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The vibrational behavior of heavy substitutional impurities (M=Ir,Os) in Fe1−xMxSi (x =
0, 0.02, 0.04, 0.1) was investigated with a combination of inelastic neutron scattering (INS), transport
measurements, and first-principles simulations. Our INS measurements on single-crystals mapped
the four-dimensional dynamical structure factor, S(Q, E), for several compositions and tempera-
tures. Our results show that both Ir and Os impurities lead to the formation of a weakly dispersive
resonance vibrational mode, in the energy range of the acoustic phonon dispersions of the FeSi
host. We also show that Ir doping, which introduces free carriers, leads to softened interatomic
force-constants compared to doping with Os, which is isoelectronic to Fe. We analyze the phonon
S(Q, E) from INS through a Green’s function model incorporating the phonon self-energy based
on first-principles density functional theory (DFT) simulations, and we study the disorder-induced
lifetimes on large supercells. Calculations of the quasiparticle spectral functions in the doped sys-
tem reveal the hybridization between the resonance and the acoustic phonon modes. Our results
demonstrate a strong interaction of the host acoustic dispersions with the resonance mode, likely
leading to the large observed suppression in lattice thermal conductivity.

PACS numbers:

I. INTRODUCTION

Understanding microscopic phonon scattering mech-
anisms is important for the rational design of ma-
terials for specific energy technologies. For thermo-
electric applications, it is important to suppress the
thermal conductivity by scattering phonons, in or-
der to maximize the thermoelectric efficiency1. Mass-
mismatch scattering of phonons in thermoelectric al-
loys is a broadly adopted strategy to hinder phonon
propagation, for example in Si-Ge alloys2,3, half-heusler
compounds4–7, skutterudites8–10, and other compounds.
Isotopic-impurity scattering, where the mass contrast
is relatively low, and the force-constants unperturbed,
has been theoretically investigated using perturbation
theory11,12, resulting in formulas that are widely-used.
However, in the case of large mass-contrast, some of the
approximations used in these derivations become ques-
tionable. Thus, it is particularly interesting to investigate
the effect of heavy impurities, which are efficient at dis-
rupting phonon propagation, on the scattering rates and
velocities of acoustic phonons. To this end, phonons in
Fe1−xMxSi (M=Ir,Os) were investigated with a combina-
tion of inelastic neutron scattering measurements, trans-
port measurements, and first-principles simulations.

Despite its simple chemical formula, FeSi is an un-
usual material, and has attracted longstanding interest.
At low pressure and low temperature, FeSi crystallizes
in the B20 cubic structure13. It transforms to the sim-
pler B2 phase (CsCl-type) under high pressure and high
temperature14. The B20 structure can be viewed as a
strongly distorted rocksalt structure, with Fe-Si nearest-
neighbor pairs distorted along 〈111〉 directions, resulting
in seven-fold coordination at the Fe and Si sites, and
low symmetry (T 4 P213),13. Many properties of FeSi
show anomalous temperature dependences. For exam-
ple, the magnetic susceptibility, heat capacity, thermal
expansion, and elastic properties all show anomalous
temperature dependences between 0 K and 800 K15–17.
These have been related to the very narrow gap in the
electronic band structure15,16,18–23. In addition, it has
been shown that phonon excitations at finite tempera-
ture can close the narrow gap, accounting for some of
the observed anomalous temperature dependences24–30,
in particular the experimental observation of the gap
closing31–33. Possibly strong electronic correlations have
also be noted34,35, and it has been proposed that that
FeSi could be an unusual d−electron Kondo insulator,
although this point remains controversial32,34,36–39. In-
terest in FeSi also arises from geophysics, as it is a pos-
sible reaction product between molten iron and mantle
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silicates at the core-mantle boundary14,40–42.
We have reported in a previous study that the phonon

DOS of FeSi softens dramatically more than is expected
from the quasiharmonic (QH) theory, while the isostruc-
tural compound CoSi (metallic at all temperatures) fol-
lows a typical QH softening28. This behavior was ex-
plained by the sensitivity of the electronic structure of
FeSi to thermal disorder, as phonon excitations perturb
the lattice sufficiently to cause the metallization of the
system at T & 200 K, in turn leading to strong phonon
softening24,28. Electron-phonon coupling was also inves-
tigated in Refs.43,44. This thermal behavior was con-
trasted with high-pressure measurements, which showed
that, at constant temperature, the phonons behave quasi-
harmonically upon compression30. Related effects of
doping and temperature on the electronic structure and
phonons in transition metals were reported in45–47.

Transport measurements in FeSi doped with Os, Ir,
or Co (substituting for Fe) have also shown that the
electron-phonon coupling is strong, with carriers (extra
electrons from Ir or Co doping) causing a considerable
suppression of the lattice thermal conductivity, κlat

29. In
addition, the heavy impurities Ir and Os induce a strong
mass-defect scattering of phonons, owing to a mass per-
turbation MIr/MFe = 3.44 and MOs/MFe = 3.41, re-
spectively. This mass-defect scattering in the case of
Os impurities, which do not introduce carriers, causes
a suppression of κmax

lat by a factor of three at 70 K. In the
present study, we investigate the vibrational behaviors
of these heavy impurities, and their effect on the host
acoustic phonons.

We performed transport measurements, inelastic neu-
tron scattering (INS) measurements on powders and
single-crystals, as well as first-principles simulations of
phonons with density functional theory (DFT). Our
phonon measurements and simulations identify the for-
mation of a heavy-impurity resonance mode upon sub-
stituting a few percent of Fe atoms with either Os or Ir.
Our DFT simulations reproduce the overall phonon dis-
persions and dynamical structure factor of the host FeSi
quantitatively. In addition, supercell calculations on the
phonon quasiparticle spectral functions in the doped sys-
tem also predict the formation of a resonance mode, and
conclusively show the hybridization of the resonance with
the acoustic phonon branches.

