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Low-energy phonon dispersion in LaFe4Sb12
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We studied the vibrational dynamics of a single crystal of LaFe4Sb12 by three-axis inelastic neutron
spectroscopy. The dispersion of phonons with wave vectors q along [xx0] and [xxx] directions in the
energy range of eigenmodes with high amplitudes of lanthanum vibrations, i.e., at �ω � 12 meV is identified.
Symmetry-avoided anticrossing dispersion of phonons is established in both monitored directions and distinct
eigenstates at high-symmetry points and at the Brillouin-zone center are discriminated. The experimentally
derived phonon dispersion and intensities are compared with and backed up by ab initio lattice dynamics
calculations. Results of the computer model match well with the experimental data.
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I. INTRODUCTION

It has been demonstrated by experiments that the lattice
thermal conductivity κl of the binary skutterudite CoSb3 (space
group Im3̄) can be strongly suppressed when alloyed with
electropositive elements M such as lanthanum and cerium
[1–4]. The gradual filling of the large voids in the CoSb3

structure with La and Ce requires an electronic compensation
to be accomplished by substituting Co with Fe resulting in
the nominal stoichiometry M1−xFeyCo4−ySb12. One puzzling
outcome of the measurements is the observation that even in
the case of a presumably complete filling, i.e., in the ordered
structure of the ternary skutterudite CeFe4Sb12 with x = 0
and y = 4, its κl remains lowered by more than one order of
magnitude compared to κl of the ordered CoSb3 [4]. Other
thermal transport experiments on a series of MFe4Sb12 with
M = Ca, Sr, Ba, La, Ce, Pr, Nd, Eu, and Yb support these
results [5]. They disclosed a dependence of the effect on the
cation properties and extended the temperature scale beyond
room conditions.

As lattice thermal transport is accomplished by dispersive
phonons it is obvious that the microscopic mechanism respon-
sible for the strong reduction of κl is to be sought within the
interaction between the vibrational dynamics of the electropos-
itive M with acoustic phonons of the anionic Fe4Sb12 matrix. In
a recent modeling study Bernstein et al. have demonstrated that
κl is highly sensitive to the details of this interaction on the level
of the Grüneisen parameters of La-dominated eigenmodes in
LaFe4Sb12 [6]. On the grounds of a phenomenological model
Geng et al. concluded in Ref. [7] that anharmonicity introduced
with M = Ca, Ba, and Yb into Co4Sb12- and Fe4Sb12-based
skutterudites satisfies to account for the reduction in κl within
a classical scenario of phonon umklapp-scattering processes.
The results are thus in coherence with the data of Bernstein and
coworkers. The experimental establishment of the anharmonic
effects and the deciphering of their details is however elaborate
for many reasons connected to the properties of the skutterudite
compounds.

The coupling of La and Ce with Fe4Sb12 provokes the
formation of vibrational modes with high amplitudes of
M at relatively low energies in the range of 5–10 meV
[8–12]. Thence, high-energy resolution spectroscopy is
required to discriminate distinct phonons at these low energies.

Vibrational eigenstates at the Brillouin-zone center (�-point
excitations) in this energy range are infrared (IR) active. Due
to the high reflectivity of the semiconducting and metallic
compounds IR spectroscopy proved to be highly challenging
and only few reports on the hybrid modes have been published
[13,14]. Raman spectroscopy was successfully performed on
LaxFe3CoSb12 monitoring however higher energies [15,16].

Another complication stems from the underlying phase
diagram of the cobalt- and iron-antimonides making crystal
formation difficult. Available single crystals are of a size
rather suitable for inelastic x-ray scattering (IXS) experiments
with a resolution of ≈1.5 meV, at best. Some information on
eigenmodes of CoSb3 could be harvested by the exploitation of
the phonon selection rules within the four-dimensional wave
vector Q and energy �ω phase space [17]. High-resolution
inelastic neutron scattering (INS) on powder material of
LaFe4Sb12 was able to discriminate between �-point and
Brillouin-zone boundary excitations and, thus, between van
Hove singularities of acoustic and optic modes in the energy
range of 5–10 meV [12]. As a drawback, the orientationally
averaged signal monitored the inelastic response dependent on
the modulus of the wave vector |Q| only and did not allow to
identify distinct phonon eigenvectors.

