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Comparative study of the electronic structure of MgB, and ZrB,
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X-ray photoemission spectroscopy is used to compare the electronic structures pANYBrB,. The B 1s
core levels in high-quality MgBand ZrB, 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 D 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 st&t€S) at Ex for MgB, compared to ZrB. The
high T, in MgB, is due top-derived DOS, while ZrB is dominated byd-derived states & .
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The unexpected discovery of superconductivity in MgB from tunneling, UPS, and heat-capacity studies with a
with a transition temperatur€,=39 K,* the highestT, in  2A/kgT.>3.5 for a large gap and 2kgT.<3.5 for the
intermetallic compounds, has created a sensation in the solidmall gap is indeed very different.
state community. Th&_ of MgB, being slightly higher than In this work, we study the electronic structure of MgB
the upper limit known for conventional phonon-mediatedand compare it with ZrB using X-ray photoemission spec-
superconductivity;® some studies have concluded that super{roscopy(XPS). We chose to compare ZsBvith MgB,, as
conductivity in this layered material is nonconventiohal. ZrB, is closest to MgB structurally ¢/a=1.115 and 1.142,
Similarities and dissimilarities with conventional SUPErcon-reqnaciively, Ref. 6 ZrB, has also been reported to be a
QUctorssand the highiy cuprates have invariably been superconductor with &.=5.5 K,22 but other studiég and
invoked. . single crystals used in the present study did not show super-

MgB, possesses the S|mple.hexagonal Alige struc- conductivity down to 2 K. While XPS studies have been
ture (space groug”6/mmn) and is a common structure for reported for MgB, Vasquezet al?* and Uedzet al2® report

many metal diborides including TaBZrB,, etc® It consists . . :
of hexagonal close-packed graphitelike boron layers sep t weak BO; feature along with the I\(Ig_ﬁB 1s signal. Their
g 2p core-level spectra also exhibit two features, out of

rated by metal ion layers. Its simple structure makes it more™ oo .
interesting to unravel its superconductivity. Boron isotope'Vich only one is intrinsic to Mg A theoretical study has

effect and Boron NMF studies suggest that MgBs a con- compared available experimental data with cluster calcula-
ventional phonon-mediated-wave superconductor. The tions and conclude that MgBshould exhibit charge-transfer
measured phonon density of stat&09) in MgB, extends (CT) satellites in Mg 2 XPS spectra, implying strong cor-
up to a high value of-100 meV?® Band-structure calcula- relation effect$® A recent photoemission microscopy study
tions do show that MgB has a high DOS aEg, N(Ef) using synchrotron radiation reports a single peak Ndgc@re
consisting primarily of B p, states’'* Recent angle- level, but the B & core level shows multiple loss features
resolved photoemission spectroscopy (ARPES  within 6 eV of the main peak’ The authors interpret the loss
measurements conclude that electron-electron correlations features as originating from low-energy plasmons at 2.6 and
are weak by comparing with band-structure calculations an&.0 eV, and dipole allowed transitions at 1.55 and 3.65 eV
support a conventional pairing mechanism in MgE'he  from the main peak. While the valence-band spectra of Ref.
ARPES study, however, does not rule out the renormaliza27 show consistency with band-structure calculations only
tion of the electronic structure on phonon energy scales an@hen they measure at submicron resolution on a single grain,
points out the role of multiple bands to account for propertieghe core-level spectra they report are in the conventional
of MgB,, such as the Hall coefficied?. Superconducting mode and integrated over an area encompassing many
gap measurements from tunneling conductdhead high-  grains. They themselves show that the valence band in the
resolution ultraviolet photoemission spectroscoflyPS  two cases are different, and hence the core-level spectra can-
(Ref. 18 show a multiple gap suggestive of a pairing mecha-not be reliable. Most importantly, they also use the same
nism involving different Fermi surfaces. Heat-capacity meatechnique as ours for surface cleaning, but contrary to earlier
surements on single crystal MgRalso conclude two-band reports as well as ours, theirs is the only study which reports
superconductivity with a small isotropic and a large aniso-oss features in the Bslcore level in addition to the main
tropic gap'® The two-band modé®?*with differing gaps on  peak. The loss features observed by them in thesBgec-
different Fermi surface sheets, is a strong candidate for exrum lead to a serious issue of interpretation of core-level
plaining properties of MgB The multiple gap behavior features, as they attribute it to plasmon or collective excita-
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tions. This is clearly incorrect, simply because if that be the ' T T PR T
case, the Mg P core level should also show the same loss - MgB,  XPS Y R
features. In their own data, the Mgp2spectrum does not £l an?:om Ko ERL 150 v
show the same loss features. Hence, the data presented by 2] 5. o Experiment ‘ i
them for the core-level spectra only lead to further confusion g = Background I

