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Electronic Structure of MgB; from Angle-Resolved Photoemission Spectroscopy
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The first angle-resolved photoemission spectroscopy results from MgB, single crystals are reported.
Along the I'K and I'M directions, we observed three distinct dispersive features approaching the Fermi
energy. These can be assigned to the theoretically predicted o (B 2p.,) and 7 (B 2p;) bands. In
addition, a small parabolic-like band is detected around the I'" point, which can be attributed to a surface-
derived state. The overall agreement between our results and the band calculations suggests that the
electronic structure of MgB; is of a conventional nature, thus implying that electron correlations are
weak and may be of little importance to superconductivity in this system.
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The discovery of superconductivity in MgB,, with the
surprisingly high critical temperature (7)) of 39 K [1], has
garnered a tremendous amount of interest [2]. Concerning
the nature of the superconducting pairing mechanism, there
has been considerable speculation, particularly regarding
whether superconductivity could be explained within the
Bardeen-Cooper-Schrieffer framework [3]. On the one
hand, on the basis of experiments performed on isotope
substituted material it has been shown that the electron-
phonon interaction is indeed important to the pairing in
MgB; [4,5]; on the other hand, T, is considerably higher
than what many would have originally believed possible
as a result of conventional electron-phonon interaction
alone [6,7]. This has prompted the question of whether
additional factors, such as electron-electron correlations
[8—10], may conspire to raise the superconducting tran-
sition temperature. In order to quantitatively address this
important issue, an experimental determination of the elec-
tronic structure of MgB, is crucial. In fact, the strength
of the electronic correlations can be estimated from the
renormalization of the overall electronic bandwidth, Fermi
velocity, and effective mass with respect to the values pre-
dicted by band theory (in the extreme case, electronic
correlations could result in the opening of a so-called
Mott-Hubbard gap in systems that on the basis of the bare
electron counting are expected to be metallic [11]; this cor-
responds to the complete breakdown of the independent
particle picture which, however, is clearly not realized in
MgB,).

In this context, angle-resolved photoemission spectros-
copy (ARPES) is uniquely powerful in its capability to di-
rectly probe the electronic structure of solids [12]. For
instance, in the case of the copper oxides superconductors,
ARPES has played a pivotal role in shaping the current un-
derstanding of their electronic structure and, in particular,
in characterizing the electron-electron correlations [13,14].

In this Letter, we report the first ARPES measurements
performed on the recently synthesized single crystals of
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MgB, [15]. We find a good overall agreement between the
experimental data and the results of existing band struc-
ture calculations [16—20], which gives a good basis for
understanding the fundamental properties of this material.
Furthermore, the good agreement indicates that electron-
electron correlation effects are very weak. In turn, this
implies that the electronic structure of MgB, is of a con-
ventional nature and electron-electron interactions are of
little importance to superconductivity.

Single crystals of MgB, were grown in the quasiternary
Mg-MgB,-BN system under 5—6 GPa at 1600 °C. Sev-
eral single crystals with typical dimensions of 0.3 X 0.3 X
0.1 mm? were selected for this study. The single crys-
tallinity was confirmed by four circle x-ray diffraction.
Both resistivity and magnetization measurements verified
that the crystals exhibit superconductivity at 38 K with a
narrow transition width of 0.3 K [15]. The ARPES mea-
surements were performed at Beamline 5-4 of the Stanford
Synchrotron Radiation Laboratory with a total energy reso-
lution of better than 40 meV and an angular resolution of
+0.15°. In this study, higher energy resolution was sac-
rificed in order to obtain reasonable counting statistics on
the small single crystals. The samples were first aligned
by Laue diffraction and then cleaved in situ along the a-b
plane at a pressure better than 5 X 107!! torr and a tem-
perature of about 10 K. Because of the observed rapid
degradation of the sample surface, all data were taken
within 5 h of cleaving. Reproducible results were obtained
on different cleaves.

The ARPES spectra were collected parallel to the high
symmetry directions I'M and 'K [where I = (0,0,0),
M = (7,0,0), and K = (2/37,2/37,0)], using a photon
energy of hv = 28 eV and incident electric-field polariza-
tion perpendicular to each respective symmetry direction
(see Fig. 1a). Along I'M, the polar emission angle was
changed from 0° (normal emission) to 28° in the plane de-
fined by the surface normal and the [100] axis; along I'K
it was changed from 0° to 33° in the plane defined by the
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FIG. 1 (color). (b),(c) MgB, ARPES spectra from along the
I'(A)-M(L) and T'(A)-K(H) directions, as indicated by the ar-
rows in the Brillouin zone sketch (a). The B 2p, and 2p,,
bands are marked in blue and green, respectively, while the red
dots denote the surface state centered around I'(A).

