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ABSTRACT: Chromium disilicide CrSi, is an interesting
compound for thermoelectric applications. In order to decrease
its lattice thermal conductivity that mainly limits its perfformance,
two main routes have been investigated thus far, either increasing
the unit cell disorder or creating multiple interfaces through
nanostructuring. Here, we explore the effect of the latter route by
investigating in detail the effect of the grain size reduction and
residual microstrains on the lattice dynamics and lattice thermal
conductivity, The phonon dispersion curves were measured on
single-crystalline CrSi, using inelastic neutron scattering, while the
generalized vibrational density of states (GVDOS) was determined
on bulk and nanostructured CrSiy. All experimental results are
consistent with our density functional theory calculations. The
results show that the optical phonons contribute from 50 to 70% of
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the lattice thermal conductivity. The temperature variations in

the GVDOS of CrSi, follow a quasi-harmonic behavior, which explains its rather large lattice thermal conductivity measured on the
single-crystalline specimen. In addition, the GVDOS of nanocrystalline CrSi, evidences a spectral weight transfer at low energy,

which is related to a decrease in both the Debye temperature and the

sound velocities that may be ascribed to an increase in both the

interface density and intemal strain. These observations explain the strong decrease in the lattice thermal conductivity observed in

our prior study on densified nanostructured CrSi, pellets.

1. INTRODUCTION

Ovwer the last few decades, seeking for clean and sustainable
energy resources has been of growing interest due to economic
and environmental concerns. Among them, thermoelectricity
has been investigated with the discovery of several new
promising materials, The performances of thermoelectric
materials are determined through the dimensionless figure of

i
mert ZT = "liwher& a is the thermopower (V/K), o is the

electrical conductivity (8/m}, T is the absolute temperature
(K), and dgs = A, + 4 is the total thermal conductivity (W/m
K}, with A, and 4 being the electronic and lattice
contributions, respectively. The best state-of-the-art thermo-
electric materials such as Bi,Te;, PbTe, and Si, _Ge.” exhibit
peak ZT walues of about 0.8—1.0 in the room-temperature,
mid-temperature, and high-temperature range, respectively.
However, many elements of these materials are either
expensive (Ge), scarce in the earth crust (Te), or even toxic
(Te; Pb), which requires the investigation and design of new
thermoelectric materials. To overcome this issue, both n- and
p-type silicides have stirred up ever-growing interest.’ Among
the silicide alloys studied thus far, several promising materials
have been discovered, such as n-type Mg,Si;_Sn, (ZT up to

13), mtype CoSi (ZT up to 03), ptype higher manganese
silicides (ZT up to 0.7), n- and p- type FeSi,-based alloys (ZT
about 0.2—04), and ptype CrSiy-based alloys (ZT up to
0.25)." The alloys exhibit power factors oo that rival with
those obtained in PbTe-based alloys. However, their thermal
conductivity remains about one order of magnitude larger than
that of PbTe (about 10—15 W/m K at room temperature),
which strongly limits their thermoelectric performance. Thus,
CrSiy-based alloys (P6,22 space group) may become
promising candidates for thermoelectric applications if their
lattice thermal conductivity could be significantly lowered by
alloying, nanostructuring, or a combination of both."™* In this
regard, we recently investigated the effect of nanostructuring
on the lattice thermal conductivity of CrSi, by mechanical ball
milling and demonstrated that decreasing the grain size to 45
nm reduces 4, by a factor of ~2° Not only does this effect




