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We report on %Cu, Cu, and °'Zr NMR measurements of the metallic glass
Zr,Cu;_, (0.38 <x <0.72), studied together with magnetic measurements. We discuss
our results in terms of a two-band model with local densities of states and show that the
d-electron density of states increases with increasing x. The averaged quadrupole cou-
pling constant was determined at the ®*Cu and the *!Zr sites. From the concentration
dependence of the *'Zr quadrupole coupling constant it was derived that near 70 at. % Zr
appreciable compositional short-range order exists.

I. INTRODUCTION

Much attention has been focused recently on the
studies of the electronic structure of metallic
glasses. In this context the system Zr-Cu, which is
a classical one with a rather wide concentration
range, was the object of several photoemission ex-
periments2 and computer calculations using the
self-consistent augmented-spherical-wave method.?
It was shown, among other things, that the Zr d
band lies close to the Fermi level and that the Cu
d-band peaks are shifted to higher binding ener-
gies. In the present investigation we have studied
for the first time the %3Cu, %Cu, and °'Zr NMR in
the amorphous alloys Zr, Cu;_, (0.38 <x <0.72).
From the NMR Knight-shift results and from the
results of magnetic measurements important con-
clusions can be drawn regarding the density of
states near the Fermi energy. We will investigate
whether or not the change in the density of states
with increasing x has any relationship to the stabil-
ity of the amorphous alloys.

The possibility of observing nuclear quadrupole
interactions by means of NMR opens the possibili-
ty of obtaining information about the angular dis-
tribution of the local atomic arrangement in these
alloys. This information usually cannot be ob-
tained from x-ray and neutron diffraction or from
extended x-ray absorption fine-structure measure-
ments. We will use our NMR results to answer
the question concerning how accurately the atomic
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arrangements in amorphous alloys can be described
by means of a dense random packing of hard
spheres (DRPHS) or whether a description favor-
ing compositional short-range ordering between the
atoms is more appropriate.

II. EXPERIMENTAL DETAILS

The amorphous Zr,Cu, _, alloys investigated in
this study (x =0.38, 0.44, 0.50, and 0.72) were
prepared by melt spinning on a copper wheel in an
atmosphere of purified argon. The melt spinning
was performed with alloy buttons of the desired
composition that had been prepared before by arc
melting. Small parts of the amorphous ribbons
(about 2-mm broad and 30-um thick) were investi-
gated by x-ray diffraction. All alloys were found
to have x-ray diagrams characteristic of the amor-
phous state. Sharp diffraction lines indicating the
presence of some crystalline material were absent.
The thermal behavior of the alloys was studied on
a differential scanning calorimeter (DSC). The
heating rates were varied from 0.5 to 100 K/min.

For the NMR investigations the amorphous rib-
bons were cut into pieces of about 0.5 mm, reduced
to a semifluid consistency with silicon oil to in-
crease the effective sample volume. The NMR
equipment used was a Bruker BKR 322 S spin-
echo spectrometer, operated in combination with
an Oxford Instruments superconducting magnet.
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FIG. 1. DSC traces of the amorphous alloy Zr;,Cuyg
obtained at three different heating rates.

The **Cu and the %°Cu resonances were measured
by choosing a normal phase-sensitive detection and
a boxcar integrator in order to improve the signal-
to-noise ratio. For the detection of the weak °'Zr
resonance it was necessary to make use of a tech-
nique by means of which the value of the echo
heights could be obtained independent of the phase
of the signal. We therefore used a two-channel
main amplifier (Bruker Quadro receiver) with two
signals phase-sensitively detected relative to refer-

ences having a constant phase relation of 90°.

These signals were fed by two fast analog-to-digital
converters (ADC’s, Bruker Transistore) into a com-
puter (Nicolet BNC 12) in order to calculate
(S2+S,490)7% The field sweep velocity in the
case of the °!Zr resonance was about 3.10~*
T/min. All NMR measurements were performed
at 4 K. The time lapse between sample prepara-
tion and NMR measurements was of the order of a
few days. The susceptibility of the samples was
measured with a Foner-type magnetometer in the
temperature range between 2.9 and 270 K at a field
of 10 kG.

III. EXPERIMENTAL RESULTS
AND INTERPRETATION

A. Thermal stability

Typical results of DSC measurements are shown
in Fig. 1. X-ray analysis of samples that had been
heated to temperatures above the strong exotherm-
ic heat effect showed that crystallization had taken
place. The crystallization temperature T, defined
as the temperature corresponding to the peak of
the strong exothermic heat effect is seen to vary
considerably with the heating rate s applied. The
dependence of T, on s can be used to derive values
of the activation energy AE determining the crys-
tallization rates. Two methods were used. Follow-
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FIG 2. Dependence of the crystallization temperature observed in various amorphous Zr,Cu,_, alloys on the heat-
ing rate s. The open circles and the left-hand scale refer to the method of Kissinger. The solid circles and the right-

hand scale refer to the method of Boswell. (See text.)



