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Abstract
High-resolution powder neutron diffraction has been used to study the crystal
structure of the Mg11B2 superconductor (Tc = 39.2 K) prepared at high
pressure in the temperature range 2 to 293 K. The experimental data provide
clear evidence of temperature-independent phase inhomogeneity, which was
modelled by coexisting Mg1+δB2 phases. Precise structural information
for temperatures near Tc also reveals extremely small volume and c-axis
discontinuities, consistent with the existence of a specific heat anomaly at Tc.

1. Introduction

The discovery of superconductivity in MgB2 at Tc = 39 K [1] has attracted much interest
because of the simplicity in chemical composition, crystal structure and electronic properties
of this system. Detailed information on the properties of MgB2, especially related to the nature
of superconductivity, has already been accumulated by means of a variety of structural and
electronic probes. MgB2 adopts a hexagonal structure (AlB2-type, space group P 6/mmm)

[2] which is analogous to that of intercalated graphite with all hexagonal prismatic sites of
the primitive graphitic structure (found in hexagonal BN) completely filled and resulting in
two interleaved B and Mg layers. In addition, as a result of essentially complete charge
transfer from Mg to the boron 2D sheets, the latter are isoelectronic with graphite. Despite
the simplicity of its structure, MgB2 displays an intricate interplay of interactions between
electrons and phonons. The superconducting transition temperature is almost at the extreme
end of the range of values of Tc predicted by the BCS theory for conventional superconductors.
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The experimental investigations suggest that it is a BCS-type superconductor with confirmed
isotope and other related effects [3, 4].

Studies of doping at the Mg site or the 2D B sheets have been carried out to reveal the
effect of the electron concentration on Tc [5–8]. Several reports of the gradual suppression
of superconductivity with increasing doping level, x, have been presented for the series
Mg1−xAlxB2 [5], MgB2−xCx [6], Mg1−xLixB2 [7] and Mg1−xMnxB2 [8]. In addition, Tc

has been found to decrease with applied pressure in MgB2, consistent with the mediation of
the pairing interaction by phonons [9–11].

More recently, however, evidence has started to accumulate that effects associated with Mg
non-stoichiometry and phase inhomogeneity are present in different MgB2 samples [12]. For
instance, the pressure dependence of the electrical resistivity and the superconducting trans-
ition temperature in MgB2 are strongly sample dependent [13]. TEM imaging has revealed that
the structural features of MgB2 depend systematically on the synthesis conditions, especially
applied pressure, which may influence the presence of stacking faults and planar defects [14].
In addition, the assertion that MgB2 could be microscopically non-stoichiometric is supported
by the work of Xue et al, suggesting that most of the samples which were synthesized in a
1:2 Mg/B ratio are actually non-stoichiometric by up to 5–10% [15]. These effects could
imply the coexistence in the same sample of phases with differing Mg/B ratios, although x-
ray and neutron diffraction studies have not as yet shown any evidence of such a multiphase
behaviour [11, 16].

In an attempt to investigate the structural properties of MgB2 in detail, high-resolution
powder neutron diffraction measurements were performed at 2 and 293 K. The diffraction
profiles showed the presence of temperature-independent peak splittings and/or strong
asymmetries, which were modelled in terms of coexisting MgB2 phases with varying Mg/B
ratios. The evolution of the structure as a function of temperature near Tc was also investigated,
revealing a weak slope discontinuity of the volume expansivity at Tc, with its principal
component associated with the interlayer c-axis.

2. Experimental procedure

As natural-abundance B has a very large neutron absorption cross-section, the MgB2 sample
used in this work was prepared by reaction of Mg powder (99.9%) and crystalline isotopically
enriched 11B (99.52%, Eagle Picher). The reactants were wrapped in Ta foil, placed in a C
crucible and heated at 900 ◦C for five hours and at 850 ◦C for six hours under argon pressures of
196 and 175 MPa, respectively; this was followed by quenching to room temperature. Mg11B2

was superconducting with Tc = 39.2 K. Phase purity was examined by means of powder x-ray
diffraction, revealing a high-quality sample with small impurities content of MgO at <4%,
MgB4 at <1% and C at <1% levels.

