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Amorphous Zr-Co and Zr-Ni alloys were prepared by melt spinning over a wide range of 3d-metal
concentrations (20%-90%). These alloys were investigated by x-ray diffraction and their crystallization
temperatures were determined by differential scanning calorimetry. Magnetic and resistivity measurements
were made in the range 4.2-300 K. Many of the amorphous alloys investigated were found to have a rather
large electrical resistivity with a negative temperature coefficient. This property has been explained in terms
of the extended Ziman theory of liquid metals. The significance of charge transfer in these alloys is

discussed.

I. INTRODUCTION

Following the recognition that amorphous metals
obtained by rapid quenching from the melt can
have outstanding mechanical, electrical, or
magnetic properties, often superior to those of
crystalline materials, the preparation of new
amorphous alloys and the study of their physical
properties have proliferated.’

In the present paper we report on the magnetic
and electrical properties of amorphous alloys
obtained by combining Zr with either Ni or Co,
Also included are results of x-ray diffraction and
specific-heat measurements. The interest in
these alloys stems mainly from the fact that they
can be obtained in the amorphous state over a
very extended concentration region. Because of
this they lend themselves well to a study of the
changes in electronic properties with concentra-
tion and of the manner in which these changes
influence the various physical properties.

II. EXPERIMENTAL

The amorphous alloy ribbons were prepared by
means of the melt spinning technique in an at-
mosphere of purified argon. X-ray diffraction
was performed on small parts of the ribbons by
means of €u K« radiation in combination with an
x-ray monochromator., The crystallization tem-
peratures were determined in purified argon on
a differential scanning calorimeter, using a heat-
ing rate of 50 °C/min. The magnetic-susceptibil-
ity measurements were done on a vibrating-
sample magnetometer. The magnetic propeyties
of the samples relatively rich in 3d metal were
determined by means of an adaptation of the
Faraday method. The electrical resistivity was
studied on small parts of the ribbons.. The mea-
surements were made quasicontinuously at slowly
changing temperatures by means of a four-probe
technique.

III. EXPERIMENTAL RESULTS

The x-ray diffractograms of the alloy ribbons
investigated are characterized by diffuse lines
similar to those shown for Zr,Ni,, in Fig. 1.
The scattering vectors @, =4n sin® /A correspond--
ing to the first broad maximum are listed for
various alloys in Table I.

Two typical sets of data obtained for the alloys
Zr, Niy, and ZrgNi,, be means of the differential
scanning calorimeter are shown in Fig. 2. The
exothermal crystallization process is reflected
in a sharp peak in the temperature dependence
of the specific heat. In several cases the first
peak is followed by a second peak at slightly

higher temperature (see Zr,,Ni,, in Fig. 2). As

will be shown below this indicates that the first
crystalline phase is metastable and transforms
into a different crystalline phase upon further
heating. Both crystallization processes are ir-
reversible, as shown by the bottom line in Fig.
2, which was obtained by cooling the samples.
The temperatures corresponding to the maximum
of the first peak are listed for various amorphous
alloys in Table I under T,.

In amorphous Zr,)Ni,, we studied the crystal-
lization process in more detail. After heating
to slightly above the first crystallization peak
(350 °C) the calorimetric experiment was stopped
and the sample cooled quickly to room tempera-
ture. Subsequent x-ray analysis showed that the
first phase crystallized is of a bce structure
(lattice constant @ =3.572 ./°&). In a separate run
amorphous Zr,Ni,, was heated to a temperature
well above the second peak and then cooled quickly
to room temperature. X-ray diffraction now
showed the presence of two crystalline phases.
One of these was a-Zr, the other was the tetra-
gonal phase Zr,Ni (CuAl, type). On the basis of
the Zr-Ni phase diagram a mixture of the phases
Zr and Zr,Ni is indeed expected to be in thermal
equilibrium in the temperature and concentration
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FIG. 1. X-ray diffraction diagram (Cu K« radiation)
taken on pieces of amorphous ribbons of the alloy
ZI'-IgNizz. ’

range considered.? It can be concluded therefore
that the first crystallization peak corresponds to
the formation of a metastable bee phase which,
at slightly higher temperatures (second peak),
decomposes into two stable crystalline phases.
The magnetic properties of the amorphous
alloys can be described as follows: Magnetic
ordering was detected only in the alloys of rela-
tively high 3d atom concentration. The values
of the moment per 3d atom in these alloys,
derived from the magnetization at 4.2 K in a
field of 18 kOe, are givenbetweenparentheses in
the last column of Table I. These values are
significantly lower than those obtained in amor-
phous Y-3d alloys of comparable composition,?™®
This indicates that the 3d moment reduction by
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FIG. 2. Temperature dependence of the apparent spe-
cific heat of two Zr-Ni amorphous alloys-obtained with
increasing temperature on'a differential scanning cal-
orimeter. The lowest curve was obtained with decreasing
temperature.

