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Superconducting Gap in MgB,: Electronic Raman Scattering Measurements of Single Crystals
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Polarization-resolved Raman scattering measurements were performed on MgB, single crystals to de-
termine the magnitude, symmetry, and temperature dependence of the superconducting gap. A single
sharp peak due to Cooper pair breaking appears in the electronic continuum below 7, reaching a maxi-
mum Raman shift of 105 = 1 cm™! [2A(0)/ksT. = 3.96 * 0.09] and showing up to 5 cm™! anisotropy
between polarized and depolarized spectra. The temperature dependence of 2A follows that predicted
from BCS theory, while the anisotropy decreases with decreasing temperature. It is concluded that the
Raman results are consistent with a slightly anisotropic s-wave gap in a conventional BCS superconductor.
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The recently discovered superconductor MgB, [1]
shows an unusually high T, for a simple binary compound,
immediately raising questions regarding the nature of
superconductivity in this material [2—7]. Experiments on
polycrystalline samples generally support a gap of s-like
symmetry, but measurements of the gap magnitude vary
widely. Some groups report a single superconducting gap,
with gap-to-T, ratios ranging from 0.6 to 5 [8—11], while
other groups find multiple gaplike features with gap-to-
T, ratios around 1.1-1.8 and 3.5-4.8 [12—15]. Because
of the difficulties and uncertainties associated with poly-
crystal measurements, these results strongly motivate
further study of the gap feature(s) in single crystals.

Electronic Raman scattering is a useful experimental
technique for studying superconductors because it provides
a direct probe of the superconducting gap via the breaking
of Cooper pairs by the incident light [16]. The frequency,
polarization dependence, and temperature dependence of
the pair breaking peak reflect the magnitude, symmetry,
and temperature dependence of the gap [16—18]. Knowl-
edge of these fundamental properties is essential for the
underlying mechanism of superconductivity to be deduced.
For polycrystalline samples, the MgB, Raman spectrum
presents a broad phonon feature superimposed on a rela-
tively intense electronic continuum [15,19,20], the latter
undergoing a superconductivity-induced renormalization
which has been interpreted in terms of two gaps of mag-
nitudes (2A) 44 and 100 cm ™! [15]. In this Letter we re-
port the first Raman measurements of the fundamental gap
properties in single crystals of MgBs.

Single crystals of MgB, were synthesized from a pre-
cursor mixture of 99.9% pure magnesium powder and 97%
pure amorphous boron. The crystals were grown in a BN
container under 4—6 GPa pressure at 1400—1700 °C for
5 to 60 min. Magnetization and resistivity measurements
give T, = 38.2 K with a transition width of 0.3 K [21].
Four circle x-ray diffraction (XRD) measurements indicate
these are high quality single crystals, with no evidence
of bulk impurities. Slablike crystals with relatively clean
and flat in-plane surfaces were selected for measurement.

087001-1 0031-9007/02/88(8)/087001(4)$20.00

PACS numbers: 74.25.Gz, 74.70.Ad, 78.30.Er

These crystals exhibited the broken hexagonal shape of
typical dimension 200-300 um square by 30-40 um
thick. The crystals were mounted for in-plane measure-
ment and oriented with the a-axis horizontal, within *5°,
confirmed by XRD measurements. Further confirmation
was provided by the results of superconducting-state
Raman measurements. The incident light was polarized
either vertically (V) or horizontally (H), that is, either
perpendicular or parallel to the a axis. Only vertically
polarized scattered light was collected. In the Dg;, point
group, VV polarization selects excitations of A, and Ej,
symmetry, while HV polarization selects only the E»,
component. Henceforth the VV and HV configurations
will be referred to as polarized and depolarized.

Raman spectra were measured with a Jobin-Yvon
T64000 triple monochromator, charge coupled device,
and an excitation wavelength of 514.5 nm provided by
an Ar-Kr laser. The typical incident power was 0.8 mW,
point-focused to a spot of 100 um diameter. To deter-
mine the degree of laser overheating, spectra were also
measured at laser powers higher than typical. The only no-
ticeable effect of higher incident powers was spot heating,
and where appropriate subsequently quoted temperatures
have been corrected for this effect. Temperature control
was provided by a closed-cycle helium refrigerator and at
typical laser powers sample overheating was estimated to
be less than 2 K. All spectra have been corrected for the
Bose thermal contribution.

