. Saturation magnetic moments vs concentration of Nb
for Co-Nb-B specimens.

FICx. 6. Saturation magnetic moments vs concentration for
glassy (circles) and fcc (squares) specimens of (a) Co8pNb B2p
and (b) Co84Nb„B&6 „. The bond model is shown in dark lines
for several values of n.
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discussion we will take these two quantities as being equal
and call them a. A fit of Eqs. (5) and (6) with the param-
eters listed in Table III to the moments of the fcc and
glassy Co8pNb 82p alloys is shown in Fig. 6(a). The
best fit is obtained with o.= 1.4, and this value can be used
to satisfactorally fit the glassy and fcc Co,4Nb„B|6 „mo-
ment data as shown in Fig. 6(b). Thus, B and Nb atoms
have a tendency to cluster around one another in these al-
loys, a result consistent with the large electronegativity
difference and the large negative heat of formation be-
tween these two atomic types. The Friedel model is
linear with x and does not provide a good fit, probably be-
cause it fails to take short-range order into account. We
note that the bond model with u= —1.0, implying no 8
and Nb interaction, also is linear: In fact, only by includ-
ing some solute atom interaction can one reproduce the
curvature seen in the data of Fig. 6.

The moments of the fcc and of the glassy samples are
similar; therefore, it is possible that the solute atom coor-
dination is also similar in these two structures, i.e., with B
having 6 and Nb having 12 first near neighbors (Table
III). The B environment in the glass could be similar to
that of the Co38 compound (with trigonal prismatic sym-
metry) or to that of an interstitial Co-B fcc solid solution
(with octahedral symmetry). However, it appears that the
coordination around the Nb atoms in the glass is quite
different from that found in the equilibrium Co3Nb
Laves-type phase, since the latter structures have T~ atom
coordination number of 16 or more.

V. CONCLUSIONS

From the magnetic data presented here, it is concluded
that the differences in magnetic moments between the
glassy and the equilibrium crystalline Co-Nb-8 alloys are
caused by the appearance of weakly ferromagnetic Laves-
type phases in the latter, rather than by chemical phase
separation in the former. By fitting the moment data of
the glassy and the fcc specimens to a local environment
model it was found, for both structures, that the coordina-
tion number around the Nb and B atoms is 12 and 6,
respectively, and that the latter two atoms have a tenden-
cy to cluster around one another. It was numerically
shown that clustering between the solute atoms causes the
moment data to be nonlinear with composition.
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APPENDIX
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FIG. 7. Differential neutron scattering cross sections vs wave

vector k for fcc Co-5 at. %%uo V(ope ncircles )an d fcc/hc pCo-
5%Cr (closed). The line is the best fit to the data as described in
the Appendix. The inset shows the probability density of the
Slater function, 8 (r) vs r (expressed in units of the normaliza-
tion constant, X, and the parameter K).

where the cross section is given in mb/sr/atom, f (k) is
the unpaired d-electron form factor for the Co atom and
it is taken as f (k) =exp( —0.05k ) (Ref. 37). M(k) is

m sin(kr; )
M(k)=pT —pT —XT gZT (r;)g(r;)

F. L L E (kr) (A2)

Here, k is the magnitude of the scattering vector, and the
other terms are defined in the text. We will take m=3,
and for a substitutional fcc lattice we have ZT (r& ) =12,
ZT (rz)=6, and ZT (rz)=24. The r s are determined

0

by the fcc Co lattice parameter of ao ——3.5447 A.
Diffuse neutron data of Cable and Hicks is shown in

Fig. 7 for 5% solid solutions of Co-V and Co-Cr. The
moment difference, pT —pT, is easily found by extrapo-

lation to large values of k and the result is —1.4pz/atom.
Now there are three unknowns to fit Eqs. (Al) and (A2)
to one graph. To reduce the number of variables to the
fit, a Slater function for the radial component of a d elec-
tron is assumed,

T' 1/2
(2IC)
4m 6!

r exp( Kr), — (A3)

Only one fitting parameter is left, namely g(ri). The best
fit to the data of Fig. 7 is obtained with
g(r&)=0.32@~/T~ atom and thus from Eq. (A4) we have
g(r2)=0.07 and g(r3) —0.053IJ,~/T~ atom. These pa-
rameters can be used to fit the Co-V and the Co-Cr data
equally well.

where the term in large parentheses is obtained by normal-

ization such that R r d 0= 1.0. The expectation
value ( r ) is 3.5 K '. We will define r i ——( r ) so that we
obtain IC=1.397 A '. The probability density, R (r), for
the d electrons has a large peak roughly centered between
the central atom and its first near neighbors, as seen in the
inset of Fig. 7. This is probably representative of the solid
since the dilute TE impurities produce very narrow, local-
ized states in the density of states. " The g (r; )'s are now
obtained by scaling as

(A4)
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