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Abstract
The temperature dependences of the Raman spectrum and lattice parameters
of polycrystalline MgB2 have been investigated by means of Raman
spectroscopy and x-ray diffraction. It is found that the lattice parameters
show an approximately linear change with the temperature decrease, giving
different thermal expansions along the a- and c-axes, which is caused by the
comparatively weak metal–boron bonding in MgB2. The grain size of MgB2

determined by means of x-ray diffraction is around 45 nm for both [100] and
[001] directions. There is no evidence for any structural transition while the
temperature changes from 300 K down to 12 K. An anomalous Raman band
at 603 cm−1 is observed, which is consistent with the theoretical prediction
for the E2g in-plane boron stretching mode. The Raman frequency increases
and the linewidth decreases as the temperature decreases. A possible origin
of the temperature dependences of the Raman frequency and the linewidth is
discussed. It is suggested that the grain size effect of MgB2 on the nanometric
scale will have a clear influence on the frequency and the linewidth of the Raman
spectrum.

1. Introduction

The newly discovered superconductor MgB2, a binary intermetallic compound with a
superconducting transition temperature of 39 K [1], has attracted considerable interest from
theoretical and experimental points of view since MgB2 has achieved a record high Tc in
the conventional superconductors. Theory indicates that MgB2 can be treated as a phonon
mediated superconductor with very strong coupling [2–4]. Photoemission spectroscopy [5],
tunnelling spectroscopy [6], isotope effect measurements [7, 8],and inelastic neutron scattering
measurements [9] also support the notion that MgB2 is an electron–phonon mediated

0953-8984/04/366541+10$30.00 © 2004 IOP Publishing Ltd Printed in the UK 6541

http://stacks.iop.org/JPhysCM/16/6541


6542 L Shi et al

conventional BCS superconductor with s-wave symmetry. However, the results of the Hall
effect measurements [10] on this compound are reported to be unconventional and show good
agreement with ones for high Tc cuprate materials, suggesting that the B–B layers in MgB2,
like the Cu–O planes in cuprates, play an important role in the electrical transport properties.
Some early experimental studies have indicated that MgB2 has two or more superconducting
gaps with different sizes develop simultaneously at Tc between the occupied and unoccupied
electronic states [11–13]. Gonnelli et al [14] and Bugoslarsky et al [15] have studied the
structure of the superconducting gap in MgB2 single crystals and films by means of point-
contact spectroscopy using Au or Pt tips, proving directly the existence of a multi-valued
order parameter of MgB2, with two distinct values of the gap, �1 = 7.1 ± 0.1 meV and
�2 = 2.8 ± 0.05 meV at 4.6 K in MgB2 single crystals, and �1 = 6.2 ± 0.7 meV and
�2 = 2.3 ± 0.3 meV at 4.2 K in MgB2 films. Choi et al [16] reported an ab initio calculation
of the gaps in MgB2 and suggested that the electronic states at the Fermi level are mainly
either σ or π bonding boron orbitals, which coincides with the experimental results of high
resolution angle-resolved photoemission spectroscopy (ARPES) [13]. The strong coupling of
the σ bonding states to the in-plane vibration of boron atoms results in strong electron-pair
formation of σ bonding states, which is the principal contribution to the superconductivity,
with an average energy gap � of 6.8 meV. The π bonding states on the remaining parts of
the Fermi surface form much weaker pairs; this is enhanced by the coupling to the σ bonding
states, with an average energy gap � of 1.8 meV.

On the other hand, calculations also show that the strongest coupling is realized for the
near-zone-centre in-plane optical phonon (E2g symmetry) related to vibrations of the B atoms,
which is very anharmonic because of its strong coupling to the partially occupied planar B
σ bands near the Fermi surface [2–4]. The frequency of this phonon ranges from 460 to
660 cm−1 according to different computation techniques [2–4]. Because Raman spectroscopy
is an effective technique for studying the electron–phonon interaction and the superconducting
gap in superconductors [17], many Raman experiments have been carried out for MgB2

