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We study anharmonic effects in MgB2 by comparing inelastic x-ray and Raman scattering together with
ab initio calculations. Using high-statistics and high-q-resolution measurements we show that the E2g-mode
linewidth is independent of temperature along �-A. We show, contrary to previous claims, that the Raman-peak
energy decreases as a function of increasing temperature, a behavior inconsistent with all the anharmonic
ab initio calculations of the E2g mode at � available in the literature. These findings and the excellent
agreement between the x-ray-measured and ab initio—calculated phonon spectra suggest that anharmonicity is
not the main mechanism determining the temperature behavior of the Raman-peak energy. The Raman-
E2g-peak position and linewidth can be explained by large dynamical effects in the phonon self-energy. In light
of the present findings, the commonly accepted explanation of the reduced isotope effect in terms of anhar-
monic effects needs to be reconsidered.
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I. INTRODUCTION

The discovery of MgB2 �Ref. 1� demonstrated that
electron-phonon-mediated superconductivity can generate
critical temperatures �Tc=39 K� similar to those of perov-
skite oxide superconducting systems such as cuprates2 and
doped BaBiO3.3 Almost as surprising as the 39 K critical
temperature is the reduced isotope effect.4,5 The partial iso-
tope coefficients ��X�, defined as ��X�=−

d ln Tc

d ln MX
where MX is

the atomic mass of ion X, are ��B�=0.30�1� and ��Mg�
=0.02�1�. Thus, the total isotope coefficient of ��0.32 is
substantially reduced from the canonical BCS value of
�BCS=0.5.

Deviations from the �BCS value are usually attributed to
strong electron-phonon coupling and to Coulomb repulsion.
However, theoretical investigations of the isotope coefficient
using single- or double-gap Migdal-Eliashberg equations6,7

have led to unsatisfactory results since the isotope effect re-
duction is substantially underestimated. For this reason, it
was proposed6–9 that the Tc in MgB2 is determined by the
interplay of electron-phonon coupling and anharmonic ef-
fects. The latter can reduce Tc through a hardening of the
phonon frequencies. References 6 and 7 showed that a hard-
ening of �25% of the E2g phonon frequency, along the high-
symmetry direction �-A, would be necessary to explain the
reduced isotope coefficient.

Anharmonic effects contribute to the broadening of a pho-
non and determine energy shift from its harmonic value. The
anharmonic shift can be determined from the actual experi-
mental phonon energy and from the harmonic energy, ob-
tained from, e.g., calculations. The intrinsic linewidth of a
phonon is, in general, given by two contributions due to
anharmonicity and electron-phonon coupling. The anhar-
monic linewidth can, thus, be determined from the actual
experimental linewidth and from the electron-phonon line-

width obtained, e.g., by calculations. Finally, the temperature
dependence of the phonon energy and linewidth is usually
almost entirely due to the anharmonicity. The experimental
determination of the temperature dependence of the phonon
energy and linewidth thus provide a further source of infor-
mation.

Raman spectra of MgB2 �Refs. 10–17� show a single very
broad peak corresponding to an excitation with E2g symme-
try at 75 meV �i.e., 15% higher than the theoretical harmonic
frequency of 65 meV�. Furthermore, the linewidth of the
peak has a very strong temperature dependence. These two
facts have been interpreted by several authors6,8,9,12,18,19 as a
signature of strong anharmonicity. The presence of strong
anharmonic effects was further supported by ab initio calcu-
lations based on the frozen-phonon model.6,8,9,12,15,18,19 How-
ever, the results obtained with this model are questionable,
since the frozen-phonon approximation is an oversimplified
model which does not include all the terms of the anhar-
monic perturbation theory.20–24

Ab initio calculations of anharmonic effects including all
the leading terms in anharmonic perturbation theory �includ-
ing scattering between different wave vectors and different
phonon modes� �Refs. 23 and 25� show that the phonon fre-
quency shift of the E2g mode is only 5% of its harmonic
phonon frequency at �. This is the result of a partial cancel-
lation between a large positive four-phonon scattering term
��+10% � and a negative three-phonon scattering term ��
−5% �. This is different from what is found by the more
approximate frozen-phonon calculations, where the four-
phonon scattering term is dominant.6,8,9,12,15,18,19 This differ-
ence should be reflected in the temperature dependence of
the Raman-peak energy, since the four-phonon scattering
term generates an increase in energy with temperature, while
the sum of three- and four-phonon terms should be slightly
negative.23,24
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Inelastic x-ray scattering �IXS� measurements do not sup-
port the hypothesis of strong anharmonic effects. In fact, the
phonon dispersion measured by IXS25,26 is in good agree-
ment with harmonic-frequency calculations25,27 and is con-
sistent with a small anharmonic shift along the �-A direction.
In particular, the IXS E2g phonon frequency near � is
65 meV—i.e., �10 meV smaller than the Raman peak.
Ab initio calculations of the phonon linewidth are in very
good agreement with IXS measurements25 and give an an-
harmonic contribution to the phonon linewidth which is neg-
ligible with respect to the larger electron-phonon coupling
contribution. Moreover, calculations25 reveal a very weak
temperature dependence of the phonon linewidth between
50 K and 300 K. Finally, the authors of Ref. 26 claim that
the phonon linewidth of the E2g mode is independent of the
temperature between 40 K and 300 K along �-A. If con-
firmed, this last finding would establish that anharmonic ef-
fects are weak. However, the moderate resolution and the
fact that in Ref. 26 the E2g mode is seen only as a shoulder of
the nearby E1u mode do not allow for a definitive conclusion.

