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“Sub-meV” resolution photoemission spectroscopy was used to study carbon-substitution dependence of the
multiple superconducting gap of Mg�B1−xCx�2. Two features corresponding to � and � gaps are clearly
observed in the raw spectra up to carbon concentration x=0.075. The observed x dependence of the two gaps
shows a qualitatively different behavior: the � gap is proportional to Tc while the � gap shows negligible
change. Doping as well as temperature dependence can be explained within the two-band mean-field theory.
Implications from the present study are discussed.
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Superconductivity is a fundamental quantum phenom-
enon, which was first explained by the Bardeen-Cooper-
Schrieffer �BCS� theory1 for the low transition temperatures
�Tc� superconductor. Subsequent discoveries of new super-
conducting materials with higher Tc have made the field con-
tinuously attractive. New theories and new materials have
motivated the search for higher Tc. The discovery2 of super-
conductivity in magnesium diboride �MgB2� has thus in-
duced many studies to clarify the superconducting �SC� tran-
sition mechanism because it has the highest Tc among
intermetallic superconductors. In fact, the Tc of MgB2 �Tc

=39 K� is even higher than some of the cuprate supercon-
ductors, and is also close to the upper limit predicted by the
BCS theory.1 It is now generally accepted that MgB2 has a
multiple SC gap,3 originating in the two types of Fermi sur-
face sheets with very different character, which simulta-
neously plays an important role for the high Tc. Theoreti-
cally, a possibility of the multiple SC gap was proposed more
than 40 years ago in terms of “two-band superconductivity.”
However, further experimental verification is essential for a
complete understanding of this unique superconductor. Here,
we show carbon-substitution dependence of the two gaps of
MgB2 with “sub-meV” resolution photoemission spectros-
copy �PES�. The result clearly shows two gaps and different
substitution dependence for the two gaps. These results con-
firm theoretical predictions of the two-band superconductiv-
ity in MgB2, and also suggest a new road to explore higher-
Tc materials.

The crystal structure of MgB2 consists of alternate hex-
agonal layers of boron and magnesium, respectively.2 First-
principles calculations4,5 have indicated that MgB2 is a band
metal, where four bands cross the Fermi level �EF�. Two of
them originate in the boron 2p � orbital with a two-
dimensional character, namely, the � band, and the other two
originate in the boron 2p � orbital with a three-dimensional

character, namely, the � band. The calculated band structure
is consistent with experimental band structure obtained from
angle-resolved PES studies.6–8 The transition mechanism is
explained by electron-phonon coupling,9,10 where the cou-
pling strength depends on the symmetry of the Fermi sur-
face. This two band model, within an Eliashberg theory, has
succeeded in explaining the multiplicity of the SC gap quali-
tatively and the Tc quantitatively.9–12 Conventional BCS
theory1 predicts that a reduction of the density of states
�DOS� at EF reduces Tc and the SC gap value. According to
band calculations, doping of electrons in MgB2 is supposed
to decrease Tc because of a decrease of the total DOS at EF:
the hole character � band at EF would get occupied, and
consequently the �-band DOS would be reduced by the
doped electrons. In contrast, the DOS at EF originating in the
� band is not expected to change significantly.5

Chemically doped MgB2 has been studied extensively as
listed in Refs. 13–16 for the examples on the carbon substi-
tution case. All the carbon substitution suppresses the Tc. For
application, lower Tc is not suitable. Nevertheless many stud-
ies have been done on the chemical substitution. One of the
reasons is giving a perturbation on the electronic structure of
MgB2 that gives us further understanding of the SC mecha-
nism. As mentioned above, the electronic state around EF is
composed of two kinds of the electronic state with different
symmetry. Those states should be mixed with chemical sub-
stitution, which reduces the difference of the two states. This
effect is reflected in the SC gap sizes through the interband
coupling in the two-band model. Thus systematic study of
the SC gap of chemically substituted MgB2, using ultrahigh-
resolution photoemission spectroscopy, can reliably and di-
rectly reveal the changes in the multiple SC gaps.17 More-
over, the recent development of laser photoemission
spectrometer with a “sub-meV” resolution18 provides us an
opportunity to do a more quantitative and reliable study for
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the multiple gap, including the role of the interband cou-
pling. While tunneling spectroscopy allows observation of
the SC gap, it is known to depend on the surface and/or
contact conditions very strongly. The ultraviolet laser excited
PES is much more bulk sensitive than tunneling spectros-
copy and conventional PES with a He lamp because of the
higher escape depth of the photoelectron.19