means of Zr is somewhat stronger than that by
means of Y. The origin of the 3d moment reduc-
tion has been discussed elsewhere.?”®

Results of the resistivity measurements are
shown in Figs. 3 and 4. The prominent feature
in all these resistivity data is the rather high
residual resistivity, reflecting the high atomic
disorder in the amorphous materials. It can also
be seen that the temperature dependence of the
resistivity is rather low and does not involve the
relatively large lattice contribution (pcc7') usually
encountered in crystalline materials. The re-
sistivity of most of the alloys investigated has a

TABLE 1. Scattering vectors @p = 4w sind/A corresponding to the first diffuse halo in
various amorphous alloys. The crystallization temperatures (T,) correspond to the
maximum of the first peak in differential-scanning-calorimeter tracings. The ratios T, /T,
were derived by means of the melting temperatures given by Elliot (Ref. 2). Instead of the

magnetic susceptibility (x) saturation mome

showing magnetic ordering.

nts are given (in parentheses) for those alloys

Zry., Ni, Q, (A1) T, (K) T, /T, X (10° emu g°1)
x=0.22 2.50 611 0,49 0.27
x=0.24 2.51 638 oo cee
x=0.36 2.62 730 0.57 0.2

% = 0,60 2.81 791 0.59 cee

% =0,63 2.85 839 0.63 0.2

x=0,90 3.12 736 0.51 (0.16 ug /Ni)
Zrl-x COx

¥ =0,22 2.51 643 0.51 0.27

% =0.30 2.55 700 0.56 0.25

x = 0,36 2.60 740 0.55 oo

% =0,53 2.76 785 0.50 1.37

% =0.90 3.07 833 0.56 (1.37pg /Co)
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FIG. 3. Temperature dependence of the electrical
resistivity in amorphous Zr;. . Ni, alloys: x=0.24, 0.36,
and 0.63, left-hand scale; x=0.90, right-hand scale.

slightly negative temperature coefficient., This is
more clearly seen in Fig. 5, where we compare
the resistivity ratio » =[p(T") — p(300)]/p(300) for
two Zr-rich amorphous alloys. It is seen that
both alloys give rise to a small maximum in the
low-temperature region,

Inspection of the amorphous alloy ribbons
showed that they are not of uniform thickness
and breadth. The absolute values of the resis-
tivities are inaccurate for this reason and have
to be regarded as upper limits.

IV. DISCUSSION

Amorphous alloys are solid materials in which
crystallization has been prevented and the random
atomic structure of liquid alloys has been largely
retained due to rapid cooling from the melt. In
the kinetic approach to glass formation the crys-
tallization rate can generally be described in
terms of nucleation and growth.® It can be shown
that amorphous alloys can be obtained by means
of continuous cooling from the liquid phase if
cooling rates are supplied that are sufficiently
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FIG. 4. Temperature dependence of the electrical
resistivity in several amorphous Zr;.,Co,.
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FIG. 5. Temperature dependence of the resistivity
ratio »= [ p(T) - p(300)] | p(300) of two amorphous
Zr-3d metal alloys.

high to bypass the “nose” in the time-temperature
transformation (TTT) curve.” It is clear that

if the formation of nuclei during the quenching
process could have been completely avoided, the
thermal stability of the amorphous state would
depend in a similar way on the avoidance of the
nose region in the TTT diagram upon subsequent
thermal treatment. In the case of alloys like

the present materials, that cannot be regarded
as easy glass formers, the complete absence of
nuclei in the amorphous ribbons is unlikely. The
thermal stability of the amorphous alloys will
therefore primarily be determined by diffusion
of the atoms or better by viscous flow.® The
temperature dependence of the viscosity (1) is
given by

n=ne exP(AEact /Tso) ’ (1)

where 7, and AE,c¢ are constant. The quantity
AEact is a measure of the potential energy bar-
rier for cooperative atomic transitions. S, rep-
resents the configurational entropy. This quan-
tity decreases exponentially with temperature
below the melting point. At temperatures lower

- than the glass temperature T, it adopts very

small values and can be regarded as being ap-
proximately temperature independent.® The
thermal stability of the glass, when expressed
in terms of T, (or its upper limit T,), is there-
fore mainly determined by AEact. In fact one
would expect T, (or T,) in all alloys to be pro-
portional to AEjct.
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In close analogy to the importance of the
equilibrium concentration of vacancies for dif-
fusion in crystalline sblids, we can expect that
in the present case AE,, is for an important
fraction accounted for by the enthalpy needed to
create a hole as large as a diffusing atom. Then
it is relatively easy to understand why the crystal-
lization temperature increases regularly with
increasing Ni (or Co) concentration.