In this work we present a high-resolution inelastic x-ray
scattering and Raman study in order to settle the debate on
the presence of important anharmonic effects in MgB2. The
two techniques are complementary since inelastic x-ray scat-
tering probes the phonon dispersion throughout the entire
Brillouin zone. However, at the � point the elastic �Bragg�
scattering usually dominates, therefore masking the phonon
contributions, as is the case in MgB2. On the contrary, Ra-
man experiments probe excitations at very small exchanged
momentum q�0. We show with high-statistics and high-
q-resolution IXS measurements that the E2g mode linewidth
is independent of temperature along �-A and, furthermore,
determine the dispersion along �-M with the best resolution
to date. We investigate the behavior of the Raman-peak en-
ergy and linewidth as a function of temperature. All our re-
sults are consistent with the presence of small anharmonic
effects in MgB2. We finally show that, on the basis of recent
theoretical results,24,28,29 there is no contradiction between
the presence of a Raman peak at 75 meV and the x-ray E2g
phonon frequency at 65 meV near �.

The paper is structured as follows. In Sec. II we describe
the methodological details involved in inelastic x-ray scatter-
ing, Raman spectroscopy, and ab initio simulations. In Sec.
III we present our main results, and in Sec. IV we comment
on the results and discuss the main implications for the in-
terpretation of Raman data.

II. METHODS

A. Experiments

1. Sample

The crystal used in our experiment was grown at a pres-
sure of 30 kbar. A mixture of Mg and B was put into a BN
container in a cubic anvil device. The temperature was in-
creased during 1 h up to 1800 °C, kept stable for 1 h, and
finally decreased during 2 h. As a result platelike MgB2 crys-
tals were formed of which we used a sample of about 1.00
�0.45�0.08 mm3 with a measured in-plane mosaic of
0.011°.

2. Inelastic x-ray scattering

The experiment was carried out at the Inelastic X-ray
Scattering Beamline II �ID28� at the European Synchrotron
Radiation Facility in Grenoble �France�. The x-ray beam
from the undulators was monochromatized by a cryogeni-
cally cooled silicon �111� double-crystal monochromator,
followed by a backscattering monochromator, operating at a
Bragg angle of 89.98° and utilizing the Si �9 9 9� reflection
order.30 The backscattered beam was then focused by a
platinum-coated toroidal mirror, which provided a focal spot
at the sample position of 0.270 �horizontal� and 0.080 mm2

full width at half maximum �FWHM� at the sample position.
The scattered photons were energy analyzed by a 6.5-m
Rowland circle five-crystal-spectrometer.31,32 The analyzers
operate at the same reflection order as the monochromator,
corresponding to a wavelength �=0.696 782 Å−1 �photon en-
ergy 17 794 eV�. The overall instrumental function has a
pseudo-Voigt line shape with a width �E of 3 meV �FWHM�
as determined from the elastic scattering of a Plexiglas
sample �at a Q transfer of 10 nm−1 and T=10 K�. The
energy-analyzed photons are detected by a Peltier-cooled
silicon diode detector which has an intrinsic energy resolu-
tion of 400 eV. The dark counts due to electronic and envi-
ronmental noise amounts to about 0.2 counts/min. Further
components of the spectrometer are an entrance pinhole, slits
in front of the analyzers in order to define the momentum
transfer resolution, and a detector pinhole for aberrant ray
suppression.

The analyzer crystals are temperature stabilized at
295.65 K with a typical stability of 1 mK/24 h. The momen-
tum transfer Q=2ki sin� �

2
�, where ki is the incident photon

wave vector and � the scattering angle, is selected by rotating
the spectrometer around a vertical axis passing through the
scattering sample in the horizontal plane. Since there are five
independent analyzer systems, spectra at five different mo-
mentum transfers can be recorded simultaneously. Their
separation is energy dependent, and for the Si�9 9 9� reflec-
tion it amounts to 2.43 nm−1. The energy scans are per-
formed by varying the lattice spacing of the monochromator
temperature while the analyzer temperature is kept fixed.
Conversion from the temperature scale to the energy scale is
accomplished by using the known thermal expansion coeffi-
cient of silicon: ��T�=�0+��T−T0� with �0=2.581
�10−6 1 /K and �=0.016�10−6 1 /K2, T0=295.65 K.33

The validity of this conversion has been checked by com-
paring the measured diamond dispersion curve for longitudi-
nal acoustic and optic phonons with well-established inelas-
tic neutron scattering results.

