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The electronic structure of Cu100�xZrx (x = 40,50,60) metallic glasses was investigated by ultraviolet pho-
toelectron spectroscopy and X-ray photoemission spectroscopy, the valence band spectra of these alloys
were analyzed by a large shift of the Cu d-band peaks to higher binding energies upon increasing Cu con-
tent. Photoemission experiments and first-principles calculations prove that the values of density of
states at Fermi level of Cu100�xZrx metallic glasses are mainly dominated by Zr rather than Cu. This work
will enlighten further research on understanding the inheritance of metallic glasses and designing new
metallic glasses with unique properties.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As important systems in condensed matter physics and material
science, metallic glasses (MGs) have attracted a great deal of atten-
tion over the recent decades [1,2], especially on their structural [3],
mechanical [4,5], electrical [6], magnetic [7–9] and superconduc-
tive [10] properties. Despite the accumulation of enormous
amount of achievement, controlling microalloying and optimizing
the design of metallic glass alloys have not been actually realized
[11,12]. Recently, Ma et al. [13] revealed that a variety of MGs
inherit their elastic modulus from their solvent components. Li
et al. [14] proposed that the polyamorphism in densely packed
MGs comes from its lanthanide-solvent constituent. Wang [15]
revealed that the elastic, plastic and mechanical properties of cer-
tain component exhibit some inheritance impacts on the corre-
sponding alloy. However, for some systems, such as Cu-, Pd- and
Co-based MGs, their elastic moduli are markedly different from
those of the base components [15]. Significant changes in strength,
thermal stability, glass-forming ability, corrosion resistance, mag-
netic properties, and plasticity can be induced by adding minor
non-based component to MGs [16–18]. The above inconsistency
indicates that the physical understanding of inheritance in metallic
glasses is still incomplete. From the electronic theory of solid phy-
sics [19], the basic properties of most metal materials are mainly
determined by the electrons near the Fermi surface. Therefore,
the study of electronic structure would be significant for under-
standing the inheritance in MGs.

In an attempt to identify the key factors that control the inher-
itance of MGs, here we study electronic structure of Cu100�xZrx

(x = 40,50,60) MGs by combining the ultraviolet photoemission
spectroscopy (UPS), X-ray photoemission spectroscopy (xPS) and
first-principles calculations. Our results demonstrate that the den-
sity of states (DOS) at the Fermi level EF of Cu–Zr MGs are mainly
determined by Zr, which will enlighten further research on design-
ing new MGs with desirable properties.

2. Materials and method

The Cu100�xZrx (x = 40,50,60) MGs with nominal composition
were prepared by arc-melting a mixture of pure Cu (99.99%) and
Zr (99.99%) in a highly purified argon atmosphere. Glassy ribbons
were produced by a rapid quenching technology on a single copper
wheel with a speed of 35 m/s. The nature of glassy sample was
ascertained by X-ray diffraction (XRD, Bruker D8 Advance) with
Cu Ka radiation and differential scanning calorimeter (DSC,
NETZSCH 404C) with a heating rate of 0.67 K/s. The bonding states
were evaluated by X-ray photoelectron spectroscopy (XPS, Kratos
AXIS ULTRADLD instrument) with a monochromic Al Ka X-ray
source (hm = 1486.6 eV). The power was 120 W and the X-ray spot
size was set to be 700 � 300 lm. The pass energy of the XPS ana-
lyzer was set at 20 eV. The base pressure of the analysis chamber
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was lower than 5 � 10�9 Torr. All spectra were calibrated using the
binding energy (BE) of C 1s (284.8 eV) as a reference, UV source (He
II 40.8 eV) and etching condition (beam energy 2 kV, extract cur-
rent 100 lA, raster size 4 mm). For the pure components, we use
polycrystalline foils of Cu and Zr, which were cleaned by Ar-ion
sputtering. We also obtained oxygen-free surfaces of glasses by
Ar-ion sputtering.

Calculations have been performed using the first principles sim-
ulation package with Vanderbilt ultrasoft pseudopotential, an
GGA-PBE exchange–correlation functional, and a plane wave basis
with an energy cutoff of 500 eV [20]. Geometry optimization was
performed with the Brillouin zone sampling limited to the gamma
point, while the Monkhorst–Pack grid with 6 � 6 � 6 k points was
used to obtain the accurate density of the electronic states. The
electronic self-consistent loop is 5.0 � 10�6 eV, and effort was
made to relax model structures until the total forces on each ion
were converged to 0.01 eV/Å.
Fig. 2. UPS spectra of Cu100�xZrx (x = 40,50,60) MGs, polycrystalline Cu and Zr.
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Fig. 3. XPS spectra of Cu100�xZrx (x = 40,50,60) MGs, polycrystalline Cu and Zr.
3. Results and discussion

Fig. 1 shows the XRD and DSC traces of Cu100�xZrx (x = 40,50,60)
samples. The glass transition temperature (Tg) decreases from
710 K for x = 40 to 625 K for x = 60, and the crystallization temper-
ature (Tx) decreases from 774 K for x = 40 to 682 K for x = 60. The
XRD patterns of the as-quenched samples display broad diffraction
maxima, which is characteristic of an amorphous structure. With
increasing Zr content, the broad diffusive amorphous halo peak
obviously shifts to a lower wave vector. This can be explained by
the incorporation of the larger Zr atoms (atomic radius of
155 pm [21]) replacing the smaller copper atoms (atomic radius
of 128 pm [21]), resulting in structural changes of these glasses.

