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Abstract
The influence of sintering temperature on the critical transition temperature, Tc, for MgB2
superconductor was investigated systematically with the aid of room temperature Raman
scattering measurements and Raman spectral fit analysis. The Raman spectra for all samples
can be fitted with one phonon peak coming from the E2g mode at the � point of the Brillouin
zone and two peaks coming from sampling of the phonon density of states (PDOS) due to
disorder. The enhanced E2g mode in the Raman spectra with increasing sintering temperature
shows gradual strengthening of the electron–phonon coupling (EPC) in MgB2, which is the
reason why the Tc of samples increases with increasing sintering temperature. The strength of
electron–E2g coupling is estimated to be about 2.0 ± 0.5, which is larger than the average
strength of the coupling of electrons with all the phonon modes, ∼1.23. The Tc dependence on
the profiles of the PDOS peaks is described using the variation of the peaks’ frequencies and
linewidths in different samples.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Due to its critical transition temperature (Tc) of 39 K, which
is high for a binary boride [1], the search for a mechanism
and high Tc in the Mg–B system has attracted intense
scientific interest worldwide [2]. According to band structure
calculations [3] revealing two-dimensional (2D) spxpy(σ )

bands and three-dimensional (3D) pz(π) bands, the mechanism
of superconductivity in MgB2 has been attributed to the two-
band model [4]. In this model, it has become generally
accepted that the larger gap is associated with the 2D σ

bands arising from the boron planes and has a value of
�σ

∼= 7.069 meV, while the 3D π bands have a gap of
�π

∼= 2.70 meV [5]. The electrons in the σ band strongly
couple with phonons imprisoned within the honeycombed
boron layer while electrons in the π band show weak
coupling. The identification of MgB2 as a phonon-mediated
BCS/Eliashberg superconductor with multiple gaps and strong

3 Author to whom any correspondence should be addressed.

electron–phonon coupling (EPC) [5] has resulted in much
research associated with the spectroscopy of this material [6].
The strength and frequency dependence of the EPC is
determined by both the electron–phonon spectral density,
α2(ω)F(ω), and the bare phonon density of states (PDOS),
F(ω). The detectable phonon parameters in the measurements
of the spectral features are the phonon frequency, the linewidth
(full width at half maximum, FWHM), and the intensity,
which can all be affected by EPC. In particular, the frequency
shift and the linewidth variation can record the change of the
phonon characteristics. The effects of EPC on the intensity are
rarely discussed because of its sensitivity to the measurement
parameters.

Owing to the simple hexagonal structure with space group
P6/mmm, four optical modes at the point of the Brillouin
zone are predicted for MgB2: a silent B1g mode (at 87.1 meV,
∼700 cm−1), the E2g Raman mode (at 74.5 meV, ∼600 cm−1),
and the infrared active E1u (at 40.7 meV, ∼330 cm−1)
and A2u (at 49.8 meV, ∼400 cm−1) modes. During the
exploration of the MgB2 superconductivity, Raman response
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measurements have contributed greatly to the understanding
of the superconducting mechanism because the E2g mode
is Raman active and strongly coupled to the electronic
conduction σ -bands. The broad peak observed in the Raman
spectra of pure MgB2 around 600 cm−1 (width ∼300 cm−1)
is attributed to this mode [7], which is in agreement with
the theoretical results of 515–665 cm−1 [8]. The significant
broadening of this Raman peak arises mainly from the
exceptionally strong EPC of the E2g mode in the partially
occupied planar boron σ bands near the Fermi surface [8].
To understand the dependence of the superconductivity on
the phonon frequency in MgB2, Raman spectroscopy was
systematically conducted on samples sintered at different
temperatures. The Tc variation was explained by the
competition between the E2g mode and the other modes
reflected in the Raman spectra. Raman response measurements
have the benefits of excellent energy resolution, a relatively
large penetration depth, the ability to selectively measure
different portions of the Fermi surface(s) [9], and, especially in
superconductors, the benefit of revealing both the existence of
the superconducting gap and its strong coupling to some of the
active Raman phonons [10]. The superconducting energy gaps
and changes in the phonon line shapes of MgB2 below Tc have
been studied by the Raman response because the pairing gap on
the 2D σ bands and the 3D π bands can be observed directly,
due to the symmetry dependence of the Raman spectra [11]. In
view of these considerations, there is therefore great potential
in developing Raman spectroscopy as a characterization tool
for MgB2.

