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Comparative study of the electronic structure of MgB2 and ZrB2
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X-ray photoemission spectroscopy is used to compare the electronic structures of MgB2 and ZrB2. The B 1s
core levels in high-quality MgB2 and ZrB2 exhibit a single asymmetric peak typical of a metallic boride. The
Mg 2p core level shows a single peak with negligible intensity in charge-transfer satellites and no correlation
effects. The Mg 2p and B 1s core-level spectra exhibit a broad bulk plasmon feature centered at about 22 eV
from the main peak, in good accord with calculations. The measured valence bands are consistent with
band-structure calculations indicating a higher density of states~DOS! at EF for MgB2 compared to ZrB2. The
high Tc in MgB2 is due top-derived DOS, while ZrB2 is dominated byd-derived states atEF .
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The unexpected discovery of superconductivity in Mg2
with a transition temperatureTc539 K,1 the highestTc in
intermetallic compounds, has created a sensation in the s
state community. TheTc of MgB2 being slightly higher than
the upper limit known for conventional phonon-mediat
superconductivity,2,3 some studies have concluded that sup
conductivity in this layered material is nonconventiona4

Similarities and dissimilarities with conventional superco
ductors and the high-Tc cuprates have invariably bee
invoked.5

MgB2 possesses the simple hexagonal AlB2-type struc-
ture ~space groupP6/mmm) and is a common structure fo
many metal diborides including TaB2, ZrB2, etc.6 It consists
of hexagonal close-packed graphitelike boron layers se
rated by metal ion layers. Its simple structure makes it m
interesting to unravel its superconductivity. Boron isoto
effect7 and Boron NMR8 studies suggest that MgB2 is a con-
ventional phonon-mediateds-wave superconductor. Th
measured phonon density of states~DOS! in MgB2 extends
up to a high value of;100 meV.9 Band-structure calcula
tions do show that MgB2 has a high DOS atEF , N(EF)
consisting primarily of B 2ps states.10–14 Recent angle-
resolved photoemission spectroscopy ~ARPES!
measurements15 conclude that electron-electron correlatio
are weak by comparing with band-structure calculations
support a conventional pairing mechanism in MgB2. The
ARPES study, however, does not rule out the renormal
tion of the electronic structure on phonon energy scales
points out the role of multiple bands to account for propert
of MgB2, such as the Hall coefficient.16 Superconducting
gap measurements from tunneling conductance17 and high-
resolution ultraviolet photoemission spectroscopy~UPS!
~Ref. 18! show a multiple gap suggestive of a pairing mech
nism involving different Fermi surfaces. Heat-capacity me
surements on single crystal MgB2 also conclude two-band
superconductivity with a small isotropic and a large ani
tropic gap.19 The two-band model,20,21with differing gaps on
different Fermi surface sheets, is a strong candidate for
plaining properties of MgB2. The multiple gap behavio
0163-1829/2003/68~17!/174506~5!/$20.00 68 1745
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from tunneling, UPS, and heat-capacity studies with
2D/kBTc.3.5 for a large gap and 2D/kBTc,3.5 for the
small gap is indeed very different.