originate from an increase in the phonon scattering at the grain
boundaries but also to an increase in the point-defect
concentration that further scatters the propagating acoustic
phonons. A better understanding of the lattice dynamics is
necessary to further optimize the phonon scattering processes
and reduce the thermal transport in CrSi, to make it a
competitive thermoelectric material. Using lattice-dynamics
calculations of CrSi, from the density functional theory
(DFT),” we were able to successfully assign the vibrational
modes observed by Raman scattering and infrared absorption
EIpEt‘in'iEt‘lB."‘}_ll QOur results were recently confirmed by
DFT calculations of both the lattice dynamics and thermal
conductivity of CrSizH However, only the optical vibrational
modes at the zone center™ ' and the sound YE].DL‘i.EjJH have
been probed so far. In this context, inelastic neutron scattering
(INS) is a powerful technique as it is able to map out the
phonon properties in an extended range of the energy-
momentum phase space. With INS on a single crystal
specimen, one can map out the dispersion of the phonons,
thereby setting a particular emphasis on the acoustic
excitations and their possible coupling with low-energy,
dispersionless optical modes,"" ™" Complementary to these
measurements, powder INS is the technique of choice to study
the overall spectral density of phonons and is thus best suited
to elaborate the impact of nanostructuring on the vibrational
properties of a given material"*'? However, combining both
techniques on specific thermoelectric materials has been only
scarcely carried out to date. Herein, we report for the first time
the experimental phonon dispersion curves of single-crystalline
CrSi; and the generalized vibrational density of states
(GVDOS) of bulk and nanocrystalline CrSiz. The INS results
are supported by DFT calculations and further complemented
by low-temperature measurements of the lattice thermal
conductivity of single-crystalline CrSi, perpendicular to the
crystallographic ¢ axis (which corresponds to the optical axis).

2. MATERIALS AND METHODS

2.1. Sample Preparation. A centimeter-sized CrSi, single
crystal (named hereafter S0) was elaborated using the vertical
gradient freeze (VGF) method, as described in detail in our
previous study,” using a CrSi, precursor obtained by arc
melting from a stoichiometric amount of Cr granules (Alfa
Aesar, 99.99%) and Si lumps (Alfa Aesar, 99.9999%) under an
Ar atmosphere (Air Product, 5.2 N). The crystal was grown in
a pyrolytic boron nitride crucible with a growth rate fixed to 10
mm,/h and a thermal gradient of 0.6 K/mm under Ar.

CrSi; powders were prepared from the CrSi;, precursor made
by arc melting as described above. Three types of samples were
prepared: a micrometric powder obtained by rough crushing of
the CrSi, precursor in an agate mortar (mamed S1); a
nanocrystalline powder ball milled during 40 min (S2); and a
nanocrystalline powder ball milled during 240 min (53).

The ball milling was performed using a Fritsch "Pulverisette
7" planetary micromill with a silicon carbide jar (45 mL) and
five 15 mm diameter balls. The powder-to-mass ratio was fixed
to 1:10, and the speeds of the supporting disc and the grinding
jar were 575 and 1150 rpm, respectively. Special attention was
paid to avoid the formation of a native oxide layer at the
surface of the powders. To this end, al the steps of the
synthesis procedure from mortar crushing to ball milling were
made in a glovebox under Ar. The powders were then sealed in
silica tubes under vacuum for their transfer to the sample
holders used for the INS measurements, which were sealed

under argon in a glovebox. No contact of the samples with air
occurred from crushing to the end of the measurement.

2.2. Microstructural Characterization. The crystal
quality of sample SO was characterized in our prior study™”
by electron back scattering diffraction (EBSD) with a
CamScan Crystal Probe X300FE SEM equipped with an
EDX X-MaxN 20 mm® detector and HKL NordlysNano EBSD
detector. The chemical composition was determined by
electron probe micro analysis (EPMA) wsing a CAMECA
SX-AM instrument equipped with five wavelength-dispersive
Xeray spectrometers at the Service Microsonde Sud (Mont-
pellier, France) on 70 points with two standards (Si on Wollas;
Cr on Cr,0y). Half of the crystal was cut into a barshaped
sample (2 X 2 x 12 mm’) oriented along the b* axis
(perpendicular to the ¢ axis of the crystal structure) for thermal
conductivity measurements between 5 and 300 K. The crystal
was not large enough to characterize the thermal conductiviry
along the ¢ axis.