Figs. 2 and 3 show the UPS and XPS spectra of the Cu100�xZrx

(x = 40,50,60) MGs, respectively. For comparison, polycrystalline
Cu and Zr were measured under the same experimental settings.
The spectra without background subtraction has been done and
the energy distribution DOS are given. There are some differences
between the spectra measured with UPS and XPS, indicating the
existence of the final-state effects and the significant change of
matrix elements over the energy of the valence band. Both
Figs. 2 and 3 show that the Zr spectrum has two main peaks: the
one located just below the Fermi level is due to the weakly filled
4d band, with a width around 3.8 eV, and the other peak is more
like a shoulder at higher binding energy. The DOS of Cu100�xZrx

(x = 40,50,60) metallic glasses in the vicinity of the Fermi level
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Fig. 1. DSC curves for as-quenched Cu100�xZrx (x = 40,50,60) alloys; the inset shows
the XRD traces of the samples in as-quenched state.
mainly come from Cu 3d states and Zr 4d states. As shown in
Fig. 3, upon increasing Cu content in the alloys, the
high-binding-energy in position on alloying Cu remain constant,
whereas the low-binding-energy edges are shifted considerably
by about 0.8 eV in Cu–Zr glasses. The center of Zr 4d band of
MGs is slightly shifted to lower binding energy, whereas the Cu
3d band shift is about 1 eV to higher binding energy. The DOS of
the Cu100�xZrx (x = 40,50,60) MGs in the vicinity of the Fermi level
is slightly reduced compared to pure Zr. In these systems, the Cu
states are localized and the Zr states are relatively delocalized
[22]. Therefore, the delocalized DOS at the Fermi level EF of MGs
are thought to be determined mainly by Zr 4d states.

To further gain insights into the electronic structure of
Cu100�xZrx MGs, the DOS of crystalline CuZr of B2 structure was cal-
culated using first principles computations and is shown in Fig. 4.
This simplification is justified by the similarity of local structure
and electronic properties between MGs and their crystalline coun-
terparts revealed by photoemission measurements [23,24]. As we
can see from Fig. 4, the total DOS of ordered compound Cu1Zr1 is
constituted by 4s, 4p and 3d states of Cu and 5s, 5p and 4d states
of Zr. However, the DOS at Fermi level EF is mainly dominated by
Zr 4d states. In order to compare the DOS of the glassy Cu50Zr50

and its crystalline counterpart Cu1Zr1, the XPS spectra of Cu50Zr50

glass were normalized in such a way that the ratio of the areas
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Fig. 4. Calculated DOS for Cu1Zr1 and measured DOS for Cu50Zr50 glass. (a) Partial
DOS of Zr; (b) partial DOS of Cu; (c) comparing of the total DOS of Cu50Zr50 glass and
the ordered compound Cu1Zr1.
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below the curves is proportional to the total number of valence
electrons (d, p, and s). This procedure was carried out after a back-
ground subtraction. Here, the value of DOS of Cu50Zr50 at Fermi
level EF is determined as 0.81 states/(eV atom), which is in excel-
lent agreement with previous results [22]. The normalized total
DOS of Cu50Zr50 from XPS and that of its crystalline counterpart
Cu1Zr1 are compared in Fig. 4(c). Although the total DOS of
Cu50Zr50 glass shows no sign of hyperfine structures, the center
energy of the transition metal in the alloy lies in the energy range
where the peak in the photoemission spectrum is observed. The
results further illustrate that the value of DOS of Cu50Zr50 at
Fermi level is mainly dominated by Zr.

In Cu100�xZrx glassy system, the electronic shells of Zr (4d25s2)
and Cu (3d104s1) are different. The propensity of atoms in alloys
to compete with other atomic species for valence-electron charge
is generally encompassed in electronegativity factor [25,26]. The
electronegativities of Cu and Zr are 1.88 and 1.37, respectively
[27]. Thus, the electrons could transfer from the 4d of Zr atoms
to fill the shells of Cu atoms, that is to say, the d energy bands of
Zr is not filled in metallic state. The 4d shell is on the inside track,
then the overlap of 4d energy bands of Zr is less and the bands are
narrow in the process of metallic formation [19,28]. Therefore,
there is a large value of DOS for 4d bands from Zr and it is essen-
tially responsible for the value of DOS at Fermi level in
Cu100�xZrx (x = 40,50,60) alloy system, similar to the fact that E
and G values of MGs mainly inherit from the component Zr
[13,15]. The results are helpful for understanding the inheritance
of MGs and indicate that the elastic constants maybe related to
the DOS at Fermi level. This work provides a new perspective on
the structure–property relationship of MGs, which is helpful for
designing new MGs with unique properties. However, there are
still some critical issues need to be further explored, for example,
the connection between the DOS at the Fermi level and elastic
properties. To address these issues, more refined scrutiny of this
connection will be desired in future work.
4. Conclusions

In this paper, the electronic DOS of Cu100�xZrx MGs was investi-
gated by UPS, XPS and first-principles calculations. The results
demonstrated that there is a large value of DOS for 4d bands from
Zr and the values of DOS of Cu100�xZrx (x = 40,50,60) MGs at Fermi
level EF are always dominant by Zr rather than Cu. This work is
helpful for understanding the inheritance of MGs and designing
new MGs with unique properties.
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