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Abstract. We have studied temperature evolution of the local as well as the average crystal structure
of MgB: using real-space atomic pair distribution function (PDF) measured by high resolution neutron
powder diffraction in a wide temperature range of "= 10-600 K. We find small positive correlation factors
for the B-B and B-Mg pairs, determined by mean-square displacements (MSD) and the mean-square
relative displacements (MSRD). We analyze the PDF using both Einstein and force constant models
finding a good agreement between the experimental data and the two models. This indicates that B and
Mg atomic correlations are not sensitive to the details of phonon dispersion.

PACS. 61.12.-q Neutron diffraction and scattering — 63.20.-e Phonons in crystal lattices — 74.70.Ad Metals;
alloys and binary compounds (including A15, MgB2, etc.)

1 Introduction

MgBs is the simplest system to investigate the quantum
mechanism of the formation of a superconducting conden-
sate with a critical temperature of T, ~ 40 K [1], a factor
two higher than in all other known intermetallic super-
conductors. Recently it has been proposed [2-6] that the
enhancement of the critical temperature in MgBs is due to
an exchange-like interband pairing in a multiband super-
conductor. There are now experimental evidences [7-11]
that the MgBs is a first clear case of a high T, multiband
superconductor, showing two-gaps in the ¢ and 7w bands
respectively, in agreement with the theory [12,13].

One of the characteristic features of the MgBs is that
the electron-phonon interaction constructs a weak pair-
ing in the w channel and a strong pairing in the o-
channel. Electronic band structure calculations [14-18],
Raman [16,19] and inelastic neutron scattering experi-
ments [20] provide evidence for an extremely large defor-
mation potential for the B bond stretching modes, which
gives rise to strongly anharmonic phonons. There is now a
general agreement that this strong electron-phonon cou-
pling is mainly driven by the interaction between elec-
tronic carriers in the 2D ¢ band with boron p, , character
and the zone center Fjy, phonon mode [12-17]. This is
reflected in a Kohn anomaly in the phonon dispersion re-
lated to the size of the small 2D tubular Fermi surfaces
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[20]. The proximity of the Fermi level to the Van Hove sin-
gularity (VHs) and to the band edge discloses a new sce-
nario where the large amplitude of the expected boron zero
point lattice fluctuations [7,12,15,18,21,22] induces large
fluctuations of the same order of the separation between
the VHs, the gap edge and the Fermi level itself. Although
the amplitude of the lattice fluctuations seems thus to be
highly relevant for the superconductivity in MgBsy there
is a lack of experimental information on this key point.
Furthermore, although the average structure (P6/mmm)
of the MgBy system has been exhaustively investigated,
there is not yet any study on the local structure, since the
usual X-ray local probes, as EXAFS, is limited by poor
scattering amplitude due to light atoms.

In view of this, here we have employed high resolution
neutron diffraction to obtain the pair distribution func-
tion (PDF) of the MgBs. Using this approach we have
investigated the local as well as the average structure of
the MgBs, namely the mean-square displacements (MSD)
and the mean-square relative displacements (MSRD). The
comparison of these quantities permits to extract the cor-
relation factors of the boron-boron (pp_p) and boron-
magnesium (pg_mg) pair motions, which are found to be
~0.1, that remain nearly constant in a wide temperature
range of 0-600 K. We have also compared the experimen-
tal data with a force-constant (CF) model for the phonon
dispersion. We estimate the phonon frequency renormal-
ization due to the electron-phonon (E, modes) inter-
action yielding a reduction of Apgp_p ~ —0.03 in the
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boron-boron correlation factor. While the CF model ac-
counts well the zero temperature values of MSD and the
correlated MSRD, the temperature dependence of the
MSRD appears to be anomalous. Its physical interpreta-
tion provokes new questions on our understanding to the
local lattice dynamics in this material.