The energy scans were fitted using a sum of pseudo-Voigt
line shapes,

I��1 − ��
�/2

�	 − 	0�2 + �2/4
+ � exp�−

�ln 2��	 − 	0�2

�2/4
�� , �1�

and Lorentzian functions

I
�/2

�	 − 	0�2 + �2/4
, �2�
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where 	=
�=h� is the energy. Pseudo-Voigt functions were
used to fit elastic and resolution-limited inelastic contribu-
tions, with � and � parameters adapted to match the instru-
mental function, while a Lorentzian line shape was used to fit
the E2g mode, with a width � fitted to the data.

Alternatively, a convolution with the experimental resolu-
tion function has been used. In this case, the response func-
tion was composed of a sum of 
 functions �for elastic and
resolution-limited inelastic contributions� plus a Lorentzian
for the E2g mode. The two data analysis procedures gave
consistent results.

The fitting algorithm used a �2-minimization routine,34

with the condition that the detailed balance between Stokes
and anti-Stokes excitations be fulfilled. A constant back-
ground, coming essentially from electronic noise, was added.

The MgB2 crystal was glued on a copper sample holder,
which was mounted inside a vacuum chamber on the cold
finger of a closed-loop helium cryostat �Cryomech ST15�.
The temperature was measured by a silicon diode attached to
the sample holder. An independent check of the sample tem-
perature was provided by the Stokes–anti-Stokes intensity
ratio.

3. Raman measurements

Raman spectra were excited with the 488-nm line of an Ar
laser focused with an optical microscope �long-distance
100� objective�. The scattered light was analyzed by a
single-grating Labram spectrometer equipped with a charge-
coupled device �CCD�. Temperature-dependent measure-
ments were performed in an Oxford flow cryostat with a
sapphire window to preserve the polarization of the light. We
used a 600-1/nm grating to record a wide spectral window
�5000 cm−1 or 620 meV�. The loss in resolution is irrelevant
for MgB2, because its Raman features are at least several
hundreds of wave numbers in width. Some experiments were
also performed with 514-nm and a triple-grating spectrom-
eter to compare with published studies. We report the as-
measured data normalized to the excitation energy and accu-
mulation time. Unless noted otherwise, the spectra were not
scaled or shifted along the y axis.

To analyze the symmetry of the scattered light we re-
corded Raman spectra in various backscattering geometries
ki�ei ,es�ks, where ki and ks indicate the direction of the in-
coming �i� and scattered �s� light and ei and es the polariza-
tion �Porto’s notation�.35 For ki	ks	c we used backscattering
normal to the surface; in the ki	ks	a ,b configurations the
laser was focused onto the side of a MgB2 crystal. The po-
larization of the incoming light was rotated by a Fresnel
rhomb. The polarization of the scattered light was chosen by
a � /2 wave plate combined with an analyzer. We verified the
polarization-dependent measurements by recording spectra
on the �111� and �001� surface of silicon and on single crys-
tals of graphite, which has the same point group as MgB2.
We also ensured the internal consistency of the Raman inten-
sities; e.g., the spectra recorded in c�a ,a�c and b�a ,a�b were
identical in shape and intensity as required by the Raman
selection rules.

The frequency of the �600 cm−1 �74 meV� peak of MgB2

reported in the literature varies between 74 and 77 meV at

room temperature.10,13,14,16,36 Part of the discrepancy might
be due to a varying sample quality. However, a major con-
tribution comes from the uncertainty resulting from the func-
tional form used for the background and the peak. We tested
several fitting routines and found that the uncertainty for the
position and width of a Lorentzian is around 1.5% or
1.2 meV. On the other hand, when using a Fano line shape
the bare phonon frequency can be as low as 71 meV or as
high as 79 meV �300 K� depending on the sign of the asym-
metry parameter. The peak positions and linewidths reported
in this paper were obtained by assuming the 600-cm−1 peak
to be Lorentzian and the continuous background in the E2g
spectra to follow the same frequency dependence as the
�xx�A1g� background signal �see Sec. III B 1 for details�.
Other fit functions shift the position and width. We also ob-
served a change in the phonon frequency when reducing the
energy range in a fit. For our analysis we used the measured
spectra between 100 and 2000 cm−1 ��10 and 250 meV�.
Smaller windows yield a strong scattering in the peak posi-
tions. We stress, however, that varying fit routines resulted in
a constant offset of the temperature dependence or stronger
scattering in the data. The functional dependence of the Ra-
man peak position and width on temperature, however, re-
mained unaffected.

The intensity measured in a Raman experiment differs
from the Raman susceptibility a of a material. To obtain the
susceptibility from the measured data one needs to take into
account the experimental setup �sensitivity of the spectrom-
eter and detector, finite collection angle, reflection losses
when entering and leaving the sample, absorption length,
etc.�. The second necessary correction comes from the varia-
tion of the scattering efficiency dS /d� with the phonon and
photon frequency.35,37 For light scattering by phonons �see
Refs. 35 and 37 for details�,

dS

d�
�

�s
3

�ph
�1 +

1

1 − e�ph/kBT� , �3�

where �s is the frequency of the scattered photon, �ph the
phonon frequency, and the last term is the Bose-Einstein fac-
tor.