II. SAMPLE PREPARATION

Polycrystalline ingots of FeSi, Fe0.9Ir0.1Si, and
Fe0.9Os0.1Si were prepared by arc-melting pieces of the
respective elements (better than 99.99% purity) in appro-
priate proportions, under an ultra-pure Ar atmosphere.
The ingots were melted several times to insure homo-
geneity, which is particularly important given the high
melting points of Os/Ir relative to Fe and Si. No oxida-
tion was detected on the ingots after melting. The mass
loss upon arc-melting was negligible. The resulting ingots

were pulverized, and examined with x-ray diffraction.
The x-ray diffraction patterns for all samples were con-
sistent with the B20 structure, and no secondary phase
was observed.

Single-crystals of FeSi, Fe0.98Os0.02Si, and Fe1−xIrxSi
(x = 0.02, 0.04) were prepared for transport and neutron
scattering measurements. The Os- and Ir-doped single
crystals were prepared using a four-mirror, xenon lamp
floating zone furnace from Crystal Systems. The crys-
tal growth was conducted in an argon atmosphere, af-
ter purging the system for many hours with high pu-
rity argon passed through a Ti gettering furnace at
800◦C. Growth rates of approximately 15◦mm/h were
employed, and crystals approaching 3 × 50 mm were
obtained. Smaller pieces were utilized to study the
phonons in the doped systems to promote homogene-
ity. The crystals are identified by the nominal composi-
tions of the polycrystalline feed rods: Fe0.98Os0.02Si, and
Fe0.98Ir0.02Si. In addition, a large single-crystal of un-
doped FeSi was synthesized by the Czochralski method,
using 99.99% vacuum remelted iron and 99.999% semi-
conductor grade silicon, as detailed in15. A coin-like piece
weighing about 8 grams was cut from the growth using an
electric spark saw, for neutron scattering measurements.

For the single-crystal synthesis in the optical furnace,
polycrystalline feed and seed rods of nominal composi-
tion Fe1−xIrxSi and Fe1−xOsxSi were prepared by first
arc-melting high purity elements on a water cooler cop-
per hearth (15-20 g total load). The resulting material
was milled in a planetary ball mill at 400 rpm for 60 min
using a Si3N4 vial and balls loaded and sealed inside a he-
lium glove box. This resulted in a fine grain powder that
required handling inside a glove box to prevent oxidation.
The material was then loaded inside a balloon, which was
tied off inside the glove box. Balloons were pressed un-
der hydrostatic pressures of approximately 12,000 psi for
15 min. The rods were extracted from the balloons in
the glove box and transferred to quartz ampoules, which
were then sealed under vacuum. The polycrystalline rods
were sintered at 1050◦ C for 12 h, which resulted in very
dense polycrystalline rods.

III. PHYSICAL PROPERTY
CHARACTERIZATION

The samples were characterized by electrical and ther-
mal transport measurements using a Physical Property
Measurement System (PPMS) from Quantum Design.
These measurements were performed using the Ther-
mal Transport Option, with gold-coated copper leads at-
tached to the samples using silver epoxy (H20E Epo-
Tek). Powder x-ray diffraction (pXRD) data were
collected at ambient conditions, using a PANalytical
X’Pert Pro MPD using a Cu Kα1 monochromator. Ri-
etveld refinement of the data, using the published struc-
ture, demonstrated an incorporation of Ir and Os into
the lattice via lattice expansion: a = 4.4858(1) Å for
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FIG. 1: Resisitivity ρ (a), Seebeck coefficient α (b), and ther-
mal conductivity κ (c) for single-crystalline samples of FeSi ,
Fe0.98Os0.02Si, and Fe0.98Ir0.02Si grown by the optical floating
zone technique.

FeSi (floating zone growth), a = 4.4923(1) Å for both
Fe0.98Os0.02Si, and Fe0.98Ir0.02Si, consistent with the
similarly large sizes of Ir and Os. Smooth lattice ex-
pansion was observed for nominal compositions up to
Fe0.92Os0.08Si, and Fe0.8Ir0.2Si, though the higher con-
centrations of Ir/Os are not utilized in this study. Thus,
the compositions examined here are well within the sol-
ubility limits for Ir/Os in FeSi. However, higher concen-
trations of Os seemed to lead to poorer crystal growth.
Indeed, compositional fluctuations were observed in these
samples via energy dispersive spectroscopy.

Transport properties were measured (Fig. 1) to confirm
that the floating-zone grown samples behave as expected.
Indeed, the crystals grown by the floating zone tech-
nique have qualitatively similar electrical resistivity (ρ),
Seebeck coefficient (α), and thermal conductivity (κ) as
polycrystalline samples with Ir- and Os-doping29. Sim-
ilarly, the transport properties of the undoped FeSi are
observed to be similar to the FeSi crystal grown by the
Czochralski method.29 We note that the electron-doping
(negative α and reduced ρ) induced by Ir-substitution
is clearly observed, which demonstrates that the dopant
atom is indeed entering the lattice as expected. The elec-
trical properties of the Os-doped sample are similar to
those of the undoped FeSi sample, as expected for sam-

ples with the same nominal electron count. The unusual
electronic transport properties of FeSi have long been of
interest to the condensed matter community, and in this
manuscript we focus on the influence these dopants have
on the lattice dynamics and thermal conductivity.

