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Electronic-structure study of NiztCr»B4 metallic glass using photoemission spectroscopy

S. K. Kulkarni, M. G. Thube, and Arun S. Nigavekar
Department ofPhysics, Uni Uersi ty ofPoona, Pune 411007, Maharashtra, India

{Received 24 February 1987)

X-ray- and ultraviolet-photoelectron spectroscopic studies of the core levels and the valence band
of amorphous and crystalline (annealed at 800 K) NisiCr&584 metallic glass are presented, and a
comparison has been made of the valence-band spectra with those of the constituent elements. The
single broad band appearing in the vicinity of the Fermi level in the spectrum of amorphous

Ni»Cr»84 is attributed to the d-band combination of both nickel and chromium. The low-lying

states arise due to hybridization of metal-metalloid levels. The Ni38 phase has been detected in

crystalline Nis&Cr»84. The binding energy changes in the Ni 2p3/2 Cr 2p3/„and 8 1s levels, the
variation of the Ni 2p3/2 satellite intensity, and asymmetry-index changes for the core lines have

been used to support the above picture as welf as to arrive at a comprehensive understanding of the
density-of-states variation at the Fermi level. The charge-transfer mechanism between constituent
elements in metallic glasses is also discussed.

I. INTRODUCTION

Metallic glasses, materials prepared by rapid quench-
ing of melts, are characterized by their absence of long-
range atomic order. Since the disordered state is thermo-
dynamically unstable, stability of metallic glasses against
crystallization has become a focus of many investiga-
tions. ' A number of criteria are available ' which pre-
dict the formation of a glassy state in alloys. Some of
these include large atomic size differences, valence
differences among the constituents, near eutectic compo-
sition, and negative heats of mixing. Attempts have also
been made to establish a correlation between glassy state
formation and variation of density of states (DOS) in the
valence band. ' The nearly-free-electron approach of
Nagel and Tauc for amorphous materials predicts a
reduction in the density of states in the vicinity of the
Fermi level (EF). Experimental evidence for this has been
given by Haiissler et a1. for Au, Su&os „(OSx5100}
films in amorphous as well as in the crystalline state.
Even then it is yet doubtful whether this may be applic-
able to metallic glasses containing large amounts of tran-
sition elements that have large DOS (at least for one of
the constituents) near Fermi level. Thus there remains a
large number of metallic glasses like transition-
metal-transition-metal glasses (T-T), transition-
metal-normal-metal (T-X, or transition-
metal-metalloid (T-M) for which the validity of the
Nagel and Tauc model is uncertain. Since the metallic
glasses are characterized by a high coordination number,
assuming an fcc-like structure for metallic glasses,
Moruzzi et al." showed that transition-
metal-transition-metal glassy alloys tend to have a large
density of states near the Fermi level (EF). Large density
of states in the vicinity of the Fermi level is a characteris-
tic of an unstable structure. It was therefore proposed by
Moruzzi et al. that in transition-metal-transition-
metal glasses (T-T), the chemical, as well as the structur-
al, orders are not stable, which is evident from the high

density of states in the vicinity of the Fermi level. Fur-
ther it was suggested that since the metallic glasses are
formed in the composition range near the deep eutectic in
the phase diagram, glassy solids are not significantly
more stable than the liquid and the metallic glasses do
not possess short-range stabihty. On an atomic scale,
therefore, regions of difFerent stoichiometry with disor-
dered structure are expected. However, it appears that
more experiments are necessary in order to understand
the interrelationship between the stoichiometry, the sta-
bility, and the electronic structure of metallic glasses.
Our recent measurements of density of states in the
valence-band region for the Ni-P system, using x-ray-
photoelectron spectroscopy, have revealed" a reduction
in DOS for a composition near deep eutectic and an in-
crease in the DOS for composition away from the eutec-
tic with reference to DOS for Ni in the vicinity of the
Fermi level. There is therefore a need to investigate elec-
tronic structure in a variety of transition-
metal-metalloid systems.