Photoemission measurements were performed on a spec-
trometer built using a Scienta R4000 electron analyzer and
an ultraviolet laser �6.994 eV�. The energy resolution was set
to �0.4 meV. Samples were cooled using a flowing liquid
He refrigerator with improved thermal shielding. The pres-
sure of the spectrometer was better than 1�10−10 Torr dur-
ing all the measurements. All the photoemission measure-
ments have been done for in situ fractured surfaces.
Temperature-dependent spectral changes were confirmed by
cycling temperature across Tc. EF of samples for high-
resolution measurements 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.

Here, we selected carbon substitution for B in MgB2 to
control Tc, and thus modulate the superconductivity. Carbon
is the only atom which can replace boron, giving us a unique
opportunity to study changes in boron electronic states which
plays a crucial role for the superconductivity. Moreover, sys-

tematic carbon concentration �x� dependent studies on Tc, the
axis length, etc., using single crystals are already available.16

The carbon substituted Mg�B1−xCx�2 polycrystalline samples
were synthesized at high-temperature and high-pressure con-
ditions using the same technique described in Ref. 16. The
polycrystalline sample was cut to typically 2�2�2 mm3,
which is much larger than the probing size of �0.2 mm di-
ameter. The x and Tc’s used in this study are listed in Table I,
where x values are nominal C concentration and Tc’s were
determined by SQUID measurements. No significant differ-
ence between nominal and actual C content was observed
from Auger analysis within the accuracy of the
analysis.16,20,21 The estimated Tc obtained from PES suppos-
ing BCS temperature dependence of the SC gap1 is consis-

FIG. 1. �Color� “Sub-meV” resolution photo-
emission spectra of carbon substituted MgB2

polycrystalline samples for the carbon concentra-
tions x=0.0, 0.02, 0.05, and 0.075. The black thin
line indicates the photoemission spectrum of a
pure MgB2 polycrystalline sample obtained using
a conventional He discharge lamp with an energy
resolution of �3.0 meV. Each vertical short bar
is a guide to the eyes, corresponding to the posi-
tion of the superconducting gap, and hatched ar-
eas emphasize two gaps. The larger gap corre-
sponds to the gap of the � band and the smaller
gap corresponds to the gap of the � band.

TABLE I. Relation between the carbon concentration and the
Tc.

Carbon concentration �x� Tc �K�

0.0 38

0.02 35.5

0.05 30

0.075 24
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tent with the Tc obtained from SQUID, indicating that inho-
mogeneous substitution of C in our polycrystalline samples
does not give major contribution to the present PES study.

Figure 1 shows “sub-meV” resolution photoemission
spectra as a function of x obtained at 3.5 K �superconducting
state�. In the spectrum for x=0.0, we clearly observe two
well-separated peaks at 2.6 and 7.1 meV binding energy,
which are attributed to SC gaps on the � and � bands. Com-
pared with the spectrum obtained using a conventional He
discharge lamp �indicated by a black thin line�, the quality of
the spectrum is drastically improved and the multiplicity of
the SC gap is certain because of the marked increase of the
energy resolution and the possible increase in the bulk sen-
sitivity. Moreover, no photoemission intensity was observed
around EF, directly indicating that MgB2 is a full gap super-
conductor. As x is increased, the higher binding energy peak
shifts clearly while the lower binding energy structure stays
nearly the same position. For the measured x concentrations,
the two structures do not merge, indicating that Mg�B1−xCx�2

has two gaps up to x=0.075, consistent with the magnetic
torque and tunneling experiments.15,22 These observations,
which clearly identify the carbon-substituted change in the
SC gap from the raw data alone, are very important, demon-
strating the advantage of “sub-meV” resolution PES.