2. Experimental details

Polycrystalline samples of MgB2 superconductor were
synthesized by in situ reaction of mixed powders of micron size
magnesium (99%) and nanosize amorphous boron (99.99%).
The mixtures were ground for 30 min to achieve homogeneity
under inert atmosphere in a glove box and pressed into bulks
10 mm in diameter and about 5 mm in thickness, using pressure
of ∼600 MPa. Then the bulks were sintered in a tube furnace
for 30 min at 650 ◦C, 750 ◦C, 850 ◦C, and 950 ◦C, respectively,
and furnace-cooled to room temperature. High purity argon
gas flow was maintained throughout the sintering process.
The smooth fresh surfaces were prepared carefully for further
measurements.

The Tc values were deduced from the curves of resistivity
dependence on temperature, ρ(T ), which was measured with
the four probe method in the temperature range from 20 to
300 K in a physical properties measurement system (PPMS:
Quantum Design). The Raman scattering measurements were
performed on the fresh surface, using a confocal laser Raman
spectrometer (Renishaw inVia Plus with resolution of 1 cm−1)
at room temperature. The 514.5 nm (2.41 eV) wavelength
Ar+ laser was used for excitation of the Raman signals with
Raman shift ranges from 250 to 1000 cm−1. Several spots were
selected on the same sample for collecting the Raman signals
in order to eliminate the influence of random orientation of the
microcrystals on the intensities of the Raman spectra.

Figure 1. The temperature dependent resistivity ρ(T ) curves for
MgB2 sintered at 650, 750, 850, and 950 ◦C. The inset shows the
superconducting transition properties near Tc.

3. Results

The ρ(T ) curves for all the samples are plotted in figure 1.
Both the ρ(40 K) and the ρ(300 K) are decreased with
the enhanced sintering temperature, while the Tc increases
gradually from 36.8 to 38.3 K, as shown in the inset of figure 1.
Resistivity reflects the electron interaction with high frequency
optical phonons, as well as the effect of disorder on each
conduction band. Resistivity in MgB2 reflects the outcome of
the scattering process of carriers of σ and π bands with defects
(point defects, stacking faults, dislocations, etc), inclusions,
and phonons. The resistivity of pure MgB2 is expressed by
the two components from each conduction band, ρ = ρ0 +
ρ(T ), with 1/ρ(T ) = 1/ρσ (T ) + 1/ρπ(T ) while ρ0 is the
temperature independent residual resistivity. The temperature
dependence of ρσ should be larger than that of ρπ , due to the
larger EPC with the E2g optical phonon. Disorder caused by
the defects and inclusions depends on the sample processing
conditions and influences both the connectivity and the phonon
features greatly. The low sintering temperatures lead to
imperfect grain growth in polycrystalline MgB2 and unreacted
raw materials become impurities. In particular, oxygen in
the atmosphere and the precursor powders is unavoidable for
most samples. The high sintering temperature will improve the
crystallization and the high crystallinity weakens the scattering
effects on electrons. As shown in the following discussion of
Raman response results, the σ band has been modified by the
high sintering temperature since both the frequency and the
linewidth of the E2g mode are strengthened with enhancement
of the sintering temperature.

Figure 2 contains the fitted ambient Raman spectra of
MgB2 sintered at 650, 750, 850, and 950 ◦C for 30 min. There
are three fitting peaks in the measurement range from 250
to 1000 cm−1, centered at about 390–410 cm−1 (ω1), 560–
580 cm−1 (ω2), and 740–770 cm−1 (ω3), respectively. The
MgB2 spectra were fitted in the range of 250–1000 cm−1 by
a function used successfully in strongly correlated systems for
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Figure 2. Normalized Raman spectra with fitted E2g mode (ω2),
sampling of PDOS (ω1 and ω3 peaks), and electronic scattering
background for MgB2 sintered at 650 ◦C (a), 750 ◦C (b), 850 ◦C (c),
and 950 ◦C (d). The baselines have been subtracted from the patterns.

estimating broad peaks in Raman spectra [12, 13]:

S(ω) = [1 + n(ω)]
[

Aω�

ω2 + �2
+

N∑
i=1

Aiω�i

(ω2 − ω2
i )