Against the aforementioned experimental limitations the
results were of high virtue to establish and improve models of
the microscopic dynamics by density functional theory (DFT)
and lattice dynamics calculations (LDC) [9,12,15,17,18].
Thereby the experimentally established excessive low-energy
modes in LaFe4Sb12 were assigned to phonons with enhanced
amplitudes of La, of lowered dispersivity, and slightly aug-
mented mode Grüneisen parameters [6,19,20]. The soundness
of these findings was scrutinized by IXS and INS experiments
on homologous compounds such as IrSb3 and ROs4Sb12

with R = La, Sm in Refs. [21,22], CeOs4Sb12 in Ref. [23],
SmRu4Sb12 in Ref. [22], and CeRu4Sb12 in Ref. [24].

Despite the so far conclusive results the understanding of
the thermal transport on microscopic levels and the verification
of modeling data misses the experimental establishment of
three fundamental properties in the phonon dynamics of
LaFe4Sb12. First, the direct experimental observation of the
low-energy phonon-eigenvector scheme is missing. Second,
the anharmonicity of the phonon modes in terms of Grüneisen
parameters have not been established yet. Finally, the phonon
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life times observable as the width of the vibrational eigenstates
require an experimental characterization.

This paper presents our next effort to provide this essential
information on the dynamics of the ternary skutterudite
LaFe4Sb12 in the energy regime of high La amplitudes. We
report phonon dispersions along [xx0] and [xxx] directions
as probed at room temperature by neutron three-axis spec-
troscopy on a single-crystal specimen with a volume of
5 × 5 × 2 mm3. All acoustic and low-energy optic eigenmodes
were discriminated; �-point excitations and eigenstates at
high symmetry points of the Brillouin-zone boundary were
identified. The measurements were accompanied and guided
by lattice dynamics calculations whose predictions proved to
be of high precision. The phonon dispersion and eigenvectors,
i.e., energies and intensities of the probed eigenstates, were
characterized satisfactorily.

II. EXPERIMENTAL PROCEDURE

A. Synthesis and crystal growth of LaFe4Sb12

Polycrystalline samples of LaFe4Sb12 were synthesized by
powder metallurgical techniques. In a first step compacted
blends of powders of precursors FeSb2, LaSb2, and Sb
(99.99%, Chem Pur) were annealed at 600 ◦C for one week in
glassy carbon crucibles, which were sealed in Ta tubes.

In a typical crystal growth experiment about 4 g of
LaFe4Sb12, 0.8 g LaSb2, and 35 g Sb were mixed and
compacted. The tablets were placed into a glassy carbon
crucible (inner diameter, 20 mm; height, 30 mm) with a lid.
This assembly was sealed into a crucible manufactured from
Inconel. All these steps were carried out in an argon-gas glove
box system (oxygen, and moisture content less than 1 part per
106). The closed Inconel crucible was placed into an electric
box-type furnace and subjected to the following heat treatment:
(i) initial heating to 650 ◦C within 24 hours; (ii) additional
heating to 830 ◦C within two hours with a dwell time at this
temperature of two hours; (iii) slow cooling to 685 ◦C within
144 hours followed by a heat treatment at this temperature for
168 hours; (iv) final cooling to 50 ◦C within 24 hours.

The excess of antimony was removed by sublimation of Sb
at 600 ◦C applying a dynamic vacuum of about 10−4 mbar.
The composition of the grown crystals was investigated by
microprobe analysis applying energy dispersive or wave length
dispersive spectroscopy, respectively. It was found that their
composition tend to vary in the range of La0.90±0.04Fe4Sb12.
The specimen utilized for this study was handpicked for its
large size and its clean morphology. For simplicity we refer to
this specimen as LaFe4Sb12 throughout this paper.