To quantitatively estimate the SC gap size, we tried to fit
the spectra using the Dynes function.23,24 Figure 2�a� shows
the x dependence of the gap size at T=0 K. The gap sizes at
T=0 K were determined by an extrapolation from the fitting
result using the known BCS temperature dependence of the
SC gap.1 The larger gap, corresponding to the � band, de-
creases with increasing x, while the smaller gap, correspond-
ing to the � band, is independent of x within the fitting error
up to x=0.075. Bussmann-Holder and Bianconi calculated
the x dependence of the two gaps for Al substituted case and

predicted that the smaller gap increases up to x=0.2.25 The
theoretical result is different from the present experiment as
well as specific-heat measurements for the Al substituted
case.26 The specific heat measurements for the Al substituted
case shows good correspondence of the substitution depen-
dence on the two gaps with the present case. The x depen-
dence of Tc shown in Fig. 2�a� as a solid line seems very
similar to that of the larger gap and in contrast to that of the
smaller gap. The similar x dependence of the larger gap and

FIG. 3. �Color� Carbon concentration dependence of the cou-
pling parameters. It is clear that the intraband coupling of the �
band decreases while the interband coupling increases with increas-
ing carbon concentration.

FIG. 2. �Color� �a� Carbon concentration dependence of the superconducting gap for the larger and smaller gaps. The carbon concen-
tration dependence of the transition temperature16 is indicated by a solid line �right axis�. The experimental results are compared with model
calculation results indicated by broken lines.11 The experimental results are well reproduced by the calculations. The larger gap and the Tc

show very similar carbon concentration dependence up to x=0.075. �b� Temperature dependence of the superconducting gaps for each carbon
concentration �marks� determined using the Dynes function analysis. The vertical axis is normalized by the larger gap size of x=0.0 and the
horizontal axis is normalized by the Tc of x=0.0. The calculated result indicated by solid curves reproduces the experimental result well.
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Tc means the reduced gap 2� /kBTc, which is a measure of
coupling strength of Cooper pairing, is independent of x. In
the weak coupling limit, this value is 3.52, which is known
as the mean field BCS value.1 In the present case for the
larger gap, this value is 4.1, which is surely larger than the
BCS value, and is almost independent to x. This result sug-
gests that electron-phonon coupling of the � band is strong
and also Tc, or, in other words, superconductivity is governed
by the � band.

To get further insight into the nature of inter- and intra-
band couplings, it is useful to compare the experimental re-
sult with a simple model. Here we use the multiband BCS
theory for the case of multigap superconductivity, as dis-
cussed by Suhl et al.11 For the present case, this model is
formulated by the following expression:

���1 − ���� tanh���2 + ��
2

2kBT
����2 + ��

2d��
= ������ tanh���2 + ��

2

2kBT
����2 + ��

2 d� ,

���1 − ���� tanh���2 + ��
2

2kBT
����2 + ��

2 d��
= ������ tanh���2 + ��

2

2kBT
����2 + ��

2d� ,

where kB is Boltzmann’s constant and T is temperature. The
gap sizes, �� and ��, for given T are determined by solving
this simultaneous equation self-consistently. ��� and ��� are
intraband couplings for the larger and smaller gaps. ��� and
��� are interband couplings between the larger gap and the
smaller gap. These are obtained by a fourmula �ij =VijNi
�i , j=� ,��, where Vij is the electron-phonon coupling matrix
element and Ni is calculated partial DOS at EF.4,5 For sim-
plicity, we assume a rigid band shift of EF with carbon sub-
stitution, which corresponds to electron doping. Then, the
model has three independent parameters: ���, ���, and one
of ��� or ���, which can be determined to reproduce the T
dependence of the two gaps for each x. In Figs. 2�a� and 2�b�,
we plot the x-dependent and T-dependent � and � gap values
�marks�, respectively, together with results using the multi-
band BCS theory mentioned above. We found that this
simple model can reproduce the gap sizes for both the gaps
at T=0 and their temperature dependence very well.27 For
the calculation, there are four coupling constants �three inde-
pendent parameters�, which are plotted in Fig. 3. From Fig.
3, it is clear that the intraband coupling of the � band de-
creases while the interband coupling increases with increas-
ing x. The 20% suppression of the ��� cannot be explained
by the DOS at EF of the � band alone, since the decrease of
the calculated DOS at EF of the � band due to electron
doping4,5 is estimated to be, at most, 10% for x=0.075 within

the rigid band model. This suggests that a suppression of the
electron-phonon coupling, as discussed from Raman
studies,20 and/or an increase of interband coupling are also
responsible for the reduction of Tc. Theoretical studies have
reported negligible interband coupling effects for the carbon
substitution.28 Very recently, point contact spectroscopy re-
ported carbon substitution dependence of the two SC gaps of
MgB2.15 The result is similar to present result, though the
interpretation of the result is different for the smaller gap.