2 + ω2�2
i

]
,

(1)
where the first term represents the low frequency electronic
contribution to Raman scattering due to the wide and
unstructured electronic background in strongly correlated
systems. The sum in the second term accounts for the high
frequency contribution to Raman scattering from all three fitted
phonon peaks, where ωi , Ai , and �i are the peak frequency,
amplitude, and linewidth, respectively. The quantity [1 +
n(ω)] = [1−exp(−h̄ω/kBT )]−1 is the Bose–Einstein thermal
population factor. The consistency between the experimental
data and the fitting curve was quite good in all the investigated
samples, as shown in figure 2. The frequencies of the ω1,
ω2, and ω3 peaks are in accordance with those observed in
the phonon density of states (PDOS) derived from neutron
scattering experiments, where different optical contributions
have been found around 430, 620, 710, and 780 cm−1 [14].
It should be noted that Opel et al have derived an alternative
expression of equation (1) from a microscopic model, which
can be used to pinpoint the relevant parameters for each
phonon mode, including a Fano description, and reveal the
relationship between the superconductivity and the Raman
response in strong coupling superconductors [15]. The strong
electron scattering backgrounds in figures 2(a) and (b) are in
agreement with the high resistivity in the samples sintered at
650 and 750 ◦C.

4. Discussion

In the theoretical calculations on the ab initio band structure
used to describe the EPC between the electronic bands and
the E2g mode in MgB2, the frequency of the E2g mode is in
agreement with ω2 in this study. As for the MgB2 synthesized
at different temperatures, there are a number of defects both in
and between the crystals in the samples. Eisterer et al have
researched the influence of disorder on the superconducting
properties of MgB2 wires and extracted the mean free path of
the charge carriers in the σ -band from the Gor’kov–Goodman
relation [16]. The wires fall in the range from moderately clean
to the dirty limit, and the increase in the upper critical field
(Hc2) with increasing disorder leads to higher critical currents
in high magnetic fields. For disordered systems, relaxation
of the q-selection rules may occur, leading to Brillouin zone
folding and consequently to the appearance in the Raman
spectrum of additional features connected with phonons lying
beyond the zone center. In this study, the peaks centered
at 390–410 and 740–770 cm−1 are understood to arise from
sampling of the PDOS due to disorder [8, 17].

The Tc dependence on the fitted peak center values, ωi ,
and the linewidth, �i , in the Raman spectra provides a more
quantitative description of the effects of the different sintering
temperatures. The dependence of the peak center shift �ωi =
ωi,T −ωi,650 and the �i on the Tc for the ω1, ω2, and ω3 peaks of
all the samples is presented in figure 3, where ωi,T represents
the peak center values of the samples sintered at 650, 750,
850, and 950 ◦C, respectively. The peak frequencies of ω1,
ω2, and ω3 gradually shift to higher energy as Tc increases
in the experimental accuracy (±2 cm−1). The frequency
of the E2g mode is intimately linked to the quality of the
superconductivity of the MgB2, while the other two modes,
especially the ω3 mode, are responsible for the Tc depression
in chemically doped MgB2 [18].

In order to understand the relationship between the phonon
frequency and the Tc, the McMillan formula [19] modified by
Allen and Dynes [20] may be used:

Tc = 〈ωlog〉
1.2

exp

( −1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

)
, (2)

where 〈ωlog〉 = (690 × ω2
E2g × 390)0.25 is the averaged phonon

frequency [3], with 690 and 390 cm−1 being the phonon
frequencies of the other modes in the MgB2 system (taken
from [17]), μ∗ is the Coulomb pseudopotential, taken as equal
to 0.13 [5], and λ is the EPC constant. For single crystal
MgB2 (Tc = 38 K), λ = 1.29 [5]. Taking these values, the
frequency of the fitted ωE2g = 561, 571, 574, and 570 cm−1

gives Tc = 40.6, 40.9, 41.0, and 40.9 K, respectively. The
calculated values of Tc are higher than those measured in the
experiment for the λ values used in equation (2), as shown in
figure 4. These values are consistent with the experimental
data, on the assumption that λ is 1.22 for the low Tc sample and
1.24 for the high Tc sample. Although the calculation cannot
yield an accurate intensity of the EPC, the results roughly
correspond with those obtained via the de Haas–van Alphen
effect [21]. It should be noted that Tc depression is observed in
high phonon frequency systems for MgB2 under pressure [7]
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Figure 3. Dependence of the fitted peak center shifts �ωi (a) and the fitted linewidths, �i (b) of the ω1, ω2, and ω3 peaks on the
superconducting transition temperature for MgB2 sintered at 650, 750, 850, and 950 ◦C.