TABLE 1. Comparison of the activation energies for
crystallization derived by means of the method of Kiss-
inger (AE) and the method of Boswell (AE').

Zr,Cuy_, AE (eV) AE’ (eV)

x =0.72 2.73 2.70
0.60 3.60 3.58
0.50 4.11 421
0.44 5.40 5.19
0.38 5.37 5.26

ing Kissinger’s method we plotted In(s / T?) vs
1/T,. As seen in Fig. 2 these plots are straight
lines, showing that the crystallization process can
be described by a single activation law. The ac-
tivation energies AE derived from the slopes of
these plots are listed in Table I. According to Bos-
well it is more appropriate to plot In(s /T}) vs
1/T,. Such plots are included in Fig. 2. Also in
this case the activation energies AE are derived
from the slope of the straight lines. In order to be
able to compare both methods we have increased
the lengths of the straight lines in Fig. 2 somewhat
by means of a broken part. It can be seen from
Fig. 2 that there is hardly any difference in slope.
The AE values derived by the two different
methods show a difference of only a few percent.

B. Quadrupole interaction

In the nonmagnetic amorphous alloy the various
NMR probes (53Cu, Cu, *'Zr) experience different
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FIG. 3. Spin-echo spectrum of %Cu and %Cu ob-
tained at 4 K in the amorphous alloy Zrs,Cuso.
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FIG. 4. Spin-echo spectrum of °'Zr obtained at 4 K
in amorphous Zr3;3Cug).

electric field gradients owing to a distribution of
different local environments. This is why the line
shape of the spectra is a superposition of many
quadrupolar split powder patterns with different
splittings. In]ﬁrst-order perturbation calculation
the 4+ 5<«>— 5 transition does not give rise to a
quadrupole shift, and the resulting powder pattern
is symmetrical relative to the resonance field H ..
The second-order perturbation calculation shifts
the + —;—«»—% transition so the powder spectrum
is no longer symmetrical. Figure 3 shows the Cu
and the %*Cu resonance of amorphous Zrs,Cus and
Fig. 4 the °'Zr resonance of amorphous Zr;3Cug,.
Because all of these resonances are not symmetrical
and have their center of gravity shifted to higher
fields, we conclude that we see mainly a broad dis-
tribution of superimposed powder patterns of the
+ 79—% transition. The field of the center of
gravity H, . relative to the resonance field H
can be expressed as follows®:
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FIG 5. Frequency dependence of the ®*Cu Khight
shift at 4 K in amorphous Zrs,Cusp. For the meaning
of Ky and K g see text.
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FIG 6. Frequency dependence of the *'Zr Knight
shift at 4 K in amorphous Zr;Cuso. For the meaning
of K., see text.
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where C represents the expression in square brack-
ets in Eq. (la). The constants appearing in this
expression represent the following: I is the nuclear
spin, ¥ the gyromagnetic ratio of the nuclei,
¢2qQ /h the quadrupole coupling constant in fre-
quency units, and 7 the asymmetry parameter.

If Hg,, represents the (Cu or Zr) resonance field
in diamagnetic reference the Knight shift K is de-
fined by

Hp=Hgn(1—K) . 2)

It follows from Eq. (1a) that there is a shift of
H_, relative to H, to higher fields which is pro-
portional to 1/H ;. Accordingly, the Knight shift
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FIG. 7. Concentration dependence of the %*Cu (¢*Cu)
Knight shift (Ko; see text) in amorphous Zr,Cu;_, al-
loys (open circles) and crystalline Zr,Cu (solid circle).
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FIG. 8. Concentration dependence of the °'Zr Knight
shift (K, see text) in amorphous Zr,Cu;_, (open cir-
cles) crystalline Zr,Cu (solid circle).

corresponding to the center of gravity of the distri-
bution of resonances in the amorphous alloy
(K. ) is proportional to 1/H I

I? H dm — H c.g.

c.g. — Hdm
=Hdm"‘Hres _Hc.g. —Hras (33)
H g Hy
c Cr
Kg ~Ko— =Ko——, (3b)
“F Him v

where v, is the measuring frequency.

