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Evidence for Two Superconducting Gaps in MgB,
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We have measured the Raman spectra of polycrystalline MgB, from 25 to 1200 cm™!. A
superconductivity-induced redistribution in the electronic Raman continuum was observed. Two pair-
breaking peaks appear in the spectra, suggesting the presence of two superconducting gaps. The measured
spectra were analyzed using a quasi-two-dimensional model in which two s-wave superconducting gaps
open on two sheets of Fermi surface. For the gap values we have obtained A; = 22 cm™! (2.7 meV)
and A, = 50 cm™! (6.2 meV). Our results suggest that a conventional phonon-mediated pairing mecha-
nism occurs in the planar boron ¢ bands and is responsible for the superconductivity of MgB,.
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The recent discovery [1] of superconductivity in MgB,
at temperatures below 39 K has generated a great deal of
interest [2]. The electronic band structure of MgB, has
been calculated by a number of groups who have arrived at
a consistent picture for the Fermi surface [3—5]. It appears
that the carriers involved in superconductivity are associ-
ated with the planar boron ¢ orbitals that give rise to a
Fermi surface consisting of two approximately cylindrical
sheets. Carriers in the o bands are predicted to be strongly
coupled to phonons that involve an appropriate motion
of the boron atoms. Conventional superconductivity with
an s-wave gap, or multiple gaps [6], has been predicted,
and the unusually high 7, = 40 K is obtained with inter-
mediate coupling strength [5]. On the other hand, the ex-
perimental results are quite inconsistent, have yielded
conflicting evidence in some cases, and have not provided
confirmation for the theoretical predictions. In particular,
the magnitude of the superconducting gap (A) has been
measured with techniques including NMR, tunneling,
high-resolution photoemission spectroscopy, scanning tun-
neling spectroscopy, IR reflectivity, and specific heat mea-
surements, and the results vary from 2 to 8 meV [7-13].
The discrepancies between these results and the lack of
knowledge about the k dependence of the superconduct-
ing gap have become a major difficulty in understanding
the nature of the superconducting mechanism of MgB..

Raman spectroscopy is an effective technique for study-
ing the superconducting gap in superconductors [14—-16].
Typically, at temperatures below T, a superconductivity-
induced renormalization in the Raman spectrum occurs as
a result of the opening of the superconducting gap. In par-
ticular, the intensity of the electronic Raman continuum is
depleted at low frequencies because of the lack of avail-
able electronic states below the gap. Moreover, scattering
from electronic excitations across the gap usually results
in the appearance of a pair-breaking peak, and the peak
frequency is a measure of the size of the gap (2A). When
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the gap is anisotropic, its k dependence can be determined
by investigating the polarization dependence of the Raman
spectra below T, as different scattering geometries essen-
tially probe different portions of the Fermi surface [16].
In fact, Raman spectroscopy has been successfully used
in the studies of the superconducting gap in both conven-
tional [14] and high-T, superconductors [15,16].

In order to determine the magnitude and k dependence
of the superconducting gap in MgB,, we have carried out
an experimental investigation of MgB, using Raman spec-
troscopy. We observed two pair-breaking peaks in the low-
temperature spectra, which indicates the existence of two
superconducting gaps. Moreover, to determine the gap en-
ergies and gain insight into the superconducting mecha-
nism, we have analyzed the experimental data using a
quasi-two-dimensional model. The results are consistent
with expectations based on the calculated band structure.
In this Letter, we report the results of our investigation and
discuss their physical significance.

Polycrystalline MgB, samples used in this study were
prepared by the rapid reaction of stoichiometric quantities
of powdered amorphous boron (B) and magnesium (Mg).
The samples show very clean powder x-ray diffraction pat-
terns with all major MgB, peaks the same as those ob-
served by Nagamatsu et al. [1]. The critical temperature
as determined by resistivity and susceptibility measure-
ments is 7. = 38.75 K and the resistive transition width
is AT. = 0.23 K (10%-90%). The fine structure of the
samples was examined with a scanning electron micro-
scope and the size of the crystal grains was found to range
from 0.15 to 0.3 pm.