B. Instruments and experimental protocol

Four different neutron-scattering instruments were utilized
for the characterization, orientation, and spectroscopic mea-
surements of the single crystalline LaFe4Sb12 specimen. All
instruments are located at the European neutron source Institut
Laue Langevin (ILL) in Grenoble, France.

The neutron Laue camera OrientExpress@ILL was ex-
ploited for the preorientation of the sample. Figure 1 reports
two examples of recorded Laue diffractograms. The different
orientations of the crystal are indicated by few indexed
reflections.
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FIG. 1. (Color online) Neutron Laue diffractograms of the
LaFe4Sb12 single-crystal sample monitored in two directions. Some
reflexes are indexed for demonstration purposes.

A general overview of the dispersion properties and
scattering intensities of the acoustic phonons was collected
at the single-crystal time-of-flight spectrometer IN5@ILL.
The preparatory work was completed at the thermal three-axis
spectrometer (TAS) IN3@ILL at which the sample was fine
oriented and specific Q points and orientations were examined
for best scattering intensities. This preparatory work is set
aside in this paper. However, it is important to note that the
diffractograms recorded at OrientExpress@ILL showed only
reflections that could be indexed according to the symmetry
and structural properties of the ternary skutterudite compound.
In agreement with these results the elastic and inelastic signals
observed at IN5@ILL and IN3@ILL gave strong indication
of a purely single-crystal nature of the LaFe4Sb12 specimen.

Data reported in this paper were taken at the high-flux
thermal TAS IN8@ILL. A Cu(200) monochromator and
Cu(200) analyzer configuration were utilized. All phonon
scans were carried out with constant kf = 2.662 Å−1. The
majority of scans was performed with an uncollimated beam.
A collimation of 60′ was chosen for a few scans of dispersive
modes at lowest energies. Elastic scans were performed at
some different Q points.

The established energy resolution at the elastic E0 = 0 meV
position was generally between 0.5 and 0.6 meV, in good
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FIG. 2. (Color online) Single-crystal LaFe4Sb12 specimen sup-
ported in thin aluminum foil and mounted on the goniometer shielded
with cadmium. Indicated are the size and orientation of the crystal
matching the top Laue pattern in Fig. 1.

agreement with calculated resolution widths obtained by the
TAS simulation package RESTRAX [25].

For sufficient statistical accuracy acquisition was carried
out for 250 000 incident monitor counts resulting in an
acquisition period of one up to two minutes per single data
point with the uncollimated beam and up to five minutes per
data point with the collimated beam. Note that for clarity
reasons some of the spectra presented in this paper are based
on grouped data points and all spectra are scaled as for 25 000
incident monitor counts.

The sample was supported within a thin aluminum foil
on a goniometer mounted in an aluminum vacuum chamber
with a diameter of 100 cm. Aside from the entrance and
exit windows for the neutron beam the entire goniometer,
its support, and the vacuum chamber were covered with
neutron absorbing cadmium for optimum sample signal to
background ratio. Figure 2 shows the sample goniometer setup.
Size and orientation of the single crystal are indicated. All
measurements were carried out at room temperature and high
vacuum. A lattice parameter of a = 9.135 Å was determined
experimentally.

Two orientations of the specimen were exploited to follow
the dispersion of acoustic phonons with q||[xx0] (� to
N) and q||[xxx] (� to P) directions and to discriminate
between different phonon polarizations. Thence, we focused
on directions allowing an orientation of the sample face
perpendicular to the scattering plane. Scans in the (x00,0xx)
plane allowed to monitor the eigenmodes in [xxx] and the
transverse acoustic mode of lowest energy in [xx0] direction.
Scans in the (x00,0x0) plane completed the eigenmode scheme
by the modes of higher energy transverse and longitudinal
polarizations in [xx0] direction. Thereby most of the scans
were constant Q runs, a few were carried out at constant energy
�ω. Note that Q = Ghkl ± q with Ghkl the reciprocal lattice
vector and q the phonon wave vector is given in relative length
units in this paper.