superconductor. Although a broad asymmetric Raman peak near 600 cm−1 has been observed
by many research groups, the position of the Raman peak and its assignment vary depending
on the research group. For example, the position of the Raman peak reported by Bohnen et al
[18] for a 10 µm size crystalline grain is 580 cm−1, while Chen et al [11] show that the position
of the Raman peak at temperatures of 15 and 45 K taken from polycrystalline MgB2 samples
with 0.15–0.3 µm size grains is 620 cm−1. Kunc et al [19] have studied the Raman spectra
and the optical reflectance of MgB2 as a function of pressure and argued that the dominant
Raman peak near 600 cm−1 in the ambient pressure spectra does not originate from MgB2,
but from a contaminant phase present at the sample surface. However, Raman spectra and the
synchrotron x-ray diffraction of polycrystalline MgB2 under high pressure up to 57 GPa have
suggested [20, 21] that the band and its pressure dependence can be interpreted as the E2g zone
centre phonon, which is strongly anharmonic because of coupling to electronic excitations.
This also rules out another alternative interpretation of the 600 cm−1 peak, disorder-induced
scattering, as proposed in [11].

In this paper, we have investigated the temperature dependences of the Raman spectrum
and lattice parameters of polycrystalline MgB2. It is found that the lattice parameters show
an approximately linear change with the temperature decreasing, giving different thermal
expansions along the a- and c-axes, which is caused by the comparatively weak metal–boron
bonding in MgB2. The grain size of MgB2 determined by means of x-ray diffraction is
around 45 nm for both [100] and [001] directions. There is no evidence for any structural
transition while the temperature goes from 300 K down to 12 K. An anomalous Raman band at
603 cm−1 is observed, which is consistent with the theoretical prediction for the E2g in-plane
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Figure 1. Resistivity against tempera-
ture for MgB2.

boron stretching mode. The frequency increases and the linewidth decreases as the temperature
decreases. A possible origin of the temperature dependences of the frequency and the linewidth
has been discussed.

2. Experimental details

The polycrystalline MgB2 superconductor was synthesized by the Mg diffusion method.
Stoichiometric amounts of Mg powder (>99.5% wt% purity, 100–200 mesh, Shanghai
Chemical Co. Ltd) and B powder (>99.99% wt% purity, 325 mesh, Alfa Aesar) were mixed
together and pressed into pellets. The pellet was wrapped in a Ta foil, which was then sealed in
a quartz ampoule under vacuum. The samples were slowly heated up to 600 ◦C and maintained
at this temperature for 1 h, then heated up to 900 ◦C and maintained at this temperature for 3 h,
and eventually cooled down in the furnace.

The crystal structure of MgB2 was characterized by an 18 kW rotating anode x-ray
diffractometer (XRD, type MXP18AHF, MAC Science) with graphite monochromatized
Cu Kα (λ = 1.540 18 Å) radiation in the Bragg–Brentano geometry at room temperature and
low temperature down to 12 K. The x-ray powder diffraction data were collected in the range
20◦–115◦ of 2θ . The full pattern was fitted and the crystal structure of MgB2 was modified
by the Rietveld method [22]. Morphology and size information on MgB2 were obtained
using a JEOL (Model JSM-6700F) field emission scanning electron microanalyser (SEM).
The temperature dependence of the resistivity of the sample was measured by a four-probe
method from 16 to 300 K. The low temperature Raman spectra of MgB2 were measured
using a Spex RAMALOG6 Raman spectroscope, using a backscattering technique within the
temperature range 83–293 K. The 5145 Å line from an argon-ion laser was used as an excitation
light source. Several samples were chosen for the above experiments and the same results were
obtained in all cases.

3. Results and discussion

Figure 1 shows the typical temperature dependence of the resistivity of the samples, which
shows a superconducting transition Tc at 38.3 K with a �Tc = 0.34 K. The XRD pattern
(figure 2) of the sample indicated that the main phase is MgB2 with a minor impurity of
MgO, which is the most common impurity seen in all preparations [23, 24]. The temperature
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Figure 2. Final observed (points) and calculated (continuous curve) profiles for x-ray powder
diffraction data of MgB2 at room temperature (300 K). The vertical markers show positions
calculated for Bragg reflections: high for MgB2 (P6/mmm) and low for MgO (Fm3m). At
the bottom is a plot of the difference between observation and calculation.

dependence of the XRD data analysed by the Rietveld technique revealed that the crystal
structure of MgB2 is an AlB2-type structure, as reported in [25], with hexagonal space
group P6/mmm (No 191) with unit cell dimensions a = 3.0799(5), c = 3.5205(3) Å,
V = 28.921 Å3 at room temperature. The final values of the R-factors were Bragg
R-factor = 7.23% and RF -factor = 5.68%. In the structure of MgB2, the boron atoms
form graphite-like honeycomb layers, and the magnesium atoms are located above the centre
of the hexagons in between the boron planes. There is no evidence for any structural transition
while the temperature goes from 300 K down to 12 K.