Here, we report the photoelectron spectroscopic inves-
tigations on a Nis, Cr, s84 metalhc glass sample as well as
its crystallized form. Nickel exhibits a large d-band max-
imum' in the vicinity and chromium slightly away'
from the Fermi level, whereas in boron the Zp states lie at
5 eV below the Fermi level. ' It is, therefore, interesting
to see how the DOS for a-Ni„Cr»B4 is related to those of
nickel 3d, chromium 3d and boron 2p bands. Measure-
ments have been carried out on the c-Nis&Cr&584 sample
also and are compared with those of the amorphous sam-
ple in order to find out the correlation, if any, between
the DOS in the valence band and the structure (amor-
phous or crystalline} or the material. Besides the
valence-band structure obtained by using the x-ray-
photoelectron spectroscopy (XPS) and the ultraviolet-
photoelectron spectroscopy (UPS), use has been made of
observed satellite structure as well as an asymmetry index
in core level spectra to qualitatively determine the trends
in the variation of DOS in the region near the Fermi lev-
el.
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TABLE II. Comparison of the asymmetry index in Ni 2p3/2 and Cr 2p3/, in elemental form with
that in a-Niz&Cr&&84 and c-Nis&Cr&&84. The satellite intensities associated with the Ni 2@3/p peak for
polycrystalline nickel, a-Nis&Cr1584 and c-Ni»Cr»84 are compared. Satellite intensity as percentage of
total intensity of the main line plus satellite.

Core level

N1 2P 3/2

Cr 2p 3/2

Material

Polycrystalline nickel
0-Nis I Cr 1584
c-Nis)Cr)5@4
Polycrystalline chromium
a-Nis) Cr)584
c-1&8&Cr»8

Asymmetry
index

1.1
1.0
1.1
1.24
1.43
1.39

Satellite
intensity

27%
20%
18%

on a Philips PW 1729 model using Cu Ka radiation. The
sample was rinsed in isopropanol and mounted on a
molybdenum sample holder with a built-in heater in such
a way that the shiny side of the sample could be analyzed.
The sample was then introduced into a VG Scientific Ltd.
ESCAI.AB MK II spectrometer for photoelectron spec-
troscopic analysis. All measurements were performed in
a vacuum better than 5 &(10 ' Torr. Mg Ka (1253.6 eV)
radiation was used for x-ray-photoelectron spectroscopy
measurements and He t (21.2 eV) as well as He II (40.8 eV)
resonance lines were employed for ultraviolet-
photoelectron spectroscopy work. The Nis, Cr»84 rnetal-
lic glass sample showed the presence of carbon and oxy-
gen in the XPS survey scan. The sample was thoroughly
cleaned, made free of these contaminants by argon-ion
bombardment. The argon-ion gun was operated for this
purpose at 4 kV and 10pA for 30 min.

After XPS and UPS analysis of a-Nis, Cr, ~B~ metallic
glass at room temperature, it was sputter cleaned and an-
nealed in an ultrahigh vacuum (UHV) for 2 h at 800 K.
After cooling the sample, it was further sputter cleaned
before carrying out the XPS and the UPS analysis. The
annealed sample was later subjected to XRD analysis
which con6rmed that the Ni»Cr&5B4 sample had crystal-
lized.

XPS and UPS spectra of high-purity nickel and
chromium (supplied by Goodfellow Metals, U.K.) were
also recorded for comparison with nickel and chromium
in the Ni»Cr»84 sample under identical conditions.
Samples were mechanically polished and rinsed with
isopropanol before introducing them for analysis. The
sputter cleaning was carried out to remove surface con-
taminants. The Au 4f7&2 line located at a binding-energy
value of 84.0%0. 1 eV was used as a standard in this work.