Specific Q points were chosen according to phonon inten-
sities computed from lattice dynamics calculations (LDC).
The LDC were derived from Hellmann-Feynman forces
by the direct method implemented in the software pack-
age PHONON [26,27]. The Hellmann-Feynman forces were
computed through density functional theory (DFT) methods
carried out with the Vienna ab initio simulation package

(VASP) [28,29]. The original calculations were outlined in
Ref. [12]. In this paper, however, they have been adapted
to the computation approach followed in Ref. [30] having
employed a super cell comprising 2 × 2 × 2 unit cells and a
k-point mesh of 7 × 7 × 7. It is worth noting that we utilized
the generalized gradient approximation (GGA) formulated by
the Perdew-Burks-Enzerhof (PBE) density functional. This
is at variance with the computation study by Feldman et al.
presented recently in Ref. [20] utilizing the local density
approximation (LDA).

Furthermore, we have refined the pristine LDC by taking
into account not only DFT Hellmann-Feynman forces but also
a few eigenenergies identified at the Brillouin-zone center and
specific zone boundary points in the INS spectra. This way a
closer match of the primary ground-state dispersion relation
with the room temperature experimental data was achieved.
Whenever the refined LDC results are employed we refer to
them as LDC∗.

III. RESULTS AND DISCUSSION

A. Phonon spectra and dispersion relation

Figures 3 and 4 report scans q||[xx0] discriminating the
three different polarizations of acoustic phonons. The specific
reciprocal space points Q are indicated in the figures. All
spectra are approximated by Gaussian lines and a flat constant
background. The number of phonon peaks is chosen according
to the LDC results. They are represented by the filled Gaussians
in the figures.

To highlight the experimental energy resolution an elastic
line scan is indicated in Fig. 3 with the data at (6,−.1,−.1).
Remaining unfilled peaks indicate parasitic phonon intensities.
As the monochromatic beam was focused vertically, the
out-of-plane resolution was coarse (around 0.35 full width
at half maximum in reciprocal lattice units as computed with
RESTRAX) leading to a crossing of transversal phonon branches
along the out-of-plane [0x̄x] direction.

Figure 5 summarizes all phonon energies identified through
the LDC-guided fits of Gaussian lines to different scans along
[xx0]. Note that the low-energy acoustic phonon of transverse
polarization (ta1) was scanned along different directions and
at different conditions such as with distinct collimations. This
strategy was applied to trace as well other modes in particular
excitations at high-symmetry points. Thence, the energies
reported for the � point correspond to average values derived
from excitations at distinct Brillouin-zone centers.

Dashed lines represent elastic moduli derived from ultra-
sonic attenuation experiments on a single crystal specimen in
equivalent directions [31]. The slope corresponds to values
approximated at 140 K, however, the estimated variation of
the moduli up to room temperature has a negligible effect on
the results sketched in Fig. 5.

Apart from the �-point excitation at �ω = 6.72 ±
0.01meV, which can be uniquely assigned to a threefold
degenerate, infrared-active eigenstate [3Tu(I)] the density of
�-point excitations at higher energies is too high to unequiv-
ocally discriminate between different eigenfrequencies in this
experiment. Although scans at different Brillouin-zone centers
resulted in a variation of peak positions and intensities, for
example in the energy range of 11–11.5 meV, we do not
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FIG. 3. (Color online) Phonon spectra measured along [xx0]
corresponding to (6,−x,−x) scans in reciprocal space. Energies
of excitations and x points are indicated in the figures. Intensity
corresponds to detector counts per 25 000 counts in monitor. Filled
Gaussians represent fit results to the phonon peaks. Total fits are
represented by full lines. Red color indicates results with a 60′

collimated beam, blue color represents data with the uncollimated
beam.

disclose the uniqueness of the eigenstates and report an
averaged �ω = 11.4 ± 0.2 meV.