A single-crystalline specimen of S0 (~0.092 mm x 0.165
mm ¥ 0.165 mm ) was also used for X-ray diffraction (XRD)
analysis perfformed using a Bruker D8 Venture diffractometer
at 300 K (Mo source: K, = 07093 A, K, = 07136 A). The
total exposure time was 206 h. The frames were integrated
with the Bruker SAINT sofiware package wsing a narrow-frame
algm-lthm.lL The integration of the data using a hexagonal unit
cell yielded a total of 7271 reflections to a maximum & angle of
53.54° (0.44 A resolution) of which 433 were independent
(average redundancy 16792, completeness = 95.1%, Ry, =
5.89%, and = 3.33%) and 399 (92.15%) were greater than
2a({F*). The fina unit cell parameters a = 44289 (2) A, ¢ =
63663(3) A, and Volume = 108.146(11) A were inferred
from the refinement of the XYZ-centroids of 2991 reflections
above 20 o(1) with 21.54" < 28 < 138.3° Data were corrected
for absorption effects using the multiscan method (SA-
DABS)™ The ratio of minimum to maximum apparent
transmission was (.775.

The crystal structure was solved and refined wsing the
Bruker SHELXTL soffware ;:um:ls:agna-,11 with Z = 3 for the
formula unit, CrSi;. The final anisotropic full-matrix least-
squares refinement on F* with nine variables converged at R1 =
4.19%, for the observed data and wBR2 = 10.97% for all data
The goodness-of-fit is 1.395. The largest peak and hole in the
final difference electron density were 1.516 e /A* and —1.786
E_,"A", respectively, with an BMS5 deviation of 0.483 e /AL
From this final model, the calculated density was 4.983 g/em®
and F{000), 156 e, The atomic Wyckoff positions are (1,/2,1/
2,1/6) for the Cr atoms and (0.16559(3), 0.33118(11),0.5) for
the Si atoms. The isotropic atomic displacement parameters
are U, = 0.004856(13) A® for the Cr atoms and U, =
0.00661(16) A for the Si atoms,

Samples 52 and 53 were observed using a JEOL 2200 high-
resolution transmission electron microscope (HRTEM)
operating at 200 kV, equipped with a CCD camera
(GATAN USC) with 4092 x 4092 pixelsz. The phase
compaosition of these three samples was measured from XRD
analysis using a Philips XPERT apparatus (Cuo-Ka radiation
1.5406 A) with an accelerated detector PW3050/60 at 45 kV
and 30 mA The crystallite sizes and strain were determined
from Rietveld refinement with the FullProf software using the
microstructural analysis method ™!

2.3. Inelastic Neutron Scattering. Time-offlight INS
experiments were carried out on CrSi, powders (samples S1,
52, and §3) using the thermal and cold neutron spectrometers



a) b)

- 4
Ao
A 3
——t

L H I

rl * . 52

’ i e
2" M

1=

—

Qi

{0,0.1)

Tig

]

Fignre 1. (a) Brillouin zone of CrSi, and Bragg peak intensities in the scattering planu (b) {[110])[001]} and (c) {[100][001]}. The high
symmetry points correspond to I' (0, 0, 0), M (1/2,0, 0), L (1/% 0, 1/2), A (0,0, 1/
Bragg peaks in (b) and (c) is proportional to the nuclear elstic structure factor. The scanning direction along the I]-ragg Peaks (?'ﬁﬂ), (112), (220),

and (003) is indicated with the reciprocal lattice vector G and the reduced wave vector q such as the wave vector Q = C + q
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1), K (1/3,1/3,0), and H (1/3, 1/3, 1/2). The size of the

IN4 and TINS5, respectively, of the European neutron source
Institut Lave—Llangevin in Grenocble, France On Lh& N4
spectrometer, an incdent neutron wavelength of 1.1 A was
applied covering the elastic wave vector () range of 1.5-10 A
with an energy resolution of 4.8(1) meV at the elastic peak. On
the IN3 spectrometer, a wavelength of 5 A was chosen to
access an elastic () range of 0.2-23 A" and an elastic
resolution of 0.079(2) meV. The Stokes and anti-Stokes lines
were exploited for the anmalysis of IN4 and IN5 data,
respectively.