surface normal and the [110] axis. The normal to the
sample surface was determined by a standard laser-
reflection procedure, and the fine alignment of the sample
with respect to the electron analyzer was verified by check-
ing the symmetry of the detected electronic bands with
respect to the normal-emission direction. Since MgB, is
characterized by a three dimensional electronic structure
and the electronic bands are predicted to show strong
dispersion along the z axis [16,17], we performed photon-
energy dependence measurements at normal emission in
order to estimate the corresponding &, value for each given
incident photon energy [12]. The photoemission cross
section was found to be maximum at ~v = 28 eV in the
explored range of 17-28 eV, and decreased rapidly and
monotonically upon progressively lowering the photon
energy. However, because of the combination of large
background and low intensity it was not possible to ob-
serve a clear electronic dispersion as a function of incident
photon energy at normal emission. Therefore, we could
not determine experimentally the exact k, coordinates for
the ARPES data presented here.

The spectra in Figs. 1b and 1c are representative energy
distribution curves (EDCs) taken along the I'(A)-M(L)
and I'(A)-K (H) directions, respectively. Several dispersive
bands can be observed, as emphasized by the colored dots.
The positions of these markers were determined from the
combined analysis of EDCs and second derivative plots,
which will be described in more detail below. Although
the data have been taken well below T., in which case
a few meV superconducting gaps should be open along
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the normal state Fermi surface, because of the insufficient
energy resolution used in the present experiment the gap
has not been resolved and all the detected bands appear
to reach and cross the Fermi energy. Near the K(H) and
M(L) points, we observed a strong dispersive peak that
approaches Ep, as emphasized by the blue dots. Along
I'(A)-K(H) another feature, marked in green, is approach-
ing Er near the I'(A) point. Along the I'(A)-M(L) di-
rection the corresponding feature is very weak, although
subtle changes in the line shape can be discerned and are
marked in green. Finally, along both the I'(A)-K(H) and
I'(A)-M (L) directions, a small parabolic-like band is cen-
tered at the I'(A) point and reaches Er near (7/4,0,k;)
and (7 /6, /6, k), respectively.

To more effectively visualize the ARPES data in the
context of band dispersions, the image plots of the second
derivative of the EDCs are shown in Fig. 2a. By taking
the second derivative with respect to the binding energy of
the raw ARPES data shown in Figs. 1b and 1c, the relative
contrast of the detected features can be enhanced, espe-
cially for those bands which are characterized by a very
broad structure in the EDCs. The spurious intensity in the
second derivative plots, which does not have a correspon-
dent in the raw data and therefore does not represent any
true feature, is likely due to higher sensitivity to statistical
noise. The bands identified in Figs. 1b and 1c are evident
in the image plots of Fig. 2a, where the overlaid colored
solid lines emphasize the experimentally determined elec-
tronic bands. In particular, the two weak features in the
raw data along the T'(A)-M (L) direction are much more
pronounced in the second derivative image plots. Note
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FIG. 2 (color). (a) Second-derivative plots of the energy distri-
bution curves (EDCs) shown in Fig. 1. The data were smoothed
in both energy and momentum before taking the second deriva-
tive with respect to the binding energy. Colored lines emphasize
the detected electronic bands, consistently with Fig. 1. (b) Com-
parison between theoretical (black) and experimental (color) re-
sults. The width of the theoretical lines represents the projection
of k, values from O to =0.147.
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that the EDCs and second derivative image plots empha-
size different aspects of the data; in Fig. 1 what catches
one’s eye is the intensity of the EDCs, while in Fig. 2a
it is the change in slope of the EDCs, independent of the
relative intensity. Together with the enhancement of the
photoemission intensity at the M point most probably due
to matrix element effects, this is the reason for the appar-
ent disagreement in Fig. 1b between the dispersion of the
B 2p, band as inferred from the EDCs and from their sec-
ond derivative (blue dots).

A comparison of the features observed along I'M and
I'K with the results of band structure calculations [16,17]
for k, = 0 is presented in Fig. 2b, which shows a re-
markable agreement between experiment and theory in the
whole studied energy range (i.e., up to 2.5 eV binding en-
ergy). To account for the k, uncertainty, our results are
compared to calculations projected in k, between k, = 0
and k, = *£0.147, which are represented by broad lines in
Fig. 2b (it is worth emphasizing that, within the emission-
angle range used in the present experiment, the percent-
age change in k. is considerably smaller than in k). Since
the agreement is completely lost for other values of k,, we
conclude that at normal emission with 28 eV photons we
are close to the plane containing the I" point, as far as the
z dispersion is concerned. Thus, our angular cuts lay close
to the I'M and I'K lines. From Fig. 2b, we can clearly
assign the feature marked in blue to the B 2p, (7) band,
and those marked in green to the B 2p,, (o) bands. Of
the two o bands predicted along I'K, only one is experi-
mentally observed. However, as in the calculations where
the two bands lie close in energy, the broad feature we ob-
serve may likely result from the superposition of the two.
In addition, although the 2p, , bands along I'M are weak
in both the EDCs and the second derivative image plots,
the close agreement of these features with the theoretical
calculations lends strong support to our identification. We
note that a similar contrast in the photoemission intensity
for o and 7 bands is observed also on graphite [21], which
possesses an electronic structure somewhat similar to the
one of MgB», and appears to be a consequence of matrix
element effects.

