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Evidence for a Multiple Superconducting Gap in MgB2
from High-Resolution Photoemission Spectroscopy
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We study the new binary intermetallic superconductor MgB2 using high-resolution photoemission
spectroscopy. The superconducting-state spectrum measured at 5.4 K shows a coherent peak with a
shoulder structure, in sharp contrast to that expected from a simple isotropic-gap opening. The spectrum
can be well reproduced using the weighted sum of two Dynes functions with the gap sizes of 1.7 and
5.6 meV. Temperature-dependent study shows that both gaps close at the bulk transition temperature.
These results provide spectroscopic evidence for a multiple gap of MgB2.
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MgB2 has attracted tremendous attention since the dis-
covery of superconductivity by Nagamatsu et al., because
the simple intermetallic compound shows a remarkably
high transition temperature (Tc) of 39 K (Ref. [1]). The
value is actually the highest within intermetallic com-
pounds, and it is even higher than those of some cuprate
high temperature superconductors, where pairing driving
forces other than phonon have been speculated [2]. For
MgB2, symmetry of the Cooper pairs has been confirmed
to be of a spin-singlet type from nuclear magnetic reso-
nance (NMR) study [3]. The boron isotope effect measure-
ments [4] indicate phonon-mediated superconductivity.
The next question to be addressed is why MgB2 shows
such a high Tc; Tc lies on or beyond the estimated upper
limit of Tc for phonon-mediated superconductivity [5].

Band structure calculations [6–9] predict the coex-
istence of two-dimensional covalent in-plane (holelike
B-2pxy or s band) and three-dimensional metallic-type
interlayer (electronlike B-2pz band or p band) conducting
bands at the Fermi level (EF) for a peculiar feature of
MgB2. For explaining its large Tc within the BCS frame-
work [7–9], a strong coupling of high frequency phonons
originating in the in-plane boron vibrations with the density
of states at EF is a plausible scenario. However, the con-
clusions from band calculations are not consistent with one
another. Kong et al. conclude that MgB2 seems to be an
intermediate-coupling phonon-mediated s-wave supercon-
ductor [9], since they can explain the value of Tc using ob-
tained electron-phonon coupling constant l (� 0.87) and
Coulomb pseudopotential m� (� 0.14). But other studies
have reported that the value of Tc cannot be reproduced,
if one uses obtained l (� 0.65 2 1) and the commonly
accepted values for m� (Refs. [7,8,10]), suggesting the
need for a theory beyond ordinary BCS. On the other
hand, alternative models [11–14] which propose a pairing
mechanism other than phonon have also appeared.

Since the symmetry and magnitude of a superconduct-
ing gap reflect the nature of superconductivity, many ex-
6-1 0031-9007�01�87(17)�177006(4)$15.00
perimental studies on the superconducting gap of MgB2
have been performed. Tunneling [15–17] and photoemis-
sion [18] measurements, which directly measure supercon-
ducting electronic structures and hence the size of the gap,
have reported the size of the superconducting gap (D) of
2–5.9 meV (the reduced gap value 2D�kBTc � 1.2 3.5)
assuming an isotropic gap. Optical measurements roughly
estimated 2D�kBTc � 2.6 from the energy position where
normalized reflectivity changes [19]. For the symmetry
of the gap, while some studies have reported an isotropic
s-wave gap [3,20–22], evidence for a deviation from an
expectation of a simple isotropic s-wave gap has been in-
creasing [23–27]. Though the symmetry and size of the
gap seems not to be settled down completely even within
the same experimental probe, these conflicts might hint on
the shape of the superconducting gap. Indeed, the results
from specific heat [25] and microwave surface resistance
[27] measurements have been discussed in the light of a
multiple gap.

In this Letter, we report high-resolution photoemission
results on high density MgB2 samples. The spectrum mea-
sured at 5.4 K reveals a characteristic spectral shape which
cannot be explained by a simple isotropic gap opening.
From fittings to the temperature dependence of the gaps,
we find the spectral shape is well described with two Dynes
functions with different gap values and both of the gaps
close at the bulk transition temperature. This gives rise to
a reduced-gap value of 1.08 for the smaller gap and that
of 3.56 for the larger one. These results provide direct
evidence that the superconducting gap of MgB2 is not a
simple isotropic one, but is rather a multiple gap.

High-density MgB2 samples were prepared with a high-
pressure synthesis, details of which are described elsewhere
[28]. Magnetization measurements show a superconduct-
ing transition with an onset and a midpoint at 38.0 and
36.5 K, respectively. Photoemission measurements were
performed on a spectrometer built using a GAMMADATA-
SCIENTA SES2002 electron analyzer and a high-flux
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VOLUME 87, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 22 OCTOBER 2001
discharging lamp with a toroidal grating monochromator.
The total energy resolution (analyzer and light) used the He
Ia (21.2182 eV) resonance line was set to 3.8 meV. The
sample temperatures were measured using a silicon-diode
sensor mounted just close to it. The base pressure of the
spectrometer was better than 5 3 10211 Torr. Samples
were fractured in situ to obtain clean surfaces and no
spectral changes were observed within the measurements.
Fermi energy of samples was referenced to that of a gold
film evaporated onto the sample substrate and its accuracy
is estimated to be better than 0.2 meV.