2 Experimental method and data processing

Polycrystalline samples of MgBy were synthesized at
high temperature by direct reaction of the elements in
a tantalum crucible under argon atmosphere using pure
1B isotopes. Time-of-flight neutron powder diffraction
data were collected on the NPDF diffractometer at the
Manuel Lujan, Jr, Neutron Scattering Center (LANSCE)
at Los Alamos National Laboratory. The NPDF diffrac-
tometer, with its high neutron flux and backscattering de-
tector modules provides a high resolution [23], permitting
access to a wide range of momentum transfer with suf-
ficient counting statistics making it ideal for PDF stud-
ies. The powdered samples were sealed inside extruded
cylindrical vanadium containers. These were mounted on
the stage of a cryofurnace with and without heat-shield
for T < 300 K and T > 300 K, respectively. The scat-
tering data from the empty cryo-furnace, with and with-
out heat-shield, an empty container mounted on the cryo-
furnace, and the empty instrument were also collected,
allowing us to assess and subtract instrumental back-
grounds. The scattering from a vanadium rod was also
measured to allow the data to be normalized for the inci-
dent spectrum and detector efficiencies. We collected each
diffraction spectrum up to the high momentum transfer
of @ = 40A~" in 3 h. The high resolution diffraction
spectrum so obtained presents both the Bragg peaks and
the diffuse scattering. While the Bragg peaks reflect the
long-range order of the crystalline samples, the oscillat-
ing diffuse scattering contains local structural informa-
tion including the correlated dynamics [24,25]. The PDF
is obtained from a Fourier transform of the powder diffrac-
tion spectrum (Bragg peaks + diffuse scattering) [26]. It
consists of a series of peaks, the positions of which give
the distances of atom pairs in the real space, while the
ideal width of these peaks is due both to relative thermal
atomic motion and to static disorder. This permits the
study of the effects of lattice fluctuations on PDF peak
widths and yields information on both mean-square dis-
placements and the mean-square relative displacements of
atom pairs and their correlations.

Standard data corrections [26] were carried out using
the program PDFGETN [27]. After being corrected, the
data were normalized by the total scattering cross sec-
tion of the sample to yield the total scattering structure
function S(Q). Afterwards, the total scattering structure
function S(Q) is converted to the PDF, G(r), by means
of a sine Fourier transform according to the relation:

G(r) = 4xr(p(r) — po)

— %/Ooo Q[S(Q) — 1]sin(Qr)dQ. (1)
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Fig. 1. The reduced structure function Q[S(Q) — 1] for MgB,
measured at 300 K.
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We modeled the PDF using a structural model that takes
advantage of the definition of the radial distribution func-
tion RDF R(r), namely:

R(r) = rG(r) + 47 py = Z bibg 3(r —rij),
] ()

(2)

where b; is the scattering length of the ith atom, (b) is the
scattering length averaged over the sample composition,
ri; = |r; —r;| is the distance between the ith and the
jth atoms, and the sums are taken over all the atoms in
the sample. Before being compared to the data, the cal-
culated G(r) is convoluted with a termination function,
sin(@maxr)/r to account for the effects of the finite data
collection range. Fundamental lattice information, such as
the average crystal structure, the lattice constants, a scale
factor, and the refined atomic (thermal) displacement pa-
rameters, can now be extracted from the PDF by using
the PDF refinement program PDFFIT [28] that is based
on a least-squares approach to fit the PDF profile. The
mean square displacement of atom ¢ along the major axes
z, y, and z, 02(i,), 02(iy), 0%(i.), are defined as

0%(ia) = ([u; - Fa]?), 3)

where u; is the lattice displacement of atom ¢ from its
average position [29] and t, is the unit vector pointing
along the direction a = x,y, z. Due to the geometry of
these compounds, the two boron atoms in the unit cell
are equivalent and o?(i;) = o2(i,) for all the atoms, so
that only four parameters were needed namely o?(B,,),
0*(B.), 0*(Mg,,) and o*(Mg.).