Finally, we turn our attention to the electronic state cen-
tered around the I' point and marked in red in Figs. 1, 2,
and 3. From the comparison with the results of band struc-
ture calculations, one can conclude that there is no theo-
retically predicted bulk band which would correspond to
this particular feature. As ARPES is an extremely surface
sensitive technique, it is entirely possible that this feature
originates from a surface electronic state. The existence
of surface states, which is a consequence of the breaking
of translational symmetry at the crystal surface, is a rather
universal phenomenon and occurs in many simple mate-
rials such as Au, Ag, Cu, Si, and graphite [12]. Therefore,
the existence of such a surface state in MgB, is not
surprising, especially around the I" point where there is a
gap in the k;-projected bulk band structure [16,17]. The
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FIG. 3 (color). Enlarged view of the EDCs taken close to the
I point, along the I'K direction (see also Fig. 1b), which shows
the surface state (red) and the B 2p, , band (green).

close agreement between all the other detected features
and the results of band structure calculations also lends
credence to our assignment of this feature to a surface
state, as opposed to an unexpected bulk band. In addition,
calculations for the electronic structure of the MgB,(0001)
surface predicted the existence of several surface and
image potential states for both B- and Mg-terminated
surfaces [18—20]. In particular, there is an overall good
agreement between ARPES and theoretical results for the
Mg-terminated surface, as indicated by self-consistent
ab initio calculations of the electronic structure [18,19], as
well as one-step model calculations of the ARPES inten-
sity in which the position of the surface potential is treated
as a phenomenological parameter [20]. At this point, it
should be noted that many measurements of the super-
conducting gap magnitude in MgB, were performed by
surface-sensitive techniques such as tunneling [22—25] and
angle-integrated photoemission spectroscopy [26,27]; the
presence of a surface state could severely affect the inter-
pretations of these results, especially as far as the issue of a
multiple gap in the bulk electronic structure is concerned.

The close overall agreement of our experimentally de-
termined band dispersions with the theoretical calculations
seems to indicate that the effects of electron-electron cor-
relations in this material are weak. In particular, electronic
correlations would typically result in an overall renormal-
ization or narrowing of the total electronic bandwidth as
compared to the calculated value, and in an effective mass
larger than the expected band mass. Clearly, as indicated
by our investigation, this behavior is not observed in the
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ARPES data up to binding energies as high as 2.5 €V, thus
suggesting that electronic correlations in MgB, are fairly
unimportant and that this material can be well described
by conventional band theory. At low binding energies, it is
in principle possible to directly estimate from the ARPES
spectra the interaction, if any, of the quasiparticles with
collective modes such as, for example, lattice vibrations
in electron-phonon coupled systems [28]. This interaction
might result in a change of the electronic velocity along
the quasiparticle dispersion and/or in an additional pole
structure in the EDCs at the characteristic phonon ener-
gies [28]. These effects might actually be expected in
the present case, given that MgB; is a relatively strong-
coupling superconductor in which the phonon density of
states extends up to 100 meV [29]. However, no clear be-
havior of this kind was observed in our measurements. On
the other hand, no definitive conclusion can be drawn on
this issue on the basis of the present data because the signa-
tures of an interaction between quasiparticles and collec-
tive modes could be easily masked by the broadness of the
experimental line shapes. This, in turn, might be a conse-
quence of the finite k, dispersion and/or of a considerable
disorder of the cleaved surface at the atomic scale. Further
scrutiny of this issue is therefore required.

In conclusion, we have studied the electronic structure
of MgB, by ARPES focusing, in particular, on the elec-
tronic dispersion near the Fermi level. Two o bands and
one 7 band were observed, as expected for the bulk elec-
tronic structure. The presence of multiple bands must be
the origin of the complicated physical properties of MgB»,
such as the extremely small but remarkably temperature
dependent Hall coefficient [2]. An additional band was ob-
served around the I" point and assigned to a surface state
of the Mg-terminated cleaved surface. The close agree-
ment between experimental and theoretical results for all
detected features supports the view that MgB, is a conven-
tional metal in which electronic correlations are weak and
superconductivity is likely of conventional origin.
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