Figure 1 shows photoemission spectra of MgB2 mea-
sured at 5.4 K (superconducting state: opened circles con-
nected with a line) and 45 K (normal state: open squares
connected with a line) with a He Ia resonance line. In
contrast to the normal-state spectrum having a Fermi-edge-
like structure, the superconducting-state spectrum shows a
clear peak around 7 meV. We also note that there is a weak
feature around 18 meV binding energy, which might relate
to the unusual phonon peak at 17 meV observed by the
neutron scattering study [29]. To see the superconducting-
state spectrum more in detail, we expanded the same spec-
trum at 5.4 K near EF , as shown in the inset in Fig. 1. We
observe an intensity maximum at �7 meV and a shift of
the leading edge, indicative of the opening of a supercon-
ducting gap. More importantly, we find a shoulder struc-
ture at 3.5 meV as indicated with an arrow. These structures
were not clearly observed in the recent photoemission
study [18]. However, we find that the leading edge spectral
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FIG. 1. High-resolution photoemission spectra of MgB2 mea-
sured at 5.4 K (open circles connected with a solid line) and
45 K (open squares connected with a solid line) with a He Ia
resonance line (21.2182 eV). The inset shows an expanded
spectrum at 5.4 K in the vicinity of EF . Please note that the
spectrum has a peak with a shoulder structure as is emphasized
with an arrow, which indicates a nonsimple isotropic gap.
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shape of the present 20 K spectrum [shown in Fig. 2(d)]
is very similar to that of the 15 K spectrum by Takahashi
et al. in spite of the difference in preparation method
and/or quality of samples, if we take the difference in
energy resolution, temperature, and procedure to get fresh
surfaces into consideration and broaden our spectrum.
The observed anomalous leading edge spectral shape is in
sharp contrast to those of elemental metals, Pb and Nb,
where resolution-limited leading edges are observed [30].
These results suggest a deviation from a simple isotropic
s-wave gap.
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FIG. 2. Results of fittings (solid lines) and temperature-
dependent experimental spectra (open circles). (a) Single Dynes
function with D � 3.4 meV and G � 1.5 meV and (b) single
anisotropic Dynes function with a � 1, D � 2.3 meV, and G �
1.3 meV for 5.4 K. The results of fittings are to reproduce the
peak position. (c)– (e) The weighted sum of two Dynes func-
tions (c) for 5.4 K with DS � 1.7 meV (broken line) and DL �
5.6 meV (dotted line) having the same G � 0.10 meV, (d ) for
20 K with DS � 1.7 meV (broken line) and DL � 4.5 meV
(dotted line) having the same G � 0.20 meV, and (e) for 30 K
with DS � 1.2 meV (broken line) and DL � 2.2 meV (dotted
line) having the same G � 0.20 meV. For a detailed fitting
procedure, see the text.
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In order to get further insight into the shape of the super-
conducting gap, we analyzed the experimental spectrum
with the Dynes function [31] multiplied by the Fermi-Dirac
(FD) function of 5.4 K and convolved with a Gaussian
having a full width at half maximum (FWHM) of the
known instrumental resolution. The Dynes function is
a modified BCS function in the form of D�E, D, G� �
Re��E 2 iG��

p
�E 2 iG�2 2 D2�, where E is the energy

and G is the thermal broadening parameter [31]. Fig-
ure 2(a) is an example of fitting results with D � 3.4 meV
and G � 1.5 meV (solid line) together with the experi-
mental data (open circles), where one can see the leading
edge part is not reproduced well. We actually found that
both the peak and shoulder structures were not fit at the
same time using any sets of parameters. Next, we consid-
ered the case of the anisotropic gap, as discussed by Haas
and Maki [32] as well as Chen et al. [33], who treat all the
possible anisotropic gaps from the group theory that in-
clude the function used by Haas and Maki. We substitute
each anisotropic gap function for isotropic D of the Dynes
function and integrate it over momentum (k) space. We
tried to fit the experimental results with these functions,
but, again, we found every possible anisotropic gap func-
tion cannot reproduce the peak and shoulder structures at
a time, either. In Fig. 2(b), we show an example of the fit-
ting results using one of the anisotropic gap functions with
the gap value D�a, z� � D0 3 �1 1 az2�1 1 a�, where
z � cosu (u is the polar angle on k space) and the parame-
ter a, which determines the anisotropy, is set to 1 as in the
Ref. [32]. We find the fitting result cannot explain the ex-
perimental result successfully.

