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Electronic structure of T5T9 metallic glasses (T5 ——Nb, Ta; T9 ——Rh, Ir}
studied by photoelectron spectroscopy
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Photoelectron spectroscopy of glassy Nb»Rh45, Nb»Ir45, Ta»Rh4&, and Ta»Ir4& alloys
reveal a common d band of the two alloy constituents with a large shift of the T9 metal d
states to higher, and a shift of the T5 metal d states to lower binding energies relative to
the corresponding pure metal. The charge transferred from the T5 to T9 metal on alloy-

ing is quite small and results in a small (positive and negative) binding-energy shift of the
core electrons of the T9 metal.

INTRODUCTION

The metallic glasses in the T5T9 transition-metal

alloy system (T& ——Nb, Ta; T9 ——Rh, Ir) are charac-
terized by very high glass-to-crystalline transition
temperatures, T„,with some as high as 1065 C.'
One of the first known members of this binary-
alloy series was a Nb-Rh alloy, which exhibited su-

perconducting properties. More recently, the eu-

tectic temperature, elastic modulus, microhardness,

Hz, and superconducting properties of the series
have been studied and correlated with T .' The
aim of this present work is to understand the elec-
tronic contributions to the thermal stability and
formation of these alloys and to understand the
characteristics of the electronic structure respon-
sible for their superconducting properties.

This paper is organized in two sections. First,
we present our experimental results which include
the first x-ray photoelectron spectroscopy (XPS)
and ultraviolet photoelectron spectroscopy (UPS)
studies of the binary alloys (T5)s,(T9)45. This
composition corresponds approximately to the eu-

tectic composition. In the second section, we util-
ize partial- and total-state densities computed self-
consistently for related ordered compounds to
understand the electronic structure of these metal-
lic glasses.

EXPERIMENTAL RESULTS

The T& T9 metallic glasses reported in this study
were prepared in a manner described elsewhere.
Alloy buttons of approximately 3 g in weight were

prepared by arc-melting weighed amounts of the
pure constituent elements in a copper hearth under
an argon atmosphere. Small portions of these but-
tons, approximately 30 mg in weight, were
quenched from the liquid state using an arc-
hammer furnace. The resultant samples, about 1

cm in diameter and 20—30 pm in thickness, were
used in the investigations after cropping off edge
sections which were often found to be crystalline.
X-ray diffraction was used to ensure the amor-

phous nature of' the samples.
The photoelectron spectra were measured with a

Lyebold-Heraeus electron spectrometer EA 10/100.
The UPS data were obtained by operating the ener-

gy analyzer in the constant sensitivity mode with a
retardation factor of 3 and the XPS measurements
were performed in the constant-resolution mode
with a pass energy of 50 eV. The resulting energy
resolutions for the different excitation energies
were 0.1 eV (for h v=16.8 eV, 21.2 eV), 0.17 eV

(for h v=40. 8 eV), and 0.9 eV (for h v= 1253.6 eV).
No satellite or background subtraction has been ap-
plied to the spectra presented in this study. The
measurements were performed at a residual gas
pressure in the 10 "-torr range. During the UPS
measurements the gas pressure was in the lower
10 torr for Net, HeI radiation and in the upper
10 ' -torr range for Heal radiation.

The samples were cleaned by Ar-ion bombard-
ment in two steps: by sputtering with a penning
ion gun (IQP10/63 Leybold-Heraeus) in a sample
preparation chamber, typically for 20 min with a
primary energy of 3.5 keV and with a scanning ion
gun (IQE12/63, Leybold-Heraeus) in the measuring
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chamber for about 10 min at 5 keV.
Although it turned out to be important to check

poss1blc plcfercnt1al sputtering effects and changes
in the surface composition by an alternative clean-
ing procedure, the dimensions and the thickness of
the samples did not allow mechanical cleaning of
the surface. However, the alloy concentrations
near the surface deduced from XPS core-level in-
tensities and photoelectron excitation cross sec-
tions vie in agreement with the bulk concentra-
tion within 10 at. %.

The alloy UPS and XPS measurements were
d1rectly coIQparcd w1th the coI'Icspondlng measure-
ments on the pure constituents by using high-
purity polycrystalline foils of Nb, Ta, Rh, and Ir
on the same sample holder. This procedure allows
us to measure core-level binding-energy shifts with
an accuracy better than 0.05 eV.

