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27Al nuclear magnetic resonance spectroscopy was used to probe the atomic-scale structural evolution in Cu46Zr47�xAl7Gdx

(x = 0, 1, 5) glassy alloys with minor Gd addition. It was found that the local symmetry of atomic clusters around Al atoms is
the closest to being spherical at 1 at.% Gd addition. Interestingly, this also corresponds to the Gd content for which the glass-form-
ing ability (GFA) reaches a maximum, suggesting that the GFA of these glassy alloys may be dominated by their local geometric
structure.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The discovery of bulk metallic glasses (BMGs)
with unique mechanical and functional properties has
inspired intensive research on the local structures of
metallic glasses as well as the structural origin of the
microalloying effects of glass-forming ability (GFA)
and mechanical properties [1–3]. Short-range order
and medium-range order have long been considered to
be important for understanding the properties of amor-
phous solids including metallic glasses [4–7]. However, it
remains a very challenging task to characterize these lo-
cal structures experimentally because of the complexity
and disordered nature of glassy structures [8]. CuZrAl
BMGs are very interesting because of their high GFA
and unusual plasticity [9–11]. Furthermore, minor Gd
addition was found to induce an obvious ductile-to-brit-
tle transition along with a substantial change in GFA
[12–14]. This paper describes evidence of significant
structural changes in CuZrAl BMGs upon minor Gd
addition detected by 27Al nuclear magnetic resonance
(NMR) spectroscopy. NMR measurements of quadru-
pole interactions have been used extensively to charac-
terize local structures in amorphous solids [15–17].
Such measurement probes the electric-field-gradient
(EFG) at the atom of interest, such as Al in CuZrAl
BMGs, and depends sensitively on the local structure
around that atom. It was found that the magnitude of
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the EFG at Al sites in CuZrAl BMG decreases first with
minor Gd addition, reaching a minimum at 1 at.% Gd
and then increases again at 5 at.% Gd. This change in
EFG correlates with the change in macroscopic proper-
ties such as the GFA. When the GFA reaches its maxi-
mum, the EFG at Al sites reaches a minimum.

Cu46Zr47�xAl7Gdx (x = 0, 1, 5) metallic glass cylin-
ders 2 mm in diameter were prepared by a conventional
copper mold casting method [13]. 27Al nutation NMR
was performed in a magnetic field of 7.01 T. The pulse
sequence used is (t1)x–s1–(t2)x–s2–acquisition�y, where
t1 and t2 are radiofrequency (RF) pulse widths, x and
�y are pulse and receiver phases, respectively, and s1

and s2 are time delays. The RF pulse strength employed
is xrf=2p ¼ 50 kHz, t1 = 1 ls, s1 = 10 ls, and the echo
signal appearing at s2 = s1 was recorded. The signal
intensity associated with the central transition
�1=2i $ 1=2ijj was then determined as a function of

t2, called the nutation curve, in a series of measurements
where t2 varies from 1 to 7 ls in steps of 0.5 ls. The
EFG parameters were derived from numerical simula-
tion of the nutation curve. For comparison, the 27Al
spectra were also measured by point-by-point mapping
using weak selective pulses. 27Al Knight shifts were ref-
erenced to 1.0 M Al(NO3)3 aqueous solution.

Figure 1 shows the nutation curves for all three
Cu46Zr47�xAl7Gdx (x = 0, 1, 5) BMG samples; there
are clear differences between the curves. The nutation
curve is determined by the applied RF field xrf and
sevier Ltd. All rights reserved.
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Figure 1. Nutation experiments where the central transition intensity is
plotted vs. the second pulse length. The pulse length t2 increases from 0
to 7 ls in steps of 0.5 ls. The amplitude of the RF pulse is xrf/
2p = 50 kHz for all three samples. Solid lines are fittings with xQ=2p
listed in Table 1 and g ¼ 0:9 as described in the text.
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Figure 2. 27Al spectra (partial) of Cu46Zr47�xAl7Gdx (x = 0, 1, 5)
BMGs obtained by the frequency stepped point-by-point method. The
linewidth of the satellite transitions can be estimated by the extension
of the lines. The intensity is normalized by peak intensity.

968 X.-K. Xi et al. / Scripta Materialia 61 (2009) 967–969
the quadrupole interaction determined by
xQ ¼ 3Qe2q=½2Ið2I � 1Þ�h� and g [15]. Here, xQ is the
quadrupole frequency, Q is the electric quadrupole mo-
ment, eq ¼ V ZZ is the Z principal component of the
EFG tensor which vanishes under cubic or higher sym-
metries, I = 5/2 for 27Al, and g is the asymmetry param-
eter of the EFG tensor. Given the ratio of xrf=xQ, and
g, the nutation curve can be calculated based on the evo-
lution of the density operator. The best fits of the calcu-
lated nutation curves to the measured ones were also
shown in Figure 1. Here, g ¼ 0:9 was used for all three
curves and the values of the quadrupole frequency
xQ=2p are listed in Table 1. Clearly, xQ=2p changes with
the minor addition of Gd. It decreases significantly from
650 kHz in the x = 0 sample to 450 kHz in the x = 1
sample. This implies that the degree of local site symme-
try at Al nuclei is enhanced when adding 1 at.% Gd.
Interestingly, xQ=2p increases again to 600 kHz in the
x = 5 sample.

