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X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) were used to
investigate the binding energies and valence band for ZrB2 and ZrB12. The Zr 3d and B 1s core levels were
identified. The Zr 3d core level shows a spin–orbit split 3d5/2 and 3d3/2 while that for B 1s core level exhib-
ited a single symmetric peak, these being typical of zirconium and boride signals. Comparing the Zr 3d
and B 1s core levels with metallic Zr, B2O3 and ZrO2 reference materials only a negative chemical shift
for Zr 3d associated to ZrB2 was observed, which suggests that the charge transfer model based on the
concept of electronegativity was not applicable to explain the superconductivity in the ZrB12 sample.
The measured valence band using UPS is consistent with the band-structure calculations indicating a
higher density of states (DOS) at EF for ZrB12 respect to ZrB2. Finally, we found that the weak mixed B-
p and Zr-d states for ZrB12 is crucial for the superconductivity due to the state population increased
the DOS at the EF.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The discovery of superconductivity in MgB2 at about 40 K by
Nagamatsu et al. [1] generated a great deal of excitement and
many studies related to both fundamental and practical aspects.
Many researchers have investigated other boron containing
phases, for example: borides, diborides, hexaborides and dodecab-
orides. For these phases, the Zr based ones are interesting because
some are superconductors but not all are isostructural to the MgB2.
ZrB2 crystallizes in a simple hexagonal AlB-type structure (S.G. P6/
mmm) consisting of two-dimensional graphite-like monolayers
intercalated with Zr monolayers [2]. In contrast ZrB12 shows a cu-
bic crystalline structure (S.G. Fm-3m), where the Zr atoms and cub-
octahedral B12-clusters are arranged as in the NaCl-like structure
[3].

ZrB12 is found to have the highest superconductivity critical
temperature (Tc � 6 K) in the family of the dodecaborides [3,4].
On the other hand, stoichiometric ZrB2 is not a superconductor;
however recent studies have speculated that the off-stoichiometric
compound may be a superconductor at about 5.5 K. The mecha-
nism may be similar to that observed in other diborides compound
such as NbB2.5, MoB2.5 and others [5–7]. To explain the presence
and absence of the superconductivity in the binary intermetallic
ll rights reserved.

milla).
compound some efforts have been made by measuring the trans-
port and spectroscopy properties [8–11].

Although the electronic properties of transition metal diborides
and dodecaborides have been well studied; details of the electronic
structure for ZrB2 and ZrB12 compounds are not yet completely
clear. In this context it is interesting to probe the theoretical pre-
dictions by performing systematic XPS and UPS experimental stud-
ies in order to understand the role of the chemical state via binding
energy core level, and the valence band on the electronic proper-
ties of these compounds.
2. Experimental

We synthesized ZrB12 polycrystalline samples by the solid-state
reaction method. The precursors, commercially available ZrB2

powder (Aldrich, �325 mesh) and boron (99.5% powder, crystal-
line, <57 mesh, 99.5 mass%) were mixed in stoichiometric amounts
and pressed into pellets 13 mm in diameter and 0.4 g in weight.
The pellets were placed on a copper hearth in an arc-melting fur-
nace in high purity argon (99.999%) atmosphere. Phase identifica-
tion of the samples was done by X-ray diffraction (XRD) Siemens
D5000 using Cu Ka radiation and a Ni filter. The intensities were
measured in steps of 0.02� for 14 s in the 2h range 10–110� at room
temperature. The lattice parameters were refined using the Riet-
velt program based on the least-squares method [12].

The electrical resistance measurements as a function of temper-
ature were made on mechanically compacted powder samples

http://dx.doi.org/10.1016/j.physc.2010.03.010
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Fig. 2. Normalized resistance as a function of temperature for ZrB12 and ZrB2. Inset:
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using the four probe method. Four gold wires of 10 lm diameter
were used for the R–T measurements. The experiments were per-
formed from room temperature to about 1.6 K.