3 Results and discussion

In Figure 1 we have shown the reduced scattering struc-
ture function Q[S(Q) — 1] for the MgBy at T = 300 K,
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Fig. 2. (Upper panel) The PDF G(r) = 4nr[p(r) — po], ob-

tained from equation (1) for MgBg2, measured at 300 K (dots),
with the structure refinement curve obtained by a least-squares
approach (solid line). (Lower panel) The difference curve (solid
line) of the experimental PDF with the modeled fit and the
standard deviation on the data +A[G(r)] (dashed lines) are
shown. We can observe that most of the fluctuations in the
difference curve are within +A[G(r)].

while the corresponding reduced PDF, G(r), obtained us-
ing equation (1), is shown in Figure 2. The features of the
NPDF diffractometer allowed us to obtain high quality
PDFs as can be noted by inspecting the modeled fit (solid
line) of the G(r) in the upper panel (Fig. 2). This can be
seen also in the lower panel of Figure 2 where most of the
fluctuations in the difference curve (solid line) are within
the standard deviation of the data +A[G(r)](dashed lines
above and below the difference curve).

The PDF’s have been fit over the range 1-18 A us-
ing a hexagonal crystal structure (space group P6/mmm),
obtaining very good fits at all temperatures. The Bragg
peaks are clearly persistent up to 25 A~1, reflecting both
the long-range order of the crystalline samples and the
small amount of positional (vibrational or static) disorder
of the atoms around their average positions.

The lattice parameters at T = 300 K for MgBy
(T. ~ 39 K) were found to be a = 3.08505(4) A, ¢ =
3.5218(1) A. The mean square displacements 0%(Bay),
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Fig. 3. Anisotropic in plane ¢%(Bgy), 0%>(Mgsy) and along
the c-axis 0%(B.), 0%(Mg.) mean-square displacements for the
B and Mg atoms, as a function of the temperature. The open
circles represent the PDFFIT refined values, while the solid
and the dotted lines represent the modeled data in the CF and
Einstein model, respectively. The errorbars in the o2(in) are
smaller than the size of the used symbols (open circles). The
dashed line shows the in-plane boron displacements in the CF
model in the absence of the electron-phonon interaction.

0*(B.), 0°(Mg,,), 0*(Mg,) are shown in Figure 3 (open
circles).
3.1 Atomic mean-square displacements

In order to extract information about the phonon spec-
trum, we fit each MSD with a simple Einstein model,

o? (Za)

— i |5 ] B @

where 02 (i,) takes into account the static disorder, M;
is atomic mass of the atom ¢ and w(i,) provided an esti-
mate of the vibrational frequency of the atom ¢ along the
direction «. The quantity n(x) is the Bose thermal fac-
tor n[z] = [exp(x/kgT) — 1]71. The values of the fitting
parameters, w;_ and o3 (is), are reported in Table 1, and
the o2 vs. T fitting curves are represented by dotted lines
in Figure 3. The different values of w;_ represent the dif-
ferent energy range of the phonon spectra associated with
the boron and magnesium in-plane and out-of-plane lat-
tice vibrations, and they are in good agreement with the
corresponding spectra reported in reference [30].

As shown we find that, apart from small static dis-
order in 02(Mg,), a simple Einstein model seems to de-
scribe quite well the lattice vibrations in this compound.
Moreover, the Einstein fits were obtained by simply using
nominal atomic masses My, = 24.3 a.m.u. for o?(Mg)
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Table 1. “Effective” phonon frequencies w;, and static dis-
order contributions o (ia) for the in-plane and out-of-plane B

and Mg displacements as obtained by the Einstein model fit
[Eq. (4)] of 62 (ia).

w(Bay) (K) 703 + 10
w(B.) (K) 5724 15
w(Mg,,) (K) 398 £ 6

w(Mg,) (K) 350 £ 9
08 (Bay) (A?) <5x107°
a3(B.) (A?) <9x107°
o3(Mg,,) (A?) <7x107°

o3(Mg,) (A?)  0.0013 & 0.0003

and Mp = 10.81 a.m.u. for ¢(B). This means that we
are implicitly assuming the magnesium and boron vibra-
tions being decoupled. The two-parameter fits reproduce
the data very well for each of the motions considered. We
will be back to discuss this point later.