IV. INELASTIC NEUTRON SCATTERING

Inelastic neutron scattering spectra were measured on
powder samples and single-crystals using the Wide An-
gular Range Chopper Spectrometer (ARCS) at the Spal-
lation Neutron Source (SNS) at Oak Ridge National
Laboratory (ORNL)48. The different powder samples
(each about 10g) were loaded into identical thin-walled
Al containers, and placed in an evacuated closed-cycle
refrigerator. Measurements were performed using inci-
dent neutron energies Ei = 80 meV and 40 meV. For
Ei = 80 meV, the energy resolution is about 1.5 meV
at 60 meV neutron energy loss, increasing to 3.2 meV at
the elastic line. The elastic peak was subtracted and the
low energy part of phonon DOS were extrapolated with a
Debye-like parabolic energy dependence for E < 7 meV.
The data were normalized by the total incident flux, cor-
rected for detector efficiency, and mapped from instru-
ment coordinates to the physical momentum-transfer, Q,
and energy-transfer, E, using the MANTID reduction
software49. The scattering from the empty Al container
was measured and analyzed in the same conditions as the
samples, and subtracted from the data for each compo-
sition. The analysis of the phonon DOS was performed
in the incoherent scattering approximation, which is reli-
able in the case of powders and large integration volumes
in reciprocal space.

For a monatomic crystal of cubic symmetry, this anal-
ysis provides the phonon DOS. However, in a polyatomic
crystal, elements have different ratios of cross-section
over mass, σ/M , and the vibration modes correspond-
ing to motions of elements with larger σ/M are over-
emphasized, resulting in a generalized phonon DOS50.
The values of σ/M for (Fe, Ir, Os, Si) are (0.208, 0.077,
0.073 0.077) b/amu, respectively. Thus, the modes in-
volving large motions of Fe atoms are overemphasized in
the measured phonon DOS. However, when x is small, the
change in neutron-weights between FeSi and Fe1−xOsxSi,
and Fe1−xIrxSi are not a concern, enabling a straightfor-
ward comparison for alloying effects.

Figure 2-a shows the phonon DOS measured on pow-
der samples at T = 100 K. As can be seen on this fig-
ure, substituting 10% of Fe atoms with Os or Ir leads
to an overall softening of the phonon spectrum. The av-
erage energies for FeSi, Fe0.9Os0.1Si, and Fe0.9Ir0.1Si are
33.8 ± 0.1, 33.1 ± 0.1, and 31.6 ± 0.1 meV, respectively.
In Fig. 2-b, we show the difference in the DOS between
the doped and undoped materials, compared with the en-
ergy derivative of the FeSi DOS. The good agreement in
the features above 20 meV indicates that the change in
the spectrum is mainly a shift to lower energy. However,



4

-0.010

-0.005

0.000

0.005

∆g
 (1

/m
eV

)

6050403020100

Energy (meV)

 ∆g[Ir]
 ∆g[Os]
 ∂g/∂E[FeSi] x ∆E

0.04

0.02

0.00

P
ho

no
n 

D
O

S
, g

(E
) (

1/
m

eV
)

6050403020100
Energy (meV)

 FeSi
 Fe0.9Os0.1Si
 Fe0.9Ir0.1Si

ARCS 100K

(a)

(b)

FIG. 2: (a) Phonon DOS of FeSi, Fe0.9Os0.1Si, and
Fe0.9Ir0.1Si, measured with INS at T = 100 K (Ei = 80 meV).
Statistical error bars are comparable to the size of symbols.
(b) Difference in phonon DOS between the doped samples and
pure FeSi, normalized to one impurity atom, compared with
energy derivative of FeSi DOS.

between 10 and 20 meV, an additional component is ev-
ident besides the shift, with an excess of spectral weight
centered around 15 meV, which is most pronounced for
the Ir-doped sample. Such enhancements have previously
been observed for heavy impurities forming resonance
modes, corresponding to local dynamics decoupled from
that of the lattice51,52. We show in details below that
both Os and Ir dopants lead to the formation of a reso-
nance modes, for all the concentrations we investigated.
The larger excess for Ir than for Os impurities can be
attributed to the softer force-constants around Ir atoms,
which are screened by an extra d-electron, making the
system metallic (also reflected in the resisitivity data of
Fig. 1). This result is confirmed from our first-principles
calculations, as discussed below.

The overall softening of the phonon DOS results from
a combination of several factors. Both Os and Ir ions
are larger than Fe ion. The FeSi and Fe0.9Ir0.1Si exper-
imental lattice parameters are 4.486 Å and 4.51 Å, re-
spectively, at 295 K15. The lattice parameter of FeSi at
5 K is 4.475 Å15. Assuming the lattice parameters ra-
tio at 100 K is the same ratio (1.00535) at 300 K be-
tween Fe0.9Os0.1Si and FeSi, and then we expect the lat-
tice parameter of Fe0.9Os0.1Si at 5K is 4.499 Å. On the

other hand, it is expected that the lattice parameter of
Fe0.9Os0.1Si is very close to that of Fe0.9Ir0.1Si, that is
both systems have a volume increase of the unit cell of
about 1.6% with respect to the FeSi volume unit cell.
This increase in volume can explain the decrease in en-
ergy by 2% in case of Fe0.9Os0.1Si (using a Grüneisen
parameter γ = 1.6), but not enough to explain the soft-
ening of 6.3% in the case of Fe0.9Ir0.1Si. Mass effects also
have to be considered. The doping with 10% of Os or Ir
leads to an average mass increase of 16.0% and 16.3%
per formula unit, respectively. Since Os and Ir dopings
lead to nearly the same mass increase, this cannot ex-
plain the difference in phonon frequency between the two
doped systems. Thus, the larger softening in the case
of Ir dopants arises from the weaker interatomic force-
constants associated with the augmented screening from
the free carriers. This change in local force-constants
was corroborated with first-principles calculations, as de-
tailed below.