III. RESULTS

The x-ray-photoelectron spectra and ultraviolet-
photoelectron spectra presented here are normalized to
the same height after linear background subtraction. In
Fig. 1 XPS valence-band spectra for Ni, Cr, a-Nis, Cr, ~B~
and c-Nis, Cr»84 are presented and Figs. 2 and 3 give the
corresponding spectra obtained with Hei (21.2 eV) and
He tt (40.8 eV) radiation, respectively.

The binding-energy values obtained for various core
levels of Ni, Cr, and B in pure elements as well as in a-
Nis, Cr, 5B4 and c-Nis, Cr»84 are presented in Table I.
Except for boron, the observed shifts in the binding ener-
gies for both the amorphous and crystalline metallic
glasses are very small. However, the general trend ap-
pears to be an increase in the binding-energy value for
nickel and boron in the metallic glass sample accom-
panied by either the decrease or negligible change in the
binding-energy value for chromium. It is interesting to
note that even though the shift in the core level binding
energies is relatively small, the changes in the satellite in-
tensity for Ni 2p3/p and asymnMtry index for Cr 2p3/2
are significant. These results are summarized in Table II.
The satellite peak was observed for Ni 2@3/2 in pure ele-
ment and a- and c-Nis, Cr»84 (Fig. 4) but no satellite for
Cr 2p3/2 is observed.

The variations in DOS for the valence band when go-
ing from the crystalline to the amorphous state for metal-
lic glasses are rejected in the ratio of intensity at EF (Iz )

F
to the intensity at maximum (I ) for normalized
curves. %e have presented in Table III these ratios, i.e.,
IF /I, „along with the difFerence in binding-energyF
value at Im, „and EF.

TABLE III. The d-band maximum positions in nickel, chromium, a-Ni8&Cr»84, and c- Ni, &Crl584
are compared. The ratio of intensity at Fermi level {IE ) and at maximum (I,„}indicates the change in

the density of states near the Fermi level.

Sample
Energy dN'erence between

binding-energy values at I,„and Ez in eV IE /», „

Polycrystalline Ni
Polycrystalline Cr
a-Ni81Cr 1584
c-Nis, Cr»84

0.4
1.5
0.5
0.5

0.89
0.54
0.75
0.92
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FIG. 4. Ni 2@3&2 core line for (a) polycrystalline nickel, (b)

u-Nis&Cr»84, and (c) c-Nis&Cr»84. The satellite line is shown by
an arrow.

Metallic glasses, which are alloys in the continuous
ranges of concentration and the concentrations at which
no crystalline phase exists, ofFer an opportunity to study
the correlation between parameters which define the
glassy state and the electron properties. Photoemission
experiments, where one can vary the excitation energies,
yield useful information about the electronic structure,
whereas the band-structure calculations, in general, make
an important contribution to the understanding of experi-
mental data. Therefore, before discussing our results on
a- and c-Ni~iCr, sB4 alloys, we briefiy discuss the validity
of our experimental data on polycrystaBine nickel and
chromium upon comparison with the available results of
theoretical band-structure calculations. ' ' This forms
a base for further understanding of a- and c-Nis, Cr, sB4
alloys. Our experimental valence-band curve for nickel
[Fig. 1(a)] matches qualitatively well with the theoretical
curve. ' ' The observed d-band width is slightly nar-
rower than that predicted by the theory. The nickel d-
band maximum is located at 0.4 eV below the Fermi level
and a broad satellite at -6 eV on the high binding-
energy side is observed [Fig. 1(a)]; such a satellite, as
shown by Fuggle et al. ' and Hillebrecht er al. , is asso-
ciated not only with the valence band but also with each
core level. However, the appearance of the satellite very
much depends on the number of eff'ective d electrons and
its position is controlled by the 6nal state after photoion-
ization. The nickel d band contains 9.4 electrons ' and
the d character is reflected in the unoccupied s,p states
and vice versa. The ground state for nickel is therefore
considered to be a linear combination of d9 and d' wave
functions with appropriate hybridization of s,p states.
The total wave function is nearly degenerate in the
ground state but when a hole is created either in the
valence band or a core level (for example due to photo-
ionization) the degeneracy is hfted and an additional peak
(satelhte) at about 6 eV appears. Thus, if any change
occurs in the number of d electrons because of alloying or

compound formation, it would be rejected in the satellite
intensity. We shall see later that this forms an important
clue while interpreting XPS valence-band data on a- and
c- Ni»cr), B,.