The data were reduced using the ILL LAMP software
package. ** Standard data corrections have been applied for an
empty aluminum sample holder; wvariation in detector
efficiencies and their neutron wavelength dependence and
frame overlap before the signal was converted into a dynamic
structure factor. The GVDOS was computed within the
incoherent approximation that implies an averaging of the
inelastic signal over the accessed momentum space. '* The
GVDOS is normalized by 27 corresponding to the number of
vibrational modes.

Triple-axis spectrometer (TAS) INS studies were frther
performed on singlecrystalline CrSi; (sample S0) on the
thermal TAS 1T at the Laboratoire Leon Brillouin in Saclay,
France. The phonon dispersion was monitored along high-
symmetry directions with a fixed final neutron energy of 14.7
meV (k = 2662 A7) A pyrolytic-graphite flter was inserted
in the scattered neutron beam to remove higher-order
contaminations.

The Brillouin zone of CrSi, is shown in Figure la. Two
different orientations of the crystal were exploited. The sample
was aligned with the scattering plane formed by the directions:

(i) [110] and [001] accessing mewaveveﬂnrsa = (112), a
= (220), and a = (003} and (i) [100] and [001] accessing
the wave vectors a = (300) and a = (003) as depicted in

Figure 1b,c. The acoustic phonons have been measured near
the muclear Bragg peaks (112), (300}, and (003) by choosing

the appropriate wave vector q. However, as their acoustic
branches are strongly dispersive, (Jscans at constant energy
were performed up to 15 meV. Above 15 meV, energy scans at

constant () were carried out near the Bragp peaks (112),

(300), @ = (003), and (220).The energy resolution was
ranging between 1 and 2 meV enabling one to record a large
number of spectra in a short period of time. Indeed, Cr and 5i
have scattering cross-sections of only 3.47 and 2.173,
respectively. In order to extract properly the intrinsic position
of a phonon, the recorded spectra were fitted using a Gaussian
function for deconvolution of the peaks.

24. Transport Property Measurement. Low-temper-
ature (5—300 K) electrical resistivity and thermal conductivity
were simultaneously measured using the themmal transport
option of the physical property measurement system (PPMS,
Quantum Design) in the continuous measurement mode on
the single-crystalline bar-shaped sample (S0) perpendicular to
the ¢ direction (that is, along ¥*). The contacts were realized
by soldering four copper leads onto the sample using a low-
melting point braze. This approach allows a good thermal
coupling between the sample and the leads.

2.5. Ab-nitio Calculations. DFT calculations were
performed using a 2 X 2 % 2 hexagonal supercell (72 atoms)
using the Vienna ab initio Simulation Package (VASP)
We used PAW psendopotentials and the Perdew—Burke—
Emzerhof (PBE) exchange-correlation functional. For all
calculations, an energy cut-off of 450 eV was applied. During
the relaxation calculations, the forces were converged until the
residual forces were less than 107 eV/A and pressure less than
0.001 GPa A full relaxation (lattice parameters and atomic
positions) is reached when the residual forces and pressure
were less than 1% 107 eV/A and 1 % 107° GPa, respectively.
The obtained relaxed lattice parameters at the GGA level as
parametrized by PBE, a = 44055 Aand ¢ = 63632 A, are in
very good agreement with the experimental results by less than
—0.5%. We also tested two other exchange-correlation
functionals, like PBEsol {GGA)™ and PW92 (LDA),™ but
the agreement with the experimental structure was less
satisfactory than for the PBE (GGA) with a relative error on
the lattice parameters up to —1.4 and —2%, respectively.