In order to investigate the resonance modes in more de-
tails, momentum-resolved measurements were performed
on single crystals of FeSi (mass =8.64 g), Fe0.98Os0.02Si
(mass = 2.06 g), and Fe0.96Ir0.04Si (two co-aligned crys-
tals, total mass = 5.5 g). Using the ARCS time-of-
flight spectrometer at the Spallation Neutron Source,
large swaths of the four-dimensional dynamical struc-
ture factor, S(Q, E), were mapped at several temper-
atures. The single-crystal measurements on ARCS were
performed with an incident neutron energy Ei = 40 meV,
and with the (H,H,L) crystallographic plane of the sam-
ples mounted in the horizontal plane. Additional mea-
surements were performed with the HB-1 triple-axis spec-
trometer at the High Flux Isotope Reactor (HFIR). In
the triple-axis measurements, the monochromator and
analyzer were pyrolytic graphite (PG002). We used an
instrument collimation of 48’-40’-40’-120’ in all measure-
ments (vertical collimation only). The samples were
aligned in the (H,H,L) scattering plane and mounted in-
side a helium-filled can, cooled with a closed-cycle he-
lium refrigerator. Spectra were measured in constant-
Q mode at the center of the (113) Brillouin zone on
Fe0.98Os0.02Si , Fe0.98Ir0.02Si at T= 50 K and 300 K, and
on Fe0.96Ir0.04Si at T=100 K and 300 K. Measurements
were performed with constant Ef = 14.7 meV (and ad-
ditional measurements with Ef = 13.5 meV).

Figure 3 shows slices of S(Q, E) in the Γ–X direction
at 100 K and 300 K for FeSi and Fe0.96Ir0.04Si in the Bril-
louin zone (3, 3, 1) from ARCS measurements. As may
be seen on this figure, in the case of Fe0.96Ir0.04Si, the
transverse acoustic (TA) dispersion branch (doubly de-
generate) shows a clear anomaly around q = [0, 0, 0.36],
compared to the undoped FeSi crystal. A kink in the
dispersion, as well as a local minimum in the scattering
intensity simultaneously occur at this wave vector. In
addition, the kink is observed at the same wavevector
for both temperatures measured, and was also observed
at equivalent wave vectors in other Brillouin zones. The
same behavior is also clearly observed for wavevectors
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FIG. 3: Single-crystal scattering function S(Q, E) for FeSi (a)
and Fe0.96Ir0.04Si (b), along the Γ–X direction [3,3,L], mea-
sured with ARCS at T = 100 K. The TA branch shows a clear
splitting at L = 0.37, 0.63 in the doped sample, as indicated
by the white arrows. The white areas correspond to missing
data.

FIG. 4: Single-crystal scattering function S(Q, E) for
Fe0.96Ir0.04Si along [3, 3, L] and slightly off high-symmetry di-
rection at [2.9, 2.9,L] and [3.1, 3.1,L], measured with ARCS at
100 K. The kink in the TA dispersions is seen around 17 meV
in the three panels (L ∼ 1.37).
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FIG. 5: Neutron scattering spectra for single-crystals of (a)
Fe0.98Os0.02Si and (b) Fe0.96Ir0.04Si, measured with the HB1
triple-axis spectrometer, at 100 and 300 K. The spectra were
measured at the center of the (1,1,3) Brillouin zone (Γ point).
The green circles show the background from the same Al
holder and can used to mount the samples, measured at 300 K
(same collimation and aperture slits). The dashed green curve
is a gaussian fit to the background (centered at 19.6 meV).

slightly off the [001] high-symmetry direction, for exam-
ple along (2.9, 2.9,L) and (3.1, 3.1,L), as shown in Fig. 4.

This feature is characteristic of the interaction be-
tween the acoustic phonon dispersions of the host lat-
tice and the resonance mode associated with the heavy
impurities51. The energy of the kink is about 17 meV,
which matches well with the energy of the resonance
mode observed in HB-1 measurements (Fig. 5), and also
matches the Q–integrated excess intensity in the phonon
DOS (Fig. 2-a,b) and our first-principles simulations (see
below).

As can be seen in Fig. 5, a peak is observed in the HB-1
spectra acquired at the (113) zone center, at E ' 17 meV
for both dopants, for both temperatures. Since the
lowest-energy optical modes at Γ have energies in excess
of 23 meV, this peak can be associated with the resonance
mode of Os and Ir impurity atoms, which is confirmed
below using first-principles simulations. We note that
triple-axis measurements can be affected by background
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effects and spurious peaks53, and for this reason we have
also measured the empty Al holder and can inside the
displex (300 K only), in the same conditions as the sam-
ples (same instrument collimation and same opening of
boron-nitride masking slits, positioned just before and
just after the sample environment). The background con-
tribution is shown as green circles in Fig. 5-a,b. The
background shows a broad bump of intensity centered at
about 20 meV (a gaussian fit finds 19.6 meV), roughly at
the position of the local minimum of intensity for doped
FeSi (between the resonance and lowest-energy optical
mode at Γ), and about 2 meV higher than the resonance
peak. The bump in the background is also considerably
broader than the signal at 17 meV. We also re-emphasize
that the resonance at 17 meV is seen as an enhancement
of the DOS of doped samples at that energy (Fig. 2-
a), and that the empty-can background was subtracted
from the data for powder samples. Also, compared with
effects described in53, our samples are strong scatterers,
and only a minimal amount of aluminum was used to
hold them in the neutron beam.