The valence-band UPS spectra of the four glassy
alloys measured with an excitation energy of
h v=40. 8 eV are presented in Fig. 1. The main
features of the spectra which are dominated by
photoelectrons originating from the d bands of the
two alloy constituents are the following: (i) The
valence-band spectra of the alloys show one dis-
tinct peak located about in the center of the
valence band. The peak positions for Nb55Rh4s,

Ta55Rhg5, Nb»Ir45, and Ta55Ir45 are 2.9, 2.9, 3.3,
and 3.5 cV, I'cspcct1vcly, ' thc corrcspondlng occu-
pied d-band widths are 5.3, 5.5, 7.3, and 6.8 eV.
Note that these alloy spectra are quite different

from those of the pure constituents, which have
their d-band maxima near the Fermi level EF. (ii)
The spectra reveal a weak shoulder near E~, clearly
visible in the Nb55Rh4, 5 and Ta55Ir45 valence bands.
(iii) Other than the main peak and the shoulder
near EF the valence-band spectra consist of smooth
curves and do not show any particular structures
in contrast to the spectra measured on the crystal-
11nc alloy const1tucnts.

Figure 1 shows that the four alloys have similar
valcncc-band properties. %c, thcrcfoI'c, would 11kc

to discuss onc system, naIQcly, thc Nb-Rh system,
in more detail. Valence-band spectra measured
with different excitation energies are shown in Fig.
2 and the corresponding measurements on pure
crystalline Rh are presented in Rg. 3. The spectra
of Nb»Rh~5 in Fig. 2 clearly demonstrate the
change in the photoelectron excitation cross section
for the different d bands when going from the
XPS spectrum (hv=1253. 6 eV) to the UPS Ne&

spectrum (hv=16. 8 eV). Whereas the XPS and
Hen spectra are quite similar (note the much
lower resolution in the XPS measurements), the
lower photon energies emphasize thc electron states
near Ez. The photoelectron spectra measured with
higher photon energies (hv& 40 eV) are believed to
be a better representation of the density of states
than those of lower excitation energies because the
latter aIc doImnatcd by strongly cncfgy-dcpcndcnt
matrix elements for optical transition and final
states effects.

I l

Nb55Rhp5

UPS He+

I I 1 1

8 6 4 p EFO
BINDING ENERGY (eV)

FIG. 1. Valence-band UPS Hell (he=40. 8 eV) spec-
tm of glassy T5T9 allo/8.

FIG. 2. Valence-band photoelectron spectra of the
metallic glass Nb55Rh45 measured with different excita-
tion energies: XPS (III @=1253.6 eV), He u (40.8 eV),
HeI (21.2 eV), and Nex (16.8 eV).
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TABLE i. Core-level binding-energy shifts (in eV) of
the most intense Hnes on aHoying. Unless othe~se in-

dicated the given shifts have an accuracy of +0.05 eV.

0.77
9.13 0.27

0.70+0.15
0.75

0.85+0.15
0.83

—0.17

try in alloying. This effect will be discussed in the
next section.
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FIG. 3. Valence-band photoelectron spectra of po-

lycrystalline Rh measured with different excitation ener-

gies: XPS (IIIv=1253.6 eV), He II (49.8 eV), Hex (21.2
eV), and Nel (16.8 eV).

The valence-band spectra of pure polycrystaHine

M ln Fig. 3 also dcIDonstratc R strong photon en-

ergy depend. ence. Again, thc general trend ls R

higher sensitivity for electron states near E~ with

decreasing photon energy. This means that in

measurements with low photon energies the excita-
tion cross section for electrons from the bonding d
states in the lower part of the valence band is

much smaller than that for the antibonding states
lleal EF. Fol' higher excltatloll encl gles tile exclta"
t1OQ c1oss section shows 8, much weaker binding-
cnci gy dependence.

The structures in the XPS, HcII, HcI spectra at
binding energies of 2.4 and 4.6 eV as well as the
width of the valence band of about 6 eV is in good
agreement with density of states calculations of
Moruzzi et aI. According to this calculation dis-

tinct maxima, occur Rt 2.6 Rnd 4.8 ev and the bot-
tom of the d band is near 6.2 eV.

