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Electron-beam evaporation was used to deposit Ni& „Zr„alloythin films, 0&x & 1.0, onto piezoelec-
tric quartz-crystal substrates. For 0. 1 &x &0.87, the films are single-phase amorphous. Surface acoustic
(Rayleigh) waves were generated and detected on the substrates using interdigital transducers predepo-
sited on the substrate surface. The difference between the Rayleigh wave velocity before and after the
deposition of the Ni, ,Zr„films is used to deduce the shear modulus, p(x), of the films through a first-

order perturbation theory. For all compositions, p,(x) is lower than the weighted average of the p, values

of the pure Ni and Zr films. Within the range 0. 1 &x & 0.87, p,(x) has five narrow maxima indicative of
chemical short-range ordering at selected compositions.

I. IN I'RODUCTION

The experimental evidence for short-range order (SRO)
in metallic liquids has been reviewed by Predel. ' Based
on observed variations in specific heat, activation energy
for viscous fiow, and other physical properties as a func-
tion of composition, Predel suggests that "molecular as-
sociates" exist in the liquid state, and that these associ-
ates are stoichiometric, coinciding with stable and meta-
stable crystalline compounds appearing in the phase dia-
gram. Based on the accumulated evidence, Predel' and
Sommer ' have proposed a theory for ordering in alloy
melts of compound-forming systems. In their theory, an
associate-forming alloy liquid can be characterized by a
law of mass-action equilibrium describing a density of or-
dered associates within a "sea" of randomly distributed
(unassociated) atoms which form a truly amorphous
liquid matrix. At any given temperature, the relative
volume fractions of the associated and unassociated
atoms are governed by the overall liquid composition,
with the maximum volutne fraction of associates occur-
ring at the liquid composition that equals the
stoichiometry of the associate.

The empirical data summarized by Predel' are for
low-melting-temperature binary and ternary systems,
since these melts are experimentally accessible by tech-
niques such as calorimetry and x-ray diffraction. Analo-
gous studies of high-melting-point systems present
numerous experimental difftculties. To avoid some of
these difBculties, researchers have used rapid
solidification techniques to kinetically freeze the liquid
structure. In experiments conducted on splat-quenched
and melt-spun amorphous alloys, including FeY, CuTi,
CuZr, FeZr, NiTi, and NiZr, x-ray and neutron
diffraction, as well as nuclear magnetic resonance and
Mossbauer spectra have confirmed the existence of
SRO.4-"

The synthesis of amorphous metallic alloys by tech-
niques based on the rapid solidification of melts is re-
stricted to narrow ranges of composition, usually cen-
tered near deep eutectics, and thus away from the compo-
sition of congruent melting intermetallics. Yet liquid

compositions near that of intermetallics are the most in-
teresting because, according to the model of Predel and
Sommer, the SRO is expected to be higher near those
compositions. Preparing amorphous alloys at the compo-
sition of intermetallics, however, is difftcult for two
reasons: (1) the difftculty in finding appropriate crucibles
to contain the molten liquid at its high congruent-melting
temperature and (2) the difficulty of achieving the very
high quenching rates necessary to bypass the polymorph-
ic crystallization of the liquid while its temperature is de-
creased from the melting temperature T to the glass
transition temperature T . These difficulties are avoided
in the synthesis of amorphous alloys by the condensation
of vapors of two or more elements onto a cold substrate.
The effective cooling rate for this technique is of the or-
der of 10'2—10' Ks ', '~' producing configurationally
frozen liquids over a much broader composition range.

In this work we have studied the elastic properties of
Ni& „Zr„thin films prepared by the condensation of
nickel and zirconium vapors in ultrahigh vacuum (UHV).
Because the films are only 22.5 nm thick, exposing them
to air would have resulted in the formation of a thin sur-
face oxide layer which would have affected the measure-
ments. To avoid this, the elastic measurement were done
in situ immediately following the depositions (at pressures
close to 10 ' Torr) using a surface acoustic wave (SAW)
method. Partial results were published in Ref. 16.

II. EXPERIMENT

Rayleigh waves have been used previously to study the
elastic properties of thin Slms. ' ' The advantage of
this technique is that most of the wave energy is con-
tained near the topmost region of the substrate, within
one Rayleigh wavelength. To increase the sensitivity of
the measurements, researchers tend to work at very high
frequencies, where the Rayleigh wavelength is compara-
ble to the thickness of the Slrns, A=h. Data obtained in
this frequency regime, however, are dificult to analyze
because the changes in the Rayleigh wave velocity caused
by the presence of the Slam depends on the elastic proper-
ties of both the firn and the substrate. Our electronic
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feedback system provides a substantial improvement in
the resolution of Rayleigh-wave velocity measurements,
about 1 part in 10, as compared to about 1 part in 10
for previous measurements. ' The added sensitivity of
the present method enabled us to work at lower frequen-
cies where the wavelength greatly exceeded the thickness
of the films being studied, A »h. Working in this regime
enabled us, in turn, (a) to deduce the absolute value of
p,(x} for the filins without the need for approximate
correction factors which account for the elastic contribu-
tion from the substrate and (b) to use a linear perturba-
tion theory analysis where Nms can be deposited in suc-
cession onto the same substrate yet analyzed indepen-
dently. To our knowledge, these measurements are the
first to be made in the ultrahigh vacuum chamber in
which the films were grown. This avoids potential com-
plications caused by the adsorption of gases or by surface
oxidation.