In this work, we study the electronic structure of MgB2

and compare it with ZrB2 using x-ray photoemission spec
troscopy~XPS!. We chose to compare ZrB2 with MgB2, as
ZrB2 is closest to MgB2 structurally (c/a51.115 and 1.142,
respectively, Ref. 6!. ZrB2 has also been reported to be
superconductor with aTc55.5 K,22 but other studies23 and
single crystals used in the present study did not show su
conductivity down to 2 K. While XPS studies have be
reported for MgB2, Vasquezet al.24 and Uedaet al.25 report
a weak B2O3 feature along with the MgB2 B 1s signal. Their
Mg 2p core-level spectra also exhibit two features, out
which only one is intrinsic to MgB2. A theoretical study has
compared available experimental data with cluster calcu
tions and conclude that MgB2 should exhibit charge-transfe
~CT! satellites in Mg 2p XPS spectra, implying strong cor
relation effects.26 A recent photoemission microscopy stud
using synchrotron radiation reports a single peak Mg 2p core
level, but the B 1s core level shows multiple loss feature
within 6 eV of the main peak.27 The authors interpret the los
features as originating from low-energy plasmons at 2.6
5.0 eV, and dipole allowed transitions at 1.55 and 3.65
from the main peak. While the valence-band spectra of R
27 show consistency with band-structure calculations o
when they measure at submicron resolution on a single gr
the core-level spectra they report are in the conventio
mode and integrated over an area encompassing m
grains. They themselves show that the valence band in
two cases are different, and hence the core-level spectra
not be reliable. Most importantly, they also use the sa
technique as ours for surface cleaning, but contrary to ea
reports as well as ours, theirs is the only study which repo
loss features in the B 1s core level in addition to the main
peak. The loss features observed by them in the B 1s spec-
trum lead to a serious issue of interpretation of core-le
features, as they attribute it to plasmon or collective exc
©2003 The American Physical Society06-1
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tions. This is clearly incorrect, simply because if that be
case, the Mg 2p core level should also show the same lo
features. In their own data, the Mg 2p spectrum does no
show the same loss features. Hence, the data presente
them for the core-level spectra only lead to further confus
in the literature. In order to check these features as wel
the bulk plasmon excitation in MgB2, we have carried ou
high signal-to-noise ratio measurements of the B 1s and Mg
2p core levels. We show that the interpretation of Vasqueet
al. is correct regarding the Mg 2p peak and that MgB2 does
not show CT satellites. The intrinsic Mg 2p and B 1s core
levels are single peaks and their line shape is best expla
as an asymmetric Doniach-Sunjic~DS! line shape due to its
metallicity. In addition, the bulk plasmon satellite is observ
at about 22 eV from the main peak as a broad feature in
B 1s and Mg 2p core levels, confirming the calculations.28

We also report the core-level and valence-band spectra c
parison between MgB2 and ZrB2. The valence bands ar
consistent with band-structure calculations and the rela
intensity atEF indicates a much higher DOS atEF for MgB2
compared to ZrB2.

High quality samples of polycrystalline MgB2 and single
crystal ZrB2 were synthesized and characterized as repo
recently.29 MgB2 showed aTc onset of 38 K with a transition
width of 1.5 K, while ZrB2 showed no superconductivit
down to 2 K.29 XPS spectra were obtained using a Multitec
nique Physical Electronics System 5702, Minnesota, U.S
The base vacuum was 8.0310210 torr and all measurement
were done at room temperature with a very high signal
noise ratio. A monochromatic AlKa (hn51486.6 eV) pho-
ton source was used with a pass energy of 11.75 eV fo
total resolution of 0.57 eV full width at half maximum
~FWHM! for the Ag 3d5/2 peak. The binding-energy sca
was calibrated with the Ag 3d5/2 peak at 368.2960.05 eV.
The samples were cleanedin situ by Ar ion etching with the
gun operating at 5 keV and a vacuum of 631029 torr. Ar
ion etching at 500 eV was used recently27 for MgB2, and
they report a Mg:B ratio close to 1:2. At 500 eV the prefe
ential sputtering is expected to be higher than at 5 ke30