It should be noted that the XRD peaks in figure 2 are too broad for recognizing the Kα1 and
Kα2 doublet even when the diffraction angle 2θ is higher than 70◦. After careful comparison,
one can find similar results shown in the XRD patterns of other reported works, e.g. for bulk
material [1, 7] and a film [26]. It is known that the peak broadening can be induced by changing
grain size. To judge the grain size, a doublet with Miller indices (100) and (001) was used
for the half-width analysis. The width of the reflection profiles was determined by fitting the
Voigt function to the XRD pattern and, after removing the instrumental broadening from the
observed line profile, the grain size was calculated from the known Scherrer equation:

d = λ

�(2θ) cos θ

where d is the average nanocrystal diameter, λ is the x-ray wavelength, �(2θ) is the diffraction
peak half-width, and θ is the diffraction angle. The thus-obtained average grain size is about
45 nm for both [100] and [001] directions. This result was confirmed by the SEM observation
(see figure 3) which shows that the MgB2 is a nanometric crystalline powder. Because the
grain size of MgB2 is on the nanometric scale, the grain size effect will play an important role
in the Raman scattering (see the discussion below).

The temperature dependences of the lattice parameters and unit cell volume of MgB2 are
shown in figure 4. The thermal expansion can be nicely modelled with an Einstein equation
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Figure 3. A typical SEM image of MgB2.

using a single phonon energy as obtained by the neutron powder diffraction [27]:

ln

(
a

a0

)
= Aθp

e(θp/T ) − 1
(1)

where a is the lattice parameter (a or c) or unit cell volume V and a0 is its value at T = 0 K, θp

is the phonon energy, T is the temperature, and A is a scaling coefficient. The data of figure 4
have been fitted with this equation to determine the values of a0, A, and θp. Independent fits to
a, c, and V give the same phonon energy, θp, within the standard deviations: 428(94), 400(51),
and 420(78) K for the fits to a, c, and V , respectively.

From figure 4, it can be found that the lattice parameters a and c show an approximately
linear change with the temperature decreasing from room temperature to 180 K. After fitting the
thermal expansions along the a- and c-axes, linear thermal expansions in the temperature range
from 180 to 300 K are obtained,which give αa = 7.984×10−6 K−1 and αc = 7.679×10−6 K−1

(where α is defined as (�l/�T )/ l0). The thermal expansion of MgB2 lies generally within the
range observed for other hexagonal diborides [28]. Besides this, the temperature dependence
of the lattice parameter c/a ratio (≈1.1430(5) Å) remains almost unchanged within the
standard deviation over the whole observed temperature range. These results reveal the three-
dimensional character of MgB2, which coincides with the result reported by Vogt et al [29].
The small difference of αa and αc results from the anisotropy in B–B bond strengths. In MgB2,
the B–B bonds in the basal plane are much stronger than the Mg–B bonds that connect layers
of Mg and B atoms, which reveals a weak two-dimensional character of MgB2. However,
the intralayer bonds are only twice as short as the interlayer ones, allowing for a significant
interlayer hopping. These results coincide with the electronic structure features of MgB2. The
peculiar and unique feature of MgB2 is the incomplete filling of the two σ bands corresponding
to strongly covalent, sp2-hybrid bonding within the graphite-like boron layer. The holes at the
top of these σ bands notably manifest two-dimensional properties and are localized within the
boron sheets, in contrast with the mostly three-dimensional electrons and holes in the π bands,
which are delocalized over the whole crystal. These two-dimensional covalent and three-
dimensional metallic-type states contribute almost equally to the total density of states at the
Fermi level, while the unfilled covalent bands experience strong interaction with longitudinal
vibrations in the boron layer.