The electronic structure and chemical analysis was obtained
using X-ray photoelectron spectroscopy (XPS). The analysis was
carried out using a VG Microtech ESCA2000 Multilab UHV system,
with an Mg Ka X-ray source (hm = 1253.6 eV), operated at 15 kV
and 20 mA beam, and a CLAM4 MCD analyzer. The surface of the
pellets was etched for 20 min with 4.5 kV Ar+ at 0.33 lA mm�2.
The XPS spectrum was obtained at 55� to the normal surface in
the constant pass energy mode (CAE), E0 = 50 and 20 eV for survey
and high resolution narrow scan, respectively. The peak positions
were referenced to the background silver 3d5/2 photopeak at
368.21 eV, having a FWHM of 1.00 eV, and C 1s hydrocarbon
groups in 284.50 eV central peak position. The XPS spectra were
fitted with the program SDP v 4.1 [13]. The ultraviolet photoelec-
tron spectroscopy (UPS) measurements were performed with a
CAE 2.5 eV, using He I (hm = 21.2 eV) resonance lines. The XPS error
was based on a detection limit estimated to be 0.1% and uncertain
propagation. For the deconvolution analysis the uncertain esti-
mated was 5%.
expanded scale at low temperature indicating the superconductivity and non-
superconductivity behavior for both intermetallic compound.
3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns for ZrB12 and ZrB2

polycrystalline samples. All characteristics reflections were ob-
tained. The calculated lattice parameter for ZrB12 with a cubic
structure and space group Fm-3m (No. 225) was a = 7.4102(2) Å;
while that for ZrB2 with a hexagonal structure and space group
P6/mmm (No. 191) were a = 3.1652(2) Å and c = 3.5242(2) Å. The
lattice parameters are in good agreement with previous works
[3,14]. In the dodecaboride, the XRD pattern showed faint features
of carbon (ICDD No. 75-1621) associated with impurities as result
of the synthesis process.

Fig. 2 shows the normalized resistance as a function of temper-
ature for ZrB12 and ZrB2, respectively. In the range of the tempera-
ture measured, Tc with R = 0 is observed at 5.7 K for ZrB12. A sharp
transition can be seen with a width (DTc) of 0.2 K indicative of
strong intergranular coupling and the absence of the other spuri-
ous pair breaking second phases as impurities. On the other hand,
the ZrB2 does not show superconductivity down to 2 K. For clarity,
in the inset of Fig. 2 shows an expanded scale of resistivity behav-
ior at low temperature for both compounds. This is in agreement
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Fig. 1. X-ray diffraction patterns for ZrB2 and ZrB12 samples. (�) indicate carbon.
with the results obtained by Leyarovska and Leyarovski [14],
according to which no critical transition occurs down to T < 0.7 K.
Shein et al. [15] associated the absence of superconductivity to
the localization of the Fermi level in the pseudogap between the
bonding and antibonding states [16,17]. In relation to this their
respective XPS and UPS valence band spectra are discussed later.

In order to understand the role of chemical state via binding en-
ergy core level, we analyzed the ZrB2 and ZrB12 by XPS. Fig. 3 shows
the XPS survey spectra after Ar+ etching for 20 min the polycrystal-
line samples. It was observed that the intensity of the B 1s core le-
vel corresponding to the ZrB12 was higher than that associated to
the ZrB2. On the contrary, the Zr 3p and Zr 3d core-levels signal
associated to the ZrB2 was more intense than that of ZrB12. Addi-
tionally, traces of Ar 2p, O 1s and C 1s were seen in the survey
XPS spectra even after repeated sputtering with Ar + of 4.5 kV.
Generally, in granular samples, a small peak of C 1s was commonly
seen in arc-melted samples as a consequence of the initial plasma
and the condensation of carbon from vapor oil-combustion and
mixing with the re-melted samples.
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Fig. 3. XPS survey spectra after Ar+ etching for ZrB12 and ZrB2.
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Fig. 4. High resolution XPS spectra of the B 1s and Zr 3d core-levels for the ZrB2 and
ZrB12. As a reference are used Zr metallic and ZrO2.

Table 1
B 1s, Zr 3d5/2 peaks position and chemical shift (DB 1s, DZr 3d5/2) for ZrB2 and ZrB12

respect to materials references.

Samples B 1s (eV) DB 1s (eV) Zr 3d5/2 (eV) DZr 3d5/2 (eV)