V. FIRST-PRINCIPLES SIMULATIONS

Density Functional Theory (DFT) calculations were
conducted with the software VASP, using the projector
augmented wave method54–57, and the PBE-96 general-
ized gradient exchange-correlation functional58.

A. Structure Optimization

The lattice constant and the atomic positions were
refined to minimize the total energy of the system
and the net forces on each ion. A plane-wave en-
ergy cutoff of 600 eV was used in all calculations. A
12 × 12 × 12 Monkhorst-Pack electronic k–mesh was
used for the Brillouin zone integration59, in the case
of FeSi, Fe3OsSi4, and Fe3IrSi4 unit cells. The opti-
mized unit cells of these structures were used to con-
struct 2 × 2 × 2 supercells (Fe32Si32, Fe24Os8Si32, and
Fe24Ir8Si32) for phonon calculations. These parameters
were sufficient for total energy convergence. In the case
of Fe31OsSi32 and Fe31IrSi32, a 6 × 6 × 6 k–mesh was
used. The primitive unit cell for the FeSi B20 struc-
ture contains four formula units. The optimized lat-
tice constant was 4.4492 Å in good agreement with the
reported experimental lattice constants (a = 4.4747 Å
(T=0 K), and a = 4.4869 Å (T= 300K))60. In the case
of Fe31OsSi32, and Fe31IrSi32 the optimized lattice con-
stants are 8.9223 Å (a = 4.4612 Å) for Fe31OsSi32 and
8.9225 Å (a = 4.4613 Å) for Fe31IrSi32 which agrees
well with experimental value a = 4.495 Å at 295 K
of Fe0.97Ir0.03Si15. The optimized lattice constants for
Fe24Os8Si32 is 9.0931 Å (a = 4.5465 Å), and 9.09537 Å
(a = 4.5477 Å) for Fe24Ir8Si32.

FIG. 6: Phonon dispersions of B20 FeSi computed from first-
principles using density function theory. The horizontal red
dashed line symbolizes the position of the resonance mode for
the Os or Ir impurities in the doped material.

B. Lattice Dynamics

The phonon dispersions and density of states were
computed with the small-displacements method61, as im-
plemented in the software PHONOPY62, using 64-atom
cells. To describe the doped samples, one Fe atom was
substituted with either Os or Ir, corresponding to compo-
sitions Fe31OsSi32 or Fe31IrSi32, for a composition close
to Fe0.97X0.03Si (X=Ir, Os). A 6 × 6 × 6 Monkhorst-
Pack electronic k–mesh was used for the Brillouin zone
integration. In the case of FeSi four atomic displace-
ments were used (two for Fe and two for Si) to calculate
the Hellmann-Feynman forces. The replacement of Fe
atom with Os or Ir atoms reduced the symmetry of FeSi
P213 (space group 198) to R3 (space group 146) and
128 atomic displacements were used for these supercells.
Additional computations were performed on supercells of
Fe24Os8Si32 and Fe24Ir8Si32 based on 2× 2× 2 unit cells
of Fe3IrSi4 and Fe3OsSi4, and 16 atomic displacements
were used.

Results along the high-symmetry directions of the
primitive cubic reciprocal lattice are shown in Fig. 6.
Since the B20 unit cell of FeSi contains eight atoms, there
are 24 branches in the phonon dispersions. The optical
modes extend up to ∼ 59 meV due to the Si-Si nearest
neighbor interaction, which is comparable to the highest
optic modes in diamond-Si ∼ 64 meV63. The Si on-site
diagonal force-constant in FeSi is 12.595 eV/Å2, close to
the corresponding value in diamond-Si (13.445 eV/Å2)64.
Our results for phonon dispersion curves of pure FeSi are
in good agreement with previous calculations65, as well as
with our previously reported inelastic neutron scattering
measurements28.
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FIG. 7: Dynamical structure factor, S(Q, E), of FeSi for Q
along [−3,−3, L], −1 6 L 6 1}. Panel (a) is experimental
data measured with ARCS at 300 K. Panel (b) shows first-
principles calculation, with phonon thermal occupation fac-
tor set to T = 300 K. Integration ranges are [−3.1,−2.9] along
[H,H, 0] and [−0.1, 0.1] along [K,−K, 0], for both experimen-
tal and simulated data. Note that the strong horizontal bar of
intensity for E < 1.5 meV in (a) corresponds to experimental
background.

C. Dynamical Structure Factor

To further compare our first-principles simulations
and INS measurements, we computed the dynamical
structure factor, using the phonon dispersion relations
and polarization vectors (εds). We use the following
expression:66

S(Q, E) ∝
∑
s

∑
τ

1

Es

∣∣∣∑
d

b̄d√
Md

e(−Wd+iQ·rd)(Q · εds)
∣∣∣2

×〈ns + 1〉 δ(E − Es) δ(Q− q− τ) , (1)
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FIG. 8: (a) Total phonon density of states for FeSi,
Fe31OsSi32, and Fe31IrSi32, (b) Partial phonon density
of states for Ir and Os impurities in Fe31OsSi32 and
Fe31IrSi32. All first-principles calculations were performed at
the theoretical equilibrium lattice parameters a = 4.4492 Å,
4.4612 Å, and 4.4613 Å, respectively, for FeSi, Fe31OsSi32, and
Fe31IrSi32. All spectra are normalized to unity.