A. Preparation of thin Slms
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FIG. 1. Diagram of the piezoelectric quartz deposition sub-

strate and the configuration of the interdigital surface acoustic-
wave transducers. L is the spacing between the centers of the
transducers, L& is the length of the deposited alloy film, and W
is the aperture of the transducers, which is less than the width
of the alloy film.

The amorphous Ni, ,Zr„ films were produced by
simultaneous electron-beam evaporation from separate
nickel and zirconium sources. The depositions were
made upwards through a mask, which was held just
below the surface of the substrate. The deposition rate of
each source was independently controlled by quartz-
crystal monitors having a rate resolution of 0.01 nm s
and thickness resolution of 0.01 nm. These monitors
were carefully calibrated using laser profilometry and
Rutherford backscattering spectrometry {RBS}.Periodi-
cally, individual thin films samples were removed from
the vacuum system and their compositions measured by
RBS. The individual measurements did not differ from
the compositions deduced from the calibrations by more
than 1 at. %%uo.

The base pressure of the evaporation chamber was
& 1 X 10 Torr, and rose to 5 X 10 Torr during deposi-
tion. Before each film deposition, zirconium was deposit-
ed onto the water-cooled shroud covering the inside of
the vacuum system. Because zirconium is a good oxygen
getter, the oxygen partial pressure in the chamber during
deposition is much lower than the measured pressure. To
obtain alloy films of difFerent compositions, the evapora-
tion rates of the sources were varied from 0.01 to 0.2
nm s ' for Ni, and from 0.01 to 1.0 nm s ' for Zr.

B. Measurement of Rayieigh-wave velocity

The deposition substrates are ST-cut a-quartz single
crystals. These piezoelectric substrates have a pair of in-
terdigital transducers photohthographically prepared on
their surfaces, Fig. 1. ' The Rayleigh wavelength, A=60
pm, is determined by twice the individual electrode width
and spacing. The Rayleigh-wave velocity for ST-cut
quartz is Vz =3158 ms ' so that the center operating
frequency of the devices is about 52.36 MHz. Because
the SAW devices contain only 50 electrode pairs, they
can operate from approximately 51 to 53 MHz. The sub-
strates are positioned in the UHV deposition chamber in-
side a ceramic holder, which has coaxial electrical
feedthroughs for the input (send) and output (receive} sig-

nals.
In general, for a given piezoelectric material, the

Rayleigh-wave velocity depends sensitively on tempera-
ture and thus changes in temperature during the experi-
ments can severely degrade the accuracy and sensitivity
of the measurements. The ST-cut orientation of the
quartz-crystal substrates is designed to give de /dT =0
near ambient temperature, and we have verified this ex-
perimentally. As a result, our measurements made near
room temperature are minimally affected by temperature
changes and we can easily eliminate these changes, as will
be explained later.

In the present studies, the elastic properties of
Ni, „Zr„thin films are determined by measuring
changes in Rayleigh-wave velocity produced by adding a
film to the substrate surface. Depending on the elastic
properties of the film relative to those of the substrate,
adding a thin film to the quartz substrate can either in-
crease or decrease Vz. Elemental nickel, elemental zir-
conium, and amorphous Ni, „Zr„alloysare all elastical-
ly softer than quartz and will therefore decrease Vn.

The simplest methods for measuring Vz are based on
continuous-wave techniques. Such techniques, however,
are diScult to implement in an ultrahigh vacuum system
because it is difficult to shield the received signal (several
mV} from the sent signal (several volts}. We opted there-
fore for a pulse-wave technique: by sending periodic sig-
nal bursts of short duration, the detection at the receiving
transducer can be made while there is no signal applied at
the sending transducer. Changes in Vz can then be de-
rived either from measured changes in the transit time of
the gated burst wave {ofconstant carrier frequency) or
from the change in the carrier frequency of the bursts
needed to maintain a constant phase difference between
the sent and received signals. %'e chose the latter tech-
nique for two reasons: (a) frequency measurements can
be made with high accuracy using relatively simple elec-
tronics, and (b) an electronic feedback system enabled us
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FICs. 2. Block diagram of the closed-loop constant-phase sur-
face acoustic-wave measurement circuit.

to make real-time, in situ measurements during film depo-
sition.