Currently, it is impossible to determine the Raman suscep-
tibility from an MgB2 Raman spectrum, because the optical
input parameters are unknown. Moreover, applying the cor-
rection given in Eq. �3� implicitly assumes the entire spec-
trum to be of phononic origin, which is certainly incorrect
for MgB2. In view of these fundamental difficulties we de-
cided to present as-measured Raman spectra throughout our
paper. To ensure that the Bose-Einstein occupation factor has
little effect on the temperature dependence of the Raman
frequency and linewidth we corrected the temperature-
dependent data by the Bose-Einstein factor and repeated our
fits. At 300 K �highest temperature, largest effect� the pho-
non frequency was reduced by �1% and the linewidth by
�2% when including the temperature-dependent occupation
factor. These changes are within our experimental uncer-
tainty.
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B. Calculations

Electronic structure calculations were performed using
density functional theory �DFT� and phonon frequencies
were calculated in the framework of linear response theory38

using the PWSCF/ESPRESSO package.39 We used the general-
ized gradient approximation40 and norm-conserving
pseudopotentials.41 For Mg we used nonlinear core
corrections42 and we treated the 2s and 2p levels as core
states. The wave functions were expanded in plane waves
using a 35-Ry cutoff. The calculations were performed with
the experimental crystal structure—namely, a=3.083 Å and
c /a=1.142. For the phonon frequency calculation, we used a
16�16�16 Monkhorst-Pack grid for the electronic Bril-
louin zone integration and first-order Hermite-Gaussian
smearing43 of 0.025 Ry.

The electron-phonon coupling contribution to the line-
width �full width half maximum� at momentum q for the �
phonon mode, with frequency �q�, can be written as44

�q� =
4��q

Nk



k,n,m
�gkn,k+qm

� �2
��kn�
��k+qm� , �4�

where the k sum is extended over the Brillouin zone, Nk is
the number of k points in the sum, and �kn are the electronic
energies, measured with respect to the Fermi level, of the n
band at point k. The matrix element is gkn,k+qm

�

= �kn �
V /
eq� �k+qm
 /�2�q�, where 
V /
eq� is the deriva-
tive of the Kohn-Sham potential V with respect to the pho-
non coordinate eq� normalized over the unit cell.

The electron energies �kn and the gkn,k+qm
� matrix element

in Eq. �4� are obtained fully ab initio. The actual sum over
the Brillouin zone is calculated on a Nk=27�27�27 uni-
form k-point mesh shifted by a random vector with respect to
the origin.

The x-ray structure factor for one-phonon scattering at
temperature T, frequency �, and reciprocal-space vector q
+G=Q �with q belonging to the first Brillouin zone, G a
reciprocal-lattice vector, and Q the total momentum transfer�
is obtained from

S�Q,�� = 

�

G��q,G�F���,T,G� , �5�

with

G��q,G� = �

�

f��Q�
e−W�

�M�

��Q� · eq�
� �eiQ·R��2

F���,T,G� = 

�=−1

1 �nq�
 +
1

2
+

�

2

�q�

· 
�� + ��q�� , �6�

where � labels the atoms in the unit cell, � is the mode, and
f��Q� is the atomic form factor calculated as in Ref. 45.
Moreover, M�, R�, and W� are the atomic mass, position in
the unit cell, and the Debye-Waller factor, respectively.
Finally, �nq�
 is the phonon occupation number and eq�

� /�M�

is the atomic displacement of the atom � corresponding to

the phonon eigenvector eq�. The value �=−1 ��=1� identi-
fies Stokes �anti-Stokes� processes.

In what follows we neglect the Debye-Waller factor and
we smear the 
 functions with the convolution between the
phonon intrinsic line shape calculated ab initio and the in-
strumental function �3 meV FWHM�. For the calculation of
the x-ray structure factor we used the atomic factors for neu-
tral Mg and B from Ref. 45 and the phonon patterns calcu-
lated ab initio.

The DFT-calculated phonon frequencies are typically af-
fected by a 3%–5% systematic error in standard metals as
MgB2 �see the examples in Baroni et al.38�

III. RESULTS

A. Inelastic x-ray scattering results

The reciprocal points in the following section are ex-
pressed in terms of hexagonal parameters a=b=3.0828 Å,
c=3.5186 Å, �=�=90°, and �=120°. In these coordinates,
all the measurements were recorded in the Brillouin zone
centered around �2,1,0�.

In Figs. 1 and 2 we show the relative position of the
analyzers for the measurements reported below.

1. Dispersion along �-M

The experimental results shown in Fig. 3 were obtained
exploiting the signal from all five analyzers. The relative Q

FIG. 1. �Color online� Positions of the analyzers �red �gray�
squares� for the measurements along �-A �see Fig. 6� and near �
�see Fig. 5�. �=G�HKL�= �2,1 ,0�.
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displacement between the analyzers is fixed by the spectrom-
eter geometry, and for longitudinal modes such a configura-
tion can be close to a high-symmetry direction.