FIG. 9: Local potential energy curves for Os and Ir impurities
in FeSi. The calculations were performed on 64-atom cells of
Fe31OsSi32 and Fe31IrSi32, with the impurity displaced along
[100].
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FIG. 10: Electronic DOS, N(E), for FeSi, Fe31OsSi32, and
Fe31IrSi32, computed on the relaxed cells. The Fermi level is
taken as origin of energy (at the top of valence band in the
case of FeSi, Fe31OsSi32).

where s, τ , and d denotes the branch index, reciprocal
lattice vector, and atom index in the unit cell. Wd is the
Debye-Waller factor, and b̄d and Md the coherent neutron
scattering length and atomic mass, respectively, for atom
d. The Debye-Waller factor is obtained as:66

Wd =
~2

4Md

∑
s

∣∣Q · εds∣∣2
Es

× 〈2ns + 1〉 . (2)

In all the expressions, the wave-vector transfer, Q, is
related to the phonon wave-vector, q, through the re-
ciprocal lattice vector of the appropriate Brillouin zone,
τ , as Q = q + τ . The result was convoluted with
a model for the four-dimensional resolution function of
ARCS, as a product of two Gaussians in Q and E,
RQ0,E0

(Q, E) = GσQ0
(Q0) ×GσE0

(E)(E). The gaussian
Q–resolution used a constant width σQ0

while the E–
dependent energy resolution σE0

(E) was obtained from
an Ikeda-Carpenter model with the instrument parame-
ters for Ei = 40 meV and appropriate chopper frequen-
cies. The S(Q, E) intensities were computed on three-
dimensional reciprocal space Q–grid, and summed over
the same integration Q–ranges used in analyzing the ex-
perimental data.

The measured and computed S(Q, E) at 300 K for Q
along [−3,−3, L] are shown in Fig. 7. As can be seen on
this figure, the agreement between the simulation and ex-
periment is very good (the computed S(Q, E) is scaled
by an overall factor as the experimental data were not
normalized to absolute units). The phonon energies are
in close agreement, with the calculated energies slightly
higher than measured, in part because of the theoreti-
cal lattice parameter being 0.8% smaller than the exper-
imental value at 300 K. The relative intensities of the
various branches are also in good agreement, and en-
able the identification of branches based on the polar-
ization conditions. The longitudinal acoustic branches
appear only weakly, but remain discernable, along this

predominantly transverse path, mainly because of the fi-
nite Q–integration volume. Importantly, this indicates
that the computed phonon polarization vectors of the
various branches are accurate.

D. Density of States

Figure 8-a shows the calculated total phonon DOS for
FeSi, Fe31OsSi32, and Fe31IrSi32. Comparison with the
experimental measurements in Fig. 2 shows very good
agreement of the energy range of the spectrum, as well
as the position and shape of the features. The experi-
mental spectra are broader largely because of the exper-
imental resolution of the ARCS spectrometer. In addi-
tion, the INS generalized phonon DOS is skewed to lower
energies, owing to the larger cross-section of Fe atoms.
This effect was investigated quantitatively in30, by mea-
suring the Fe-specific partial phonon DOS with nuclear-
resonant inelastic x-ray scattering (it does not affect the
present discussion). The first-principles calculations for
doped samples show excellent agreement with the exper-
imental data. In particular, both Ir and Os impurities
lead to an enhancement in spectral weight in the range
12 6 E 6 20 meV, corresponding to the resonance mode
of the heavy impurities, and in remarkable agreement
with the INS data. The dynamics of the host FeSi are
also affected with an overall softening of the spectrum,
as well as the formation of a small localized mode above
the cutoff of the undoped FeSi, around 62 meV. In addi-
tion, Ir-doping leads to a larger softening of the spectrum,
compared to Os-doped and undoped FeSi.

Figure 8-b shows the normalized partial phonon den-
sity of states (PDOS) for Os in Fe31OsSi32 and Ir in and
Fe31IrSi32. In both cases, the partial phonon DOS of
impurities is sharply peaked around 17 meV, with little
spectral weight above 23 meV. As can be seen on this fig-
ure, the vibration spectra of these heavy impurities are
nearly completely decoupled from the host spectrum, cor-
responding to a resonance behavior. According to these
calculated spectra, the average phonon energies are 20.4
and 18.6 meV for Os and Ir impurities, respectively, com-
pared with 32.5 meV for the Fe atoms in pure FeSi (and
37.1 meV for the average FeSi host). Figure 11 compares
the PDOS of Os atom in Fe31OsSi32 and Fe24Os8Si32,
the PDOS of Ir in Fe31IrSi32 and Fe24Ir8Si32. The sim-
ilarity in the impurity spectra for these different cells
indicates that the interaction between impurity and host
are relatively short-ranged. We also show below that the
position of the resonance mode can be well reproduced
with a local impurity model based on a Green’s function
approach, neglecting all impurity-impurity interactions.

The softening upon Ir-doping shown in Fig. 8-a,b can
be attributed to the screening by the extra carriers. Fig-
ure 9 shows the potential energy as a function of im-
purity displacement along [100]. As can be seen on
this figure, the potential curve is softer for Fe31IrSi32
than for Fe31OsSi32. The corresponding on-site force-
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FIG. 11: Partial phonon DOS of (a) Os and (b) Ir atoms com-
puted from first-principles for the supercells Fe31XSi32 (solid
curves) and Fe24X8Si32 (dashed curves), with X=Os,Ir. Panel
(c) shows the isolated-impurity partial DOS for Os and Ir de-
rived from the simplified Green’s function model described in
the text.

constant for the Ir impurity is 19.46 eV/Å2, 18% smaller
than for the Os impurity (23.08 eV/Å2), while both are
larger than the Fe on-site force-constant in pure FeSi
(15.58 eV/Å2). Transport measurements in Fig. 1-a show
that small amounts of substitutional Ir dopants lead to a
metallic resistivity. The metallic character of Fe31IrSi32
is also seen in the electronic density of states computed
from first-principles, shown in Fig. 10, whereas FeSi and
Fe31OsSi32 are narrow-gap semiconductors. In a similar

FIG. 12: Dynamical structure factor, S(Q, E), computed us-
ing the Green’s function model described in the text, for an
impurity resonance mode of energy ER = 17 meV and a sine-
wave acoustic dispersion branch.

fashion, doping with Al on the Si site leads to a metallic
state and softer phonons30. A similar effect was observed
in the T dependence of phonons in FeSi, with T & 300 K
leading to metallization with a pronounced concomitant
phonon softening24,25,28.