Supposing that the shoulder structure comes from
another gap, we try to fit using the weighted sum (DL1S)
of two Dynes functions for a larger gap (DL) and a smaller
one (DS), DL1S � 1

11R DL�E, DL, G� 1
R

11R DS�E, DS , G�,
where R is an amplitude ratio of the smaller gap to the
larger one. Here, we used the same value of G for the two
Dynes functions for simplicity. In Fig. 2(c), we show a
result of fittings (DL1S , solid line), together with Dynes
functions for the larger gap (DL � 5.6 meV, broken line)
and the smaller gap (DS � 1.7 meV, dotted line) with
G � 0.10 meV and R � 5.2. It is evident that DL1S

reproduces the experimental result for both the peak and
shoulder structures significantly. We note the magnitude
ratio of the two gaps at 5.4 K, DL�DS , is �3.3. These
analyses show that the superconducting gap of MgB2 is
not a simple isotropic one, but rather contains two domi-
nant components. This is consistent with the transport
[23–27] and most recent optical [34] measurements,
which indicate the inconsistency with an ordinary s-wave
gap and some of which suggest a multicomponent gap.

To see how the two gaps behave as a function of tem-
perature, we analyzed temperature-dependent spectra with
DL1S assuming that R is temperature independent. In
Figs. 2(d) and 2(e), we show the spectra measured at 20
and 30 K (open circles) superimposed by fitting results
177006-3
(solid lines), respectively. Though it is clear that the
weighted sum of two Dynes functions works well in ex-
plaining the experimental temperature-dependent spectra,
the shoulder structure is smeared out as the temperature is
increased. This relates to the fact that the intensity of the
superconducting coherent peak of the smaller gap is re-
duced since electrons are thermally excited into unoccupied
states, which can be understood to be temperature-
dependent DS (broken lines) in Figs. 2(c) to 2(e). Fig-
ure 3 shows obtained temperature-dependent gap values,
where open and filled circles show the sizes of the larger
and smaller gaps, respectively [36]. Theoretical tempera-
ture dependence of gaps with D�0� � 1.7 and 5.6 meV
is also shown with broken and dotted lines, respectively
[35]. We find, while the temperature dependence of the
smaller gap follows the BCS prediction, that of the larger
gap decreases faster than the prediction. We do not know
the reason for the deviation so far, but the result is similar
to that obtained from MgB2�Ag and MgB2�In junctions
[37]. More importantly, the smaller and larger gaps close
nearly at the midpoint of Tc (36.5 K) obtained from the
magnetization measurements with the smaller gap having
more certainty [36]. This rules out the possibility that
the smaller gap originates in the impurities in the surface
regions and has lower Tc, as discussed in tunneling studies
[17]. Therefore we think that the multiple gap of our
results represents the bulk electronic structure. From these
results, we obtain the reduced gap size 2D�5.4 K��kBTc of
�3.56 for the larger gap, which is nearly consistent with the
mean field value of 3.52, and that of 1.08 for the smaller
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FIG. 3. Temperature dependence of the two gaps obtained
from the Dynes function analyses as described in the text. Filled
and open circles represent the sizes of the smaller and larger
gaps, respectively. Broken and dotted lines show the predicted
temperature dependence of superconducting gap from BCS the-
ory [35] for D�0� � 1.7 and 5.6 meV, respectively.
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gap. The value of the smaller gap agrees well with that
from the tunneling measurements by Rubio-Bollinger et al.
[15], while the values from the other tunneling [16,17],
photoemission [18], and optical measurements [20] lie
between the obtained values of smaller and larger gaps.

Currently, there are active discussions on the mechanism
of the superconductivity of MgB2, as briefly described
above. Within the weak or strong coupling BCS models,
it seems necessary to think of a multiple gap [38] in or-
der to explain the high value of Tc using reasonable l and
m�, as well as experimentally observed physical proper-
ties [23–27]. Liu et al. [38] calculated a temperature de-
pendence of two gaps in the weak-coupling multiple-gap
model, showing that the larger and smaller gaps close at the
same temperature and the magnitude ratio of the larger one
to the smaller one is approximately 3. These predictions
can describe the present results very well. Present results
are also consistent with the alternative models proposing
the exsotic mechanism to explain large Tc (Refs. [12,13]),
as long as they predict a multicomponent gap. Further de-
tailed studies to show the calculated density of states are
desired so as to be compared with the present study. We
do not attempt to assign whether the experimentally ob-
served larger and smaller gaps relate to the bands with
what kind of character, s band or p band, since there is
a conflict on the assignment between models. To directly
study the relation between the multicomponent gap and the
bands with different characters, angle-resolved photoemis-
sion using single crystals is necessary and urgent.

In conclusion, we report on high-resolution photoemis-
sion results on the superconducting gap of a new binary
intermetallic superconductor, MgB2. The superconducting-
state spectrum measured at 5.4 K shows a coherent peak
with a shoulder structure, in sharp contrast to that expected
from a simple isotropic-gap opening. We find that a simu-
lation using two Dynes functions with the gap sizes of 1.7
and 5.6 meV reproduces the superconducting-state spec-
trum better than that using single isotropic and anisotropic
Dynes functions. We also find that the smaller gap as well
as the larger gap seems to close at the bulk transition tem-
perature. These results are consistent with transport mea-
surements and thus indicate the superconducting gap of
MgB2 is a multiple gap.
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