Figure 4. Tc dependence on the Raman shifts of the fitted ω2 peaks
from the McMillan equation calculation and from the experimental
values for MgB2 sintered at 650, 750, 850, and 950 ◦C. Lines
indicate different values of λ to fit the McMillan equation.

and for Al–Ag co-doped MgB2 [22], which means that the Tc

cannot be determined by the phonon frequency alone and that
the phonon frequency is just one of the parameters which will
influence the Tc performance in MgB2. The Tc dependence on
phonon frequency and unit cell volume has been researched
systematically to predict the possibility of high Tc in the
chemically doped MgB2 [23].

As far as the linewidths �i are concerned, as shown in
figure 3(b), the low Tc samples show small �1 and �2, but
large �3. �1 and �2 increase with the improvement in Tc,
while �3 drops quickly. The phonon linewidth is usually
believed to be a signal of the intensity of the EPC. Since
the E2g mode is considered to be the most relevant phonon
in the superconducting transition, the great increase in �2

is related to the Tc improvement, rather than the frequency,
as in the above calculation. The large linewidth of the E2g

mode has been attributed in previous literature [8, 14] to

anharmonic effects, which seems to contradict the trend of
the frequency shift in this research. Theoretical calculations
performed recently by Calandra et al have demonstrated that
the Raman data can be explained if dynamical effects beyond
the adiabatic Born–Oppenheimer approximation and electron
lifetime effects are included in the phonon self-energy, without
invoking anharmonicity [24]. This is consistent with later
harmonic phonon dispersion results obtained from inelastic x-
ray scattering [25]. The variation of �2 for different samples
is attributed to the competition between the E2g mode and the
other modes. The sample with high Tc has a big �2 (E2g)
linewidth, which means a strong EPC. The strength of the EPC
for the sample sintered at 850 ◦C is the greatest, as indicated
by its strong E2g mode at a frequency of 574 cm−1, combined
with a large linewidth (219 cm−1), and weak disorder Raman
response peaks centered at ω1 = 409 cm−1, with �1 =
81 cm−1, and ω3 = 764 cm−1, with �3 = 142 cm−1,
respectively. Note that these PDOS peaks of the sample
sintered at 850 ◦C are also as prominent as they are because
of the short sintering time. Otherwise, they would be folded
into the E2g mode. As shown in figures 2(c) and 3 (b), the
sample displays PDOS peaks, ω1 and ω3, due to defective
crystal growth. The electronic background is negligible in the
Raman spectra of this sample.

Although the sample sintered at 950 ◦C should theoreti-
cally show a stronger E2g mode than that of any other sample,
its crystallinity was degraded by the inevitable evaporation of
Mg, due to its high partial pressure when the sintering tem-
perature exceeds 900 ◦C. Its E2g mode is weakened, while the
distortion of its PDOS has become much stronger, as shown in
figures 2 and 3. To explain the abnormal behavior, the band
scattering effects should be considered. It is believed that Tc

values of two- or multiband superconductors are also greatly
dependent on the band scattering effects [26]. A practical quan-
tity to evaluate the band scattering effects is the difference in
resistivity at the normal state, ρ(T ) near Tc, ρ(Tc):

�ρ(T ) = ρ(T ) − ρ(Tc). (3)
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Figure 5. �ρ (300 K) dependence on Tc for MgB2 sintered at 650,
750, 850, and 950 ◦C.

The �ρ (300 K) for the MgB2 sintered at 650, 750, 850,
and 950 ◦C are decreased from about 68 to 34 μ
 cm, as shown
in figure 5. According to the decreased �ρ, the band scattering
effects weaken greatly due to the improved crystallinity for the
high sintering temperature. The weak band scattering effects
compensate the EPC dropping caused by the lattice distortion
due to Mg deficiency. The higher Tc observed for the 950 ◦C
sample can be attributed to the combination of moderate EPC
and weak band scattering effects. As to the samples sintered at
650 and 750 ◦C, the weak EPC and remarkable band scattering
effects are also responsible for their low Tc values.