Temperature-dependent structural work was undertaken with the high-resolution neutron
powder diffractometer, HRPD, at ISIS, Rutherford Appleton Laboratory, UK. 8.85 g of the
material were placed in a rectangular vanadium sample holder and positioned in a liquid helium
cryostat, accessing the temperature range 2 to 300 K. The 1 m high-flux sample position
(resolution: �d/d = 8×10−4) was used in these measurements, with backscattering, 90◦ and
low-angle detector banks being monitored simultaneously. The phasing of the HRPD choppers
was such that the time-of-flight window between 20 and 120 ms, equivalent to a d-spacing
range of 0.4 to 2.4 Å, could be observed. High-statistics data sets, binned in �t/t = 10−4

steps, were collected at 2 and 293 K, reaching total currents of 82 and 106 µA, respectively.
Shorter runs (total current 8.6 µA per run) were also recorded between 4 and 53 K in steps of
1 K. The data were analysed with the Rietveld method using the GSAS software [17].
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3. Results

Detailed inspection of the high-statistics neutron powder diffraction profile collected at 293 K
in the d-spacing range 0.6–2.3 Å shows, as expected, that essentially all the Bragg reflections
could be indexed with an AlB2-type hexagonal structure (space group P 6/mmm) in agreement
with previous reports [2]. The AlB2-type structure contains graphite-like boron layers, which
are separated by hexagonal close-packed layers of metal. Each metal lies directly above
and below the centre of hexagonal boron rings. The neutron powder diffraction profile was
then refined by the Rietveld method using as the starting model the reported structure where
the B and Mg atoms are placed at the 1a (0, 0, 0) and 2d (1/3, 2/3, 1/2) sites, respectively.
From analysing the fitted pattern, it was clear that even though all the positions of the Bragg
reflections were well accounted for, particular problems were encountered in their peak shape.
The high-resolution neutron powder diffractometer HRPD has a well-defined instrumental
line shape, which is described in terms of a modified Ikeda–Carpenter function. In order to
describe anisotropic broadening effects, the peak shape is defined by a function resulting from
the convolution of two back-to-back exponentials with a pseudo-Voigt function. This modified
Ikeda–Carpenter function is incorporated in the GSAS software [17] and was employed in the
course of the refinement. Despite the use of the appropriate peak-shape function, it was not
possible to account for the asymmetry present in all the Bragg reflections in a physically
meaningful way. The asymmetry is particularly evident in the (002) reflection (d ≈ 1.76 Å)
which shows a well-defined shoulder on the high-d-spacing side (�d/d ≈ 2×10−3), implying
the possibility of multiphase behaviour (inset in figure 1) and the presence of minority phase(s)
with somewhat larger lattice parameter(s) c.

In order to explore the possibility of the coexistence of more than one phase, a series of
Rietveld refinements of different structural models were performed on the diffraction profile
collected at 293 K. At first, a single-phase MgB2 model was used and the profile coefficients
were carefully refined in an attempt to model the peak asymmetry. The final result was
unsatisfactory (χ2 = 3.61) and, due to the poor fitting of the peak shape, the calculated
positions of the Bragg reflections were shifted from the experimental ones resulting in a biased
set of lattice constants. From studying the pronounced asymmetry of the (002) reflections
and the much less pronounced asymmetry of the (200) reflections (d ≈ 1.76 and 1.41 Å,
respectively), it was clear that both comprised several peaks, which were partially resolved.

A second series of refinements was then undertaken based on a two-phase model in which
two MgB2 phases were used differing only in lattice dimensions. Resolution of the coexisting
phases is possible because of the high resolution of HRPD. On using this model the refinement
improved significantly (χ2 = 2.99) and the peak-shape description was considerably more
satisfactory (figure 1), resulting in a reliable set of lattice constants a1 = 3.084 78(3) Å
and c1 = 3.519 56(4) Å for phase 1 (fraction = 63%) and a2 = 3.085 59(6) Å and
c2 = 3.528 17(10) Å for phase 2 (fraction = 37%). Within this model, we also attempted
to establish the differences in composition between the two phases present. Such differences
could arise for a number of reasons, including non-stoichiometry of the Mg and/or B sites as
well as disorder between them. The neutron scattering lengths of Mg and 11B are 5.375 and
6.65 fm, respectively. The lack of significant contrast between these makes determination of
the exact stoichiometries and any degree of site disorder difficult. We note however that the
difference in interlayer cell dimension of the two phases (0.24%) is substantially larger than the
intralayer one (0.03%), suggesting that phase 2 is richer in Mg than phase 1. We thus assumed
the B layers to be filled, and independently refined the site occupancies of Mg. The resulting
stoichiometries were Mg0.992(4)B2 and Mg1.066(9)B2 for phases 1 and 2, respectively. The
presence of strong statistical correlations makes the results of also refining the B stoichiometry
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Figure 1. Observed (points) and calculated (solid line) neutron powder diffraction profiles for
Mg11B2 at 293 K in the range 1.73–1.80 Å corresponding to the (002) reflection for the three
structural models explored in this work: single phase (top), two-phase (middle) and three-phase
(bottom panel) refinement.

less reliable. Nonetheless, even then there is broad agreement that, while phase 1 is essentially
stoichiometric, phase 2 is characterized by an excess of Mg and, to a lesser extent, of B. In
the final stages of the refinement, the anisotropic temperature factors of Mg and B were also
refined. The final results are summarized in table 1.

