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We report here extensive measurements of the temperature dependence of phonon density of states of
BaFe,As,, the parent compound of the FeAs-based superconductors, using inelastic neutron scattering. The
experiments were carried out on the thermal time-of-flight neutron spectrometer IN4 at the Institut Laue
Langevin on a polycrystalline sample. There is no appreciable change in the spectra between 7=10 and 200 K,
although the sample undergoes a magnetic as well as a tetragonal-to-orthorhombic structural phase transition at
140 K. This indicates a rather harmonic phonon system. Shell-model lattice-dynamical calculations based on
interatomic potentials are carried out to characterize the phonon data. The calculations predict a shift of the Ba
phonons to higher energies at 4 GPa. The average energy of the phonons of the Ba sublattice is also predicted
to increase on partial substitution of Ba by K to Bay¢K 4. The calculations show good agreement with the

experimental phonon spectra and also with the specific-heat data from the literature.
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The discovery of high transition temperature (7,) super-
conductivity in fluorine-doped RFeAsO (R=rare earth) and
K-doped BaFe,As, has attracted immense attention'~? in the
scientific community. It is important to note that these com-
pounds have high superconducting transition temperatures
without requiring the presence of copper oxide layers. The
application of hydrostatic pressure in F-doped LaFeAsO
results* in an increase in 7, from 25 to 43 K. Similarly the
substitution of rare-earth atoms equally results’ in an in-
crease in T, of 43 K at ambient pressure in Sm;_,F FeAsO.
A T, of 38 K has been reported’ in bilayer compound
Bag 60K 40Fe,As,. Pressure-induced superconductivity has
been reported'?!3 in MFe,As, (M=Ba, Ca, and Sr). These
measurements indicate that a 7. of 12, 27, and 29 K can be
achieved at high pressures in the parent compounds
CaFe,As,, SrFe,As,, and BaFe,As,, respectively. Anomalies
in the specific heat, electrical resistance, and magnetic sus-
ceptibility indicate’ structural and magnetic phase transitions
in BaFe,As, at 140 K. X-ray diffraction measurements indi-
cate that an orthorhombic (space group Fmmm) to tetragonal
(14/mmm) structural phase transition takes place at 140 K.’
The magnetic ordering in this compound has been confirmed
by neutron diffraction on both powder'® and single-crystal
samples.!® Theoretical electronic structure calculations®?-20-23
have been reported for LaFeAsO and BaFe,As,. These cal-
culations show that in LaFeAsO electronic bands around the
Fermi level are formed mainly by Fe-As layers, whereas the
bands of La-O layers are far from the Fermi level. Therefore
superconductivity in these compounds is believed to be
mainly due to the structural and electronic states of the
Fe-As layers. Structural, electronic, and magnetic properties
of BaFe,As, and LaFeAsO are remarkably similar, which
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makes BaFe,As, a parent compound for oxygen-free super-
conductors.

Concerning the dynamics Raman'® and infrared data®!
have been reported in LaFeAsO, while Raman modes have
been experimentally measured'* in SrFe,As,. Phonon den-
sity of states in LaFeAsO,_,F, has been measured!®?? using
inelastic neutron scattering. Ab initio calculation of the pho-
non spectra has been reported in LaFeAsO.!> The zone-
center phonon modes have been calculated'* for SrFe,As,
using shell-model lattice dynamics. A strong electron-phonon
coupling of in-plane Fe breathing modes has been suggested
for the LaO,_,F,FeAs superconductor.!” Meanwhile, a mag-
netic instability due to either magnetic ordering of a local-
ized iron magnetic moment or spin-density waves in a more
itinerant picture has been experimentally realized in the par-
ent compounds.? This raises possibility that superconductiv-
ity in iron pinictides might also be mediated by spin fluctua-
tions, in a case similar to cuprates. Indeed, very recent
inelastic neutron-scattering work?>?> on superconducting
Bay (K 4Fe,As, has found indication for the existence of
spin fluctuations. The mechanism of superconductivity, and
in particular the role of lattice dynamics in superconducting
pair formation in these materials that superconduct with rela-
tively high T, although not as high as that found in cuprates,
is still to be settled. Meanwhile it is necessary to study pho-
non dynamics carefully in these materials. This has moti-
vated us to carry out measurements of the temperature de-
pendence of the phonon density of states in BaFe,As,. The
phonons spectra as well as some thermodynamic properties
have equally been calculated.