The temperature dependence of the Raman spectrum is shown in figure 5. Clearly,
there are no well-defined phonon lines in the spectra. Instead, a broad maximum centred
at about 600 cm−1 appears in the spectra and the position gradually moves up as the
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Figure 4. Experimental temperature dependences of the
lattice parameters a, c and unit cell volume V of MgB2
based on x-ray powder diffraction measurements. The solid
curves are least-squares fits using a simple Einstein model
with a single phonon energy (equation (1) in the text).

temperature decreases. A factor-group analysis [19] yields the decomposition of the coordinate
representation for MgB2 (space group P6/mmm, z = 1) as B1g + E2g + 2A2u + 2E1u (at the
� point) and A1g + E1g + A2u + B2u + E1u + E2u (at the A point). Of the zone centre optical
models, the A2u mode (B and Mg planes moving against each other) and E1u mode (B and
Mg planes sliding along x, y) are infrared active, the B1g mode (two borons displaced along
z in opposite directions) is silent, and only the E2g mode (in-plane displacements of borons)
is Raman active. Thus it is natural to assign the band observed at about 600 cm−1 at ambient
conditions to the E2g mode [18, 20]. In fact, attempts to ascribe the mode observed to
impurities [19] contradict polarization measurements on small single crystals [30]. These
observations also rule out another alternative interpretation of the 600 cm−1 peak, disorder-
induced scattering, as proposed in [11].

To further investigate the Raman spectrum changes for MgB2, the temperature dependence
of the Raman spectra was fitted with a combination of a linear background and a Gaussian
peak (fitting with a Lorentzian peak gives almost the same results and a similar quality of
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Figure 5. Raman spectra of MgB2 at
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fitting). Figure 6 shows fitting results for MgB2 at 293 and 83 K. The frequency and linewidth
(the full width at half-maximum) of the E2g peak determined by this procedure are plotted
as a function of temperature in figure 7. From figure 7, it can be found that the temperature
dependence of the measured linewidth decreases from 222 cm−1 to about 195 cm−1 in going
from 293 to 83 K. Although the trend of the temperature-dependent linewidth change is the
same, this result is in general smaller than the results of [31], in which the linewidth decreases
from 300 cm−1 to about 230 cm−1 in going from room temperature to 5 K. The linewidth is a
fundamental quantity which provides information about the two main damping mechanisms in
materials: (a) orientational change in molecules [32] and (b) anharmonicity of vibrations [33].
This can be summarized in an expression such as the following:

� = A + BT + �0 exp(−Ea/kBT ) (2)

where � is the band linewidth, A, B , and �0 are constants, Ea is the activation energy, kB is
the Boltzmann constant, and T is the absolute temperature. The exponential term is related
to the orientation of molecules, whereas the linear term is related to the anharmonicity of the
vibrations. From a fitting procedure for the band we obtained that for A = 191(3) cm−1,
�0 = 257(75) cm−1 and B = 0.06(2) cm−1 K−1. A high slope B indicates that the linear
behaviour of the band linewidth of MgB2 is dominated by anharmonic effects. The large
anharmonicity is likely to be induced by nonlinear coupling of the E2g phonon to the electronic
system [12, 21, 31].

On the other hand, one can see that there is an apparent temperature shift of the E2g peak
with 35 cm−1 to higher energies (blue shift) between room temperature and 83 K (figure 7).
This result is higher than the results of [31], where the temperature shift of the E2g peak is
almost 20 cm−1 to high energies between room temperature and 5 K, and contradicts the results
of [34] where the E2g mode was reported to have almost no shift with temperature for the E2g

peak down to 15 K, a discrepancy which may be due to the differences of the grain size and
the related surface energy (see below). Generally, as the temperature decreases the lattice will
be compressed, and therefore an increase in the vibration frequency will be observed. This
can be described by the Grüneisen relation:

δω

ω
= −γ

δV

V
(3)

where ω is the vibration frequency, V is the related cell volume, δω and δV are the vibrations
of ω and V due to temperature change, and γ is a constant of about 2.9 [20, 21]. Using the
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temperature-dependent cell volume V in figure 4, one can calculated the temperature-related
shift and can compare it with the measured values. From figure 4, it can be obtained that
δV/V ≈ 0.005, while the temperature increases from 80 to 300 K. According to equation (3),
one obtains the largest possible blue shift of 8.7 cm−1. From room temperature to 80 K the
measured blue shift is 39.8 cm−1 for the MgB2 sample. It is clear that the measured blue shifts
were much larger than that predicted by the Grüneisen relation.