For chromiuin also [Fig. 1(b)] the agreement between
the experimental XPS valence-band curve and theoretical
DOS is good. The main peak in both the cases matches
and three peaks at about 2.6, 3.3, and 4.1 eV below Ez in
the theoretical DOS curve are also reflected in the ex-
perimental curve. The d-band peak is observed at 1.5 eV
below the Fermi level and the observed d-band width,
i.e., 4.8 eV, is large compared with the calculated d-band
width (3.8 eV); Asano and Yamashita have reported the
calculated d-band width of 4.2 eV. One more aspect of
the XPS valence band for chromium is the absence of a
satellite hump. The satellite for Cr 2p3/p is also not seen
in polycrystalline chromium (Fig. 1). The chromium
valence band has appropriate mixing of d and s,p charac-
ter with predominantly d character at the top of the
band. As mentioned earlier, it is the effect of the core
hole on the ground-state configuration of the element un-
der investigation that gives rise to a satellite at the high
binding-energy side with respect to EF. Moreover,
Pennz and Tersoff et al. have shown that the scatter-
ing of the valence electrons from the potential of a
valence band or core hole and the availability of many
appropriate final states above EF, into which electrons
can scatter, control the intensity of the satellite lines.
Furthermore, contribution of empty s,p bands to the sa-
telhte is weak because the scattering of d electrons in s,p
states has low probability. In chromium there are few
DOS at EF. In addition, the band-structural calculations
indicate the presence of an s,p character band just above
EF. The satellite intensity, which is determined by the
weight of unoccupied 3d character and by its position
above EF (a very much smaller contribution is expected
from 3d character above EF, in chromium), is therefore
so reduced for chromium that it is not seen in both the
valence-band and core level (2p3/p) spectra.

In the light of the above discussion we shall now con-
sider carefully the valence-band spectra for a- and c-
Ni»Cr»B4 which are shown in Fig. 1. In the Ni»Cr»84
metallic glass under investigation the number of nickel
atoms is large as compared to chromium and boron
atoms. It is for this reason that the valence band of a-
Nis, Cr»84 [Fig. 1(c)] appears to be governed mostly by
nickel atoms. However, there is also an e8'ect of chromi-
um as depicted by the shift of the peak for a-Ni»Cr»84
towards the peak of polycrystalline chromium. It also
appears that the satellite peak at —6 eV seen in the nickel
spectrum disappears in the a-Nis, Cr, 584 curve, and this
must be because of total reorganization of the valence
band in a-Nis, Cr, 584 because of the joint e6'ect of nickel
and chromium. The valence band should also have a
contribution from boron. In fact, it has been shown that
the boron states lie at about 5 eV below the Fermi level.
However, in an x-ray-induced valence band boron states
do not appear because of the fact that the photoemission
cross section of the boron 2p level is smaller than the
nickel and chromium core levels. In the light of this, it
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TABLE IV. Positions of structures (A,B, . . . in Fig. 2) observed in valence-band spectra from He I
source. Ratio IE /I, „ taken similar to that in Table III. Peak of maximum intensity is labeled as (M)

in the parentheses.