A schematic diagram of the measurement circuit is
shown in Fig. 2. A digital frequency synthesizer gen-
erates a continuous sinusoidal carrier signal at about 52.3
MHz. Pulse/delay generators and Mixer 1 are used to
generate 2-ps-duration gated bursts of the 52.3-MHz car-
rier signal which are fed to one of the SAW transducers.
The relatively long duration of the gated pulse (approxi-
mately 100 cycles of the carrier frequency) ensures that
the pulse will not change shape during its transit to the
receiving SAW transducer because, although the propa-
gation of Rayleigh waves on the uncoated quartz sub-
strate is nondispersive, it becomes dispersive when the
substrate is coated with a thin film of dissimilar elastic
properties. The gating of the pulses every 4.3 ps is con-
trolled by the digital synthesizer clock. Mixer 2 opens a
time window for the detection of the received signal, thus
eliminating any direct electromagnetic coupling from the
sent signal and from delayed acoustic signals created by
reflections of the Rayleigh waves at the edges of the crys-
tals. Mixer 3 detects the phase difi'erence between the
carrier signal ( =52.3 MHz) and the received signal. A
phase difference other than rr/2 between these signals re-
sults in a nonzero dc output from Mixer 3. The resulting
dc signal is measured by the digital voltmeter DVM1 and
is continuously integrated by a desktop computer. The
computer closes the feedback loop by digitally changing
the frequency of the synthesizer so as to maintain a n/2.
phase difFerence between the sent and received signals.
The resolution of the feedback system is 1 part in 10 (4
Hz in 52 MHz) and is limited by the single-word pre-
cision of the computer software program. The stability
of the system is determined primarily by the thermal sta-
bility of the system and is better than 1 part of 10 .

C. Elastic moduli of isotropic thin films

In the present work we study isotropic amorphous thin
films whose elastic properties are characterized by two
elastic moduli, the Lame constants A, and p. A first-order
perturbation analysis shows that for h/A((1, where h
is the film thickness and A is the Rayleigh wavelength,
the change in frequency, hr0/co, is related to the elastic
properties of an isotropic film by the expression

hV„ V„h
4PR

p —", Iv. I'+plv, I'

4p, A+p,+ p
I

where p is the film density, and the quantities Iv„I /4',
Iv~I /4', and Iv, I /4Pa are the normalized particle ve-
locity components at the substrate surface, which are tab-
ulated for many piezoelectric materials and orienta-
tions. The Lame constants of the film are related
through Poisson's ratio v by

2v

p 2v
(3)

Equation (2) shows that Vii depends both on A, and p.
However, using the appropriate constants and tabulated
values, it can be shown that

hVR

8 lnp

hV„
8

R

ai x (4)

so that VR is much more sensitive to changes in p than in
A,. This is due to the nature of the Rayleigh waves, where
the particle displacements at the surface of the substrate
are elliptical with a large vertical eccentricity.

For the amorphous Ni, „Zr„films we assume a value
v=O. 35, independent of composition. Notably, there is a
lack of sufficient elastic moduli data to deduce Poisson's
ratio for metal-metal amorphous alloys. However, for
most metal-metalloid amorphous alloys, v=0. 35.
Equations (1)—(3) are then used to evaluate the shear
modulus p of the amorphous films from the measured

The substrate temperature was measured with a thin-
film platinum resistance thermometer (RTD in Fig. 2) at-
tached to the back surface of the quartz substrate with a
copper-oxide based ceramic cement. The synthesizer
(carrier) frequency and the temperature of the substrate
(read by digital voltmeter DVM2) were recorded in real
time by the desktop computer.

With this constant-phase/variable-frequency method,
changes in Va are related to changes in the carrier fre-
quency co by the expression

L Eco

Lf co

where L& is the length of the film in the acoustic-wave
propagation direction, and L is the separation between
the centers of the SAW transducers (see Fig. 1).
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values of b,coAo.
Because the elastic properties of the thin films are de-

duced from changes in VR, and because ~VR/VR is
linearly proportional to h, we can use the same substrate
to measure the shear modulus of many films deposited in
succession. Care must be taken, however, that there is no
chemical reaction between successive films. Successive
film depositions can be made as long as the accumulated
film thickness Xh satisfies the requirement Xh
«A/2m. = 10 pm. We changed the quartz-crystal sub-
strates when Xh reached 0.75 pm.