Energies of eigenstates identified at the Brillouin-zone
boundary (N point) are reported disclosed in Fig. 5. �- and
N-point excitations up to 8 meV were utilized to renormalize
the LDC results for a better match. Table I summarizes the
experimental IN8@ILL, the pristine LDC, and the renormal-
ized eigenfrequencies LDC∗. Note that identical sequences of
eigenstates at the points x = 0.4 and 0.5 (N point) are observed
in the experiment and calculated in both LDC and LDC∗ to be
ta1, ta2, to1, la. Apart from the correspondence of the LDC
and LDC∗ with IN8@ILL data this sequence emanates from
the polarization dependent scans and is thus a unique argument
for model discrimination of the LaFe4Sb12 lattice dynamics.
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FIG. 4. (Color online) Phonon spectra measured along [xx0]
corresponding to scans at (−5 + x,3 + x,0) and (−5 + x,−3 + x,0)
plotted in the left and right panels, respectively. Energies of excita-
tions and x points are indicated in the figures. Intensity corresponds
to detector counts per 25 000 counts in monitor. Filled Gaussians
represent fit results to the phonon peaks. Total fits are represented by
full lines. Red color indicates results with a collimated beam, blue
color represents data with the uncollimated beam.

Figure 6 reports some spectra detected at different Q
for the determination of the phonon dispersion along [xxx].
Unlike for the [xx0] direction for which eigenmodes could be
distinguished and followed over extended phase space regions
of up to two Brillouin zones the eigenvectors for [xxx] in the
exploited scattering plane change notably resulting in a distinct
intensity variation. For this reason a multiple of different
symmetry-equivalent Q points were examined and distinction
of the degenerate transverse and longitudinal modes were
achieved by intensity discrimination. All identified energies
are summarized in Fig. 7 and the P-point energy, which was
exploited for LDC∗ is listed in Table I.
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FIG. 5. (Color online) Phonon dispersion along [xx0] derived
from experiment (symbols) and determined by LDC∗ (solid lines).
Reciprocal space points of the scans are reported in the figure.
Scans [6,−x,−x] are discriminated for the experimental setup with
collimated beam (small circle) and ucollimated beam (large circle).
Dashed lines represent elastic moduli data from Ref. [31].

Scans carried out at (4 − x, 4 − x, 4 − x) with x = 0.2,
0.25, and 0.3 were hampered by the physical limits of the
spectrometer. The degenerate acoustic modes of transverse
polarization could not be completely sampled towards low
energies as can be judged from Fig. 6. Note that their energies
derived from the fit of a single Gaussian miss accurate
definition and deviate visibly towards lower energies in Fig. 7.

An equivalent approach as for the scans of [xxx] phonons
was applied to the determination of Brillouin-zone center (�-
point) and zone boundary excitations. Some scans are reported
in Fig. 8. Energies exploited for the renormalization of the
LDC to LDC∗ are listed in Table I. The entire set of �-point
scans indicates a number of maxima between 10 and 17 meV.
Specific excitations can not be discerned accurately due to
their high density. However, peaks around 11.5, 12.5, 14.5, and
16.5 meV are in agreement with the LDC∗ data as well as with
calculations and Raman scattering results on La0.75Fe3CoSb12

by Feldman et al. reported in Ref. [15].

B. Force and elastic constants

We present in Table II the self-force constants F n
ij with n =

La, Fe, and Sb obtained from the LDC∗ listed in Table I. Note
that the F n

ij were effected by less than 1% by the performed

TABLE I. Energies of modes in meV at the Brillouin-zone center
and zone boundary. LDC and LDC∗ characterize the results from
the direct-method LDC based on the Hellmann-Feynman forces and
taking into account the experimental IN8@ILL data, respectively.
Unequivocally identified polarization of modes, such as transverse
acoustic (ta), longitudinal acoustic (la), and transverse optic (to) are
indicated with the monitored Q.