In an analysis of the enthalpies of formation of
monovacancies, AH,,, in pure metals Miedema?®
has shown that AH,; can be introduced as the
surface energy of a hole of the size of an atom,
multiplied by a correction factor (n% —n},/z)z.
Here nyg is the electron density at the boundary
of an (unrelaxed) bulk atomic cell and #, is the
electron density at the center of a vacancy. For
metallic elements 7,/nys = 0.2 fairly independent
of the metal, so that the reduction factor amounts
to 0.3. Since the surface energy of Zr is smaller
than that of Ni, a hole of the size of a Ni atom
will take less enthalpy in pure Zr or in Zr rich
alloys than in pure Ni or Ni rich alloys. Rela-
tive to the value of AH,y in pure Zr, a hole
needed for the diffusion of Ni atoms will take
less energy because (i) Ni atoms are smaller
than Zr atoms (V,?,/"/V%,/.8 =0,6) and (ii) the value
of n,/ngg will become larger than 0.2 in holes
surrounded by Zr atoms that are smaller than the
Zr atom themselves. A detailed calculation
shows that the enthalpy needed to create a hole
of the size of a Ni atom is about 108 kJ/mol in
pure Ni but only about 67 kJ/mol in pure Zr. In
alloys Zr,.,Ni, the formation enthalpy of a hole
of the size of a Ni atom can be approached by
means of a linear interpolation between these two
values, after transforming the concentrations x
into effective surface concentrations
xV";,/{’[V';’,/13+(1 - x)VZB]™'. The values AH, cal-.
culated in this way are indicated by the topmost
broken line in Fig. 6. In the middle concentration
range, in particular, one expects the actual values
to be somewhat higher, since no account has been
taken yet of the enthalpy of alloying. This ex-
cludes a quantitative comparison of the calculated
AH values with the experimental 7', values, also
included in Fig. 6.

Quantitatively one can say, however, that in
the range x<0.6 the T, values measured scale
reasonably well to the calculated AH, values.

In the region of very high Ni concentration the

T, values adopt considerably lower values than
expected, which suggests that here the activation
energy is much lower than would correspond to
the creation of a Ni hole. In amorphous alloys
of sufficiently high Ni content the first crystal-
lizing phase is presumably elementary Ni. Due

K. H. J. BUSCHOW AND N. M.

1100
1000
900
800
X 700
7
-
600
500

400

300

BEEKMANS

1

Zr‘l-x COx

—_—
U ~o

110

-100

190

AHp (kJ mol™")

0

0.2

0.4
X

06

08

FIG. 6. Concentration dependence of the crystalliza-
tion temperature T, (left-hand scale) in Zr;,Ni, (low-
est curve), Zr; ,Co, (middle curve). The T, value of
pure Ni has been taken from Wright (Ref. 26), The
topmost broken curve represents the formation en-
thalpy of a hole of the size of a Ni atom (right-hand

scale).

to concentration fluctuations, regions will exist
that are void of Zr atoms. It is plausible that
crystallization can occur more easily here by
means of short-range rearrangements of atoms
without the creation of a hole of the size of a
whole Ni atom. In this connection it is worth
mentioning that the amorphous systems under
investigation also show modes of crystallization
in which the activation energy is higher than

FIG. 7. Possible level scheme of the relative free
energies of the amorphous alloy (4), the stable crystal-
line state (Cy), and a metastable crystalline state (C;).
The activation energy AE,;=AE(A —~A*) is involved
in the first crystallization step, leading to the metas-
table state Cy. In the second step, leading from the
metastable state C; to the stable state C,, the activa-
tion energy is AE,=AE(C;—C*). In general, two
steps will occur if AE,<AE,.



that corresponding to the formation of a Ni hole.
This is the case for instance in Zr,Ni,,, where
the crystallization was shown to involve two

steps (see Fig. 2). The energy scheme can be
represented as in Fig. 7. The free energy of the
amorphous state A is higher than that of the two
crystalline states C; and C,. X-ray diffraction
has shown that the metastable crystalline state

C, corresponds to a homogeneous cubic phase,
‘whereas the state C, corresponds to the equilib-
rium condition in the Zr-Ni phase diagram which,
in the case of Zr,Ni,,, entails two separate
crystalline phases (a-Zr and Zr,Ni, see Sec. III).
The necessity to achieve separation of phases
varying appreciably in Zr concentration makes
along-range diffusion of Ni atoms and possibly also of
the larger Zr atoms unavoidable. The activation
energy corresponding to the formation of C, would
therefore be higher than the activation energy
AEqet = E(A - A*) corresponding to.the formation
of C,. Preference is therefore given to a crystal-
lization process involving the consecutive steps
A-A* A*~C,, C,~C*, and C*-C, (see the
arrows in Fig. 7).