Further improvement in the refinement and in the observed reflection peak-shape
description (figure 1) was achieved by using a three-phase model in which the three phases
differ only in cell parameters. The refinement again proceeded smoothly and the final results
are summarized in table 2. With this three-phase model, it was possible to account even better
for the strong peak asymmetry and, as is shown in figure 2 (χ2 = 2.83, Rexp = 5.5%), the
neutron diffraction profile is well described. However, due to the complexity of the model
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Table 1. Refined structural parameters for Mg1+δ
11B2 at 293 and 2 K based on the two-phase

Rietveld refinements described in the text.

Mg1+δ
11B2, 293 K Mg1+δ

11B2, 2 K

Phase 1 Phase 2 Phase 1 Phase 2

a (Å) 3.08478(3) 3.08559(6) 3.08152(2) 3.08459(5)

c (Å) 3.51956(4) 3.52817(10) 3.51325(5) 3.52379(12)

Fraction (%) 62.9(2) 37.1(3) 64.5(2) 35.5(3)

δ −0.008(4) 0.066(9) −0.010(5) 0.054(9)

U11(Mg) (Å2) 0.00613(34) 0.00330(65)

U33(Mg) (Å2) 0.00780(54) 0.00250(74)

U12(Mg) (Å2) 0.00306(17) 0.00115(33)

U11(B) (Å2) 0.00277(23) 0.00318(45)

U33(B) (Å2) 0.00652(32) 0.00402(57)

U12(B) (Å2) 0.00138(12) 0.00199(22)

Table 2. Refined structural parameters for Mg11B2 at 293 and 2 K based on the three-phase Rietveld
refinements described in the text.

Mg11B2, 2 K

Phase 1 Phase 2 Phase 3

a (Å) 3.08113(3) 3.08399(6) 3.08611(18)

c (Å) 3.51263(5) 3.52141(15) 3.52871(30)

Fraction (%) 63.9(5) 20.8(5) 15.9(5)

Mg11B2 293 K

Phase 1 Phase 2 Phase 3

a (Å) 3.08395(3) 3.08563(7) 3.08815(8)

c (Å) 3.51967(5) 3.52597(17) 3.53240(15)

Fraction (%) 65.1(7) 18.4(4) 16.5(4)

and the increase in the number of refinable parameters, it did not prove possible to refine
independently the fractional occupancies and anisotropic thermal factors of the Mg and B
atoms for the three phases.

High-statistics neutron diffraction data of the Mg11B2 sample were also collected at 2 K.
In agreement with earlier reports, inspection of the diffraction profile shows that no phase
transition is observed in this temperature range with the Bragg reflections still displaying the
same pronounced asymmetry as was already discussed for the room temperature data. Series
of Rietveld refinements were then attempted following the same procedure. The one-phase
(χ2 = 3.29), two-phase (χ2 = 2.84) and three-phase models were all tested and the final
results are summarized in tables 1 and 2. Once again, the peak asymmetry was described
increasingly well with an increasing number of coexisting phases with the three-phase model
giving the best agreement factors (χ2 = 2.67, Rexp = 6.30%).

TOF neutron powder diffraction measurements were also performed on the same sample
of Mg11B2 on heating from 4 to 53 K in steps of 1 K. For the Rietveld analysis only the data
collected on the backscattering bank of detectors were used and every data set was rebinned
in steps of �t/t = 3 × 10−4. Due to the high correlation among the parameters in the
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Figure 2. Observed (points) and calculated (solid line) neutron powder diffraction profiles for
Mg11B2 at 293 K in the range 0.63–2.22 Å. The lower solid line shows the difference profile and
the three sets of ticks mark the positions of the Bragg reflections of the three coexisting phases.