LDC LDC∗ IN8@ILL

� averaged 6.91 6.72∗ 6.72(1)
(6,−.5,−.5) ta1 5.35 5.21∗ 5.21(1)
(−4.5,3.5,0) ta2 7.16 7.29∗ 7.30(4)
(6,−.5,−.5) to1 7.72 7.52∗ 7.52(4)
(−4.5,−2.5,0) la 7.91 7.83∗ 7.82(5)
P averaged 7.27 7.18∗ 7.17(5)
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FIG. 6. (Color online) Phonon spectra measured along [xxx].
Intensity corresponds to detector counts per 25 000 counts in monitor.
Some of the data sets have been scaled for clarity. The scaling factors
are indicated in the subfigures.
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FIG. 7. (Color online) Phonon dispersion along [xxx] derived
from single-crystal INS data (symbols) and determined by LDC∗

(solid lines). Reciprocal space points of the scans are reported in the
figure. Dashed lines represent elastic moduli which were computed
according to experimental data from Ref. [31]
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TABLE II. Self-force constants F n
ij (n = La, Fe, Sb; i,j = x, y,

z) in N/m from LDC∗.

xx yy zz xy xz yz

Fe 174.8 xx xx −12.3 xy xy

Sb 161.0 98.6 101.1 0 0 −2.1
La 51.1 xx xx 0 0 0

frequency matching. Harmonic pair force constants are listed
in Table III. Note that for presentation of the forces atomic
positions have been chosen equivalent with the positions
discussed by Feldman et al. in Ref. [20].

Table IV offers a comparison of elastic constants derived
from the IN8@ILL experiment, from LDC∗ and estimated
from ultrasonic pulse experiments reported in Ref. [31]. The
elastic moduli were calculated as C = ρv2 with ρ the mass
density of completely filled LaFe4Sb12 with the lattice param-
eter a = 9.135 Å. The sound velocities v were estimated from
the acoustic phonon energies at q = (.1,.1,0) and (.1,.1,.1) of
IN8@ILL data, and at (.01,.01,0), (.01,.01,.01) and (.01,0,0) of
the LDC∗ results. Physical relations valid for moduli in differ-
ent directions of a cubic crystal are indicated on top of Table IV.
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FIG. 8. (Color online) Excitations measured at the Brillouin-
zone center and different zone boundary points. Intensity corresponds
to detector counts per 25 000 counts in monitor.

TABLE III. Force constants F La−Sb
ij and F La−Fe

ij in N/m from
LDC∗. Fractional coordinates of considered atoms are La = (000),
Sb1 = (−0.1635,0,0.3352), Sb2 = (−0.3365,1/2,0.1648), and Fe =
(1/4,1/4,1/4).

La-Sb1 La-Sb2 La-Fe

xx −1.99 0.31 1.38
xy 0 0.13 2.07
xz 11.62 0.21 2.87
yx 0 −0.16 2.87
yy 1.33 −0.24 1.38
yz 0 0.29 2.07
zx 9.37 −0.40 2.07
zy 0 0.01 2.87
zz −15.31 −0.18 1.38

They were exploited to compute C11 from IN8@ILL and C11,
Ciii , and Civ from Ref. [31]. We discriminated the elastic
constants along q||[x00] whose degeneracy is lifted due to the
octahedra distortion in skutterudites as C ′

44 and C ′′
44 [2,32,33].

We estimated the bulk moduli through B = C11 − 2Ciii +
2/3C44 to be 98(8) GPa (IN8@ILL), 85 GPa (LDC∗), and
98 GPa (Ref. [31]).