An impression of the relative positions of the
various energy levels involved can be obtained
from the specific heat data. In Zn,\Ni,, the first
and second crystallization peak positions (Fig. 2)
correspond to AE.t and AE,, respectively. The
surface area corresponding to these two peaks
gives an indication of the differences AE, ~ AE,ct
and AE; - AE,. Depending on the magnitude of
AE, =AE(A*~ C,), the state C* need not neces-
sarily be higher in energy than the state A.

A satisfactory description of the resistivity
behavior of amorphous metals can usually be
obtained in terms of quasi-liquid-metal pseudo-
potential scattering (Ziman theory'® and ex-
tensions!!'"!%), The resistivity (p) is given by

p= L sl (L )a(L), @

where v and kr are the Fermi velocity and Fermi
wave vector, ¢ is the scattering vector, , is the
atomic volume, and S the structure factor of x-ray
interference function. The single-site ¢ matrix
can usually be expressed in terms of phase shifts,
Due to the ¢° factor, the integral of Eq. (2) heavily
weights the values of the integrand close to g =2kp.
For this reason the temperature dependence of p
is primarily determined by the temperature de-
pendence of S(g~ 2k;). It can be shown that at
temperatures comparable to or higher than

9/2 (© is the Debye temperature) p is linear in

T. In the case where the electron concentration

in the alloy is such that ¢ =2k coincides (or
nearly coincides) with the main peak (g =Q,) in
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the interference function the temperature coeffi-
cient of the resistivity (TCR) is negative. This
is a direct consequence of the broadening of
the interference function with increasing tem-
perature, which lowers all values near ¢ =@,
(TCR<0) but raises all values further away from
the center of the main peak (TCR>0). On the
basis of this approach it is therefore possible to
obtain information about £z by means of the sign
of TCR. We have plotted the experimental X-ray
scattering vectors of the main peak maximum
(@) in various Zr,.,Co, and Zr,_,Ni, alloys in
Fig. 8. The values of the pure elements are taken
from the literature.'®'!? It is seen that the @, is
a smooth function of x, increasing almost linearly
from the value of @, in Zr to those in Ni or Co.
The &y value of these alloys can be obtained in
the free electron model by means of the expres-
sion

kp=(3°NDZ/A), (3)

where N is Avogadio’s number. A and Z are the
weighted atomic weight and weighted number of
valence electrons, respectively. For the density
D we used the weighted density of the pure ele-
ments. The electrical conductivity in the amor-
phous alloys is mainly determined by the s elec-
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FIG. 8. Concentration dependence of the scattering
vector @,=4m sin 0/, corresponding to the main peak
in the x-ray interference function (full line through
data points.) The concentration dependence of 2%
has been calculated assuming Zr atom contributions
of 1, 2, and 3 valence electrons (curves I, II, and
III, respectively). The broken line has been calculated
with an effective valence 1.7 of the Zr atoms but in-
cluding the effect of transfer of charge [Az=(1 —x)PA*/
2] from Zr 4d to Ni 4s. The value of Z used in Eq. (3)
is now Z= (1 —x) 1.7+ 0.6x+5x(1 —x)PAd, where Ad*
=2,2 eV and P=0.7 were taken from the datalisted by
Miedema (Ref. 19).
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trons. Due to the comparatively high effective
mass of the d electrons their contribution to the
electrical conductivity is considerably lower. The
kg values we are interested in should therefore
pertain to s-type electrons. Each of the 34 tran-
sition-metal atoms (Ni, Co) contributes about

0.6 s electrons.'® The number of s electrons con-
tributed by the Zr atoms (Z;,) is less well estab-
lished., We have calculated the concentration
dependence of 2k therefore in the cases where
Zr contributes one to three s electrons (curves
I-III in Fig. 8). The condition for the occurrence
of a negative TCR is reached when the 22z curve
intersects the @, curve in Fig. 8. Actually neg-
ative TCR’s can be expected for g =2k; values

in the immediate vicinity of @,. Taking account
of the width of the main peaks (Fig. 1) it seems
reasonable to extend the g region in which TCR<0
to about 0.15 A™* on either side of the @, curve

in Fig. 8. With this assumption only curve II in
Fig. 8 gives rise to a concentration region with
TCR <0 that would reasonably match with exper-
imental observation: It can be seen in Fig. 3 that
the values of TCR are negative in the range

0.24 <x < 0.63 in the case of Zr, .,Ni,.