in the literature. In order to check these features as well as B Residual2(skew) 5 1
the bulk plasmon excitation in MgB we have carried out 2| 500 ev etching .
high signal-to-noise ratio measurements of thesBahd Mg E [ g

2p core levels. We show that the interpretation of Vasoetez 2| Skevetching e

al. is correct regarding the Mg®2peak and that MgBdoes B e

not show CT satellites. The intrinsic Mgp2and B 1s core L : PR L
levels are single peaks and their line shape is best explained 194 192 190 183 186 184
as an asymmetric Doniach-SunjibS) line shape due to its Binding Energy (eV)

metallicity. In addition, the bulk plasmon satellite is observed
at about 22 eV from the main peak as a broad feature in th%i
B 1s and Mg 2 core levels, confirming the calculatioffs.
We also report the core-level and valence-band spectra co
parison between MgBand ZrB,. The valence bands are
consistent with band-structure calculations and the relativehemically etched surfadd&Ref. 24, suggesting that the sur-
intensity atEg indicates a much higher DOS Bf for MgB,  face is suboptimal due to etch damage compared to the
compared to ZrB. chemically etched surface, but the core-level spectra in the
High quality samples of polycrystalline MgBand single  present case are free of contamination features. Most impor-
crystal ZrB, were synthesized and characterized as reportethntly, the valence bands for MgBnd ZrB, are measured to
recently’® MgB, showed al . onset of 38 K with a transition be consistent with band-structure calculatiéhg; indicat-
width of 1.5 K, while ZrB, showed no superconductivity ing that the surface is not amorphous and the spectra repre-
down to 2 K?° XPS spectra were obtained using a Multitech-sent the intrinsic crystalline electronic structure. The
nigue Physical Electronics System 5702, Minnesota, U.S.Avalence-band spectrum of Mghs consistent with the work
The base vacuum was &A0 2 torr and all measurements of Ref. 27 using photoemission microscopy of a single crys-
were done at room temperature with a very high signal-toalline grain with the surface cleaned by 500-eV Ar ion etch-
noise ratio. A monochromatic A « (hv=1486.6 eV) pho- ing, but in contrast to the valence-band spectrum obtained
ton source was used with a pass energy of 11.75 eV for #om a chemically etched surfacdRef. 24. Further, we
total resolution of 0.57 eV full width at half maximum could obtain contamination free data in the correct concen-
(FWHM) for the Ag 3ds, peak. The binding-energy scale tration ratio of 1:2, with Mg » and B 1s peak widths com-
was calibrated with the Ag &, peak at 368.280.05 eV.  parable or narrower than in Ref. 27. The peak FWHM for B
The samples were cleanausitu by Ar ion etching with the  1s core level is 1.5 or 1.55 eV in our case and 1.6 eV in Ref.
gun operating at 5 keV and a vacuum ok@&0 ® torr. Ar 27, while the Mg 2 data are significantly narrower in our
ion etching at 500 eV was used receffljor MgB,, and  case: 1.44 eV, compared to 1.90 eV in Ref. 27. Thes@nid
they report a Mg:B ratio close to 1:2. At 500 eV the prefer-C 1s concentration on the surface was less than 1% at the
ential sputtering is expected to be higher than at 5 ¥eV, start of data collection. The measurement was stopped after 2
while at 5 keV the surface is expected to be more disordered for a 10 min etching when the concentration of @ 1
or damaged. We confirmed that etching at 5 keV yields dataeached to 3%.
nearly identical to the 500-eV etched data measured on the Figure 1 shows the Bd.core level XPS spectra of MgB
same sample@~ig. 1). However, Ar ion etching is known to obtained using a monochromatic Kle source, for 500-eV
often damage the surface morphology and electronic struand 5-keV etched surfaces. The spectrum is a single peak in
ture, and can also cause amorphization even at energies bbdth cases with nearly identical widtli$.55 eV at 500 eV
500-1000 eV. For example, for a Si-Si@nterface, Ar ion and 1.50 eV at 5 Ke)/ occurring at a binding enerdBE) of
etching at 500 eV causes ion knock-on mixittigyhile for ~ 187.82 eV. This binding energy is typical of a metallic boride
single-crystal metal surfaces of 410 and Cy111), Arion  and confirms the high quality of the surface. This is in con-
etching at 600 and 1000 eV causes morphological changesast to spectra reported recently for MgBurfaces, which
and dislocation pits on the surface, respectivéf?lon irra-  show an extra BO; feature at 192-eV BERefs. 24 and 26
diation with 1000 eV Ar ions leads to amorphization of poly- or multiple (four) loss features within 6 eV of the main
crystalline chemical vapor deposited diamond fifthor  peak?” We could fit a single asymmetric DS line sha(se-
InP(110), ion etching leads to damage which can be ex-perimposed as a thick line in Fig) Wwith a FWHM 1.50
plained as due to a subsurface nucleation of amorphous 0.05 eV to the B % core level. The excellent fit to a single
regions® Also, GaN etched with an Ar plasma at an appliedasymmetric peak is evident from Fig. 1, indicative of the
substrate bias of 150—400 eV leads to preferential sputteringetallic nature of the spectrum. The peak width is larger than
and damage which changes the electrical properties of thgat reported for the main peak by Vasqetal?* for chemi-
material®® In our case, etching with 500 and 5 KeV Ar ions cally etched surfaces, but slightly narrower than that of Ueda
yields core-level data with a peak width larger than theet al,?® (who measured as growin situ deposited thin film