Thus present results confirm the two-band superconduc-
tivity of MgB2. Lastly, we would like to comment on an
implication for Tc from the two-band model. The multiband
model gives Tc by

Tc = �D exp�− 1/�� ,

where �D is the Debye temperature and � is the total cou-
pling constant given by

� =
��� + ���

2
+�	��� − ���

2

2

+ ������.

If the interband coupling constants are zero, Tc is completely
governed by ���. However, if the interband coupling is not
zero, Tc will always become larger than the case of ������

=0. Thus the role of the interband coupling is to make Tc
higher than the case without interband coupling. In the
present case, using obtained parameters, Tc is estimated to be
pushed up about 5 K by the interband coupling. Normally, it
is believed that a larger electron-phonon coupling, which is
necessary for an increase of Tc can also lead to a CDW
transition making the system insulating. In MgB2, the exis-
tence of the � band may play a role in preventing such an
instability occurring in the � band with strong electron-
phonon coupling. This possibly allows the � band to become
a strong coupling superconductor with higher Tc. Thus
searching a new two-gap superconductor, with strong
electron-phonon coupling, is meaningful and hopeful to ob-
tain a much higher Tc.

In conclusion, the present study provides a direct obser-
vation of the multiple gap and its carbon substitution depen-
dence using the “sub-meV” PES. In addition, it provides a
qualitative estimate of the substituted dependence of inter-
band and intraband coupling between the � and the � band
using a simple two-band model, giving strong verification for
the two-band superconductivity in MgB2.

This work was supported by Grant-in-aid from the Min-
istry of Education, Science, and Culture of Japan. This work
was supported by the New Energy and Industrial Technology
Development Organization �NEDO� as Collaborative Re-
search and Development of Fundamental Technologies for
Superconductivity Applications. S. T. and H. U. thank JSPS
for financial support. We thank Professor A. Chainani for
valuable discussions and a reading of the manuscript.

TSUDA et al. PHYSICAL REVIEW B 72, 064527 �2005�

064527-4



*Present address: Japan Synchrotron Radiation Research Institute
�JASRI�/SPring-8, Sayo-gun, Hyogo 679-5198, Japan.

1 J. R. Schrieffer, Theory of Superconductivity �Perseus Books,
Reading, 1983�.

2 J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J.
Akimitsu, Nature �London� 410, 63 �2001�.

3 C. Buzea and T. Yamashita, Semicond. Sci. Technol. 14, R115
�2001�.

4 J. Kortus, I. I. Mazin, K. D. Belashchenko, V. P. Antropov, and L.
L. Boyer, Phys. Rev. Lett. 86, 4656 �2001�.

5 G. Satta, G. Profeta, F. Bernardini, A. Continenza, and S.
Massidda, Phys. Rev. B 64, 104507 �2001�.

6 H. Uchiyama, K. M. Shen, S. Lee, A. Damascelli, D. H. Lu, D. L.
Feng, Z.-X. Shen, and S. Tajima, Phys. Rev. Lett. 88, 157002
�2002�.

7 S. Souma, Y. Machida, T. Sato, T. Takahashi, H. Matsui, S.-C.
Wang, H. Ding, A. Kaminski, J. C. Campuzano, S. Sasaki, and
K. Kadowaki, Nature �London� 423, 65 �2003�.

8 S. Tsuda, T. Yokoya, Y. Takano, H. Kito, A. Matsushita, F. Yin, J.
Itoh, H. Harima, and S. Shin, Phys. Rev. Lett. 91, 127001
�2003�.