III. RESULTS

Figure 3 shows the synthesizer (carrier) frequency
versus substrate temperature for a typical deposition of a
22.5-nm-thick Ni068Zr032 alloy film. At point A, the
deposition is started by opening a shutter and exposing
the substrate to the sources already evaporating at their
chosen rates. If the substrate temperature could be main-
tained constant, then the frequency change would follow
the vertical dashed line. Thermal radiation from the
deposition sources, however, causes heating of the sub-
strate so that the frequency change follows the solid line.
At point B, the shutters are closed and the deposition
ends. After completing the deposition, the substrate tem-
perature continues to rise for a while because of the time
lag for the equilibration of the temperatures at the depo-
sition side and at the back side of the substrate, the latter
measured by the resistance thermometer. To shorten the
time between measurements, the sample holder is cooled
in situ following deposition to below room temperature
(point C in Fig. 3) and then allowed to reach the initial
room temperature (point D). The measured isothermal
frequency change (points A to D) for this sample is 17.48
kHz, which gives a frequency decrement df/dh =780
Hznm '. This is well above the instrumental resolution

limit of 4 Hz, so that fractions of a monolayer could be
detected with the present measurement system. The
overall precision of the shear modulus measurements,
however, is mainly limited by the resolution of the film
thickness measurements, and is hp/p= l. 1 X 10

Equations (1) and (2) predict that the frequency
changes caused by the deposited films should be linearly
proportional to their thickness. Figure 4 shows changes
in carrier frequency produced by varying thicknesses of
elemental Ni, elemental Zr, and coevaporated amorphous
Nip6sZ1'pic films, along with the best-fit lines drawn
through each data set. Notice that the amorphous films
produce the largest frequency decrease for a given thick-
ness because the excess free volume of the amorphous al-
loy makes them elastically softer than the weighted aver-
age of the moduli of the elemental films.

Figure 5 shows the measured values of p(x) for
Ni, „Zr„(0&x&1.0) alloy films of thickness h =22. 5
nm. A continuous curve has been traced through the 72
data points to aid in the discussion. Each data point
represents an independent shear modulus measurement.
To avoid systematic errors and as a continuous check
that the thickness limit for the applicability of the linear
perturbation theory [Eq. (2)] had not been exceeded, suc-
cessive thin-film depositions were made at randomly
chosen compositions. Some of the changes in p re6ect
the structural changes as a function of composition. The
structure of the films was deduced from electrical resis-
tivity and electron microscopy measurements. For
0&x &0.05, the films are single-phase fcc nickel-rich
solid solutions. For O. OS &x &0.10, the films are two-
phase mixtures of an fcc Ni(Zr) solid solution and amor-
phous NiZr alloy. For 0.10&x &0.87, the films are
single-phase amorphous. This range is indicated by the
horizontal arrow at the top of Fig. 5. For
0.87&x &0.95, the amorphous phase coexists with the
bcc and hcp forms of Zr(Ni). For 0.95&x &1.00, the
films are single-phase hcp zirconium-rich solid solutions.
Also shown in this figure are vertical dotted lines denot-
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FIG. 5. Shear modulus p of coevaporated Ni& „Zr„films as
a function of composition. All films were 22.5 nm thick. The
vertical dotted lines indicate the compositions at which NiZr al-
loys form equilibrium intermetallic compounds. The open sym-
bols denote the congruent-melting (circles) and the peritectic-
reaction (triangles) temperatures, plotted against the right ordi-
nate. The filled square is the shear modulus of polycrystalline
NiZr2 derived from the single-crystal data of Eshelman and
Smith, Ref. 37.

ing the compositions at which the Ni-Zr system forms, in
equilibrium, crystalline intermetallics compounds. On
cooling the melt, the intermetallics Ni7Zr2, NiZr, and
NiZr2 freeze congruently, whereas Ni5Zr, Ni~pZr7, and
Ni2&Zrs form through high-temperature peritectic reac-
tions. The open symbols at the top of each dotted line in-
dicates the congruent-freezing (triangles) or peritectic-
reaction temperature (circles) of each intermetallic plot-
ted against the right ordinate. The Ni-Zr phase diagram
also contains the intermetallic compounds Ni3Zr and
Ni»Zr9. Ni3Zr forms by a peritectoid reaction at 1193
K, while Ni»Zr9 is only stable between 1251 and 1443 K.
Dotted lines for these two compounds were not included
in the figure.

The data in Fig. 5 were deduced from the measured
frequency changes using Eqs. (1) and (2) and assuming a
value of v=0. 35 for all the films. This is a good assump-
tion for the amorphous films (0. 1&x &0.87) but a poor
assumption for the crystalline solid solutions (0 & x
& 0.05) and (0.87 &x & 1.0). The conversion of the mea-
sured frequency changes for the crystalline films to shear
moduli requires a more detailed calculation which takes
into account the texture of the films. The Ni-rich fcc and
Zr-rich hcp terminal solid solutions grew with the close-
packed planes parallel to the film plane, with the crystal-
lites oriented randomly in the film plane. In addition, the
zirconium-rich solid solutions also form a bcc phase for
0.87 &x &0.95. A method of calculating the elastic con-
stants of textured films has been described by Baral
et al. Although such a calculation could be easily ap-
plied to the pure nickel and zirconium films, similar cal-
culations for the crystalline terminal solid solutions re-
quire knowing the complete elastic constants tensor as a

function of solute content, which has not been measured.
A detailed description of the various phase transforma-
tions that occur for 0 &x & 0. 1 and 0.87 &x & 1.0, includ-
ing x-ray diffraction and TEN analysis, will be presented
separately.