FIG. 1. The Boron % core-level XPS spectrum of MgBob-

ned using a monochromatic Kl source biv=1486.6 eV). The
thick line superimposed on the data is the best fit Doniach-Sunjic
Mhe shape to the spectrum.
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FIG. 2. The Mg 2 core-level XPS spectrum of MgBbtained
using a monochromatic AK« source bv=1486.6 eV). The su-
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FIG. 3. The Boron % and Mg 2p core-level XPS spectrum of
MgB, obtained using a monochromatic AKa source fv
=1486.6 eV). The spectra plotted on a common energy scale with
the main peak at zero eV show a common broad feature due to the
bulk plasmon centered about 22 eV from the main peak.

perimposed line is a Doniach-Sunjic line shape and the vertical tic‘éﬁects However, the Mg and B 1s core levels measured

marks indicate charge-transfer satellite positions as calculated i
Ref. 26. The derivative spectrum shows negligible satellite inten
Sity.

127 (who used Ar ion etching at

surface$ and Goldoniet a
500 eVj.

In Fig. 2 we report the Mg @ core-level spectrum of
MgB, using a monochromatic AK« source. The Mg B
spectrum is also a single peak positioned at 50.54 eV B
(FWHM=1.44 eV) in contrast to data reported recently. We
also plot a derivative of the spectrum to show negligible
intensity in the charge-transfer satellites. Vasgeeal. re-
ported a main peak at 49.35 eV, with a weak feature at 51.
eV. But they correctly interpreted the weak feature as o
contamination origin. Uedat al. reported a very broad peak