C. Phonon intensities

Figure 9 reports phonon intensities calculated and measured
along q||[xx0]. The area of the full circles represent the LDC∗
intensity whereas measured intensities are represented by the
area of the empty circles. All intensities are scaled in respect
to the signal of the [3Tu(I)] �-point excitation indicated at x =
1.0 in Fig. 9. This intensity was determined experimentally at
(6,−1,−1). Intensities derived at symmetry-equivalent points
were scattering within ±5% of the (6,−1,−1) intensity.
To compare LDC∗ and experimental results all measured
data were corrected for the thermal occupation by the

TABLE IV. Elastic constants in GPa derived from the experiment
at IN8@ILL, computed through LDC∗, and from literature data of
Ref. [31]. The elastic constants are characterized by the polarization
of the corresponding acoustic phonons as transverse acoustic mode
of lower (ta1) and higher (ta2) energy, and longitudinal acoustic
phonon (la).

q||[x00] q||[xx0] q||[xxx]

ta1 C ′
44 C44 Ciii = 2Ci+C44

3
ta2 C ′′

44 Ci = C11−C12
2 Ciii

la C11 Cii = C11+C12+2C44
2 Civ = 4Cii−C11

3
IN8@ILL – 49(1)† 60(1)†

– 94(2) 60(1)†

186(10)a 169(2)† 122(5)
LDC∗ 40 41 66

43 80 66
190 153 141.0

Ref. [31] – 49.4‡ 61.9b

– 68.2‡ 61.9b

189.1/194.5b 175.7‡ 163.9b

aComputed from values marked with †.
bComputed from values marked with ‡.
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FIG. 9. (Color online) Phonon intensities sketched on the phonon
dispersion lines. Intensities are indicated by the area of the circles
and scaled to the intensity at � point x = 1.0. Full and empty circles
represent the LDC∗ and measured intensities, respectively.

Bose-Einstein factor n(ω,T ) and for an average count rate
in monitor 2.

It is necessary and worth commenting that the depicted
intensities were selected for the distinctness of the probed
eigenmodes. For spectra with overlapping peaks, weak signals,
and high background levels the applied match by a number
of Gaussians and a flat constant background did not result
in fit parameters of peak intensities and peak widths for an
interpretation on solid quantitative grounds. These were in
general spectra probing the [xxx] dispersion and �-point
modes beyond the first optic 3Tu(I) excitation. Nonetheless
the qualitative variation of the peak intensities within the scans
was correctly predicted by the LDC∗.

Another point deemed necessary commenting are the
experimental intensities of the ta1 mode indicated at x =
0.1 and 0.2 in Fig. 9. They were derived from data with
uncollimated beam and thus prone to depict signal from modes
of distinct polarization.

The general correspondence between the measured and
calculated results is reasonably good for the distinguished
modes along [xx0] and at high-symmetry points. A weak,
however notable, underestimation of the intensity of localized
modes in respect to the reference and to the ta1 mode intensities
is observable.

IV. CONCLUSIONS AND OUTLOOK

It has been shown that first-principles-based lattice dy-
namics calculations reproduce the vibrational dynamics of the
LaFe4Sb12 compound in the energy range of high lanthanum
amplitudes accurately. Both, the measured phonon dispersion
�ω(Q) determined by the dynamical matrix and, thus, by
the atomic potentials as well as the phonon intensities
determined by the phonon eigenvectors are matched to a high
degree [34–36]. Unlike the computer-generated structure the
experimentally studied specimen was tested to be a lanthanum-
deficient compound with the stoichiometry La0.90±0.04Fe4Sb12.
The effect of such deficiency on the phonon dispersion and
eigenvectors can not be judged upon reliably without further
computer studies. It should have, however, an immediate
consequence through the reduced scattering power of La on
the recorded intensity. We expect this effect to be stronger
established in the range of energies with high La contribution,

i.e., on the localized low-energy modes. In line with this basic
explanation a diminished intensity of localized modes has been
observed on a relative scale.