The core-level binding-energy shifts of the most
Intcnsc cANc lines arc given 1Q Table I. Thc
Nb 3dq&2 and Ta4d3qz binding-energy shifts are of
the same order of magnitude as those in Nb-Ni
and Ta-Ni alloyss and the Rh 3d5&2 and Ir 4'~
shifts are small. The negative binding-energy shift
for the Ir core levels is an exception and has yet to
be observed for a group of 17 different transition-
metal alloys studied. IQ addition, RO the core-level
line shapes show a change towards higher symme-

Tile dellslty of states of glassy alloys made up of
transition-metal constituents 81c characterized by
either common d bands (e.g., Fe-Zr) or split d
bands (e,g, Pt-Zr) depending on the difference in
the atomic d-level energy or the valence difference

of the constituents. ' In all cases, the d states as-
sociat& with thc late transition-metal constituent
(the constituent with the higher d-electron number)

dominate the high-binding-energy portion of the
common 1 band. As a consequence, the local e-
state density near E~ Rt the late transition-metal
site ls st10ngly rcduccd and thc cxcltatlon of
clcctfon-hole pairs becomes less probable. This ls
observed in the form of a decrease of the core-level
line asymmetry. " The effect is clearly visible for
the Rh Rnd Ir core lines Rnd less distinct for the
Nb and Ta core levels. The decrease of the later
cole linc aspmHletrics is 8 conscqucncc of thc posi-
tion of EF near a maximum in the density of states
for pure Nl3 Rnd Ta.

In contrast, tbc 6 states of tbc early tiaQsitlon-
metal constituent dominate the upper portion of
the common d-band energies. The electronic struc-
ture near EF is therefore mainly determined by
electromc states of the early transition metal. The
shoulders near Ep in the UPS spectra of Fig. 1 are
attributed mainly to Nb and Ta (early transition-
metal constituents).

It has been shown that the valence difference hn
ls RH 1IDpoftant parameter 1n dctc~lning thc dc"
gree of d-band splitting. ' The T5T9 alloys stud-
ied here vnth 8 valence difference An =4 compare
favorably with previously studlcd Fe-Zr alloys
which Rrc RlsG cssentiallp coMHlon 6f-band 811oys.
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Although the general shapes of the bands are simi-

lar, the band widths, which correlate with the band
widths of the pure late transition-metal consti-
tuents are seen to increase in going from Ni to Rh
and Ir alloys.

As wc have discussed in previous publications,
the electronic structure of glassy transition-metal
alloys is similar to that of the crystalline alloy of
the same composition. The similarities justify a
comPartson of ollr cxPcrlmental data fo1 Nb5SRh45
with the state densities given by a self-consistent
augmented spherical wave (ASW) band calculation
for NbsoRh5o in the CuAu structure. In Fig. 4 we
show the calculated total and site-decomposed state
densities at the theoretical equilibrium lattice
separation. The calculations clearly show that
NbRh has a common d band (the total state densi-

ty is similar to that of fcc technetium ) and that
the states at E~ are predominantly due to the Nb
(early transition metal). Note that the occupied
portion of the calculated d-band width is 5.4 eV
while the measured band width is 5.3 CV. The Rh
d-band complex consists of two peaks located at
4.1 and 1.9 eV while the measured Rh d-band
complex is at 2.8 CV. The Nb d band has two
peaks located at 0.7 CV and at the bottom of the
valence band. Comparison of the calculated site
state densities at EF with the state densities of the
pure elements at EF explains thc observed change
in core-level Hne shape asymmetries: 0.6 states/CV
atom for Rh in NbRh compared with 1.4
states/CV atom for fcc Rh metal and 1.15
states/eV atom for Nb in NbRh compared with
1.5 states/eV atom for bcc Nb metal.

The calculated charge transferred from the Nb
to Rh at0111S 011 alloylllg ls rclat1vcly sInall (0.1
electron per atom) compared with other glass
forming transition-metal alloys (typically 0.5 elec-
trons per atom). The almost vanishing charge
transfer is consistent with the small core-level
binding-energy shift at the Rh site (Table I). From
this point of view, similar small charge transfers
are expected to take place in Nb-Ir, Ta-Rh, and
Ta-Ir alloys, since the binding-energy shifts for Rh
and Ir in these alloys are also quite small or even
negative (Ir alloys).

In summary the present work shows that the
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FIG. 4. Calculated, total, and site-decomposed state
densities for NbRh in the CuAu structure. q is the total
charge and thc cha1gc pcr sltc1 respcctIvcly.

glass forming T5 T9 aHoys reveal a common d band
as has bccn obscrvcd previously in transition-metal
alloys with a valence difference of the alloy consi-
tutents of b,n =3. A large shift of the d states re-
lated to the late transition metal to higher binding
energy has been found both experimentally and
theoretically. Thc d states of the early transition
metals dominate the electronic structure near E~
and are responsible for superconductivity of these
alloys since it is well known that the electrons at
EI; are those involved in superconductivity. Band-
structure calculations for NbRh suggest a very
snlall charge transfer on alloying wh1ch Ls COQ.-
sistent with the small core-level binding-energy
shifts observed by XPS measurements.
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