with maximum intensity at 49.5 eV and a shoulder at lower

binding energy but do not discuss its origin. Although the

binding energies reported here are not the same as report
e_

earlier, an important point to note is that the separation b
tween the B 5 and Mg 2 core levels is 137.28 eV from our
data and 137.20 eV from the data of Vasqe¢al, indicat-
ing good reproducibility for the relative energy scale. In a
very recent analysis, Dobrodeyt al2® report cluster calcu-
lations of the Mg D core-level spectrum and conclude that
MgB, should exhibit intense satellites caused by @ 2
—Mg 3s,3p CT. They imply that the higher BE feature in
the data of Vasqueet al. is intrinsic to MgB,. Further, their
calculations for a MgB, cluster show high intensity in sat-
ellites at~2 eV, 6 eV, and 10 eVlabeledA, B, andC in
Ref. 26, and indicated as vertical tick marks in Fig. Phe

present data indicates negligible intensity in the satellites,

while the main peak shows an asymmetry which can be fitte
well using a single DS line shagehown as a thick line A

curve fit to the spectrum using two peaks with a fixed energy

separation as calculated by Dobrodetal. resulted in a

larger residual. A constraint-free two peak fit showed 1.25%
intensity in the satellite peak at 3.17 eV, and no evidence for

satellites at 6 or 10 eV from the main peak. From this analy
sis, we conclude that MgBshows negligible intensity in
satellites of the Mg B core levels and hence no correlation

17450

a

[]p to high binding energy above the main peak show a clear

common feature of the bulk plasmon feature in both the core
levels. In Fig. 3, we plot the Mg 2 and B 1s core-level
spectra on a common energy scale with the main peak at zero
eV. The data show a broad feature centered at about 22 eV
above the main peak, in good accord with the bulk calculated
plasmon loss featuf®and the electron energy loss spectrum

|Qf MgB,.3" This confirms that the data presented here repre-

Sent the intrinsic bulk character of the electronic structure.
The present study shows no evidence for low-energy loss
features, in contrast to the synchrotron study of Ref. 27
hich reported loss features only in the B dore-level spec-
The XPS spectra for Bdand Zr 3 core-levels of ZrB
are shown in Fig. 4. The Bslspectrum is a single peak at a
binding energy of 187.81 eV (FWHM1.34 eV), very simi-

to that of MgB, (187.82 eV. The Zr ™ levels consist of
e spin-orbit split 85, and 3g, in the correct intensity
ratio (3:2) and are also single asymmetric peaks at a binding
energy of 178.89 and 181.30 eV, respectively. The best fit
using DS line shapes is shown superimposed on the data.

Figure 5 shows the valence-band spectra of MgBm-
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FIG. 4. The Boron % and Zr 3, and 35, core-levels in ZrB
obtained using a monochromatic Kla source bv=1486.6 eV).
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T T T T 2s dominated peak at 10.4 eV in Fig. 4. The calculated
- XPS VB ad 7 N(Eg) for ZrB, is actually smaller than that for MgB

w| MONO Al Ko | [N(Eg)=0.16—0.26 states/eV, cell for ZsB and N(Ef)
g “'._- P =0.72-0.75 states/eV, cell for MgBRefs. 10—14]. This
Sk £ i may seem to be in contrast with the data reported here but
= /\‘ the intensity aEg for ZrB, consists primarily of Zr 4 states
;— ’ o - and is higher simply due to the much higher 450 timesg
il 1 atomic cross section of Zrddlcompared to B P states when
S0« MgB, b using XPS® The calculated values df(Eg) due to B 2
Elo ZrB, N derived states are about 15 times less than the Ku&}) in
MgB, (Refs. 10—14 If we assume atomic cross sections, it
Lo N implies that more than 98% of the intensityEt in ZrB, is
1210 8 6 4 2 E; -2 due to Zr 4 states and that the experimentally measured
Binding Energy (eV) relative N(Eg) is very low for ZrB, compared to MgB.