In the following discussion we focus on the elastic
behavior of the single-phase amorphous Ni, „Zr„thin
films for 0. 1 &x &0.87. A striking feature of this data is
the sharp maxima in p, (x) and the apparent correlation of
several of these maxima with the compositions of equilib-
rium intermetallic compounds. The immediate implica-
tion of these results is that compositional SRO is present
in amorphous NiZr alloys prepared by codeposition, and
that the nature of this ordering is often related to the
structure of the equilibrium intermetallic compounds.
Two of the maxima, however, at x =0.64 and x =0.73,
do not coincide with compositions of equilibrium in-
termetallics.

IV. DISCUSSION

The present films were formed by the simultaneous
condensation of nickel and zirconium vapors onto room-
temperature substrates. Molecular-dynamics models ' of
the condensation process suggest that after the atoms
reach the substrate, they loose their excess kinetic energy
continuously over a period of several hundred atomic
jumps. Consequently, for a short length of time, the top-
most atomic alloy layers will possess thermodynamic
properties characteristic of that of a liquid.

To prepare amorphous Ni, „Zr,films over the entire
composition range, the depositions rates of nickel and
zirconium had to be varied by a factor of 10. It is thus
possible that the effective cooling rate experienced by the
alloys during the formation of the films varied with com-
position. However, we found no correlation between the
maxima in p(x) and the evaporation rates of nickel, zir-
conium, or their combined evaporation rate.

Following condensation, the melt solidifies at a very
fast rate. The sharpness of the peaks in p(x) in Fig. 5

suggests that the melt cannot develop large fiuctuations
in composition and thus the stoichiometry of the associ-
ates is close to the average alloy composition. In all pre-
vious studies of transition-metal amorphous alloys, the
effects of SRO appear as broad changes in the quantity
being measured which contrasts with the large number of
rather sharp maxima in the present measurements. The
reason why these maxima have not been seen in rapidly
quenched transition-metal amorphous alloys may be due
to differences in the sample morphologies resulting from
the significantly lower cooling rates used to prepare
them. The films prepared ir 'his work were formed at an
effective cooling rate of about 10' K s ', whereas previ-
ous work was done on rapidly quenched foils prepared at
effective cooling rates between 10 and about 10 Ks
Another reason may be a lack of resolution in the earlier
measurements combined with the use of a relatively small
number of data taken at a reduced number of composi-
tions.

Most measurements of the effects of composition on
the elastic constants of amorphous metallic alloys have
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Ref. 32.

focused on the effects of third alloying elements added to
binary amorphous metallic alloys. Few studies have ad-
dressed the effects of alloy composition on the elastic
moduli within a given binary system. The most complete
sets of elastic moduli data for binary transition-metal
amorphous alloys are of the Young's modulus E for
Cu, „Zr„(Refs.32—34} and Ni, „Zr„. Because for
isotropic materials, the shear and Young's modulus are
related by p=E/(2+2v), we converted these data to
shear modulus by assuming a Poison's ratio v=0. 35.
The p(x) values are reproduced in Fig. 6. The smooth-
ness of these p(x) data contrasts with the many sharp
maxima seen in the present measurements, Fig. 5. Thus,
the following questions arise: (a) Are all of the sharp
maxima manifestations of compositional SRO? (b) Do
the number and the magnitudes of the various maxima
depend on the sample preparation method?

discrete peaks in p(x), however, point to a significant
structural and/or chemical ordering over narrow compo-
sition ranges superimposed on this broad compositional
effect. Because the p(x } data are deduced from the veloc-
ity of elastic surface waves, the measurements depend on
both the strength of the atomic bonds and the alloy densi-
ty. That most of these peaks have magnitudes of about
10%%uo of the absolute value of the modulus suggests that
the observed maxima in p(x) result mainly from changes
in atomic bond strengths (i.e., chemical ordering}. Densi-
ty changes alone, arising from structural ordering, are
not expected to be larger than a few percent, and thus
cannot explain the magnitude of the observed changes in

p, (x). If enhanced chemical ordering occurs in the amor-
phous structure at a specific composition, then the shear
modulus would be expected to show a maximum at that
composition.