This opportunity has been as well exploited in previous
works on MgB2.25,26 Here the difference is that, using a dif-
ferent incoming wavelength of 0.696 782 Å−1, we have
higher-energy resolution and larger steps in reciprocal space,
corresponding to the different fixed angular displacement of
the analyzers. For a position close to the �-M line, this im-
plies Q points G+q= �2,1 ,0�+ �� ,� ,�� where � and � are
small compared to �. The configuration chosen for this ex-
periment was as follows:

analyzer 5: Q = �2.052 1.000 0.0�,

��� � 0.052 or 0.104 �-M;

analyzer 4: Q = �1.948 1.002 0.0�,

��� � 0.053 or 0.106 �-M;

analyzer 3: Q = �1.847 1.001 0.0�,

��� � 0.1535 or 0.307 �-M;

analyzer 2: Q = �1.744 0.997 0.0�,

��� � 0.2545 or 0.509 �-M;

analyzer 1: Q = �1.645 0.990 0.0�,

��� � 0.350 or 0.700 �-M .

The positions in the hexagonal plane are shown in Fig. 2.
Note that analyzers 4 and 5 are placed symmetrically around
the chosen zone center. These positions are equivalent for
phonon frequencies but not for dynamical structure factors.
Contributions along �0,� ,0
 are less than 0.005 r.l.u. for ana-
lyzers 2–5 and 0.01 r.l.u. for analyzer 1.

We measured the IXS spectra using a slit opening in front
of the analyzers of 60 mm in both horizontal and vertical
direction, amounting to a Q resolution of ±0.416 nm−1 for
analyzers 1, 2, and 3, while analyzers 4 and 5 had 60
�20 mm2 vertical� horizontal opening. This corresponds to
a main contribution of ±0.0022 r.l.u. in the �0,� ,0� direction
and to ±0.008 r.l.u. in the perpendicular �0,0 ,�� �or �-A�
direction.

In Fig. 3, left panel, we show the IXS spectra obtained at
�46 K for this configuration, together with the fit used in
order to extract mode frequencies as well as linewidth values
for the E2g mode. A recent paper46 suggests that the MgB2
IXS spectra show additional structures due to two-phonon
contributions. Although we do not analyze our data in this
way, such contributions may actually explain small devia-
tions of our fit results. In the right panel we show the same
data compared with ab initio—calculated spectra, which cor-
rectly reproduce the measurements.

The same analysis is done for points along �-A �see Sec.
III A 3�. These are grouped together with previous results at
lower resolution25 in order to experimentally determine the
phonon dispersion and the linewidths along all high-
symmetry directions. We can thus compare the experimental
phonon dispersion with the theoretical calculation along the
high-symmetry lines, as shown in Fig. 4, bottom. In the top
panel, we show the experimental linewidth �, for the E2g
mode, deconvoluted by the instrumental broadening, in com-
parison with the calculated linewidth. The agreement of the
calculated frequencies with experiment is remarkable. The
same is observed for the agreement between the experimen-
tal linewidth, deconvoluted by the instrumental function, and
the calculated electron-phonon-coupling contribution to the
intrinsic E2g linewidth. Note that data from Ref. 25 are ob-
tained at room temperature and with 6.1-meV instrumental
function FWHM.

FIG. 2. �Color online� Positions of the analyzers �red �gray�
squares� for measurements along �-M �see Fig. 4�. �=G�HKL�
= �2,1 ,0�.

FIG. 3. �Color online� Left: IXS data �circle� and fit �lines�
along �-M for T=46 K. Right: IXS data �circle� and calculations
�lines� along �-M for T=46 K. The legend boxes indicate the �
components of the q reduced vector �see text�.
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2. High-resolution linewidth E2g measurements close to �

Figure 5 shows the room-temperature MgB2 IXS spectra
for a Q value corresponding to 0.08��-A; together with the
data, we show the calculation convoluted with the instrumen-

tal resolution for all modes, including the E2g one. The cal-
culation was scaled as in Fig. 6.

We measured the IXS spectra using a slit opening in front
of the analyzers of 20 mm in both horizontal and vertical
direction, equivalent to a Q resolution of ±0.139 nm−1. This
corresponds to a main contribution of ±0.0022 reduced lat-
tice units �r.l.u.� in the �0,� ,0� direction and to ±0.0026 r.l.u.
in the perpendicular �0,0 ,�� �or �-M� direction.

3. Temperature dependence of the IXS spectra

In Fig. 6 we compare IXS E2g spectra measurements and
calculations performed at two different sample temperatures
��50 K and 300 K� for Q= �HKL� corresponding to a pho-
non propagation vector of �0, 0, 0.3� �top panel� �i.e., at 60%
of the �-A line� and the zone boundary A point �0, 0, 0.5�
�bottom panel�.