Figure 2 shows the point-by-point mapped 27Al spec-
tra of Cu46Zr47�xAl7Gdx BMGs with x = 0, 1 and 5 at
room temperature. The spectra have a broad peak and
a sharp peak, which originate from the satellite transi-
tions and the central transition, respectively. It is worth
noting here that the primary 27Al spectral satellite line-
broadening mechanisms in this alloy system might be as-
cribed to the following: (i) first-order quadruple pertur-
bation through EFG; and (ii) the broadening effects of
the localized 4f electron magnetic moment of Gd3+ ions
[18]. Since the central linewidth for all the samples inves-
tigated are symmetric for 30 (x = 0) to 300 kHz (x = 5),
at least one order of magnitude less than that of satellite
Table 1. Room temperature (298 K) 27Al isotropic peak shifts, satellite li
nutation methods, respectively, GFA evaluated in critical diameter, and pla

Cu46Zr47�x

Al7Gdx

Peak shift
(ppm)

Satellite
linewidth (MHz)

Quadruple frequen
(kHz) (linewidth)

x = 0 300 2.68 670
x = 1 295 1.54 385
x = 5 0 3.30 825

a Ref. [14].
linewidth and field independent, indicating the Gd3+

magnetic moment effects on satellite line broadening
can be neglected. The linewidth of the broad peak asso-
ciated with the satellite transitions is thus determined by
the first-order quadrupole interaction and can also be
used to estimate the quadrupole frequency xQ=2p [17].
The broad peak of the satellite transitions spans a range
of 2.68 MHz at x = 0, narrows to 1.54 MHz at x = 1,
and then broadens again to 3.30 MHz at x = 5. The
xQ=2p values determined from the linewidth of the satel-
lite transitions are also listed in Table 1 and are consis-
tent with the nutation measurements.

Figure 3 shows the correlation of quadrupole fre-
quency with macroscopic properties such as GFA. It
can be seen that the increase in critical diameter Dc,
which has been widely used as a convenient and reliable
method to evaluate GFA, correlates very well with the
decrease in the quadrupole frequency and is consistent
with previous observations in Ce-based BMGs [7]. These
results suggest that GFA is favored by the evolution of
the atomic structure at Al sites toward higher local sym-
metry with lower local strains [19].

It is interesting to note that different amorphous
phases with the same composition but different densities
have been observed in amorphous solids that form net-
work structures [20]. For metallic glasses, this is also an
important issue of current interest. Evidence of pressure-
induced polyamorphic transition has been reported in
Ce-based metallic glass [21]. This phenomenon could
be related to the unique electronic properties of Ce
atoms which can assume different valencies under pres-
sure as observed in Ce metal [22,23]. The microalloying
effect in BMGs provides another approach for studying
newidth, quadrupole frequency measured via linewidth analysis and
stic strain of Cu46Zr47�xAl7Gdx.

cy Quadruple frequency
(kHz) (nutation)

Critical diameter
(Dc, mm)

Plastic
straina (%)

650 3 3.20
450 10 3.75
600 5 1.98
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Figure 3. Critical diameter (Dc) [13], plastic strain (%) [14] and
measured quadrupole frequency mQ ¼ xQ=2p are plotted vs. the Gd
concentration. It shows a clear correlation between the GFA and
xQ=2p.
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polyamorphism because there is no substantial change
of composition while there is a clear change in local
structure. The structural change induced by 1 at.% Gd
addition in CuZrAl BMG could be such an example
(see Fig. 3). It is intriguing that 1 at.% Gd addition leads
to such significant evolution in the amorphous inherent
structure, which is reminiscent of similar effects of mic-
roalloying in crystalline systems such as the addition
of C in steel or Al in Ti alloy. The addition of 1 at.%
C stabilizes austenite phase (face-centered cubic) in
steels; 2 at.% Al addition promotes the formation of
the a phase (hexagonal close packed) in Ti alloys [24].
From the point of view of the energy landscape, glass
structures could assume various metastable inherent
structures upon cooling of the supercooled liquid,
A1, A2, . . . , An. Are there distinct structural characteris-
tics of these inherent structures? It is conceivable that 1
at.% Gd addition might favor one of the inherent struc-
tures with high local symmetry at Al sites over other
possible inherent structures in CuZrAl BMGs. The cur-
rent NMR results indicate that microalloying is a viable
approach for exploring different inherent structures with
distinct local structures.

We have no data on the parameters of quadrupole
interaction for compositions between 2 and 4 at.% Gd.
Verification on the correlation of the improved local
symmetry at Al sites and enhanced GFA is thus incom-
plete. However, our results demonstrate that minor
addition of Gd in CuZrAl BMGs induces significant
changes in local structures. Such changes can be de-
tected by NMR through the detection of the change in
the EFG at Al sites. A clear correlation is found between
the GFA and the characteristics of the local structure.
Specifically, the composition of CuZrAl(Gd) with the
highest GFA corresponds to local structures closest to
spherical symmetry at Al sites.
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