The present shear modulus data clearly show six peaks
at x =0.17, 0.22, 0.41, 0.50, 0.64, and 0.73. That some of
the peaks (e.g., x =0.17, 0.22, 0.43, and 0.5) appear at the
compositions of crystalline equilibrium intermetallics
suggests that at those compositions the SRO in the liquid
may be related to that of the crystal, as suggested by
Predel and Sommer. The similarity in the Mossbauer
quadrupole splitting of amorphous and crystalline
Ni03sZr062 was interpreted by Schulz, Matijasevic, and
Johnson as evidence for the presence of NiZr2 associ-
ates in amorphous Ni, „Zr„.However, our p, (x} data
show no peak at x =0.67. There are also discrepancies
between our data and that of Kroeger et al. ' which
warrant further discussion.

Kroeger et al. measured low-temperature specific
heats, superconducting transition temperatures T„and
crystallization enthalpies of splat-quenched Ni& „Zr„al-
loys. The authors estimated the cooling rate of the liquid
to be in excess of 10 Ks '. Other estimates, however,
place the cooling rate for this technique above 10
Ks '. From the specific-heat data they deduced the
electronic density of states at the Fermi energy, N(EF },
which is reproduced here as Fig. 7. Most of the data fall
onto a smooth continuous curve having a broad max-
imum at x =0.60. However, the data in the composition

A. Relation between p,(x) and the compositions
of crystalline intermetallics

A direct comparison between the measured shear
moduli for amorphous Ni, Zr„alloys and that of the
equilibrium intermetallic compounds is not possible since
elastic constant measurements have only been made for
crystalline NiZrz (solid square in Fig. 5}. However, it
can be seen that the measured values for the amorphous
films fall about 30% below a Vegard's type average of the
moduli of the pure elemental Alms. A decrease of this
same magnitude has been predicted using pseudopoten-
tial calculations, and has been found experimentally
for transition-metal-metalloid alloys. '

Zirconium has a lower shear modulus than nickel and
indeed the modulus measurements show a general down-
ward trend with increasing Zr content which can be attri-
buted to the average change in chemical bonding. The
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FIG. 7. Electronic density of states at the Fermi energy
W(E+) in amorphous Nil „Zr alloys as a function of composi-
tion (Refs. 43 and 44).
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FIG. 8. Hypothetical Gibbs-free-energy curves for a molten
Ni& „Zr„alloyat two temperatures, T& and T2) TI. The melt
has a tendency to form associates at the compositions x &, x2, x3,
and x4.

region from 0.629 to 0.64 lie well above this curve, form-

ing a rather sharp peak indicated by the dotted curve.
The authors interpreted the N(EF) measurements by as-

suming that molten Ni& „Zr„alloyswith 0.55 &x (0.70
can only form associates of the same stoichiometry as the
crystalline compounds NizZr3 and NiZr2 (i.e., at x =0.60
and x =0.67). They attributed the peak in N(EF) at
x =0.64 to the coexistence of an abnormally large
volume fraction of these two associates. From the sharp-
ness of the superconducting-to-normal transition they
concluded that the sizes of the atomic associates in the
liquid and in the as-quenched amorphous materials were
smaller than the superconducting coherence length, es-
timated to be 6 nm. Upon annealing at temperatures
below the glass transition temperature, the alloys having
compositions in the peak region developed clearly
separated T, 's indicating the presence of two supercon-
ducting amorphous phases of difFerent compositions.
The authors proposed that the NizZr, and NiZrz associ-
ates grow in size during annealing, producing the well-

resolved T, values. We present below a different inter-
pretation of these results based on the assumption that
the melt also forms associates having stoichiometries
different from those of equilibrium phases.

Figure 8 shows hypothetical Gibbs free-energy curves
for the liquid phase at two temperatures Ti and T2 & Ti.
We assume that the liquid has a tendency to form associ-
ates at the compositions xi =0.60, x2=0.64, x3=0.67,
and x&=0.73. These associates should have different
enthalpies and configurational entropies so that a change
in the melt temperature will affect the relative depth of
the minima in G (x). The two curves in Fig. 8 differ only
in the depth of the minimum at the composition x3,
which is assumed to become deeper as the melt tempera-
ture decreases and approaches the congruent-freezing
temperature of NiZr2. A similar relative change in the
position of the minima would be obtained by assuming

that the entropy of the associate at xz is significantly
larger than that of the other three associates. This simple
model seems to explain all the features of our data and
those in the data of Kroeger et a1. Both our data and
that of Kroeger et al. show a sharp peak in p(x) at
x2=0.64. However, our measurements do not show a
peak at the composition x3 =0.67, which would be attri-
buted to associates with the stoichiometry NiZr2. We at-
tribute this difFerence to the higher effective cooling rate
used to produce the thin films. The fictive temperature of
the films (temperature associated with the metastable de-
gree of SRO retained in the amorphous structure} is most
likely very high and thus the films should contain associ-
ates of compositions xi, xz, and x4, but only few associ-
ates of composition x3. Conversely, melt quenched at a
slower rate, melt quenched from T&, or amorphous alloys
annealed near T„,should contain associates of composi-
tion x„x3,and x4. That the N(EF} data of Kroeger
et al. show a sharp peak at the composition x&=0.64
suggests that their alloys were quenched from a high melt
temperature and at a sufficiently fast rate to retain some
Nip 36Zrp 64 associates. While annealing this alloy below