A study of the frequency dependence of K,
should therefore lead to the parameters desired,
i.e., to the Knight shift and the average quadrupole
coupling constant. Note that the former quantity,
but not the latter, can also be derived from the fre-
quency dependence of the maximum of the echo
height K .,;. Examples of experimental results for
the various amorphous alloys are shown in Figs. 5
and 6. These results are in accordance with the
behavior expected on the basis of Eq. (3b). As the
asymmetry parameter 7 fulfills the condition
0<7n <1, the influence of the 14+%%/3 term ap-
pearing in C [Egs. (1a) and (1b)] is rather insignifi-
cant and merely increases the experimental error of
the averaged quadrupole coupling constant. From
the value of C derived by means of the behavior of
the $*Cu resonance in amorphous Zrs,Cus, (Fig. 5)
we obtained e?qQ /h =11.5+2.3 MHz or
vg=5.7+1.2 MHz, where v =3e2qQ /21(2I —1)h.
The ®*Cu resonance is less suited to evaluation ow-
ing to the presence of small Al and Na resonances
originating from the sample holder or the glue.

Using the Q(®*Cu)=—0.195X 10~ cm? of the
copper nuclear quadrupole moment’ we are able to
calculate the average electric field gradient as
(8%V /82%)7,=(2.4+0.5)x 10" V/cm?. This re-
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TABLE II. Quadrupole constants, quadrupole frequencies, and electric field gradients from °'Zr NMR in various
amorphous Zr,Cu,_, alloys and in crystalline Zr,Cu. The value Q(°'Zr)=—0.21X 10~2* cm? was taken from

Biittgenbach et al. [Z. Phys. A 286, 125 (1978)].

ZI'3 3Cll62 Zr44Cu 56 Zr50Cu50 Zl'ncllzg Zr2Cu
2
e—zQ—/MHz 11.9+2.4 11.9+2.4 10.3+2.1 72+1.4 6.4+0.9
vo/MHz 1.8+0.4 1.8+0.4 1.6+0.3 1.1+0.2 1.0+0.1
2
%( 10"V/cm?) 2.3+0.5 2.3+0.5 2.0+0.4 1.4+0.3 1.3+0.2
z

sult can be compared, for instance, with the Cu
resonance in a single crystal of Cu alloyed with 1
at. % Pd leading to vg=3.1 Mhz.? The fact that
vg in the amorphous Zrs,Cus, alloy is considerably
larger than in the Cu:Pd single crystal is not
surprising in view of the lack of atomic order and
the higher concentration of the second component
in the former. Of even more influence is perhaps
the large difference in electronic properties between
Cu and Zr whereas Cu and Pd are much more
similar.

The results derived from the behavior of the *'Zr
resonance are collected in Table II. These results
can be compared with those of Hoiki et al.” who
observed the °!Zr resonance in hexagonal closed-
packed (hcp) Zr metal. These authors determined
a quadrupole coupling constant of e’qQ/h=18.7
MHz. The Zr coupling constant in glassy
Zr,Cu,_, is seen to be substantially smaller than
in Zr metal. This is true for the quadrupole cou-
pling constant of Zr;,Cu,g, in particular, which is
the lowest one compared to the other amorphous
alloys. Note that the value obtained for Zr;;,Cuyg
does not differ much from that obtained in crystal-
line Zr,Cu.

C. Knight shift and
magnetic susceptibility

According to Eq. (3b) the values of the Knight
shift K in the various amorphous alloys can be de-

rived from the frequency dependence of the center
of gravity of the Cu and Zr resonances by plotting
K. vs vy 2 and extrapolating to vy >—0. The in-
tercepts on the vertical axes of graphs such as
those shown for ZrsyCus in Figs. 5 and 6 are list-
ed in Table III and have been plotted as a function
of concentration in Figs. 7 and 8. It is seen that
the Cu Knight shift remains roughly constant with
increasing Zr concentration, whereas the Zr Knight
shift gives rise to a strong decrease.

The magnetic susceptibility measured on the
amorphous alloys was corrected for diamagnetic
contributions'®!! by using a weighted average of
the diamagnetic susceptibilities of the pure ele-
ments. Values of X —Xg4,, obtained in this way are
included in Table III. It can be derived from these
results that the Pauli paramagnetism increases with
Zr concentration.

Below we will analyze the Knight-shift and sus-
ceptibility data by means of a two-band model
composed of a narrow d band and a broad s,p
band. The assumption of a two-band model of the
type mentioned is reasonable in view of the elec-
tronic structure of the composing elements and in
view of current band-structure calculations on re-
lated metal systems.'>!> Amamou ef al.! and also
Oclhafen et al.? found that the hybridization be-
tween the Cu 3d states and the Zr 4d states leads to
a narrowing of the Cu d-electron density of states
in the alloy together with a shift to lower energies.
The d-electron density of states near the Fermi en-

TABLE III. Zr and Cu Knight shift (in °| ,, and total magnetic susceptibility corrected for diamagnetism (in 10~>
emu/mol) in several amorphous Zr,Cu,_, alloys and crystalline Zr,Cu.