Polarized and depolarized Raman spectra of a single
crystal of MgB, (crystal A) from 15 to 1300 cm™! are
shown in Fig. 1. The spectral intensity has been nor-
malized at high wave numbers and the polarized spectra
offset by 0.5 units along the y axis. Dominating the spec-
tra is a very broad, asymmetric feature located at around
620 cm™!, which is commonly attributed to the Raman-
active Ej, symmetry phonon in MgB, [19,20]. This
feature narrows substantially with decreasing temperature,
consistent with suggestions that the E,, phonon is very
anharmonic [5], but curiously shows no indication of
a large superconductivity-induced hardening below T,
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FIG. 1. Polarized (VV) and depolarized (HV) Raman spectra

of crystal A at 300, 40, and 21 K. Inset: Polarization orientation
relative to the MgB, crystallographic axes.

predicted by band theoretical calculations [4]. Cursory
modeling of this feature with a Fano equation, an unsat-
isfactory description of the observed spectral line shape,
revealed 7-10 cm™! hardening between 40 and 21 K.
Further experiments must be performed to clarify the
character of this mode.

In contrast, a clear superconductivity-induced renormal-
ization of the electronic continuum is visible in the 21 K
spectra, where a sharp pair breaking peak forms at around
100 cm™!. The magnitude of the renormalization is greater
in depolarized spectra. Accompanying the peak is a de-
crease of scattering intensity at lower Raman shifts, al-
though some scattering intensity remains directly below
the peak. In the case of an isotropic s-wave gap the theo-
retically calculated electronic Raman spectrum is char-
acterized by a pair breaking peak located at an energy
of 2A in all scattering channels, below which there is
zero scattering intensity [16]. For anisotropic s-wave the
scattering threshold remains, located at the minimum gap
energy, while pair breaking peaks appear at different Ra-
man shifts in different polarizations, reflecting the gap
anisotropy [17,18]. Since the polarization dependence of
the peak seen in MgB, is not strongly anisotropic, we di-
rectly associate the pair breaking peak energy with 2A.

Figure 2 shows Raman spectra from crystal A in the
vicinity of the pair breaking peak. The spectra have been
normalized to unity around 350 cm ™! and successive spec-
tra have been progressively offset by one unit along the y
axis. Where appropriate, temperatures have been corrected
for sample heating effects. Here the evolution of the 2A
peak with temperature is seen and a small anisotropy in
peak energy between polarized and depolarized spectra is
apparent. In the vicinity of 25 cm™! the Raman intensity
at low temperatures nearly vanishes. To obtain an estimate
of the gap energy 2A(T), the spectrum in the vicinity of
the pair breaking feature was approximated by a Gaussian
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FIG. 2. Polarized and depolarized Raman spectra of crystal A
at temperatures 7 = T.. The pair breaking peak sharpens and
rises in energy with decreasing temperature.

with a cubic background, and fitted with a least squares al-
gorithm. Subsequently quoted uncertainties in 2A(7') are
the 95% confidence intervals obtained from the fit. The
average anisotropy between the two polarizations thus ob-
tained is 4 + 1 cm™!, the polarized 2A peak always ap-
pearing higher in energy than the depolarized peak. Close
examination of Fig. 2 suggests that the anisotropy is about
5 cm™ ! at temperatures close to T, and falls with decreas-
ing temperature to a little less than 3 cm™! at the lowest
temperatures measured.

A number of single crystals were measured and low-
frequency Raman spectra from a second crystal, crystal B,
are shown in Fig. 3. In common with crystal A, a pair
breaking peak appears in the superconducting state spec-
trum and 2A(T) agrees well between crystals. Anisotropy
in 2A is also present, amounting to 2 * 1 cm™! on av-
erage, about half that seen in crystal A. Some additional
structure is also apparent. A sharp peak present in most
crystal B spectra near 300 cm ™!, but not present in crys-
tal A, is attributable to surface contamination. Although
the polarized spectra are comparable between crystals, ad-
ditional scattering intensity is present in the depolarized
spectra of crystal B. At low temperatures a sharp shoulder
forms around 30-40 cm™!, which is very similar to that
seen in polycrystal results [15]. Residual scattering inten-
sity in the vicinity of 25 cm™! is nonvanishing in crystal B
and the magnitude of the superconductivity-induced renor-
malization in the depolarized spectra is reduced compared
to crystal A. Inspection of crystal B with an optical mi-
croscope showed a less regular surface and confirmed the
presence of surface impurities. Typically, crystals with
flat, clean surfaces showed a sharp 2A peak with low
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FIG. 3. Polarized and depolarized Raman spectra of crystal B
at temperatures 7 = T,. Here an additional feature may be seen
below the pair breaking peak.

residual scattering while crystals with evidence of surface
disorder showed higher residual scattering and a shoulder
at 30—40 cm™ !,

Within the usual theoretical description of nonresonant
electronic Raman scattering, the square of the Raman ver-
tex yﬁ weights scattering from different portions of the
Fermi surface depending on the incident and scattered light
polarizations [17]. Taking the band dispersion given by
the nearest neighbor tight binding model [3] we made a
straightforward calculation of i for A; ¢ and E>, symme-
tries and found that the former weights excitations from al-
most the entire hexagonal Brillouin zone, particularly near
the vertices, while the latter weights excitations around
the edges. Thus, the observation of a smaller gap magni-
tude in depolarized (E,,) spectra suggests an anisotropic
in-plane gap of the form Ax = Ag[1 + € cos(66)], com-
patible with s-wave symmetry [22].