T„,the associates at x2 should dissolve in preference for
the formation of associates of composition x& and x3.
Indeed, Kroeger et al. observed that such an annealing
causes the value of N(E~) at x2=0.64 to decrease to
values comparable to those at either side of the sharp
maximum.

The number of distinct associates retained in the glass
should decrease with decreasing cooling rate because a
slowly cooled liquid will be able to form combinations of
associates that minimize the global free energy of the
glass (Fig. 8). From the various studies of SRO in amor-
phous alloys reported in the literature it is apparent that
sharper singularities in properties are observed in alloys
prepared at the fastest rates of quenching. For example,
the sharp peak in N(Ez ) at x =0.63 reported by Kroeger
et a/. was not seen in similar experiments of Altounian
and Strom-Olsen. Kroeger et al. 3 suggest that the
N(EF) peak is absent in the data of Altounian and
Strom-Olsen because the latter samples were prepared by
melt spinning, rather than splat quenching, which is asso-
ciated with a somewhat slower cooling rate. We con-
clude, therefore, that amorphous Ni-Zr alloys form many
distinct associates, depending on the melt composition,
cooling rate, and initial melt temperature.

The formation of more than one amorphous structure
in rapidly quenched Ni-Zr melts with compositions close
to x =0.67 has been debated for quite some time. Many
authors have observed more than one peak in the
differential scanning calorimetry (DSC} trace measured
during the crystallization of amorphous Nip 33Zrp 67.
Swijgenhoven, Stals, and Buschow claim that these al-
loys phase separate during rapid quenching. Buschow
and co-workers ' observe three exothermic peaks in the
DSC trace of amorphous Nip 35Zrp 65, but sharp
diffraction peaks, indicating an amorphous-to-crystal
transformation, became apparent only for samples heated
to above the second peak. Altounian, Strom-Olsen, and
Walter ' notice that the DSC traces of amorphous
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Nip 33ZI p 67 change form depending on the temperature of
the melt before quenching. For all cases the crystalliza-
tion was polymorphic into NiZrz. For samples quenched
from temperatures just above T, the DSC curve had
only one exothermic peak whereas samples quenched
from several hundred Kelvin above T showed two en-

dothermic DSC peaks with a somewhat higher crystalli-
zation temperature. This is exactly what should be ex-
pected from the model in Fig. 8. Indeed, if superheated
molten Ni033Z1067 has no associate at the composition
x =0.67 but has instead associates of composition
x =0.64 and x =0.73, then crystallization of an amor-
phous alloy prepared by rapidly quenching this melt
should be more dificult because it would require the dis-
solution of these two associates and the formation of
crystalline nuclei of stoichiometry x =0.67. The various
peaks in the DSC traces could then be associated with the
dissolution and crystallization of these associates at
slightly different temperatures. In a later publication,
however, Altounian, Batalla, and Strom-Olsen raise the
possibility that the observed effects could be due to im-

purities introduced from the melt crucibles.
Manov er al. 53 and Kuzmann et al. have presented

data which suggest that the structure of rapidly quenched
metal-metal and metal-metalloid glasses is indeed
infiuenced by the temperature of the melt before quench-
ing. Manov et al. claim that SRO in a liquid obtained by
melting a crystalline alloy and continuously heating the
melt to T & T is difFerent from that found in a liquid of
identical composition prepared by first heating the liquid
to T & T' and then cooling it to T'. The liquid prepared
by the first route may retain associates related to the local
atomic arrangements found in the crystalline alloy which

only dissolve on further heating the melt to T & T' and
do not reform on cooling the melt back to T'. 55 A plau-
sible explanation for these results is that a melt may ac-
cess more than one configuration of approximately equal
free energy, as shown in Fig. 8, and that transitions be-

tween these configurations are frustrated for kinetic
reasons. This possibility, however, is contrary to the
Sommer-Predel liquid association model which assumes
that the lifetimes of the associates are very short. These
results warrant further investigation.

B. Geometry of liquid-phase associates

Sommer and Predel suggest that the liquid-phase asso-
ciates have stoichiometries of low rational numbers. It is
diScult, however, to visualize the particular atomic ar-
rangements that give rise to the peaks in p(x) in Fig. 5.
Complimentary techniques such as neutron diffraction,
extended x-ray-absorption fine-structure, and Mossbauer
spectroscopy on a large number of samples prepared at
small composition intervals mill be needed to fully
characterize these structures. Further insight into the
structure of the associates may result from computer
modeling techniques.