Alternatively, the relativeN(Eg) is very high for MgB, com-

FIG. 5. The valence-band spectra of Mg8nd ZrB, obtained  pared to ZrB. While the present study can only make a
using a monochromatic AKa source iv=1486.6 eV). A Fermi  relative comparison and we cannot obtain the absolute
edge is measured in both cases and the drstates are clearly N(Eg), Hall-coefficient studies indicate a very high carrier
identified. concentration of 1.7—2:810 at 300 K!® for MgB,. In this
context, it is important to note that the two-band model
shows better agreement with experiment than the one-band
model for the specific heat in the normal state of MgB%*
ah comparison, the experimental specific heain the nor-
mal state of ZrB is lower than the calculated valdg?®
Recent highly accurate band-structure and Fermi-surface cal-
culations have implied that superconductivity is unlikely in
ZrB,.12 Since our single-crystal samples also do not show
superconductivity, we believe that the crossover from two
dimensionality in MgB to three-dimensional Fermi surfaces

pared with ZrB and both the spectra show a clear Fermi
edge and common features over large energy scales. In p
ticular, comparing with band-structure calculatiths* the
feature at 8—12 eV binding energy is due to the$Bd2rived
states and is observed for MgBand ZrB,. Note that B 2
has a much higher~100 time$ atomic cross section than
that of B 2p at hv=1486.6 eV and hence B & feature
shows higher intensity, though the B DOS is less than B

2p. The data are consistent withiBedge (5) x-ray emis- ;7,5 (Ref. 13 su P
h - 30 .. ) . . 2 . ppresses superconductivity in ZrB'he
sion studies® which pick up only thep derived states in the T, of 5.5 K reported recent’ then most probably arises

valence band. The broad feature at 5—8 eV is also similar i‘From nonstoichiometry. The calculations for Mg@Ref. 13
both compounds and is due to predominantlyfiy 2nd 2. 554 ingicate that small shifts of 0.24 eV for the B P,

states. While B P, and D, states aiso contr_ibute _to the bands relative to the2, bands are necessary to make con-
feature in MgB at and neaE (Refs. 10—1%the intensity at sistency with experimental Fermi surfaces of MgBit

and within 4§Y3 of Eg for ZrB, is dominated by Zr d 5,4 pe important to study ARPES with very high resolu-
derived states.™ The valence bands of both MgBand  iqn in order to understand the electron-phonon coupling,
ZrB, are thus well explained by band-structure calculations gnormalization of the electronic states, and the origin of
Other probes of electronic strguctu_re such as x-ray emissiop, jiiple gaps. In fact, receratb initio calculations do show
and absorption spectroscdBy” which probe site-selective a5 multiple gap behavior due to anisotropic electron-
orbital-angular momentum projected DOS, as well aSphonon coupling is valid for Mgg“2

15 .
ARPES;” also concluded that the valence band of Md8 In conclusion, a comparative study of the electronic struc-
consistent with the band-structure calculations. An early XP§ 1o of MgB, and ZrB, is reported. The B 4 core levels in
study of ZrB, (Ref. 40, also concluded consistency with pigh quality MgB, and ZrB, exhibit a typical metallic boride
band structure calculations. However, in the earlier St”dypeak. The Mg P core level also is a single peak with neg-
spectral features due to Zgn the valence band and core- jigipje intensity in charge-transfer satellites, in contrast to
levels were artificially removed from the observed spectra. In, | ster calculations. The bulk plasmon satellite in MgB
the present work, we find no evidence of %r_(h the core- _observed about 22 eV above the main peak in thesBid
Ievel_s and the valence ban_d. Th? spectrum is thus of a hig g 2p core levels. The valence bands are consistent with
quality and represents the intrinsic valence band of,ZiB  anq strycture calculations, indicating a much higher DOS at
particular, the clear feature due to the,4,, dominated peak Er for MgB, compared to ZrB. The highT, in MgB, is due

at 3.4 eV and the d,, 2,2 dominated shoulder at lower , , qerived DOS whiled DOS atE, dominates the proper-
binding energies up t&g is very consistent with the calcu- ties in ZrB,.

lations of Rosneet al!?
The relative intensity aEg is three times higher in Zr A.C. thanks Professor D. D. Sarma for very valuable dis-
compared to MgB when we normalize the spectra at the B cussions.
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