IF /I, „

Polycrystalline Ni
Polycrystalline Cr
a-Ni„Cr„s4
e-Nis, or, sa

0.3(M)
0.3
0.69(M)
0.7(M)

1.1
0.8(M)
4.2
4.2

4.7
2.7
6.6
6.04

6.7
4.8

0.49
0.31
0.34
0.35

al to metalloid" ""
We shall now discuss the results on c-Nis, Cr»84,

which was formed from a-Nis, Cr»B~ by crystallizing it
under UHV conditions. It can be seen from Fig. 1 that
the overall XPS valence-band spectrum for c-Ni8&Cr»Bz
appears to be the same as that of a-Nis, Cr»84 with simi-
lar width (5.5 eV for a-Nis, Cr, s84 and 5.7 eV for c-
Ni»Cr»84}. The structures at 2.5 and 4.0 eV appear
somewhat more pronounced and an intense peak appears
at 5.5 eV. The variation in Ni 2p3 j2 satellite peak intensi-

ty, IE /i~, „ratio, and Ni 2p3/i asymmetry index are on
F

the same lines (i.e., reduction in the values with reference
to pure nickel) as that of a-Nis, Cr, 584. This means that
in c-Nis, Cr»84 also there is a reduction of DOS at EF.
The Cr 2@3/2 asymmetry index has comparable values
(Table II) to that of a-NisiCr, F84. This means that even
in e-Nis, Cr»84 there is an overlap of Cr levels at EF.
The most interesting observation in XPS valence-band
spectra of c-Ni»Cr»84 is the appearance of an additional
peak at 5.5 eV (such a peak is not observed in the
valence-band spectrum of a-Nis, Cr, 584). One would be
tempted to attribute it to the satellite [as observed in
polycrystalline nickel, Fig. 1(a)] of nickel which may
segregate on the surface of the crystallized sample. How-
ever, this is not the case, as is shown below.

The band-structure calculations for structurally disor-
dered alloys are complex and therefore theoretical results
for ordered alloys are generally compared with experi-
mental data on the valence band. The justification for
such a comparison comes from extended x-ray absorption
fine-structure (EXAFS), diffraction, nuclear magnetic
resonance (NMR) measurements, which have shown
that a structural and chemical short-range order compa-
rable to crystalline phases is present in the glassy phase.
Hence, band-structure calculations for the ordered alloys

with appropriate structure provide a good approximation
to the electronic structure of the glassy alloys. Therefore
it would be useful to compare calculated DOS for Ni38'
(close-packed Cu3Au-like structure} with a-NisiCr, s84
and c-Nis, Cri584. The comparison with the total and site
decomposed calculated DOS for Ni38 is made with that
of experimental results in Fig. 5. In the same 6gure we
have also reproduced the XPS valence-band spectrum for
Ni38 obtained by Amamou et al. The shapes of the
XPS valence-band spectra for a- and c-Ni»Cr, ~84 are
more or less similar to that of the calculated total DOS
for the Ni38 compound. In fact, the structure observed
in c-Nis&Cr»84 tallies very well with the structure seen in
the total DOS curve for Ni, B, The peak at 5.5 eV in
c-Nis, Cr»84 (which is also seen in the experimental data
of Amamou et al. on Ni~B} could be attributed to boron
DOS, as seen from comparison with the site decomposed
DOS curve for boron. The question could be raised as to
why this peak is seen in c-Nis&Cr»84 and not in a-
Nis, Cr, s84 particularly, when a photoionization cross
section at 1253.6 eV Mg Ko; for boron is known to be
smaller when compared to nickel and chromium. This
means in c-NisiCr»84 an ordered alloy of the Ni38 type
must have been formed and the DOS for such an ordered
alloy is refiected in the experimental curve for c-

Nis&Cr»84. We have therefore checked the structure of
the c-Ni8&Cr»84 alloy by XRD. Indeed, the XRD pat-
tern (see Fig. 6} showed the diffraction lines correspond-
ing to the Ni38 alloy, thereby con6rming that that or-
dered alloy is formed after annealing of a-Nis&Cr, 584

It would be interesting to look at the ultraviolet-
photoelectron spectra in light of the above results. %e
have carried out experiments with Hei (21.2 eV) and
He II (40.8 eV) radiation. At these energies no core levels
are ionized. The information about the valence band

TABLE V. Positions of structure (A, B,. . . in Fig. 3) observed in valence-band spectra from He II
source. Ratio IF /I, „has similar meaning as that given in caption of Table III. Peak of maximum in-

tensity is labeled as (M) in the parentheses.