E. Green’s Functions Modeling

The partial densities of states for Os and Ir were
also calculated using the Green’s function approach of
Mannheim67–69. This analytical model for the impu-
rity partial DOS is based on a simplified local pertur-
bation of force-constants, and assumes dilute impurities
(no impurity-impurity interactions). With these approx-
imations, the impurity partial DOS, g′(ω), depends on
the phonon DOS of the host crystal, g(ω), and only two
additional parameters: the mass ratio between host and
impurity atoms M/M ′, and the ratio in first nearest-
neighbor force-constants, Φ/Φ′. The impurity spectrum
is then obtained as69:

g′(ω) =
M

M ′
g(ω)

{
[1 + ρ(ω)S(ω)]2 (3)

+[
π

2
ω g(ω) ρ(ω)]2

}−1
,

where

ρ(ω) =
M

M ′
− 1 + ω2[1− (Φ/Φ′)]/µ(2) , (4)

S(ω) = P
∫ ∞
0

ω′2(ω′2 − ω2)−1g(ω′)dω′ , (5)
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µ(n) =

∫ ∞
0

ωn g(ω)dω , (6)

with P denoting the Cauchy principal value, and where
we have discarded any localized mode above the phonon
cutoff. We evaluate these equations with the ratio of on-
site DFT force-constants above, dismissing complications
of the seven-fold coordination shell. The host phonon
DOS g(ω) was taken from the DFT result of Fig. 8-a.
Results are shown in Fig. 11-c. We note that this sim-
ple impurity model matches the results from the super-
cell DFT calculations surprisingly well. Both approaches
lead to a clear resonance mode centered between 15 and
19 meV, with a Lorentzian-like shape. It can be noticed
that the Green’s function model predicts a slightly larger
impurity resonance frequency than the DFT calculation.
This is in part because impurities lead to a local relax-
ation of atomic positions and an overall expansion of the
cell, which are taken into account in the DFT calcula-
tions (relaxed volume and ionic positions), but not in
the Green’s function model.

Further, the knowledge of the vibration spectrum of
the impurity, g′(ω), enables us to compute the dynami-
cal structure factor S(Q, E) of the crystal with impurity,
from the local perturbation to the lattice Green’s func-
tion. The dynamical structure contribution from phonon
branch σ is , Sσ,coh ∝ Im Gσ , where the perturbed lat-
tice Green’s function, G, can be expressed in terms of the
self-energy Σ, as:

Gσ(q, ω) ∝ 1

m [ω2 − ω2
0(q, σ)]− cΣσ(q, ω)

, (7)

with ω0(q, σ) the unperturbed dispersion frequency of
branch σ. The self-energy of phonons in branch σ owing
to the interaction with the impurity resonance mode is
modeled as:

Σσ(q, ω) ≈ V 2

m [ω2 − ω2
R − i 2ωRγ]

, (8)

with γ the damping of the impurity resonance mode
centered at ωR, which was extracted by fitting the im-
purity vibrational spectrum of Fig. 11-c, g′(ω), with a
Lorentzian LωR,γ(ω). For the Os (resp. Ir) impurity, we
obtain ωR = 18.7 meV and γ = 7.9 meV (resp. ωR =
17.1 meV and γ = 5.7 meV). The interaction strength,
V , was taken as an adjustable parameter. The resulting
Im Gσ(q, ω) obtained with this approach, for a simpli-
fied (sinusoidal) transverse acoustic dispersion branch, is
shown in Fig. 12. As can be seen on this figure, a clear
kink develops in the acoustic dispersions as it crosses the
impurity resonance mode, accompanied with a suppres-
sion in the spectral intensity (magnitude of S). This be-
havior is in very good agreement with INS measurement
of S(Q, ω) in Figs. 3 and 4, validating the interpretation
of the kink in the dispersions in terms of the interaction
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FIG. 13: (color online) Atomically resolved configuration-
averaged phonon spectral function 〈An(q, E)〉 of
Fe0.96Os0.04Si obtained from first-principles calculations
of 10 supercells with 320 atoms on average. The vertical lines
correspond to fixed momenta curves in Fig. 14.

with the impurity resonance mode. A more quantitative
modeling of this effect, based on numerical simulations
of configuration-averaged supercells to describe the alloy,
is presented in the next section.

F. Disorder-Induced Lifetimes

We investigated from first principles the disorder-
induced lifetimes, by simulating many, large super-
cells, in which the Os impurities are randomly dis-
tributed. To handle the computational expense associ-
ated with large supercells, we employ a recently devel-
oped method70. The disorder-induced phonon lifetimes
are encoded in the configurationally averaged spectral
function 〈An(q, E)〉 =

∑
cA

c
n(q, E), where Acn(q, E) is

the spectral function of configuration c at momentum q
and energy E, projected onto atom type n. The lat-
ter is obtained by using the supercell eigenvalues and
eigenvectors of configuration c in the unfolding formula
of Ref.71. The spectral function for Fe0.96Os0.04Si was
obtained from 10 supercells with 320 atoms on average.
The results are shown in Fig. 13. The colors correspond
to the three atom types: Si, Fe, and Os, where the in-
tensity corresponding to Os is enhanced by a factor of 40
for better visibility.