Based on the frequency and the linewidth of the E2g

mode reflected in the Raman spectra, direct evaluation of
the contribution of the E2g mode to EPC is possible for the
negligible anharmonic effects in the system. The relationship
between the phonon linewidth due to EPC and the phonon
coupling constant is given by the Allen equation [27]:

�2 = 2πλE2g N(0)ω2
2, (4)

where λE2g is the strength of the electron–E2g coupling and
N(0) is the density of states (per spin per unit energy per
unit cell) on the Fermi surface, and is the only electronic
property explicitly occurring in this equation. The measured
phonon frequency and phonon linewidth, in the absence of
anharmonic contributions, are simply and directly related to
the EPC constant, λE2g . In pure MgB2 the total DOS at
EF is taken as N(0) = 0.354 states/eV/cell/spin, with the
contribution from the σ band being 0.15 states/eV/cell/spin
and that from the π band being 0.204 states/eV/cell/spin,
respectively [28]. The N(0) is assumed to be constant for
small changes of electrons and holes in the pure system. Thus
the λE2g for different samples are obtained from equation (4),
as shown in figure 6, using the values of �i/ω

2
i shown in the

inset of figure 6 deduced from figure 3. These values are in
agreement with 2.5 ± 1.1 obtained for the q = 0.2� − A,
E2g mode from inelastic x-ray scattering measurements [25].
The EPC constants of the E2g mode are much larger than
the average values, λ = ∼1.23, which have been obtained
from equation (2). The E2g mode contributes to the strength

Figure 6. The relationship between the λE2g and Tc obtained by the
Allen equation for MgB2 sintered at 650, 750, 850, and 950 ◦C. The
inset shows the values of �i/ω

2
i for all the samples.

Figure 7. The dependence of the ratios of the integrated intensities of
the fitted ω1, ω2, and ω3 peaks on the superconducting transition
temperature for MgB2 sintered at 650, 750, 850, and 950 ◦C.

of EPC more than any other modes do. It should be noted
that the λE2g,650 of ∼1.6 is the smallest one for the largest
disorder induced by insufficient crystallization. The high
sintering temperature is essential for the improvement of the
strength of EPC to be ∼2.4. Mialitsin et al obtain a value
of λ�

E2g
∼= 0.3 [29], which is much smaller than the values

in the present work and in [25]. The difference is from their
assumption that the remarkable linewidth of E2g is attributed
to anharmonicity but not the strong EPC. According to the
inelastic x-ray measurements, the anharmonic linewidth is just
1.21 meV (∼9.7 cm−1) at 300 K [25], which is much smaller
than the Raman measurement results (more than 140 cm−1 in
this work) [7, 8, 14].

Any comparison of the absolute intensities of different
Raman spectra is questionable, due to variations in the
measurement parameters, but comparative analysis of the
integrated intensities, Ii , has a strong basis. In figure 7, the
I2/I1, I2/I3, and I3/I1 ratios are plotted as a function of Tc.
As for the two dominant peaks in the Raman spectra, ω2

5



J. Phys.: Condens. Matter 20 (2008) 255235 W X Li et al

and ω3, their I2/I3 values show gradual enhancement as Tc

increases. This means that the ω2 (E2g mode) have become
more dominant in the high Tc samples with respect to the
ω1 and ω3 peaks. The strengthened EPC values due to the
enhanced E2g phonon intensity are responsible for the high
Tc performance, as indicated by the increased I2/I3 ratio.
Considering the �3 and I3 degradation with Tc enhancement,
the inhibiting effect of ω3 peaks on EPC weakens in the high
Tc samples. It should be noted that I2/I1 and I3/I1 decrease
sharply in contrast to the increase in Tc, as an indication of
the quick development of ω1 with respect to the growth of ω2

and ω3. Although the frequency ω1, the linewidth �1, and the
integrated intensity I1 all increase with the improvement of Tc,
this phonon peak does not contribute to the strengthening of
the EPC. On the contrary, it may be responsible for blocking
the enhancement of the Tc of MgB2, because the strengthened
ω1 will indicate disorder in the crystal in a higher Tc sample in
a similar way to ω3 in a lower Tc sample.

5. Conclusion

In summary, the superconducting transition properties of
MgB2 should be partly attributed to the phonon frequencies
and linewidths, especially those of the E2g mode deduced from
the Raman spectral fit analysis. The strength of the EPC,
which is related to the E2g mode, is the dominant factor that
will determine the Tc of MgB2. The specific strength of
electron–E2g, ∼2.0 ± 0.5, is larger than the average strength
of the coupling of electrons with all the phonon modes, ∼1.23.
Sampling of the PDOS causes two additional peaks, ω1 and ω3,
to appear in the Raman spectrum of MgB2. The presence of the
high frequency PDOS peak, ω3, in the low Tc samples indicates
weakening of the EPC strength, while this peak becomes weak
in the high Tc samples. At the same time, the low frequency
PDOS peak, ω1, is weak in the low Tc samples and becomes
strong for the high Tc samples. The enhanced ω1 blocks
improvement in the EPC intensity, which is necessary to obtain
further high Tc in MgB2.
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