The polycrystalline sample of BaFe,As, was prepared and
characterized as reported elsewhere.” Both x-ray and neutron
powder-diffraction refinements show that the sample con-
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tains less than 5% of impurity phases. The inelastic neutron-
scattering experiments were performed on a polycrystalline
sample of BaFe,As, using the thermal time-of-flight neutron
spectrometer IN4 at the Institut Laue Langevin (ILL),
France. The incident neutron wavelength of 1.18 A was cho-
sen which allowed the spectra to be obtained in the neutron
energy-loss mode (Stoke side) up to 45 meV. The detector
bank covered scattering angles up to 120°. About 1.6 g of
polycrystalline BaFe,As, sample were placed inside a thin
aluminum foil. The temperature dependent data were taken
at 10, 100, and 200 K. The data were processed in order to
obtain the dynamical structure factor S(Q,E) and the
neutron-weighted ‘“‘generalized” phonon density of states
g"(E). The so-called “incoherent approximation” is used to
derive g"(E) which implies averaging the spectra over the
whole scattering angle.’® In the energy-loss mode, the
neutron-weighted phonon density of states are obtained?’
from the measured scattering function S(Q,E) via

¢ (E) =A<—e2wk(Q)—S(Q E)> (1)
0> n(ED+1 )
h>
¢(E)=BS, {4m k}gm, )
k k

where n(E,T)=[exp(E/kgT)-1]"!, A and B are normaliza-
tion constants, and b, my, and g,(E) are, respectively, the
neutron-scattering length, mass, and partial density of states
of the kth atom in the unit cell. The quantity within (----)
represents the proper average over all Q values at a given
energy. 2W(Q) is the Debye-Waller factor.

The present lattice-dynamical calculations are carried out
using a shell model. Each ion consists of a core and an adia-
batic, i.e., massless shell of charge, which are connected by a
harmonic spring constant. The shell can displace itself from
the core causing a dipole, leading to a proper description of
the crystal dielectric behavior. The form of the potentials
used?®? for the calculations is

e’ Z(k)Z(k") —br
V()= {47780}{ , } Ta eXp{ R(K) +R(k’)}’

3)

where r is the separation between the atoms of type k and k',
Z(k) and R(k) are empirical charge and radius parameters of
the atom of type k, 1/(4me,)=9Xx10° Nm?/Coul®, a
=1822 eV, and b=12.364.

The covalent nature of Fe-As bond is described by the
following potential:

V(r) == D exp[—n(r—r,)*(2r)]. (4)

The radii parameters used in our calculations are R(Ba)
=220 A, R(Fe)=0.30 A, and R(As)=2.48 A. Partial
charges of Z(Ba)=1.50, Z(Fe)=0.75, and Z(As)=-1.50 are
used in the calculations. The parameters of the stretching
potential are D=2.4 eV, n=7 A‘l, and r,=2.392 A. The
shell charge Y(As) and shell-core force-constant K(As) for
As atoms are —1.0 and 140 eV/A2. The parameters of the
potential are determined from the static and dynamic equi-
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FIG. 1. (Color online) Comparison between the calculated and
experimental phonon spectra of BaFe,As,. For better visibility the
experimental phonon spectra at 100 and 200 K are shifted along the
y axis by 0.04 and 0.08 meV~!, respectively. The calculated spectra
have been convoluted with a Gaussian of full width at half maxi-
mum (FWHM) of 3 meV in order to describe the effect of energy
resolution in the experiment.

librium conditions of the crystal lattice. The lattice-
dynamical calculations are carried out using DISPR (Ref. 30)
software package developed at Trombay.

The phonon spectra collected for BaFe,As, at 10, 100,
and 200 K are shown in Fig. 1. BaFe,As, has an
orthorhombic-to-tetragonal structural and magnetic phase
transition at 140 K when increasing the temperature. The
orthorhombic distortion is rather small. The experimental
phonon spectrum at 200 K in the tetragonal phase is quite
similar to those in the orthorhombic phase at 10 and 100 K.
The experimental S(Q,E) plots (Fig. 2) at 10, 100, and 200
K show no immediately recognizable signs of magnetic ex-
citations in BaFe,As, in our measurements between 5 and 45
meV. Our present interatomic potential produces a stable te-
tragonal structure. The calculations are compared (Fig. 1)
with the experimental phonon data at 10 K. The calculations
compare very well with the experimental data except for a
peak at about 21.5 meV, which is not reproduced by the
calculations. Recent work?® on LaFeAsO shows that the
three-peak structure between 20 to 50 meV in the experimen-
tal phonon density of states could not be reproduced by ab
initio calculations, which show only one peak. Shell model

104514-2



INELASTIC NEUTRON SCATTERING AND LATTICE-...

45.022

36.089

27.155

18.222

E (meV)

7:58

2.67

4.29

E (meV)

5.9

PHYSICAL REVIEW B 78, 104514 (2008)
45.03

36.09
27.16

18.23

9.29

0.36
1.05

7.53

200 K

1.53 9.15

| QA"

FIG. 2. (Color online) The experimental S(Q,E) plots for BaFe,As, at 10, 100, and 200 K.