ZrB2 187.36 0.06 178.58 �0.42
ZrB12 187.25 �0.05 179.04 0.04
Zr 179.00
ZrO2 183.30
B 187.30
B2O3 191.10
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Fig. 4 shows the high resolution XPS spectra of B 1s and Zr 3d
core-levels for ZrB2 and ZrB12 along with metal Zr and zirconia
(ZrO2) as comparative references. The former core level consisted
of a single peak while that the latter consisted of the spin–orbit
split 3d5/2 and 3d3/2. For ZrB2, the B 1s and Zr 3d core-levels were
localized at a binding energy (BE) of 187.36, 178.58 and
180.85 eV whereas for ZrB12 were localized at BE of 187.25,
179.04 and 181.38 eV. The increase of the intensity in B 1s core le-
vel in ZrB12 respect to ZrB2 was due to high stoichiometric ratio
(cuboctahedral B12-cluster framework). Additionally, in ZrB12 oth-
ers peaks of low intensity were observed associated with B2O3 and
ZrO2 localized at BE of 191.10, 185.73 and 183.30 eV; the first cor-
responds to B 1s while the others to Zr 3d3/2 and Zr 3d5/2. On the
other hand, in ZrB2 two peaks of low intensity were observed asso-
ciated with Zr 3d with BE of 185.70 and 183.30 eV. These ZrO2 and
B2O3 traces were not observed in the X-ray diffraction patterns.

The B 1s values obtained in this work were in agreement with
the reported in typical transition metal diborides [18] and borocar-
bides RNi2B2C (R = Y and La) [19] (187.1–188.3 eV). This observa-
tion is consistent with reported calculations and maximum
entropy method (MEM) results, which have shown that B–B bond-
ing is two dimensionally covalent (sp2) [20–22]. Similarly, the Zr
3d core level for ZrB2 are in agreement with the reported by Singh
et al. [23]. Note that the corresponding 3d5/2 and 3d3/2 core levels
for ZrB12 are localized in the same BE of metallic Zr.

It is important to point out that the chemical shifts in BE are of-
ten used to study the electronic redistribution or charge transfer
upon compounds and alloys. In a XPS interpretation, the general
rule is that the BE of the central atom increases as the electroneg-
ativity of the attached atoms or groups increases [24]. Since B
(2.04) is more electronegative than Zr (1.33) according to Pauling’s
electronegativity table [25], one would expect that the B core level
shifts toward lower binding energy. As has been observed for
MgB2; the BE of B 1s was lower than in pure boron (positive chem-
ical shift) and the BE of Mg 2p is higher that Mg metal (negative
chemical shift), suggesting that some charge transfer occurs from
the magnesium atoms to the boron atoms. This charge transference
was induced from r to p-band which couples with B E2g vibration
mode phonons. This is the mechanism of superconductivity which
is favored by the above mentioned charge transfer [26–28]. Studies
of the valence-electron distribution in MgB2 by synchrotron X-ray
and precision electron-diffraction techniques and first principles
calculations confirmed this observation [29]. In order to confirm
whether this mechanism takes place in the compound under study,
Table 1 shows the B 1s, Zr 3d5/2 peaks position and chemical shift
(DB 1s, DZr 3d5/2) for ZrB2 and ZrB12 as well as peak positions of
the referenced materials. Here it can be observed that the general
rule based on the electronegativity fails to explain the positive
chemical shift of the B 1s core level measured in this work, only
a negative chemical shift in the Zr 3d5/2 of ZrB2 was observed. This
fact suggests that the r band is completely filled in ZrB2 and con-
firms that the presence of superconductivity can be not explained
only by charge transfer model based on chemical shift effects. The
general rule based on the electronegativity fails also in interpreted
the superconductivity in the NbB2+x system [30].

In order to compare the electronic structure of ZrB2 and ZrB12

we studied the UPS and XPS valence band spectra. In the upper pa-
nel of Fig. 5 we show the UPS and XPS valence band spectra for the
compounds under study. With the purpose of a better interpreta-
tion of the spectroscopy data, the valence band of ZrB2 and ZrB12

are compared with the theoretical density of states (DOS) as re-
ported in [15,31].

A good correspondence between the XPS and UPS valence band
spectra with DOS can be observed. The characteristic features of
the UPS valence band spectrum for ZrB2 show three main regions,
one which lies from the Fermi level to ��6.0, another from ��6.0
to ��7.5 and the last from ��7.5 to ��11.0 eV, respectively. In
contrast, the spectrum for ZrB12 is divided in two main parts, from
the Fermi level to ��6.5 and from ��6.5 to ��11.0 eV, respec-
tively. According to the theoretical DOS data, for ZrB2 the lowest
group centered at the BE of �10 eV comes from the bonding state
of B 2s orbital, the broad peak from �5.0 to �7.5 eV are predomi-
nantly bonding states of the B 2pr and 2pp orbitals in analogy of
band structure of MgB2 [15], whereas the region around of the Fer-
mi levels arises predominantly from a large contribution from the
Zr 4d orbitals. Respect to ZrB12, the B 2s character is predominant
at energies of about �15 eV. The r bonds between the boron atoms
form node-less symmetric orbitals within dodecahedral B12 units.
At about �6.5 to �11.0 eV the B 2s and B 2p contributions are al-
most identical and at higher energies the ratio between B 2s and
B 2p character decreases steadily.