The Raman spectra were obtained in a quasibackscatter-
ing geometry using the 514.5 nm line of an Ar-ion laser,
which was focused onto the sample with a cylindrical lens
to provide an incident intensity of about I W/cm?. In par-
ticular, the incident laser power was 0.2 mW and the size
of the sampling spot was about 40 um X 600 um. By
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examining the temperature and laser power dependence
of the spectra, the laser heating effect was estimated to
be 5 £ 3 K. The temperatures reported in this paper are
the ambient temperatures without any correction. Two
polarization configurations were used in the Raman mea-
surements, VV and HV, where VV (HV) represents the
scattering geometry in which the polarization direction of
the incident light is vertical (horizontal), and the polariza-
tion direction of the scattered light is always vertical.
Figure 1 shows the VV and HV Raman spectra of MgB,
measured at 15 and 45 K. All the spectra presented in
this paper have been divided by the Bose factor (consid-
ering the laser heating effect, a 5 K correction has been
added to the temperature in the Bose factor). The intensity
levels of the spectra have been normalized using their inte-
grated intensity in the frequency region of interest. Clearly,
there are no well-defined phonon lines in either the VV
or HV spectra. Instead, a broad maximum centered at
about 620 cm ™! appears in both scattering geometries, and
changes slightly when the temperature is cooled below T..
This broad feature can be interpreted as due to phonon con-
tributions throughout the Brillouin zone. The frequency
range of this feature is consistent with theoretical calcula-
tions of the phonon energies [5,17] as well as the result of
neutron scattering measurements of the density of states
of phonons [18]. As we know, in disordered materials
phonons away from the Brillouin zone center can become
Raman active [19]. In this case the phonon density of states
is reflected in the Raman spectra. In fact, the broadness of
this feature and the similarity between the shapes of the po-
larized (VV') and depolarized (HV') spectra, as well as the
intensity ratio of the VV and HV spectra, are very similar
to what has been observed in amorphous materials [20].
However, since the x-ray diffraction patterns clearly show
typical sharp lines of powdered crystals, our samples are
unlikely amorphous. Moreover, considering the possibil-
ity of heterogeneity, we examined spectra from different
sampling areas but did not find any significant difference.
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FIG. 1. Raman spectra of polycrystalline MgB, (after dividing

by the Bose factor).
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Therefore, we believe that the samples are reasonably ho-
mogenous but strongly disordered.

As shown in Fig. 1, when the temperature is decreased
below T., a superconductivity-induced redistribution oc-
curs in the low-frequency region (@ < 280 cm™!) of the
spectra. To investigate this redistribution more closely, we
have subtracted the 45 K spectra from the 15 K spectra
and plotted the results in Fig. 2. Clearly two peaks appear
at frequencies of about 50 and 105 cm™!. These peaks are
identified as pair-breaking peaks [14] which originate from
electronic excitations across the superconducting gap. The
frequency of a pair-breaking peak is a measure of the bind-
ing energy of the Cooper pairs, which is two times the gap
value (2A). The presence of two pair-breaking peaks in
the spectra suggests two superconducting gaps in MgB,.

A careful comparison between the VV and HV spectra
in Fig. 2 reveals that the shape of the spectrum is indepen-
dent of polarization configuration. Such polarization inde-
pendence can be interpreted as the consequence of several
possible reasons, such as the disorder of the material and
the isotropy of the superconducting gap. In the following
data analysis, we will focus on the VV spectrum and ig-
nore the polarization dependence of the Raman tensor.

According to Klein and Dierker [14], in the small wave
vector limit (¢ — 0), the photon cross section for Raman
scattering from pairs of superconducting quasiparticles at
zero temperature is given by

R _ ANrg [ ly(®)PIAK)P
dwd() w w? — 4|A(k)[?
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where N is the density of states for one spin, ry is the
Thomson radius, 7y(k) is the polarization-dependent
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FIG. 2. Low-temperature electronic Raman continua obtained
by subtracting the 45 K spectra from the 15 K spectra. The
thick solid lines are theoretical fits. The HV spectra have been
shifted downward by 20 units. The inset is a calculated spectrum
without convoluting with a Gaussian function.
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Raman vertex, and the brackets denote an average over the
Fermi surface (FS) with the restriction w? > 4|A(k)|>.
Kortus et al. [3] have calculated the electronic band struc-
ture and mapped out the FS of MgB,. We are particularly

interested in the two sheets of cylindrical FS from the
planar boron o bands near the I" point. For a given k.,
since these surfaces are isotropic in the k, — ky plane, we
simply assume that two isotropic s-wave gaps (A and A;)
open on these two sheets of FS. Then, Eq. (1) becomes

w <2A;,

20, > w > 2A, @)