At the high-symmetry point N the experimental as well
as the LDC∗ data have established a characteristic sequence
of eigenmodes. Thereby, the transverse optic mode of lowest
energy crosses the longitudinal acoustic phonon around x =
0.3. Within the present computation approach this solution is
robust as it is as well a solution of the pristine LDC calculation,
i.e., derived without taking experimental data into account,
and a 1 × 1 × 1 super cell resulted in equivalent eigenmode
sequence at point N. This result deserves some attention as it
can serve as a unique argument for the discrimination of the
applicability of distinct DFT approximations and LDC models.
Rotter et al. successfully applied this approach in Ref. [17] to
the vibrational dynamics of Co4Sb12 probed by inelastic x-ray
scattering. They compared eigenfrequencies and eigenvectors
obtained from different DFT approximations and LDC models
at the high-symmetry point H (.5,0,0) and identified this way
a model approximating best the experimental data.

Feldman et al. have presented in Ref. [9] the phonon dis-
persion of LaFe4Sb12 calculated on the grounds of DFT within
the LDA. In general, the phonon properties in Ref. [9] match
well with the here established eigenmode scheme. We point
out only the symmetry-avoided anticrossing of eigenmodes
in both directions � → N and � → P whose correctness is
confirmed unequivocally in this work by experiment. However,
an obvious difference between the present data and the results
of Feldman et al. is the different sequence of eigenmodes at
point N, where in the later case the optic mode is located
between the two acoustic modes of transverse polarization
and, thus, crosses two acoustic modes, namely the longitudinal
and the higher-energy transverse acoustic modes. It is an
interesting, however open, question whether calculations on
an expanded supercell as recently published by Feldman et al.
in Ref. [20] could have lifted this difference.

The computed self-force constant of lanthanum takes on
a value about 10–15 % higher than the constants derived
through different approximations and models by Feldman
et al. in Refs. [15] and [20]. The La-La (0,0,0)-(1/2,1/2,1/2)
harmonic force constant (F La,La

xx = F La,La
yy = F La,La

zz = 0.11
N/m) exceeds the results from the different approaches in
Ref. [20] by a factor of 5 up to 2 orders of magnitude.
Harmonic force constants calculated here match the scatter
of data within the different model results of Feldman et al.
Overall, they indicate that the force exerted on La is slightly
higher in the present computer model with a particularly
enhanced interaction between the La sites. In a simplified
picture we may expect from a stronger coupling a higher
dispersivity of the La-weighted eigenmodes.

For cubic symmetry the elastic constants fulfill a set of strict
relations [37]. These relations are met by the results reported
in Ref. [31] and the present LDC∗ data. The values computed
from the TAS data do not fully satisfy conditions (iv) and (v)
of Ref. [37]. Although at the lowest q numbers sampled in
the experiment the dispersion of the acoustic modes departs
already from the linear relation of acoustic phonons at q → 0,
as firmed up by our LDC∗ data, we account Ci and Civ for the
observed discrepancy. Both differ markedly from the elastic
constants sampled in the long-wavelength limit in Ref. [31]
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and by the LDC∗. The bulk modulus calculated from C44,
Cii , and Ciii corresponds well with the long-wavelength limit
literature data and approximates the result of B = 88.7 GPa
obtained on polycrystalline LaFe4Sb12 material [38].

We expect the disorder due to the La-deficiency as well
as the finite temperature to reduce the phonon lifetimes and,
thus, to increase the phonon widths. However, within the
accuracy of the experimental data the derived phonon widths
were approximated satisfactorily by the performed RESTRAX
calculations, i.e., by the expected instrument resolution. On
purely experimental grounds, for scans at lowest q performed
with the collimated beam, the Gaussian widths of the probed
elastic peaks and of the inelastic signal match as indicated
in Fig. 5. As a consequence, with the applied experimental
setup the effect of temperature might become detectable only

as a renormalization of phonon frequencies. To trace changes
in the phonon lifetime techniques are required with energy
resolutions improved by at least one order of magnitude, such
as a neutron spin-echo TAS instrument. Experiments are a
subject for future studies.
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