To gain further insight to this issue we introduce a
force-constant (CF) model for the dynamical matrix. We
neglect for the moment the effects of the electron-phonon
interaction, which leads to renormalized phonon frequen-
cies and anharmonicity, and we assume the lattice dy-
namics to be harmonic. This will enable us to evalu-
ate eigenvectors €q,, and eigenvalues wq,, of the lattice
modes for each point of the phonon Brillouin zone. The
phonon contribution to the lattice displacements o2 (i)
[02(ia) = 02, (ia) 4+ 05 (ia)] Will thus be obtained as [31]:

o2io) NZMq;W[ a6

where €. ,, 1s the component of the eigenvector €q,, con-
cerning to the displacement of the ¢ atom along the «
direction and N is the total number of g-points consid-
ered in the phonon Brillouin zone. From a general point
of view, since Ugh(ia) involves an integral over the whole
Brillouin zone and over all the phonon branches, it will not
be sensitive to the fine details of the phonon dispersion but
only to its gross features. For this reason, and in order
to preserve the simplicity of our analysis, we limit our-
selves to consider only four elastic springs, ¢, x, £ and ¥,
connecting, respectively, in-plane B-B nearest neighbors,
out of plane B-B nearest neighbors, out-of-plane B-Mg
nearest neighbors, and in-plane Mg—Mg nearest neighbors.
Each elastic spring is specified by its tensor components
(ex.: ¢, ||, @), corresponding respectively to the lattice
displacements along the radial (bond-stretching) direction
and along the in-plane and out-of-plane tangential (bond-
bending) directions. In MgBy we choose the constants ¢,
¢H7 ¢JJ Xrs X||» XL, Kry, K|, KL, w’!‘a ¢|\7 ¢L7 to fit the
local-density functional (LDA) phonon dispersion of refer-
ence [16] along the high-symmetry points of the Brillouin
zone. Since the force-constant model is meant to repro-
duce the bare phonon dispersion, in the present analysis
we deliberately did not include the E5, phonon frequencies

Table 2. Force-constant parameters reproducing the bare
phonon dispersion in MgBs in the absence of electron-phonon
interaction.

¢r (eV/A%) ¢y (eV/A%) ¢ (eV/A?)
12,45 49.80 21.17

Xr (eV/A%) g (eV/A%)  x1 (eV/A?)
0.0 16.6 0.0

ke (eV/A?) Ky (eV/A%) ko (eV/A?)
0.84 1.50 9.14

¢r (eV/A%) gy (eV/A?) 4o (eV/A?)
0.0 9.34 0.42

at the zone centers I', A, which are known to be strongly
affected by the el-ph interaction. The force constants ob-
tained from this fitting procedure are reported in Table 2.

As mentioned in the introduction, the Ep,; phonon
modes close to the I' and A points are expected to be
strongly affected by the interaction with the almost 2D
parabolic ¢ bands, giving rise to a remarkable softening
of the E5, phonon frequencies for |q| < 2kp, where kg
is the Fermi vector of the o bands [14-17,20,32]. We in-
clude these effects through the self-energy renormalization
of the phonon frequencies:

'Q%Qg(Q) = w%gg(q) - (4Nag2fanharm/MB)H2D(q)a

where N, is density of states of the ¢ bands per spin
and per band, g the electron-phonon matrix element be-
tween o-band electrons and the FEp, phonon mode at
the zone center and fainharm i a dimensionless factor
accounting for the anharmonic hardening of the Ejy,
phonon modes due to the electron-phonon coupling it-
self. Moreover the factor 4 takes into account the spin
and band degeneracy and ITap(q) is the two-dimensional
Lindhardt function Ilop(z) = 0(1 — x) + 0(x — 1)[z —
Va2 —1]/z*, with * = |q|/2kp. We take, from first-
principle calculations [14,15,18], fanharm = 1.25, N, =
0.075 states/(eV spin cell) g = 12 eV/A [14,15,18], and
krp ~ 7/12dp_p, where dg_p is the boron-boron distance.

The phonon dispersion and phonon density of states
(PDOS) of the force-constant model are shown in Figure 4,
that are in good agreement with the LDA calculations of
reference [16]. For comparison, the dashed lines represent
the bare phonon dispersion in the absence of el-ph inter-
action and the corresponding PDOS. Most striking is a
partial shift in spectral weight from 100 meV to 70 meV
when the el-ph coupling is turned on, due to the softening
of the flat I" — A band originating from the E5, phonons.