[0,
I 522
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JodQ = w0 —4A2
@ | s, s
L w\/w2—4A% w\/w2—4A%’

where S| (S2) is proportional to the area of the first (sec-
ond) sheet of the FS. As shown in the inset of Fig. 2,
the calculated spectrum using Eq. (2) qualitatively agrees
with the measured spectra, i.e., two peaks at 2A; and 2A,
and a vertical slope at 2A;. To achieve a more detailed
agreement, we would need to take into account the slight
dispersion along the k, direction [3—5] and the coupling
effect between the two o bands [6]. As an approxima-
tion, we simply convolute the calculated spectrum with a
Gaussian function whose HWHM is 7 cm ™! for contribu-
tions from S; and 3.5 cm ™! for those from S,. As shown in
Fig. 2, this yields a reasonably good fit with the experimen-
tal data. The parameters obtained from the best fit to the
VV spectrum are S| = 125, 5, = 42, A = 22 cm™ !, and
A, = 50 cm™!. After multiplying by an intensity scaling
factor of 0.52, the same parameters also yield a good fit to
the HV experimental data (see Fig. 2).

Ideally, for isotropic s-wave gaps, there should be a
complete depletion [14] in the low-temperature Raman
spectra at frequencies below the smaller gap because of
the lack of available electronic states. As shown in the in-
set of Fig. 2, the Raman scattering intensity at frequencies
below (2A1) should be zero and the spectrum has a ver-
tical slope at 2A;. However, such a depletion cannot be
seen in the spectra shown in Fig. 1. In fact, the scattering
intensity at low frequencies is not zero in any of the spec-
tra. Apparently the low-frequency spectra include signifi-
cant contributions of scattering from excitations other than
the superconducting quasiparticles. Such excitations could
arise from normal electrons in the 7 bands, or could be due
to the presence of normal state material in the samples.
To remove these unwanted contributions from the spec-
tra, we subtracted the 45 K spectra from the 15 K spectra.
The results, more accurately representing the scattering
spectra from superconducting quasiparticles, are shown
in Fig. 2. A nearly vertical slope appears slightly be-
low 2A, which is a feature expected for isotropic s-wave
gaps [14,16].

Figure 3 shows the temperature dependence of the elec-
tronic Raman spectrum measured in HV scattering geome-
try. When the temperature is decreased below T, the
spectra gradually gain weight in the low-frequency region
and the two pair-breaking peaks are well developed at
15 K. Recently Bouquet et al. [21] reported specific heat
data which can be fit to a two-gap model.

157002-3

w > 2A,,

In summary, we have measured the Raman spectra of
polycrystalline MgB,. A broad maximum centered at
620 cm™! arises from phonon scattering throughout the
Brillouin zone and suggests that the samples are strongly
disordered. When the temperature is decreased below T,
a superconductivity-induced redistribution in the elec-
tronic Raman spectrum occurs as a result of the opening
of the superconducting gaps. The appearance of two pair-
breaking peaks indicates the existence of two supercon-
ducting gaps in MgB,. Furthermore, we have analyzed the
experimental data using a quasi-two-dimensional model
based on the theoretical calculations of Kortus et al. [3].
The results suggest that two s-wave gaps open on two
sheets of the Fermi surface from the planar boron o
bands near the I' point with gap values of A} = 22 cm™!
(2.7 meV) and A; =50 cm™! (6.2 meV), respectively,
ie., 2A1/kgT. = 1.6 and 2A,/kgT. = 3.7. Note that the
values of the two gaps embrace a range covering most
of the results of the reported gap measurements [7—13].
The result of our data analysis suggests that both gaps are
conventional s-wave gaps and a BCS phonon-mediated
pairing mechanism occurring in the planar boron ¢ bands
is responsible for the superconductivity of MgB,.
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FIG. 3. HYV electronic Raman continua obtained by subtracting

the 60 K spectrum. The 15, 25, 30, 35, and 45 K spectra have
been shifted upward by 20, 40, 60, and 80 units, respectively.
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Note added.— After the submission of this paper,
Giubileo et al. [22] (scanning tunneling microscopy) and
Szabo et al. [23] (point-contact spectroscopy) reported ex-
perimental data showing two superconducting gaps with
approximately the same gap values as we have obtained.
These data indicate that the two gaps open simultaneously
at T, and their temperature dependence agrees with BCS
theory, which is consistent with our results.