while at 5 keV the surface is expected to be more disorde
or damaged. We confirmed that etching at 5 keV yields d
nearly identical to the 500-eV etched data measured on
same samples~Fig. 1!. However, Ar ion etching is known to
often damage the surface morphology and electronic st
ture, and can also cause amorphization even at energie
500–1000 eV. For example, for a Si-SiO2 interface, Ar ion
etching at 500 eV causes ion knock-on mixing,31 while for
single-crystal metal surfaces of Au~110! and Cu~111!, Ar ion
etching at 600 and 1000 eV causes morphological chan
and dislocation pits on the surface, respectively.32,33 Ion irra-
diation with 1000 eV Ar ions leads to amorphization of pol
crystalline chemical vapor deposited diamond films.34 For
InP~110!, ion etching leads to damage which can be e
plained as due to a subsurface nucleation of amorph
regions.35 Also, GaN etched with an Ar plasma at an appli
substrate bias of 150–400 eV leads to preferential sputte
and damage which changes the electrical properties of
material.36 In our case, etching with 500 and 5 KeV Ar ion
yields core-level data with a peak width larger than t
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chemically etched surface~Ref. 24!, suggesting that the sur
face is suboptimal due to etch damage compared to
chemically etched surface, but the core-level spectra in
present case are free of contamination features. Most im
tantly, the valence bands for MgB2 and ZrB2 are measured to
be consistent with band-structure calculations,10–14 indicat-
ing that the surface is not amorphous and the spectra re
sent the intrinsic crystalline electronic structure. T
valence-band spectrum of MgB2 is consistent with the work
of Ref. 27 using photoemission microscopy of a single cr
talline grain with the surface cleaned by 500-eV Ar ion etc
ing, but in contrast to the valence-band spectrum obtai
from a chemically etched surface~Ref. 24!. Further, we
could obtain contamination free data in the correct conc
tration ratio of 1:2, with Mg 2p and B 1s peak widths com-
parable or narrower than in Ref. 27. The peak FWHM for
1s core level is 1.5 or 1.55 eV in our case and 1.6 eV in R
27, while the Mg 2p data are significantly narrower in ou
case: 1.44 eV, compared to 1.90 eV in Ref. 27. The O 1s and
C 1s concentration on the surface was less than 1% at
start of data collection. The measurement was stopped af
h for a 10 min etching when the concentration of Os
reached to 3%.

Figure 1 shows the B 1s core level XPS spectra of MgB2
obtained using a monochromatic AlKa source, for 500-eV
and 5-keV etched surfaces. The spectrum is a single pea
both cases with nearly identical widths~1.55 eV at 500 eV
and 1.50 eV at 5 KeV!, occurring at a binding energy~BE! of
187.82 eV. This binding energy is typical of a metallic bori
and confirms the high quality of the surface. This is in co
trast to spectra reported recently for MgB2 surfaces, which
show an extra B2O3 feature at 192-eV BE~Refs. 24 and 25!
or multiple ~four! loss features within 6 eV of the mai
peak.27 We could fit a single asymmetric DS line shape~su-
perimposed as a thick line in Fig. 1! with a FWHM 1.50
60.05 eV to the B 1s core level. The excellent fit to a singl
asymmetric peak is evident from Fig. 1, indicative of t
metallic nature of the spectrum. The peak width is larger th
that reported for the main peak by Vasquezet al.24 for chemi-
cally etched surfaces, but slightly narrower than that of Ue
et al.,25 ~who measured as grownin situ deposited thin film

FIG. 1. The Boron 1s core-level XPS spectrum of MgB2 ob-
tained using a monochromatic AlKa source (hn51486.6 eV). The
thick line superimposed on the data is the best fit Doniach-Su
line shape to the spectrum.
6-2
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COMPARATIVE STUDY OF THE ELECTRONIC . . . PHYSICAL REVIEW B 68, 174506 ~2003!
surfaces! and Goldoniet al.27 ~who used Ar ion etching a
500 eV!.

In Fig. 2 we report the Mg 2p core-level spectrum o
MgB2 using a monochromatic AlKa source. The Mg 2p
spectrum is also a single peak positioned at 50.54 eV
(FWHM51.44 eV) in contrast to data reported recently. W
also plot a derivative of the spectrum to show negligib
intensity in the charge-transfer satellites. Vasquezet al. re-
ported a main peak at 49.35 eV, with a weak feature at 5
eV. But they correctly interpreted the weak feature as
contamination origin. Uedaet al. reported a very broad pea
with maximum intensity at 49.5 eV and a shoulder at low
binding energy but do not discuss its origin. Although t
binding energies reported here are not the same as rep
earlier, an important point to note is that the separation
tween the B 1s and Mg 2p core levels is 137.28 eV from ou
data and 137.20 eV from the data of Vasquezet al., indicat-
ing good reproducibility for the relative energy scale. In
very recent analysis, Dobrodeyet al.26 report cluster calcu-
lations of the Mg 2p core-level spectrum and conclude th
MgB2 should exhibit intense satellites caused by a 2px,y
→Mg 3s,3p CT. They imply that the higher BE feature i
the data of Vasquezet al. is intrinsic to MgB2. Further, their
calculations for a Mg2B4 cluster show high intensity in sat
ellites at;2 eV, 6 eV, and 10 eV~labeledA, B, andC in
Ref. 26, and indicated as vertical tick marks in Fig. 2!. The
present data indicates negligible intensity in the satelli
while the main peak shows an asymmetry which can be fi
well using a single DS line shape~shown as a thick line!. A
curve fit to the spectrum using two peaks with a fixed ene
separation as calculated by Dobrodeyet al. resulted in a
larger residual. A constraint-free two peak fit showed 1.2
intensity in the satellite peak at 3.17 eV, and no evidence
satellites at 6 or 10 eV from the main peak. From this ana
sis, we conclude that MgB2 shows negligible intensity in
satellites of the Mg 2p core levels and hence no correlatio