ZI’330[162 ZI'44C1155 ZI'50Cl150 Zl'72Cll2s ZI'2CU
K% 5.50+0.55 5.54+0.55 4.63+0.46 3.91+0.39 4.731+0.52
K" ' 0.98+0.25 1.10+0.25 1.11+0.17 0.96+0.25 1.40+0.26
Xexp—Xam 6.90+0.35 8.18+0.41 8.43+0.42 13.08+0.66
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ergy Ey is composed predominantly of the Zr d
electrons. For this reason we assume in our
analysis that the d-electron contributions to K and
X are due only to the Zr d electrons. An argument
in favor of this assumption is the concentration
dependence of X shown in Table III.

We can represent the measured susceptibility X
by means of the following expression:

X —Xam=3X5p +xXg+Xy) . (@)

The d-electron susceptibility X4 and the molar or-
bital susceptibility X,, are due to the Zr atoms
only.

The Knight shifts at the site of the Cu atoms
and the Zr atoms K§® and K2 are given by

K§' =K =ecaXsp » (5)
Ky =K5+KI+K% , (6a)
KOr =5Zras,pxs,p +agXq + Xy - (6b)

The quantities €c, and €, are weighting factors
distributing the s,p band susceptibility between the
atomic volumes of the NMR probe atoms:

Veu
O Vet -V,

vy )
€z:=

xVy+(1—=x)Ve,

The atomic volumes V¢, and Vz, were assumed to
be spherical and to have radii equal to r¢,=1.27 A
and rz =1.60 A The factor a, , represents the
effective s-electron hyperfine coupling parameter.
Following the results of similar analyses and as-
suming an s,p band where the s and p electrons
contribute equal parts to X, ,, one finds a;,
=0.45a, (Refs. 6 and 15) where a; is the s-electron
hyperfine coupling constant in the absence of p
electrons.

The d-electron hyperfine field coupling constant
ay was obtained from the relationship a4
~—0.1a,.'® The coupling constant for a,, in Zr
was calculated from the mean value of a,, in **Mo
and '®Rh reported in Refs. 17 and 18, each value
being first adapted to the appropriate value of
(r—3).1° The various hyperfine field coupling
parameters used by us are listed in Table IV.

The values of X, ,, X4 and X, obtained for the
different concentrations by solving Egs. (4)—(6) are
given in Table V. Inspection of the results given
in Table V shows that the d-electron density of
states is a factor 6—8 greater than the s,p electron
density. This result is rather similar to that ob-

TABLE IV. Hyperfine field coupling constants used
in the present investigation.

¢

mol mol mol
* | emu emu " | emu

Cu 484
Zr 358 36 40

tained for Zr metal by Hioki et al.,’ who found a
d-electron density of states 9 times larger than the
s,p density of states. It can also be seen from the
table that X,, is larger than X, by a factor of 3.
This result also resembles that found by Hioki et
al. in Zr metal’

We can summarize the results of our analysis by
stating that in the amorphous Zr-Cu alloys a nar-
row d band is present, having a large density of
states near Er. The d-electron density is due to
the d electrons contributed by the Zr atoms. This
leads to Pauli paramagnetism that increases with
increasing Zr concentration and, owing to the neg-
ative sign of the d-electron hyperfine field coupling
constant, to a decreasing °'Zr Knight shift with in-
creasing Zr concentration. Qualitatively, our re-
sults are in agreement with results derived from
specific-heat measurements, showing density of
states increasing with Zr concentration.?

IV. CONCLUDING REMARKS

It is frequently assumed that amorphous alloys
are relatively stable when the electronic structure
of the amorphous alloys meets certain require-
ments. In several papers Nagel and Tauc?'—2
have pointed out that a close analogy exists be-
tween the stability of so-called Hume-Rothery elec-
tron compounds and the stability of amorphous al-
loys of a certain valence electron concentration. In
Hume-Rothery compounds the crystal structure
gives rise to Brillouin-zone planes, and the inter-
action of these planes with the electron states near
the Fermi surface can lead to a lowering of the
density of states and hence to an increased stabili-
ty. In amorphous alloys the situation is more
complex. Nagel and Tauc argue that here a simi-
lar interaction can occur between the electron
states near Er and the first pronounced maximum
in the structure factor S(q) associated with the
Fourier transform of the atomic radial distribution
function. To be more specific, stable amorphous
alloys are expected when the Ferm1 wave vector kg
approaches the wave vector -2-q,,, where g,, corre-

sponds to the maximum in the wave-vector-
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TABLE V. Comparison of the relative magnitude of the various contributions of the
magnetic susceptibility in various amorphous Zr,Cu,_, alloys (in emu/mole).