The most stable configuration of four identica1 atoms
interacting via a pair wise central potential is a
tetrahedral one in which each sphere is in contact with
the other three. The loca1 atomic structure of liquids is

formed primarily by aggregates of these tetrahedra.
The simplest chemically ordered configuration we can en-
visage is one of five atoms arranged in two tetrahedra
that share a face, forming an A2B3-type associate. The
next simplest polytetrahedral arrangement is that of
seven atoms at the apices of five tetrahedra joined at a
common edge (pentagonal bipyramid), forming an associ-
ate of stoichiometry A zB5. However, because the
dihedral angle between two tetrahedral faces,
a= cos '( —,')=70.53', is not an integer fraction of 2m,

the pentagonal bipyramid cannot form unless some of the
atomic bonds stretch and others contract by a few per-
cent. Although accommodation of this geometrical frus-
tration requires added energy, polytetrahedral order is
preferred in liquids over less dense arrangements such as
the half octahedra, which is one of the building blocks of
compact crystalline structures. Because frustration, in

general, increases as more atoms are attached to the po-
lytetrahedral cluster, building large polytetrahedral ag-
gregates of identical atoms becomes energetically un-

favorable. Nevertheless, depending on the interatomic
potential, polytetrahedral aggregates of several dozen
atoms may still be more stable than a close-packed crys-
talline aggregate having an equal number of atoms.

In liquid alloys of elements of different atomic sizes,
some of the limitations of frustration can be relaxed. In
liquid Ni-Zr, for example, frustration for the pentagonal
bipyramid should be reduced if the larger Zr atoms form
the central five-atom ring with the smaller Ni atoms lo-
cated at the top and bottom apices. Thus, we should ex-

pect that pentagonal bipyramids would form at the com-
position NizZr5 (e.g. , x =0.714). The p(x) data in Fig. 5

have a sharp maxima at x =0.73 suggesting that pentag-
onal bipyramids may exist in liquid Nip 27Zrp 73.

Fukunaga and co-workers used x-ray and neutron
diffraction to determine the partial structure factors in
liquid-quenched, amorphous Nip 5pZrp 5p and Nip ~Tip 6p

alloys. A signature of the SRO is the appearance of the
so-called "pre-peak" in the ¹iNi partial interference
function at Q =19 nm '. These authors compared the
interatomic distances and the number of nearest neigh-
bors deduced from the amorphous-alloy diffraction data
to those for the equilibrium crystalline alloys and sug-
gested that the SRO in the amorphous alloys is similar to
that in NiZr and NiTi2, respectively. Saw and Schwarz
used a dense random-packed model to calculate the radi-
al distribution functions and their Fourier transforms,
the partial interference functions, in amorphous
Nip 35Zrp 65. The effect of short-range ordering was inves-
tigated by introducing random permutations of nearest-
neighbor nickel-zirconium atom pairs in response to a
lowering of the alloy's enthalpy. They observed the de-
velopment of a pre-peak in the Ni-Ni partial interference
function at Q =19 nm which grew in intensity with in-

creasing number of atom pair permutations and repro-
duced the experimental pre-peak measured by Fukunaga
and co-workers. It was suggested that the SRO evolved
during the modeling corresponds to the preferential for-
mation of double tetrahedra composed of three Zr atoms
capped by two Ni atoms, thus having the stoichiometry
Ni&Zr3.
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V. CONCLUSIONS

We have investigated the compositional dependence of
the shear modulus, ls, in amorphous Ni, „Zr„thin films.

p(x) has various sharp maxima which we attribute to
enhanced comp ositional SRO in the tnelt prior to
quenching. This SRO is in the form of ordered clusters
of atoms or "associates. " The stoichiometries of the as-
sociates frequently, but not always, correspond to the
stoichiometries of equilibrium crystalline intermetallics.
Thus, the associates may promote crystallization (if the
associates are subunits of the crystal) or hinder it (if crys-
tallization requires the dissolution of the associates and
subsequent solute partitioning).

Recently, researchers at Tohoku University and at the
California Institute of Technology developed various

multicomponent metallic alloys in which hT =T„—T is

as large as 100 K. The alloys with the largest ALT can
be solidified into glasses at relatively low quenching rates,
enabling the synthesis of bulk amorphous alloys. 200-g
pieces of an amorphous Zi-Ti-Ni-Cu-Be alloys were
prepared at Los Alamos by cooling the melt in the copper
hearth where it was melted. The present results suggest
that the narrow composition ranges at which easy glass
formation is possible may correspond to the particular
compositions at which the liquid develops especially
strong chemical and structural SRO.
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