FIG. 2. The Mg 2p core-level XPS spectrum of MgB2 obtained
using a monochromatic AlKa source (hn51486.6 eV). The su-
perimposed line is a Doniach-Sunjic line shape and the vertical
marks indicate charge-transfer satellite positions as calculate
Ref. 26. The derivative spectrum shows negligible satellite int
sity.
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effects. However, the Mg 2p and B 1s core levels measured
up to high binding energy above the main peak show a c
common feature of the bulk plasmon feature in both the c
levels. In Fig. 3, we plot the Mg 2p and B 1s core-level
spectra on a common energy scale with the main peak at
eV. The data show a broad feature centered at about 22
above the main peak, in good accord with the bulk calcula
plasmon loss feature28 and the electron energy loss spectru
of MgB2.37 This confirms that the data presented here rep
sent the intrinsic bulk character of the electronic structu
The present study shows no evidence for low-energy l
features, in contrast to the synchrotron study of Ref.
which reported loss features only in the B 1s core-level spec-
tra.

The XPS spectra for B 1s and Zr 3d core-levels of ZrB2
are shown in Fig. 4. The B 1s spectrum is a single peak at
binding energy of 187.81 eV (FWHM51.34 eV), very simi-
lar to that of MgB2 ~187.82 eV!. The Zr 3d levels consist of
the spin-orbit split 3d5/2 and 3d3/2 in the correct intensity
ratio ~3:2! and are also single asymmetric peaks at a bind
energy of 178.89 and 181.30 eV, respectively. The bes
using DS line shapes is shown superimposed on the dat

Figure 5 shows the valence-band spectra of MgB2 com-

k
in
-

FIG. 3. The Boron 1s and Mg 2p core-level XPS spectrum o
MgB2 obtained using a monochromatic AlKa source (hn
51486.6 eV). The spectra plotted on a common energy scale
the main peak at zero eV show a common broad feature due to
bulk plasmon centered about 22 eV from the main peak.

FIG. 4. The Boron 1s and Zr 3d3/2 and 3d5/2 core-levels in ZrB2
obtained using a monochromatic AlKa source (hn51486.6 eV).
6-3
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C. JARIWALA et al. PHYSICAL REVIEW B 68, 174506 ~2003!
pared with ZrB2 and both the spectra show a clear Fer
edge and common features over large energy scales. In
ticular, comparing with band-structure calculations10–14 the
feature at 8–12 eV binding energy is due to the B 2s derived
states and is observed for MgB2 and ZrB2. Note that B 2s
has a much higher (;100 times! atomic cross section tha
that of B 2p at hn51486.6 eV,38 and hence B 2s feature
shows higher intensity, though the B 2s DOS is less than B
2p. The data are consistent with BK edge (1s) x-ray emis-
sion studies,39 which pick up only thep derived states in the
valence band. The broad feature at 5–8 eV is also simila
both compounds and is due to predominantly B 2ps and 2pp