To induce a maximum effect from phonon-phonon scat-
tering �anharmonicity�,23,25 we choose the largest possible
temperature difference in the normal-state region—i.e., from
room temperature to T above �40 K. This was done to avoid
effects due to the superconducting gap. More precisely, the
measured temperature by the probe on the sample holder was
stable at 46 K and 298 K, respectively.

We measured the IXS spectra using a slit opening in front
of the analyzers of 60 mm in both horizontal and vertical
direction, equivalent to a Q resolution of ±0.416 nm−1. This
corresponds to a main contribution of ±0.0065 r.l.u. along
the �0,� ,0� direction and to ±0.008 r.l.u. along the perpen-
dicular �0,0 ,�� direction �i.e., along �-A�. The theoretical

FIG. 4. �Color online� Bottom panel: MgB2 phonon dispersion.
IXS data �circles� from Ref. 25 �blue �dark gray� open symbols� and
the present work �black solid symbols�, compared to calculations
�red �gray� lines�. Top panel: E2g mode width from fit of the IXS
data of the present work �black diamonds� and Ref. 25 �blue �dark
gray� open with error bars� and calculations �red �gray� points with
solid line connected�. Stars correspond to the high-energy and open
circles to the low-energy E2g modes when not degenerate.

FIG. 5. �Color online� Room-temperature IXS data at 0.08
��-A. The line is an ab initio simulation convoluted with the en-
ergy resolution, without electron-phonon coupling broadening ef-
fect on the E2g mode.

FIG. 6. �Color online� Left: IXS data at T=300 K �red �gray�
solid points, with error bars� and T=46 K �blue �dark gray� open
points�. Right: IXS data at T=46 K �blue �dark gray� open points�
and ab initio simulation �lines�. Measured spectra and calculation
spectra at 0.6��-A �top� and at the A point �bottom�.
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spectra are arbitrarily normalized to reproduce the height of
the highest vibrational peak �E1u, not shown in Fig. 6.�

B. Raman results

1. Raman selection rules

Table I gives the selection rules for the Raman active
representations of MgB2 �D6h point group�. Note that the
intensity of E2g is independent of polarization as long as the
light incidents and scatters normal to the ab plane. In Fig. 7
we present the four independent components of the Raman
scattered light from the MgB2 crystal. The �75-meV peak is
indeed only found in the E2g scattering configuration,10,13

Fig. 7�a�, and its intensity is independent of the in-plane
orientation of the crystal �see inset�. The weak feature at
75 meV in the E1g b�a ,c�b configuration is within experi-
mental error. The two dotted lines mark the E2g peak fre-
quency as obtained by Raman �75 meV� and inelastic x-ray
scattering ��69 meV� at 0.1�-M and ab initio calculations
at � �70 meV�.23 As noted earlier, the two measurements
give phonon frequencies differing by at least �6 meV.

Our Raman spectra, consistent with the literature,10–17 are
smooth. They do not show any structure that can be inter-
preted as a multiple-phonon peak, as proposed in Ref. 46. In
general, two-phonon Raman spectra have more than one
symmetry component.35 However the A1g and E1g spectral
contributions in Fig. 7 do not show any sharp features.

The polarization dependence of the continuous back-
ground for �xz�E1g�, Fig. 7�b�, and �zz�A1g�, Fig. 7�c�, agree
with Quilty et al.10 The scattering intensity increases linearly
with the frequency of the excitation. We extracted the
�xx�A1g� background component from the measured spectra
as shown in Fig. 7�c�. In contrast to the frequency depen-
dence of the zz and xz components of the Raman tensor, �xx
has a maximum at �60 meV and decreases in intensity to-
wards smaller frequencies. The �xy�E2g� background compo-
nent appears to be similar to �xx�A1g�; the overall intensity is
almost identical and the decrease in background intensity
towards small frequencies is present as well as can be seen in
Fig. 7�a�. This points towards a common origin of the elec-
tronic E2g and A1g scattering; e.g., such a behavior might

arise from a coupling of electrons that are correlated with the
E1g representation of the MgB2 point group.

The precise origin of the electronic background in the
MgB2 Raman spectra is not known. It is remarkable that the
signal is strong and approximately constant over a wide en-
ergy range �at least up to 600 meV the highest energy in our
measurements�.

2. Temperature dependence of the Raman spectra

Figure 8 shows Raman spectra measured between 5 K
�bottom� and room temperature �top�. The 75-meV
�600-cm−1� peak decreases in frequency and broadens at
higher temperatures. The frequency shift is more pronounced
than reported by Quilty et al.10 and disagrees with the finding

TABLE I. Raman selection rules for the D6h point group of
MgB2. a and b are vectors within the hexagonal plane forming an
angle of 90°. Since the hexagonal lattice is isotropic in the plane, a
and b can be chosen arbitrarily �with respect to the lattice vectors�.
c is normal to the plane. The �ii denote the element ii of the Raman
tensor for a given elementary excitation. The last column indicates
the representations with nonzero �ii in each configuration. For ex-
ample, the Raman intensity in c�a ,a�c configuration is given by
�xx

2 �A1g�+�xx
2 �E1g�.