As can be seen in Fig. 13, the simulation predicts a
clear impurity band corresponding to the Os resonance
modes. The band is centered around 17 meV, in good
agreement with experiments (Fig. 2,5), and also with the
results obtained directly from DFT (Figs. 8, 11). The
flatness of the band indicates the incoherent nature of
the Os modes. Upon close inspection, similar flat fea-
tures can be seen around 57 meV and 61 meV, which are
localized modes emerging out of the Si-dominated opti-
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FIG. 14: (color online) Band-resolved configuration-averaged
phonon spectral function 〈Aj(q0, E)〉 of Fe0.96Os0.04Si at (a)
q0 = 0.35ΓX, (b) q0 = 0.45ΓX and (c) q0 = 0.55ΓX cor-
responding to the vertical lines in Fig. 13. Bands j = 1, 2
correspond to transverse acoustic modes and j = 3 to longi-
tudinal acoustic modes.

cal branches. These reflect the strong coupling of the
Os impurities with their neighboring Si atoms. Finally,
the Os impurities also alter the acoustic branches which
carry most of the heat and thus directly control the ther-
mal conductivity. As the acoustic branches approach the
energy of the impurity band, they show a kink in their
dispersion and a strongly reduced spectral weight, as was
noticed from the experimental data (Figs. 3,4) and the
theoretical Green’s function modeling (Fig. 12).

To further explore the interaction of acoustic branches
with the impurity resonance mode, we plot in Fig. 14 the
band-resolved configurationally-averaged spectral func-
tion 〈Aj(q0, E)〉 of band index j at the three momenta
q0 = 0.35ΓX, q0 = 0.45ΓX, and q0 = 0.55ΓX, corre-
sponding to the vertical lines in Fig. 13. To resolve the
bands, we represent the spectral operator in the eigen-
basis of the undoped system79, in this case the phonon
eigenvectors for the FeSi host system. Bands j = 1, 2
correspond to the transverse acoustic modes, and j = 3
to longitudinal acoustic modes. We note that the two
TA branches are slightly offset in energy, which is a re-
sult of numerical noise, as these modes are degenerate by
symmetry along the direction Γ−X.

Focusing on the longitudinal-acoustic (LA) branch
(j = 3) in Fig. 14, one can observe a clear broaden-
ing in energy and momentum space, corresponding to
the inverse lifetime and mean-free-path, increasing as
it approaches the impurity band. At q0 = 0.35ΓX, in
Fig. 14(a), the LA mode shows a small but finite dis-
order induced energy broadening, on the order of 1 meV.
At q0 = 0.45ΓX, in Fig. 14(b), the LA branch enters the
bottom of the impurity band and shows a large asymmet-
ric broadening towards higher energy. At q0 = 0.55ΓX,
in Fig. 14(c), the LA branch appears in the middle of

the impurity band and shows the largest energy broad-
ening, on the order of 5 meV. Similarly, a broadening in
momentum space can also be noted if we focus our atten-
tion on a fixed energy. For example, at the fixed energy
E = 17 meV, the spectral weight of the LA branch j = 3
reduces from 19.49 eV−1 at q0 = 0.55ΓX (Fig. 14(c)) to
1.97 eV−1 at q0 = 0.45ΓX (Fig. 14(b)) to 0.85 eV−1 at
q0 = 0.35ΓX in (Fig. 14(a)). These broadenings are
a direct consequence of the hybridization of the acous-
tic branches with the impurity band. They qualitatively
reproduce the spectral weight variations observed in the
INS data, and directly show the scattering of phonons
by the heavy-impurity resonance mode, which suppresses
the thermal conductivity.

We note several important aspects from our findings.
From both INS experiments and simulations, we identi-
fied a clear resonance mode associated with the vibration
of heavy Os and Ir atoms, which are dynamically decou-
pled from the phonon dispersions of the host lattice. The
widely used expressions for mass-mismatch scattering of
phonons by point-defects, are typically derived using per-
turbation theory11,12, assuming that the dispersion fre-
quencies in the crystal are unchanged. For large mass
contrast, this assumption is expected to break down,
since a new resonance mode emerges, and it can hybridize
with the acoustic phonon branches as shown here. These
results should motivate further theoretical investigations
of phonon scattering processes in the regime of strong
mass perturbations.

VI. CONCLUSION

Using inelastic neutron scattering, we have observed
the formation of a heavy-impurity resonance mode in
FeSi doped with a few percent of Ir or Os. The reso-
nance mode occurs in the range of acoustic phonon dis-
persions, with an energy ER ' 17 meV, with little dis-
persive character. The resonance mode is rather broad,
with a width ∼ 6 meV. Our first-principles simulations
on supercells, Green’s function modeling, and quasipar-
ticle spectral function calculations reproduce our experi-
mental observations remarkably well, in particular show-
ing the resonance mode formation, and its hybridization
with the acoustic modes. We do not observe a fully devel-
oped anti-crossing behavior, but the acoustic modes are
considerably broadened in the vicinity of the resonance.
These observations directly validate the strategy which
consists in using heavy dopants to scatter phonons and
suppress thermal conductivity in thermoelectrics. How-
ever, our results also show that, in the regime of strong
mass perturbation, some of the approximations used to
derive commonly-used formulas for mass-defect phonon
scattering break down.
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