may be able to fit the peak at 21.5 meV if we introduce
additional force constants as adjustable parameters. The in-
tensity of the peak at 21.5 meV is observed to scale with the
Bose factor at all the temperatures. The shape of this peak
shows an identifiable temperature variation between 10 and
200 K. The experimental S(Q, E) (Fig. 2) plots show that this
peak does not arise from intensity at low Q. This suggests
that the origin of this peak is not magnetic. There are ex-
pected small changes in data with temperature due to anhar-
monocity. These do not reflect major changes in the one-
phonon density of states. At present we may only speculate
on the origin of 21.5 meV peak. Electronic structure
calculations® give an evidence of Fermi-surface nesting in
LaFeAsO. Fermi-surface nesting can lead to phonon
anomalies.’!3> An in-plane Fe breathing mode of 20 meV
has been found'” to be relevant for LaO,_,F,FeAs in this
respect. Same physical argument should also hold for
BaFe,As,. Our lattice dynamics calculations are carried out
using an atomistic approach, wherein the effects arising from
Fermi-surface nesting have not been incorporated. Recently
S(Q,E) has been measured’”?> for superconducting
Bay¢Ko4Fe,As, at 7-50 K. The measurements are carried
out in the energy, and momentum transfer ranges up to 25
meV and 2.5 A~', respectively. These measurements indi-
cate neutron-scattering evidence of a resonant spin excitation
at 15 meV in Bay K 4Fe,As,. However our measurements
on parent BaFe,As, show no sign of any magnetic excita-
tions as described above.

In order to understand the contribution of various atomic
motions to the phonon spectra we have calculated the partial

densities of states (Fig. 3). The Ba atoms mainly contribute
in the 0-20 meV range, while the Fe and As atoms contribute
in the entire 0-40 meV ranges, respectively. Above 30 meV
the contributions are mainly due to Fe-As stretching modes.

Application of hydrostatic pressure up to 4 GPa in
F-doped LaFeAsO results* in an increase in 7, from 25 to 43
K. Similarly pressure induced superconductivity has been
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FIG. 3. (Color online) The calculated partial density of states of
the various atoms in BaFe,As, and Ba,;K;;3Fe,As,. Solid line,
dashed line, and dotted line correspond to the calculated partial
density of states of various atoms in BaFe,As, (0 GPa), BaFe,As,
(4 GPa), and Ba, ;3K 3Fe,As, (0 GPa), respectively.
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found in CaFe,As, (Refs. 12 and 24) and BaFe,As, (Ref. 13)
at 0.5 and 3.8 GPa, respectively. Phase transition to a col-
lapsed tetragonal phase and superconductivity seem to be
related'>?* in these compounds. BaFe,As, shows supercon-
ductivity at 3.8 GPa, so in order to understand the role of
phonon in increasing 7., we have calculated phonon spectra
at 4 GPa. We find that the effect of pressure is largest on the
barium modes (Fig. 3) at pressure corresponding to the onset
of superconductivity. At ambient pressure BaFe,As, shows
superconductivity if we partially substitute Ba with K. Pres-
sure generates nearly the same effect as the partial substitu-
tion of Ba by K atoms. In order to understand this we have
carried out supercell calculations (3X3X3) for
Ba,;sK,;Fe,As,. The calculated phonon spectra for
Ba, 3K 3Fe,As, are also shown in Fig. 3. The atomic mass
of K (39.10 amu) is smaller in comparison to Ba (137.34
amu). This results in an increase in the average phonon en-
ergy of Ba,;sK,,; site atoms only. Experimental measure-
ments of Raman modes'* in SrFe,As, also show that substi-
tution of K for Sr has little effect on the frequencies of
modes involving As and Fe atoms. Modes involving Sr or
Srp6Kg4 could not be measured by Raman spectroscopy
since these A,, or E, modes are only sensitive to the infrared
technique.

The calculated one-phonon density of states g(E) is
shown in Fig. 3 and is used to compute the specific heat
Cy(T) as a function of temperature. The difference Cp—Cy
=a%, BVT, where ay is the volume thermal expansion and B
is the bulk modulus. For comparison with the experimental
specific heat of BaFe,As, the experimental electronic
specific-heat coefficient!! y(=37 m J/mol K*) is added to
the calculated phonon contribution. The calculated Cp(T) is
compared with the experimental data!! in Fig. 4. The average
phonon frequency for the experimental and calculated
neutron-weighted phonon spectra are 24 and 25 meV, respec-
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FIG. 4. Comparison between the calculated and experimental
specific heats (Ref. 11).

tively. This is consistent with the slight excess in the ob-
served specific heat. For BaFe,As, the calculated value of
bulk modulus is 69 GPa. Experimental data is not available
for comparison.

In conclusion, we have measured the temperature depen-
dence of the phonon density of states in the parent compound
BaFe,As,. We find no indications for strong anharmonic ef-
fects. Lattice-dynamical calculations are carried out for mi-
croscopic understanding of the phonon spectra. The compari-
son between our experimental phonon data and shell model
is very good apart from one peak in the experimental spectra
that could not be reproduced by the calculations. The peak at
21.5 meV is not reproduced by conventional phonon calcu-
lations and might be due to electronic effects such as Fermi-
surface nesting. This unusual feature needs more detailed
study using single-crystal phonon spectroscopy. We have
shown that the effect of pressure on the phonon vibrations is
the strongest for the barium modes and so also is the effect of
a partial substitution of Ba by K atoms on the modes of the
Ba-K sublattice.
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