three-phase model and the lower statistics of these measurements, the two-phase model was
chosen to perform the Rietveld analysis at each temperature. For every data set only the
Gaussian contribution to the peak-width function and the lattice constants were refined, while
the phase fractions were fixed to those obtained by the analysis of the high-statistics runs.
In addition, the ratios between the values of the cell parameters of the two phases (a1/a2

and c1/c2) were constrained to those obtained in the 2 K refinement. The Rietveld analysis
proceeded smoothly up to 53 K (hexagonal lattice constants at 53 K: a1 = 3.081 54(3) Å,
c1 = 3.513 39(8) Å, a2 = 3.084 62(3) Å, c2 = 3.513 39(8) Å; agreement factors: χ2 = 1.60,
Rexp = 11.62). The extracted temperature evolution of the lattice constants of the major
phase 1 is shown in figure 3.

4. Discussion

The high-resolution neutron powder diffraction measurements employed in this work to study
the crystal structure of a MgB2 sample prepared at high pressure have revealed the presence of
significant inhomogeneities which were modelled employing a phenomenological multiphase
structural model, comprising coexisting Mg1+δB2 compositions/intergrowths with δ � 0. The
quality of the Rietveld refinements improves as we move from a two- to a three-phase structural
model, implying the possibility of the presence of a distribution of phase compositions which
peaks at δ = 0. The presence of excess Mg in the boron interlayer spacing leads to an evident
increase in the lattice constant c. This is accompanied by a smaller expansion of the boron
basal-plane dimension a, which may reflect the competition of steric and electronic effects.
The present structural data shed some light on the differing physical properties shown by MgB2

samples prepared by different synthesis routes. However, despite the obvious inhomogeneities
present in the sample, the observed superconducting transition onset is very sharp.
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Figure 3. Temperature evolution of the hexagonal lattice constants a and c of Mg11B2 in the range
2–53 K.

The temperature evolution of the hexagonal lattice constants in the temperature range 2
to 53 K is shown in figure 3. In this temperature range, the expansivities are extremely small
(αa = 9 × 10−7 Å K−1, αc = 4 × 10−6 Å K−1), though somewhat more pronounced for
the interlayer axis c, consistent with the bonding anisotropy between intralayer and interlayer
directions. Time-of-flight powder neutron diffraction is particularly good for determining the
lattice parameters and their temperature evolution to a very high degree of both precision
and accuracy because there is effectively no zero-point correction due to the fixed detector
geometry. Thus very importantly, while the variation in the a-axis direction is found to be
completely smooth, there is some evidence for a discontinuity in the magnitude of the c-axis
parameter at Tc. A small increase of �c = (14 ± 16)× 10−5 Å at 39 K is clearly seen, despite
the large estimated standard deviations, because the expansivity is extremely small in this
temperature range. This is followed by a gradual decrease as the temperature increases further.

The slope discontinuity in the expansivity of the c-axis parameter is also reflected in the
temperature dependence of the unit-cell volume V , leading to a volume expansivity anomaly at
Tc of ∂(�V )/∂T = (34±72)×10−6 Å3 K−1. This is reminiscent of the situation encountered
in other superconducting systems in which slope discontinuities have also been identified in
the volume expansivity at Tc [18, 19]. These are invariably small (for instance, in YBa2Cu3O7,
∂(�V )/∂T = (11 ± 16) × 10−5 Å3 K−1 [20]) and can be related to the specific heat anomaly
at Tc and the variation of the transition temperature with pressure through the relationship
∂(�V )/∂T = (dTc/dP)(�C/Tc). In recent specific heat measurements, �C/Tc for Mg11B2

was obtained as 3.44 mJ K−2 mol−1 [21], while values of the pressure coefficient, dTc/dP ,
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in the range 0.11–0.20 K kbar−1 have been reported in the literature [9–11]. These yield
a value for the expected volume expansivity anomaly, ∂(�V )/∂T , for MgB2 in the range
(6–11) × 10−6 Å3 K−1, of the same order of magnitude as that extracted above.

5. Conclusions

In conclusion, high-resolution neutron powder diffraction has been used to study in detail
the structural properties of Mg11B2 prepared by the hot isostatic pressure technique. While
the majority of the sample is essentially stoichiometric with a formula unit close to Mg1.0B2,
evidence has been presented of inhomogeneities in the Mg and, to a lesser extent, in the B
distribution, leading to the presence of Mg1+δB2 phases/intergrowths with δ > 0. Detailed
temperature-dependent diffraction measurements in the vicinity of Tc have also revealed
evidence for a small anomaly in the volume expansivity with a principal component along
c and which could be associated with the second-order superconducting phase transition.
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