It cannot be excluded that there is transfer of
charge from the Zr atoms to the 3d atoms. For
this reason we have included in Fig. 8 (broken
line) the concentration dependence of 2k calcu-
lated for the case of transfer of 0.8 electrons from
Zr to Ni.'? In the same manner as argued above
it follows from the concentration dependence of
the @, curve and the broken line in Fig. 8 that
a negative TCR is expected in the range 0.2<x
<0.6. It can be concluded therefore that also in
the case charge transfer effects would be operative
the extended Ziman model can satisfactorily ex-
plain the negative TCR observed in the range
20-60-at. % Ni.

It was shown in Sec. III that several of the Zr-
rich amorphous alloys have a positive TCR at
very low temperatures (7'<20 K), changing to a
negative TCR at higher temperatures. This effect
is not well understood at present. We can rule
out the explanation that the decrease of p with T'
below 20 K is the result of magnetic ordering,
since the Ni atoms do not carry a moment in this
concentration range. The most likely explana-
tion can be given in terms of a model due to Cote
and Meisel'® who considered elastic and inelastic
(phonon scattering) contributions of S(g) sepa-
rately. Numerical estimates made by Cote and
Meisel show the heights of these maxima to be
of the order of tenths of a percent, which would
agree with the results shown in Fig. 5. From
Figs. 3 and 4 it can be derived that the absolute
magnitude of the resistivity is rather high in -

Zr,4Co,, (250 12 cm) and even higher in Zr,Ni,,
(330 uQcm). These values seem to preclude a
mean free path sufficiently long for a dominant
phonon contribution at low temperatures. It was
mentioned, however, in Sec. III that considerable
error may be involved in the absolute values of
the resistivities due to the not uniform thickness
and breadth of the amorphous ribbons.

The occurrence of a negative TCR is a rather
uncommon feature in metallic systems. In crys-
talline materials it is often attributed to Kondo
exchange scattering or Mott s-d scattering. The
former is magnetic in origin and highly concen-
tration-dependent, the latter is sensitive to the
shape of the 3d electron band in the region around
the Fermi energy. Both these explanations can be
excluded in the present case on the grounds of the
insensitivity of the negative TCR to variations of
x in Zr,., M, on the one hand and to variations of
M (Ni, Co) on the other. It is surprising that
negative TCR’s occur relatively often in metallic
glasses. Presumably this is closely connected
with the relatively high stability of the amorphous
state with respect to the crystalline state in al-
loys satisfying the condition 2z~ @,. The stabil-
ity criterion 2kr~ @, of Nagel and Tauc?® has
recently been looked upon in a different way.
Beck and Oberle®*? argue that in the case 2kx~Q,
there is a close match between the atomic pair

.correlation function and the pair potential in a

manner such that most of the successive neigh-
bors of a given atom are located in the consecu-
tive minima of the pair potential. Since these
arguments are equally well applicable to the
liquid state, the occurrence of relatively stable
amorphous A, ., B, is linked to the occurrence of
deep eutectics at the corresponding x values.
Each of these two features favors the formation
of amorphous alloys by means of continuous
quenching from the melt, In the first place the
energy of the amorphous state (indicated by A in
Fig. 7) is lowered relative to C,. If one assumes
that the activated state A* remains more or less
in position, this leads to a larger AFEact and thus
to higher glass or crystallization temperatures.
In the second place the deepness of the eutectic
corresponds to a low melting temperature T,.
It can be shown that the critical cooling rate for
glass formation decreases with increasing T,/T,,
ratio.®"s For compositions x at which 22z~ @,
the combination of a relatively high T, and low
T, cause this ratio to be low and glass forma-
tion can be expected to proceed relatively easily.
An estimate of the T,/T,, ratios of the present
materials can be obtained by considering T, as
an upper limit of T,. These ratios are included
in Table I. They fall in the range 0.49-0.63.



19 THERMAL STABILITY AND ELECTRONIC PROPERTIES OF... 3849

The relative lowering of the energy of the
amorphous state in the case 2kz= @, and the
accompanying increase of T', offers a reascnable

way of explaining why the correspondence between

T, and AH, is lost when x> 0.6 (see Fig. 6). It
can be seen in Fig. 8 that in this very concentra-
tion range the 2ky curve starts to bend away
from the @, curve, leading to a higher relative
energy for the amorphous state. The much
stronger decrease at the highest Ni concentration

has already been discussed above..
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