[1] J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and
J. Akimitsu, Nature (London) 410, 63 (2001).

[2] C. Day, Phys. Today 54, No. 4, 17 (2001).

[3] J. Kortus, I.I. Mazin, K. D. Belashchenko, V. P. Antropov,
and L. L. Boyer, Phys. Rev. Lett. 86, 4656 (2001).

[4] J.M. An and W.E. Pickett, cond-mat/0102391.

[5] Y. Kong, O.V. Dolgov, O. Jepsen, and O.K. Andersen,
Phys. Rev. B 64, R020501 (2001).

[6] Amy Y. Liu, I.I. Mazin, and Jens Kortus, cond-mat/
0103570.

[7] H. Kotegawa, K. Ishida, Y. Kitaoka, T. Muranaka, and
J. Akimitsu, cond-mat/0102334.

[8] Herbert Schmidt, J. F. Zasadzinski, K. E. Gray, and D. G.
Hinks, Phys. Rev. B 63, R220504 (2001).

[9] T. Takahashi, T. Sato, S. Souma, T. Muranaka, and
J. Akimitsu, cond-mat/0103079.

[10] F. Giubileo, D. Roditchev, W. Sacks, R. Lamy, and J. Klein,

cond-mat/0105146.

157002-4

[11] F. Bouquet, R. A. Fisher, N. E. Phillips, D. G. Hinks, and
J. D. Jorgensen, cond-mat/0104206.

[12] Gabino Rubio-Bollinger, Hermann Suderow, and Sebastian
Vieira, cond-mat/0102242.

[13] B. Gorshunov, C. A. Kuntscher, P. Haas, M. Dressel, F. P.
Mena, A.B. Kuz’menko, D. van der Marel, T. Muranaka,
and J. Akimitsu, cond-mat/0103164.

[14] M.V. Klein and S.B. Dierker, Phys. Rev. B 29, 4976
(1984); S.B. Dierker and M. V. Klein, Phys. Rev. Lett.
50, 853 (1983); R. Hackl, R. Kaiser, and S. Schicktanz,
J. Phys. C 16, 1729 (1983).

[15] T.P. Devereaux, D. Einzel, B. Stadlober, R. Hackl, D. H.
Leach, and J. J. Nevmeier, Phys. Rev. Lett. 72, 396 (1994).

[16] X.K. Chen, J.C. Irwin, H.J. Trodahl, T. Kimura, and
K. Kishio, Phys. Rev. Lett. 73, 3290 (1994); X. K. Chen,
J.C. Irwin, H.J. Trodahl, M. Okuya, T. Kimura, and
K. Kishio, Physica (Amsterdam) 295C, 80 (1998).

[17] G. Satta, G. Profeta, F. Bernardini, A. Continenza, and
S. Massidda, cond-mat/0102358.

[18] R. Osborn, E.A. Goremychkin, A.I. Kolesnikov, and
D. G. Hinks, cond-mat/0103064.

[19] J.G. Naeini, B. M. Way, J.R. Dahn, and J. C. Irwin, Phys.
Rev. B 54, 144 (1996), and references therein.

[20] N.J. Tao, G. Li, X.K. Chen, and H.Z. Cummins, Phys.
Rev. A 44, 6665 (1991).

[21] F. Bouquet, R. A. Fisher, N. E. Phillips, D. G. Hinks, and
J.D. Jorgensen, Phys. Rev. Lett. 87, 047001 (2001).

[22] F. Giubileo, D. Roditchev, W. Sacks, R. Lamy, D.X.
Thanh, J. Klein, S. Miraglia, D. Fruchart, J. Marcus, and
Ph. Monod, cond-mat/0105592.

[23] P. Szabo, P. Samuely, J. Kacmarcik, Th. Klein, J. Marcus,
D. Fruchart, S. Miraglia, C. Marcenat, and A. G. M. Jansen,
cond-mat/0105598.

157002-4