The lattice displacements for each atom and for each
direction can now be evaluated directly by means of
equation (5). The results are also shown in Figure 3
along with the data extracted by the PDF analysis
and with the simple Einstein fits. In spite of the crude
simplification of the phonon dispersion, the agreement
with the PDF data is remarkable. Just as in the Ein-
stein fits, we find that a constant shift o3(Mg,) =
0.0013 AQ due to intrinsic disorder is needed to ac-
count for the magnesium out-of-plane lattice vibration
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Fig. 4. Phonon dispersion and phonon density of states for
MgB: evaluated within the CF model. Dashed lines represent
the same quantities without taking into account the electron-
phonon interaction.

while the contribution of the disorder for the other
modes is found to be negligible. Note that the agreement
between the data and solid lines was obtained with no ad-
justable parameters. The values used in the force-constant
models in Table 2 were indeed fit to reproduce the theo-
retical LDA calculation and not the PDF data and the
only other parameter, the static disorder parameter in
02(Mg,), was the same value as was used in the Einstein
fits.

To point out the explicit role of the electron-phonon in-
teraction, we show also in the left-upper panel of Figure 3
the o2(B,,) lattice displacements in the absence of the
el-ph frequency renormalization. Since only F», phonons
are coupled, only the ag(Bxy) lattice displacements result
modified. We note that the inclusion of electron-phonon
interaction effects leads to a slight increase of the amount
of the boron in-plane lattice displacements, with a bet-
ter agreement with the experimental data. The increase
of 02(B,y) is easily understandable as due to the soften-
ing of the F», phonon mode. On the other hand, since the
electron-phonon renormalization effects are restricted to a

small region /2 + g7 < 2kr of the whole Brillouin zone,

the impact of the el-ph coupling on the total amount of
the lattice displacements o3 (B,,) is relatively weak.

3.2 Correlations in the B-B and B—Mg atomic pairs
motion

Above we have shown that the MSD in the MgBs
(Debye-Waller factor in crystallography) are well ex-
plained by harmonic models with independent boron and
magnesium motions. The PDF technique is sensitive to
the correlations in the atomic dynamics that contain some
additional details about the underlying interatomic poten-
tials [24,25,29,33,34]. Here we explore the motional cor-
relations in the MgBs using the PDF data.

The Gaussian width o;; of the PDF peaks is directly
related to the mean-square relative displacement (MSRD)

0.020 O w
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[ ——CF
— CF(el-ph)
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Fig. 5. Mean-square relative lattice displacements og_g (a),
oB_mg (D), as extracted from the width of the PDF peaks
and the corresponding correlation function pg—g (c), pB—Mg
(d) (open circles). Same quantities evaluated within the CF
model with and without the electron-phonon interaction are
shown respectively by solid and dashed lines respectively. The
filled diamonds represent lattice displacements 03 g, 0123,Mg
for completely uncorrelated lattice motion, i.e. p;; = 0.

of atomic pairs projected onto the vector joining the atom
pairs [29], i.e.

or; = ([(w; — ;) - £5]%), (6)
where u; and u; are the lattice displacements of atoms
i and j from their average positions, f;; is the unit vec-
tor connecting atoms ¢ and j, and the angular brackets
indicate an ensemble average [29].

In our analysis, we focus on the width of the near-
est neighbor boron-boron PDF peak, (64 5), and on the
nearest neighbor magnesium-boron peak, (O’%_Mg). These
are well resolved single-component peaks in the PDF
whose width directly yields correlated dynamical infor-
mation [25]. The Gaussian widths 0 g, 0f_yy,, as mea-
sured by the PDF data are shown in the upper panels of
Figure 5 (open circles) along with the same quantity eval-
uated within the CF model (solid line) according to the

relation:
Al A2
|6q7u il +
Miw(“t

O',L-2]- = %Z B + ”(quu)]
2Re (e, By (€l - Fig)e' } (7)

€l Tij?
Mjwq

K

a,p
Wa,uy/ MiM;
In the latter case in the right panel for 03 _,,, we have also
added a small contribution of the local lattice displace-
ments due to the disorder (see below for more details).
The temperature dependence of the single-atom mo-
tions was well explained by the model, but not those of the
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correlated a?j, which suggests that the model is not cap-
turing some aspect of the motional correlations. The in-
troduction of the electron-phonon coupling into the model
improves the agreement slightly, with a larger effect ob-
served on 03 g, but this does not explain all of the dis-
crepancy. In each case, the pair correlation peaks broaden
more quickly in the data than in the model.