In determining the superconducting gap symmetry, and
thus placing constraints on the underlying mechanism of
superconductivity, the temperature dependence of the gap
provides another convenient test. BCS theory gives an
explicit temperature dependence for an s-wave gap with
which the experimental data may be compared. We calcu-
late the reduced gap 2A(T)/2A(0) from our data, extrapo-
lating 2A(0) from our lowest temperature measurements.
Results of this calculation are shown in Table I. The
magnitude of the superconducting gap energy, averaged
between polarizations, is 2A(0) = 3.96 = 0.09, which is
consistent with MgB, being a moderately strong coupling
superconductor. Figure 4 shows 2A(T)/2A(0) for both
crystals, which follow the BCS-predicted temperature de-
pendence. Uncertainties in temperature are shown for
those data points to which correction was applied. The
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TABLE 1. Extrapolated values of maximum gap energy and
the corresponding gap to 7. ratio.
2A(0)
Sample Polarization (em™1) 2A(0)/kpT,
Crystal A Polarized 106 £ 2 3.99 = 0.09
Depolarized 103 £ 1 3.88 = 0.05
Crystal B Polarized 106 £ 1 4.01 £ 0.05
Depolarized 105 £ 1 3.96 = 0.08

temperature dependence of the superconducting gap, as di-
rectly measured by Raman scattering, indicates that MgB,
is a conventional BCS superconductor.

The presence of Raman scattering intensity below 2A
seen in Figs. 2 and 3 initially appears to contravene a
simple s-wave interpretation of the data. The theory of
Raman scattering in superconductors predicts a zero inten-
sity threshold below the pair breaking peak in an s-wave
superconductor [16—18], and Raman studies of the Nb3;Sn
and V3Si conventional superconductors [23—25] confirm
a sharp decrease in scattering intensity below the 2A peak.
In contrast, the high-7, superconductors exhibit broad,
anisotropic pair breaking features which are accompanied
by significant in-gap scattering intensity in all scattering
channels, a consequence of the nodes in the d-wave gap
function [17,18]. Nodes in the gap function of MgB,
might explain the in-gap intensity seen below T, in crystal
A (Fig. 2); however, this possibility is discounted by the
near-isotropic polarization dependence of the narrow pair
breaking peak. While polycrystal measurements show
gaplike features below 100 cm™! [15], association of the
40 cm™! shoulder with a second superconducting gap
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FIG. 4. Reduced gap temperature dependence for crystals A
and B. The solid line is the reduced gap from BCS theory.
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is problematic since it is not seen consistently in both
crystals.

A number of extrinsic factors appear to contribute to
the in-gap scattering present in Figs. 2 and 3. Rayleigh
scattering, impurity, and luminescence components, due
to surface contamination, were present to varying degrees
during the measurements, and the low-frequency tail of the
very broad E»; phonon may also furnish scattering inten-
sity at low frequencies. Significant surface disorder may
introduce additional scattering contributions, and the simi-
lar 40 cm™! shoulder seen in polycrystal [15] and crystal B
spectra may be related to a c-axis component of the super-
conducting gap. Such surface effects may also contribute
scattering intensity to the below-gap Raman spectrum of
crystal A, although to a much lesser degree. Clearly the
40 cm™! shoulder is not an intrinsic feature of the in-plane
Raman spectrum, related to a second pair breaking peak.
Rather it appears to be an extrinsic effect related to sample
surface quality.

In summary, we have measured the temperature and po-
larization dependence of the 2A pair breaking peak seen in
the in-plane electronic Raman continuum of MgB, single
crystals. This peak shows BCS-like temperature depen-
dence with only slight anisotropy, arguing strongly for
conventional s-wave superconductivity. The average gap
to T. ratio 2A/kgT,. = 3.96 * 0.09 indicates moderately
strong electron phonon coupling. We are able to identify
only one gap feature in the in-plane Raman spectra, and
attribute structure below the pair breaking peak seen in the
poorer crystal to surface defects.
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