Configuration Raman intensity Symmetry

c�a ,a�c, b�a ,a�b �xx
2 A1g, E2g

c�a ,b�c, c�b ,a�c �xy
2 E2g

b�c ,c�b �zz
2 A1g

b�a ,c�b, b�c ,a�b �xz
2 E1g

FIG. 7. �Color online� Raman selection rules and symmetry of
the scattered light in MgB2 �room temperature�. �a� E2g component
with the peak at 75 meV �608 cm−1�. The background measured
under crossed polarization is also of E2g symmetry in contrast to
parallel polarization, where it has E2g and A1g �see �c�� contribution.
The inset shows the constant integrated intensity of the 75 meV
peak when rotating the in-plane polarization. �b� E1g symmetry ob-
tained in two scattering configurations. �c� �zz and �xx=�yyA1g

component of the scattering intensity. The latter was obtained by
subtracting the c�a ,a�c and c�a ,b�c Raman spectra. The two dashed
lines mark the phonon frequency of the E2g peak measured with
Raman and inelastic x-ray scattering.
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by Martinho et al.,14 who reported a constant peak frequency
between 10 and 300 K. The shift in the peak maximum
agrees with Rafailov et al.,16 although this is somewhat dif-
ficult to judge given the narrow Raman frequency window in
the reference. Surprisingly, we find the electronic back-
ground to be independent of temperature. The intensity is
constant �the spectra in Fig. 8 are raw data� and there is no
increase in the scattering intensity at low frequency for low
T.10,36

The frequency of the �75-meV �600-cm−1� Raman peak
decreases from 81 meV to 75 meV between 5 K and room
temperature as we show in Fig. 9�a�. This is accompanied by
an increase in the linewidth by 45% or from 37 to 54 meV
�Fig. 9�b��.

IV. DISCUSSION

The difference between the 75-meV Raman peak and the
calculated harmonic E2g phonon frequency �65 meV� has

been attributed to the presence of anharmonic effects which
are supposed to be large8 along the entire �-A direction.
Here, we have determined using high-resolution IXS the
phonon dispersion and the phonon linewidth along three
high-symmetry directions in the Brillouin zone to verify
whether anharmonic effects are relevant or not. As already
shown in Refs. 25 and 26, the IXS phonon dispersion is in
good agreement with the calculated harmonic phonon disper-
sion. To further determine the magnitude of anharmonic ef-
fects, in the present work, we have also measured the phonon
frequency shift and linewidth as a function of temperature
using Raman spectroscopy and inelastic x-ray scattering.

Our Raman spectra show a well-defined peak at
�75 meV having E2g symmetry. The energy of the 75-meV
peak shifts downward and broadens by increasing the tem-
perature. The frequency shift is more pronounced than re-
ported by Quilty et al.10 and disagrees with the finding by
Martinho et al.,14 who reported a constant peak frequency
between 10 and 300 K. The decrease in energy of the Raman
peak on temperature increase is not consistent with the claim
that anharmonic four-phonon scattering is the dominant an-
harmonic contribution.6,8,9,12,18,19 Indeed, since the four-
phonon scattering term is positive at �,6,8,9,12,18,19,23 the cor-
responding anharmonic shift should increase with
temperature �see, e.g., Eq. �4� in Ref. 23�. However, even
including a negative third-order term, state-of-the-art
calculations23 report a substantially smaller decrease of the
E2g phonon frequency than what is presently measured. This
suggests that anharmonicity is not the main mechanism de-
termining the temperature behavior of the Raman-peak en-
ergy and that the Raman peak is not due to a bare phonon
vibration. We also remark that the variation of the Raman
shift with the temperature �Fig. 8� cannot be explained by a
two-phonon contribution as proposed by Ref. 46 �see, e.g.,
Ref. 35�.

The large increase of the Raman linewidth between 40 K
and 300 K has no equivalent in the IXS spectra. Using high-
resolution IXS we have shown that the phonon linewidth
along the �-A direction is essentially temperature indepen-
dent in the 46–300-K range. This was already claimed in a
previous paper.26 However in Ref. 26 the E2g peak was only
detected as a shoulder of the nearby E1u mode, while in the
present work we have a very-well-resolved peak for the E2g
mode in the region from 0.5�A to A. As shown in Table II
and Fig. 4 �top panel�, ab initio simulations are successful in
predicting the phonon linewidth �including electron-phonon
and anharmonic damping� of MgB2 along all the high-
symmetry directions considered. This very good agreement
confirms that, in the region from 0.5�A to A, phonon damp-
ing is almost exclusively due to electron-phonon coupling
and not to anharmonic effects.23,25

We finally want to stress that there is no contradiction
between the Raman peak at 75 meV at � and the x-ray E2g
phonon frequency at 65 meV near � and ab initio harmonic
calculations �giving 65 meV for the E2g, � phonon�. The key
to understand these differences is the presence of relevant
dynamical and electronic effects in the phonon self-energy,
as shown in Refs. 24, 28, 29, and 47. So far, ab initio phonon
calculations in MgB2 have been performed within the adia-
batic approximation. The adiabatic approximation assumes

FIG. 8. �Color online� E2g Raman spectra �raw data� of MgB2

between 5 K and room temperature in c�a ,b�c scattering configu-
ration. An offset has been added for clarity �see the zero line at the
cutoff of the notch filter�.