The r and p-bonds are distributed from ��10 eV to the Fermi
level. From �10 to �7 eV the r-bond occurs whereas the p-bond is
distributed mainly from �7 eV to the Fermi level. These bond
states are, of course, also involved in bonding between B atoms
of the same B12 unit and with eg or t2g states of neighbouring Zr
atoms [32].

The different experimental profile in the XPS–UPS and the the-
oretical DOS spectrum for the ZrB2 with respect to ZrB12 is evi-
dence of the different participation of the �s, �p and �d states in
the crystals, which depend of type of crystal packing. As is seen
here, the different lattice type (Hex. P6/mmm for ZrB2 and cubic
Fm-3m for ZrB12) affect both the profile of the UPS valence band
and the total theoretical DOS but only slightly the common fea-
tures at the Fermi level edge (see Fig. 5).
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Comparing the density of states at the Fermi level N(EF) of ZrB12

(1.687 eV�1 cell) with ZrB2 (0.163 eV�1 cell) and MgB2 (0.719
eV�1 cell). The lowest density of states at the Fermi level N(EF) is
observed for ZrB2 in which the Fermi level is located in a depres-
sion of DOS between the bonding and antibonding states [33]. In
contrast, in the ZrB12 the Fermi level is located in a crest and is
superconductor (see inset XPS spectra Fig. 5). Similar results were
observed in the PrM2B2C (M = Ni, Co and Pt) borocarbides, for non-
superconductors (PrNi2B2C and PrCo2B2C) the Fermi energy falls in
a depression of DOS whereas for the superconductor PrPt2B2C
borocarbide a peak was seen in the total DOS at the EF [34]. Thus
we believe that the depopulation of the B-p state at the Fermi en-
ergy gives the lack of superconductivity for ZrB2. This observation
is in agreement with the results obtained by Leyarovska and Leya-
rovski [14], according to which no critical transition in ZrB2 occurs
down to T < 0.7 K.

It is known that the ZrB12 is classical Bardeen–Cooper–Schrief-
fer system with the electron–phonon mechanism of superconduc-
tivity [35]. For this system, the important parameter responsible
for the formation of their superconducting properties is the orbital
composition of the density of states N(EF) [36]. Comparing the crit-
ical temperature Tc of ZrB12 with the YB12, it is observed an in-
crease in Tc from 4.7 (YB12) to 5.8 K (ZrB12), which is likely due to
an increase in the contribution of the Me 4d states to the density
of states N(EF) from 0.532 (YB12) to 0.743 1/eV cell (ZrB12) [15].
However, comparing ZrB12 with MgB2 (Tc = 40 K), the superconduc-
ting transition temperature Tc is not simply correlated to the den-
sity of states at EF. Thus we believe that the weak mixed of B-p and
Zr-d states for ZrB12 is crucial for the superconductivity since
the increase in the DOS at the EF is due to the state’s population
[17].
4. Conclusions

We have prepared ZrB12 by arc-melting method from commer-
cially available ZrB2 powder precursors. X-ray diffraction pattern
showed that the samples were essentially single phase. The XPS
studies showed that the stoichiometry of ZrB12 and ZrB2 was stable
during large periods of Ar+ etching time. The deconvolution analy-
sis for ZrB2 showed that the Zr 3d5/2 and B 1s core levels were local-
ized at 187.36 eV and 178.58 eV, respectively. The respective core
levels associated to ZrB12 were localized at 187.25 eV and
179.04 eV. Comparing our results with the core levels of the refer-
ence materials we observed only a negative chemical shift Zr 3d5/2

in ZrB2 indicating that charge transfer does not take place for ZrB2

and ZB12. The study of the XPS and UPS valence bands for the ZrB2

and ZrB12 phase was consistent with band-structure calculations.
Finally, the difference in experimental UPS profiles and the theo-
retical DOS spectrum of the ZrB2 and ZrB12 was due to the different
participation of the s, p and d states in the DOS. In particular, we
found that the weak mixed of B-p and Zr-d states for ZrB12 was cru-
cial for the superconductivity since the increase in the DOS at the
EF was due to the state’s population.
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