Zr3Cug, Zr4Cusg Zrs5,Cusp ZryCuy
Xs,p 10-¢ 6.25 7.32 7.61 7.60
X410~ 3.68 4.08 437 5.93
X104 1.34 1.34 1.14 1.16
Xuw/Xa 3.6 33 2.6 2
Xa/Xsp 5.9 5.6 5.7 7.8

dependent structure factor S(q). In terms of the
free-electron approach (where kj is proportional to
the number of valence electrons) this has a conse-
quence that the energetically favorable situation
2kp~gq,, can always be reached at a given concen-
tration of an amorphous alloy in which a mono-
valent metal is combined with a polyvalent metal.
Near this particular concentration one expects
simultaneously the presence of a reduced density of
states near Er and an enhanced resistance against
crystallization (higher crystallization temperatures).
The decrease of the crystallization temperature
with increasing x in Zr,Cu,;_, (0.32 <x <0.5) has
been taken to reflect the increase in kr with x, Eg
moving away from the favorable region of a low
density of states.?* The results of the present in-
vestigation strongly oppose this view since our sus-
ceptibility and Knight-shift data show convincing-
ly that increasing x (corresponding to decreasing
crystallization temperature*>2%) is accompanied by
a pronounced increase in the density of states rath-
er than by a decrease. Here we wish to emphasize
again the fact that amorphous alloys are meta-
stable in character and that their resistance against
crystallization is a matter of reaction kinetics and
activation energies rather than a matter of relative
stabilities as assumed in the Nagel and Tauc
model. Even if the reduction in N(Eg) of alloys
satisfying the condition 2ky ~g,, would lead to an
increase in stability amounting to a substantial por-
tion of the difference in stability between the
amorphous and crystalline state [typical values are
AH . =1.2 kcal/gat. (Refs. 25 and 27)], the ac-
tivation energies derived in Sec. III (AE ~ 100
kcal/g at.) are about 2 orders of magnitude larger
than this stability increase. Hence, from this point
of view, it is rather unlikely that the Nagel and
Tauc criterion can give a correct description of the
stability of amorphous alloys. Comparable results,
refuting the applicability of the Nagel and Tauc
criterion, were also obtained in amorphous alloys
based on metalloids.?®

Finally, we wish to emphasize the fact that we
found an averaged quadrupole coupling constant in
Zr,Cu, _, that decreases with increasing x and
that is substantially smaller in all cases than the
value observed in crystalline Zr metal. The quad-
rupole constant is a measure of the local electric
field gradient and as such can give information
about the local environment of a given atom. It
has been widely accepted for many years that the
atomic arrangement in an amorphous alloy can be
described by means of DRPHS. In such alloys one
expects considerable deviations from cubic symme-
try and consequently large values of the quadru-
pole constant. This is true, in particular, if the
valences of the surrounding metal atoms are much
different. Our results are therefore rather surpris-
ing, since they indicate that near the concentration
x=0.7, in particular, the local atomic arrange-
ments responsible for the field gradient are quite
symmetrical. The local structural arrangement
may be related to that of the cubic bec phase ob-
served in the crystallization of Zr;sCu,s,2® or to
that in crystalline Zr,Cu. Here we recall that in
addition to the NMR resonances in amorphous
material we investigated the crystalline compound
Zr,Cu also (Figs. 7 and 8, Tables II and III). We
showed that the Knight shifts are almost the same
as we would expect by interpolation of the amor-
phous data, indicating that the density of states is
not much different in the crystalline and amor-
phous states. Even more important is the fact that
we observed a clear splitting of the + y<>— 5
transitions due to a well-defined electrical field
gradient at the Cu or at Zr sites, the value of the
field gradient in the crystalline structure and the
averaged value in amorphous Zr;,Cuyg being very
similar. The tendency of the quadrupole constants
of the amorphous alloys to decrease with x and ap-
proach the value observed in crystalline Zr,Cu can
be taken as strong evidence for the occurrence of
compositional short-range ordering in these alloys,
refuting the random packing assumed in the
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DRPHS model. Our results are in concord with
those of a similar investigation reported by Panis-
sod et al.?®
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