9 A. Y. Liu, I. I. Mazin, and J. Kortus, Phys. Rev. Lett. 87, 087005
�2001�.

10 H. J. Choi, D. Roundy, H. Sun, M. L. Cohen, and S. G. Louie,
Nature �London� 418, 758 �2002�.

11 H. Suhl, B. T. Matthias, and L. R. Walker, Phys. Rev. Lett. 3, 552
�1959�.

12 W. L. McMillan and J. M. Rowell, Superconductivity, edited by
R. D. Parks �Dekker, New York 1969�.

13 T. Takenobu, T. Ito, D. H. Chi, K. Prassides, and Y. Iwasa, Phys.
Rev. B 64, 134513 �2001�; A. Bharathi, S. Jemima Balaselvi, S.
Kalavathi, G. L. N. Reddy, V. S. Sastry, Y. Hariharan, and T. S.
Radhakrishnan, Physica C 370, 211 �2002�; K. Papagelis, J.
Arvanitidis, K. Prassides, A. Schenck, T. Takenbou and Y.
Iwasa, Europhys. Lett. 61, 254 �2003�; R. A. Ribeiro, S. L.
Bud’ko, C. Petrovic, and P. C. Canfield, Physica C 384, 227
�2003�; 385, 16 �2003�; M. Avdeev, J. D. Jorgensen, R. A.
Ribeiro, S. L. Bud�ko, and P. C. Canfield, ibid. 387, 301 �2003�;
H. Schmidt, K. E. Gray, D. G. Hinks, J. F. Zasadzinski, M.
Avdeev, J. D. Jorgensen, and J. C. Burley, Phys. Rev. B 68,
060508�R�, �2003�.

14 R. H. T. Wilke, S. L. Bud’ko, P. C. Canfield, D. K. Finnemore, R.

J. Suplinskas, and S. T. Hannahs, Phys. Rev. Lett. 92, 217003
�2004�.

15 Z. Hoĺanová, P. Szabó, P. Samuely, R. H. T. Wilke, S. L. Bud’ko,
and P. C. Canfield, Phys. Rev. B 70, 064520 �2004�.

16 S. Lee, T. Masui, A. Yamamoto, H. Uchiyama, and S. Tajima,
Physica C 397, 7 �2003�.

17 S. Tsuda, T. Yokoya, T. Kiss, Y. Takano, K. Togano, H. Kito, H.
Ihara, and S. Shin, Phys. Rev. Lett. 87, 177006 �2001�.

18 T. Kiss, F. Kanetaka, T. Yokoya, T. Shimojima, K. Kanai, S. Shin,
Y. Onuki, T. Togashi, C. Zhang, C. T. Chen, and S. Watanabe,
Phys. Rev. Lett. 94, 057001 �2005�.

19 M. P. Seah and W. A. Dench, Surf. Interface Anal. 1, 2 �1979�.
20 T. Masui, S. Lee, and S. Tajima, Phys. Rev. B 70, 024504 �2004�.
21 A comparison of estimation of actual C concentration was re-

ported in Ref. 14. But please note that the observed gap vs Tc

relation in the preset PES study shown later can be concluded if
the qualitative variation of C content is given properly, and can-
not be affected by the small difference in estimated C content.

22 E. Ohmichi, T. Masui, S. Lee, S. Tajima, and T. Osada, J. Phys.
Soc. Jpn. 73, 2065 �2004�.

23 R. C. Dynes, V. Narayanamurti, and J. P. Garno, Phys. Rev. Lett.
41, 1509 �1978�.

24 The Dynes function is a standard function to calculate the density
of state at a SC state of the gap size � considering the broaden-
ing 	 coming from the lifetime and other factors. We summed
two Dynes functions with a relative ratio to reproduce the
multiple-gap SC spectra. Calculated spectra should consider ex-
perimental temperature, and energy resolution. The experimental
temperature was considered by multiplying a Fermi-Dirac func-
tion of measured temperature with the two-gap Dynes functions
and the experimental energy resolution was considered by con-
voluting with a Gauss function of a FWHM of known experi-
mental resolution.

25 A. Bussmann-Holder and A. Bianconi, Phys. Rev. B 67, 132509
�2003�.

26 M. Putti, M. Affronte, P. Manfrinetti, and A. Palenzona, Phys.
Rev. B 68, 094514 �2003�.

27 The calculated Tc’s are slightly different from the experimental
ones because this two-gap model includes a low-order
approximation for simplicity, e.g., ignoring the Coulomb
pseudopotential.

28 S. C. Erwin and I. I. Mazin, Phys. Rev. B 68, 132505 �2003�.

CARBON-SUBSTITUTION DEPENDENT MULTIPLE… PHYSICAL REVIEW B 72, 064527 �2005�

064527-5