This result shows that other factors are responsible for the blue shift. It is well known that
Raman spectroscopy is very sensitive to local atomic structure and to the orbital orientation.
There are two other mechanisms that could induce the temperature shift of the E2g mode. The
first one is the free-carrier-induced effects and the large coupling of the electronic system to
a distinct phonon mode possibly not only accounting for the high Tc and the large Raman
linewidth but also accounting for the shift of this mode [18, 31]. On this basis, the smaller
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pressure dependence of the E2g mode damping and the relative linewidth drops have been
attributed to the reduction of the electron–phonon coupling constant with pressure [21].
However, on the basis of this mechanism, it is hard to understand the discrepancy of the
Raman shift and the linewidth changes reported by different authors. As an example, as
mentioned above, the temperature shift reported for the E2g peak is almost 20 cm−1 to high
energies between room temperature and 5 K in [31], and contradicts the results of [34] where
the E2g mode was reported to have almost no shift with temperature for the E2g peak down
to 15 K. In this work, an apparent temperature shift of the E2g peak with 35 cm−1 to higher
energies (blue shift) between room temperature and 83 K is observed.

It should be noted that change of the Raman band parameters, i.e. a shift of the peak
position and a change of the related half-width, with grain size has been widely observed in
nanometric crystals, e.g. in Si [35], GaP [36], Sn2P2S6 [37]. In the Raman spectrum, the
crystalline component broadens and its maximum clearly shifts towards lower frequency with
decreasing crystalline size of silicon [35]. In this work, the average MgB2 grain size ob-
tained by x-ray diffraction analysis (see above) is about 45 nm. Therefore another mechanism,
namely the grain size effect and the related surface effect, can be introduced for an explanation
of the Raman peak shift and the linewidth change with the temperature decrease. For the grain
size effect of nanometric crystals, the energy gap between the highest occupied orbital and the
lowest unoccupied orbital levels increases as the grain size decreases [38]. As the temperature
decreases, the grain size decreases further and the energy gap enlarges. Moreover, for the
surface effect, the lattice distortion increases and the lattice parameters decrease due to the
large surface strain, resulting in bond shortening, especially for the first and the second surface
layers. The related Raman peak will shift upwards to high energy due to bond shortening.
When the temperature changes, both the bond length and the surface strain will be changed
and therefore a blue shift of the Raman spectrum is caused.

Although at present the quantitative relationship of the temperature effects of the grain
size and the related surface of the nanometric MgB2 on the Raman peak shift and the linewidth
change cannot be unambiguously given, the effect caused by the grain size is indeed one of
the mechanisms causing the Raman peak shift and linewidth change. Because the grain sizes
obtained by different methods may be different, this mechanism may be regarded as one of the
ways to understand the discrepancies among the positions of the E2g peak and the temperature-
dependent E2g peak change reported by different authors (e.g. in [31] and [34]). On this basis,
the position of the E2g peak will be moved to a low wavenumber, while the grain sizes become
large, as observed by Bohnen et al [18] for 10 µm grains, where the position is at 580 cm−1.
If it is supposed that the temperature dependence of the peak position is linear, one can obtain
a peak position at about 645 cm−1 for 45 nm grains at 45 K from this work, which is higher
than the result of 620 cm−1 for 0.15–0.3 µm grains reported by Chen et al [11]. Of course,
this needs further experiments to examine the correlation between the grain size, especially
that on the nanometric scale, and the frequency and linewidth of the Raman peak. It is worth
noticing that the difference in MgB2 grain sizes is widely observed and is regarded as one of
the reasons for the widely varying resistivity of MgB2 samples [39].

In summary, we have examined polycrystalline MgB2 samples by means of low
temperature XRD and Raman scattering. The grain size determined by means of XRD is
around 45 nm for both [100] and [001] directions. There is no evidence for any structural
transition while the temperature decreases from 300 to 12 K. An anomalous Raman band at
603 cm−1 is observed, which is consistent with theoretical prediction for the E2g in-plane
boron stretching mode. The Raman frequency increases and the linewidth decreases as the
temperature decreases. It is suggested that the grain size effect of MgB2 on the nanometric
scale will have a clear influence on the frequency and the linewidth of the Raman spectrum.
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