As a general consideration, we would like to stress
once more that while o%(i,) probes the absolute mag-
nitude of the single atom mean-square displacement, afj
provides information about the correlation between the
lattice displacements of atom pairs. Let us consider for
instance the case of o4 5 which involves only boron in-
plane lattice fluctuations. We can identify three limiting
behaviors for this quantity: (i) perfectly in-phase lattice
motion: (i) perfectly opposite-phase motion; (ii¢) com-
pletely independent motion. In the first case it is easy to
see that 03 = 0, while 03 5 = 20%(B,,) when the
nearest neighbor boron lattice displacements are uncor-
related, and 0f_p = 40%(B,,) when they have opposite
phase.

To formalize this we rearrange equation (6) as

op; = ([(; B4+ ([(w - Bi5]?) —2((i - £35) - (w0 £35)). (8)

Here the first two terms are related to mean-square ther-
mal displacement of atoms ¢ and j projected along ;;,
while the third term is a displacement correlation function,
which carries information about the motional correlations.
It is now useful to quantify the degree of correlation by
introducing the dimensionless correlation parameter p;;

defined as [24,25,33,35]:
of = 0*(iy) + o°(ji) = 20 ()0 (G)pyy,  (9)

where % (i;) = ([(w; - £;;]?). Positive values of p > 0 de-
scribe a situation where the atoms move in phase, so that
the resulting value of afj is smaller than for the uncorre-
lated case. On the other hand, a predominance of opposite
phase atomic vibrations should result in p < 0 and in a
PDF peak width afj larger than the uncorrelated case.

It is important to note that the correlation function
pij in equation (9) expresses the degree of correlation be-
tween the total atomic displacements. Using equation (9)
the correlation parameter can be calculated from the total
width of the PDF peak as:

a(ij) + 0*(ji) — 03
200)0G) 10)

The phonon correlation factor p;; as extracted from the
PDF data 0f_p, 0f_yy,, and from the single atom mean-

square lattice displacements o2 (i,) is shown in the lower
panels of Figure 5 (open circles). We find a positive cor-
relation factor for both pg_g ~ 0.1 and p_mg ~ 0.1,
indicating a slight predominance of the in-phase B-B and
B-Mg lattice displacements in this experimental probe.
Positive values of p;; are commonly reported in a variety
of materials. The intuitive explanation is that the in-phase
phonon modes (acoustic, low optical branch modes) are

Pij =

generally less stiff than the opposite-phase optical ones.
Our reported values of pp_g, pg—mg ~ 0.1 are however
much smaller than the correlation factors commonly found
in other covalently bonded materials [24,25,33,35].

4 Concluding remarks

In this work we have investigated local lattice properties
of the MgB, paying special attention on the lattice dy-
namics and the correlations in the B-B and B-Mg first
neighbor atomic pair motion. We have used the real space
PDF obtained from high resolution neutron diffraction to
study the effects of the lattice vibrations on the PDF peak
widths. The PDF peaks in well ordered crystals such as
the present case yield important information about the
underlying atomic potentials through the correlated lo-
cal lattice dynamics. The data have been modeled using
both a multi-parameter force-constant model and a simple
Einstein model. We have found that the two models re-
produce the average features of the lattice vibrations. The
analysis of the PDF peak linewidths permits to evaluate
the correlation for both the nearest neighbor B-B and
B-Mg atomic pairs. We find a small positive correlation
factor pg_p ~ 0.1 and pg_mg ~ 0.1, nearly temperature
independent, indicating a weakly prevalent in-phase rela-
tive atomic motion.
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