I~ /I, „

Polycrystalline Ni
Polycrystalline Cr
a-N&s) Cr~sB
c-Nis ICr I584

0.2(M}
0.2
0.65(M)
0.5(M}

6.1

1.0(M)
7.0
2.0

2.7 3.7
0.40
0.31
0.35
0.36
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with better energy resolution than XPS is obtained, as
can be seen from spectra shown in Figs. 2 and 3. The
difFerence between ionization cross sections at low and
high energies also contributes to the variation of spectra.
The various features observed in HeI and HeII excited
valence-band spectra are summarized in Tables IV and V.
It can be seen from Figs. 2 and 3 that overall shapes in
the vicinity of the Fermi level and also away from it are
strikingly difFerent in a- and c-Nis&Cr~&B& as compared to
polycrystalline nickel and chromium. The 6ne features
observed in the range of 3 eV below Ez for both the nick-
el and chromium disappear in a-Nie&Cr, 58„giving rise to
a broad peak with a maximum located between that of
nickel and chromium. This is in agreement with our ob-
servations of the XPS valence band that the d band in
a-Nis&Cr»84 is a combination of nickel and chromium d
states. From Tables IU and U it can be seen by compar-
ing the Iz /I, „ratio for nickel a- and c-Nis, Cr, sB~ that

F
there is a reduction in DOS at Ez, whereas comparison of
a similar ratio for chromium indicates, as suggested in
the interpretation of the XPS valence band, that chromi-
um d states must be overlapping at Et; in the valence
band. Two broad weak bands at 4.2 and 6.6 eU below the
Fermi level are observed for a-Nis, Cr, s84 (Fig. 2}. These
may be due to the hybridization of metal d and metalloid

p states as well as the metal-metalloid s state, respective-
ly. Such hybridized states have been reported for other
metal-metaBoid glasses. The process of crystalhzation
would trigger clustering of NisB jCr38 (it is indeed Ni38
as seen from XRD, Fig. 6}, which would enhance the
overlapping of metal-metalloid states. This is rejected in
a high density of low-lying states (see the curve for c
»siCrisB4} in both Figs. 2 and 3. The pronounced hump
at 2 eV in the crystallized sample (Fig. 3) is due to clus-
tering of nickel and boron atoms to form Ni38. In gen-

eral, UPS data is in good agreement with XPS observa-
tions.

V. CQNCLUSIGNS

In this paper we have investigated amorphous and
crystalline Nis, Cr»84 metaHic glass samples in order to
understand their electronic structure. The resu1ts ob-
tained from photoemission experiments (It v= 1253.6 and
21.2 eV as well as 40.8 eV) for valence-band and core lev-
els have effectively been integrated to arrive at a
comprehensive picture of the electronic structures for
this alloy. Our investigation suggests the following.

1. The valence band for both a- and c- Ni8&Cr, 584 is
made up of nickel 3d, chromium 3d, and boron 2p levels.
The hybridized metal-metalloid states account for the
high density of low-lying states.

2. At a local level for both a- and c-Nis, Cr»84 there is
a reduction in DOS at E+.

3. Crystallization process triggers the formation of
clusters of Ni38.

4. There is a charge transfer from nickel to chromium.
Our results, where XPS and UPS data have been

efFectively utilized to arrive at a comprehensive electronic
structure, suggest that similar investigations on metal-
metal and metal-metalloid glass alloys, as well as their
crystalline forms, with controlled variation of constituent
elements would lead to better understanding of the inter-
relationship between composition, structure, stability,
and density of states in the valence band.
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