states. While B 2ps and 2pp states also contribute to th
feature in MgB2 at and nearEF ~Refs. 10–14! the intensity at
and within 4 eV of EF for ZrB2 is dominated by Zr 4d
derived states.12,13 The valence bands of both MgB2 and
ZrB2 are thus well explained by band-structure calculatio
Other probes of electronic structure such as x-ray emis
and absorption spectroscopy37,39 which probe site-selective
orbital-angular momentum projected DOS, as well
ARPES,15 also concluded that the valence band of MgB2 is
consistent with the band-structure calculations. An early X
study of ZrB2 ~Ref. 40!, also concluded consistency wit
band structure calculations. However, in the earlier stu
spectral features due to ZrO2 in the valence band and core
levels were artificially removed from the observed spectra
the present work, we find no evidence of ZrO2 in the core-
levels and the valence band. The spectrum is thus of a
quality and represents the intrinsic valence band of ZrB2. In
particular, the clear feature due to the 4dxz,yz dominated peak
at 3.4 eV and the 4dxy,x22y2 dominated shoulder at lowe
binding energies up toEF is very consistent with the calcu
lations of Rosneret al.13

The relative intensity atEF is three times higher in ZrB2
compared to MgB2 when we normalize the spectra at the

FIG. 5. The valence-band spectra of MgB2 and ZrB2 obtained
using a monochromatic AlKa source (hn51486.6 eV). A Fermi
edge is measured in both cases and the Zr 4d states are clearly
identified.
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2s dominated peak at 10.4 eV in Fig. 4. The calculat
N(EF) for ZrB2 is actually smaller than that for MgB2
@N(EF)50.16–0.26 states/eV, cell for ZrB2, and N(EF)
50.72–0.75 states/eV, cell for MgB2 ~Refs. 10–14!#. This
may seem to be in contrast with the data reported here
the intensity atEF for ZrB2 consists primarily of Zr 4d states
and is higher simply due to the much higher (;450 times!
atomic cross section of Zr 4d compared to B 2p states when
using XPS.38 The calculated values ofN(EF) due to B 2p
derived states are about 15 times less than the totalN(EF) in
MgB2 ~Refs. 10–14!. If we assume atomic cross sections,
implies that more than 98% of the intensity atEF in ZrB2 is
due to Zr 4d states and that the experimentally measu
relative N(EF) is very low for ZrB2 compared to MgB2.
Alternatively, the relativeN(EF) is very high for MgB2 com-
pared to ZrB2. While the present study can only make
relative comparison and we cannot obtain the abso
N(EF), Hall-coefficient studies indicate a very high carri
concentration of 1.7–2.831023 at 300 K16 for MgB2. In this
context, it is important to note that the two-band mod
shows better agreement with experiment than the one-b
model for the specific heatg in the normal state of MgB2.21

In comparison, the experimental specific heatg in the nor-
mal state of ZrB2 is lower than the calculated value.12,41

Recent highly accurate band-structure and Fermi-surface
culations have implied that superconductivity is unlikely
ZrB2.13 Since our single-crystal samples also do not sh
superconductivity, we believe that the crossover from t
dimensionality in MgB2 to three-dimensional Fermi surface
in ZrB2 ~Ref. 13! suppresses superconductivity in ZrB2. The
Tc of 5.5 K reported recently22 then most probably arise
from nonstoichiometry. The calculations for MgB2 ~Ref. 13!
also indicate that small shifts of;0.24 eV for the B 2ps

bands relative to the 2pp bands are necessary to make co
sistency with experimental Fermi surfaces of MgB2. It
would be important to study ARPES with very high resol
tion in order to understand the electron-phonon coupli
renormalization of the electronic states, and the origin
multiple gaps. In fact, recentab initio calculations do show
that a multiple gap behavior due to anisotropic electro
phonon coupling is valid for MgB2.42

In conclusion, a comparative study of the electronic str
ture of MgB2 and ZrB2 is reported. The B 1s core levels in
high quality MgB2 and ZrB2 exhibit a typical metallic boride
peak. The Mg 2p core level also is a single peak with ne
ligible intensity in charge-transfer satellites, in contrast
cluster calculations. The bulk plasmon satellite in MgB2 is
observed about 22 eV above the main peak in the B 1s and
Mg 2p core levels. The valence bands are consistent w
band-structure calculations, indicating a much higher DOS
EF for MgB2 compared to ZrB2. The highTc in MgB2 is due
to p-derived DOS whiled DOS atEF dominates the proper
ties in ZrB2.

A.C. thanks Professor D. D. Sarma for very valuable d
cussions.
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