FIG. 9. �Color online� Position �a� and full width at half maxi-
mum �b� for the 75-meV �600-cm−1� Raman peak. The spectra were
fitted by a Lorentzian plus a background. The frequency depen-
dence of the background is assumed to be the same as the �xx�A1g�
component; see Fig. 7�c�.
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that the phonon is a static perturbation, but actually, a pho-
non is dynamic perturbation, oscillating at the frequency �.
Within the adiabatic approximation, the phonon self-energy
does not depend on �, while in general, the phonon self-
energy depends on �. The adiabatic approximation is valid if
the interatomic force constants are istantaneous; that is, the
force on a given atom at a given time depends on the posi-
tion of the other atoms at the same time.48 In reality, how-
ever, the force on a given atom at a give time t depends on
the position of the other atoms at a previous time t�.48 This
dynamical effect can be treated within time-dependent per-
turbation theory and can be relevant for zone-center optical
phonons.

As shown in Refs. 24 and 28, the E2g phonon frequency
varies strongly for q near � due to dynamical effects in the
real part of the phonon self-energy. As an example, along the
�-M direction, the E2g phonon frequency has a smooth be-
havior for q�0.1�M and increases abruptly for q
�0.05�M �see Fig. 3 in Ref. 24 or Fig. 3�a� of Ref. 28�. The
E2g x-ray dynamical structure factor is strong enough for
accurate statistics only for q�0.1�M; that is, IXS is probing
the smooth region. On the contrary, Raman spectroscopy
probes excitations at much smaller q �q�0.05�M�—i.e., in
the region where the phonon frequency is higher. Conclud-
ing, the �10 meV difference between the Raman and x-ray
peaks is expected from the theoretical findings of Refs. 24
and 28 and is due to the pathological behavior of the phonon
self-energy at �.

The disagreement between Raman data and the harmonic
ab initio calculations, published so far, is due to the fact that
these calculations have been performed within the adiabatic
approximation. When dynamical effects are neglected, the
mentioned pathological behavior is absent24,47 and the pho-
non dispersion is smooth also in the region near �. There-
fore, the calculated E2g frequency at � is smaller than the
actual frequency, which should be computed including dy-
namical effects. These dynamical effects have no influence
outside a small region around � and, for this reason, the
ab initio harmonic calculations done outside this region are
correct and reproduce the phonon dispersion.

Finally, in Ref. 28 it was shown that the Allen formula44

gives a zero linewidth for the E2g mode at �. As shown in
Fig. 5 this is not the case. To explain the presence of a
nonzero linewidth at �, it is necessary to include electron
self-energy effects in the phonon self-energy as pointed out
by Cappelluti in Ref. 29. According to Ref. 29 these effects

are responsible for the unexplained softening of the Raman-
peak energy and increase of the Raman-peak linewidth by
increasing the temperature. However, the model of Ref. 29 is
simplified, therefore giving only a qualitative trend. More
theoretical work is required to achieve quantitative agree-
ment with experiments.

V. CONCLUSIONS

We have presented a high-resolution inelastic x-ray scat-
tering and Raman study in order to settle the debate on the
presence or not of important anharmonic effects in MgB2.
First, we have shown with high-statistics and high-
q-resolution measurements that the E2g mode linewidth is
independent of temperature along �-A, ruling out a major
contribution of anharmonicity in the lattice dynamics of
MgB2. Moreover, we measured the dispersion along �-M
with the best resolution to date. The E2g mode shows, along
this line, large variation of both phonon frequencies and line-
width, as previously observed along A-L �Ref. 25� and �-M
�Ref. 26� directions. Second, we have investigated the behav-
ior of the Raman-peak energy and linewidth as a function of
temperature. The Raman-peak energy decreases as a function
of increasing temperature. This behavior is not reproduced
by anharmonic ab initio calculations of the E2g � mode �cal-
culations done both with the oversimplified frozen-phonon
approach6,8,9,12,18,19,23 or with state-of-the-art perturbation
theory.23� This finding suggests that anharmonicity is not the
main mechanism determining the temperature behavior of
the Raman-peak energy and that the Raman peak is not due
to a bare phonon vibration. Finally, we have shown that, on
the basis of recent theoretical results,24,28,29 there is no con-
tradiction between the presence of a 75-meV Raman peak at
� and the x-ray E2g phonon frequency at 65 meV near �.

In conclusion, the present results indicate that anharmo-
nicity plays a marginal role in MgB2. As a consequence, the
explanation of the reduced isotope effect6,7—one of the most
important unresolved issues in the physics of MgB2—needs
to be reconsidered.
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