Lattice dynamics calculations were performed using a 2 % 2
® 2 hexagonal supercell (72 atoms) after converging the
atomic positions with the same conditions than above
Dynamical matrices (harmonic and anharmonic) were built
from the finite displacement method using a displacement of
003 A and Icentered 6 X 6 % 6 kmesh. The phonon
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Fignre 2. (a) XRD analysis of the micrometric CrSi, powder (51), the nanocrystalline CrSi, powder milled 40 min (52), and the nanocrystalline
Cr5i, powder milled 240 min (53). Bach peak can be attributed to the CrSi, phase. (b) Bright field HRTEM image of sample 53.

dispersion curves and phonon density of states were obtained
straightforwardly by diagonalizing the dynamical matrix. For
comparison with the INS data, we have calculated neutron-
weighted densities of states taking into account the effect of the
Debye—Waller factor at different temperatures and the energy-
momentum phase space covered by the IN4 and INS
spectrometers during our experiments as outlined in ref 15.
The Uy,(T) values of Cr and Si were calculated from their
partial densities of states derived from our DFT calculations.
At 300 K, we compute U, = 0.003705 A* for the Cr atoms
and U, = 000565 A" for the Si atoms. They are slightly
smaller than the experimental values, which may be expected as
the static disorder present in the real compounds and
monitored in experiments is not taken into account in our
calculations.

From the derived second-order (harmonic) and third-order
{anharmonic) constants, the lattice thermal conductivity 4; was
calculated wsing the relaxation time approximation within the
Boltzmann transport theory (see ref 30 for the details of the
method). Numerically, 4, was calculated using the tetrahedron
method over a 14 x 14 % 14 mesh of g-points. This grid allows
for reaching converged results since a 20 % 20 x 20 g-mesh
only leads to an increase in J; by only 1.5% at 300 K In our
calculations, the cartesian axis is respectively aligned along the
{a, c) crystal axes, whereas the y-cartesian axis is free. We did
not perform a convergence test on the size of the simulation
boxasa2 X 2 % 2 supercell (72 atoms) was the maximum size
accessible by our computational resources for the Lalm:lannn of
Ay and this same supercell was used by Nakasawa et al'? for
similar calculations.

3. RESULTS AND DISCUSSION

3.1. Microstructural Characterization. As shown in our
prior study,™ our large single crystal S0 has been characterized
by EBSD, evidencing a mosaicity of 0.5 lts chemica
composition, determined by EPMA, is highly homogeneous
with a stoichiometry determined to be CrSij g with silicon
vacancies. The refined lattice parameters a = 4.435(2) A and ¢
= 6.374(6) A are in good agreement with those determined in
our previous study (a = 4431(7) A and ¢ = 6365(5) At

All the peaks of the XBD patterns of the 51, 52, and 53
samples, shown in Figure 2a, are attributed to the CrSi; phase,
evidencing their phase-pure character within the detection

limits associated with this technique. The unit cell parameters
of the S1 sample, inferred from Rietveld refinement, a = 4433
(4)Aandec =6 366 (4) A, are also in good agreement with our
previous study.’ The micrometric CrSi, S1 sample is well
crystallized with sharp Bragg peaks, while a more pronounced
broadening of the peaks is observed for the CrSi, precursor
milled for 40 (52) and 240 min (S3). The full width at half
maximum (FWHM) of the peaks corresponds to crystallite
sizes of 64 and 14 nm and microstrains of 0.75 and 0.87%,
respectively (see Table 1).*" HRTEM analysis carried out on
the 53 sample is given in Figure 2b and shows an average
crystallite size of about 15 nm, in agreement with the XRD
observation.

Table 1. Sample List Given with their Crystallite Size and
Internal Strain

sample crystallite size (nm) intermal strain (%)
50 =1000
51 4 075
52 14 087

3.2, Lattice Dynamics of Bulk Cr5i, Typical energy
scans obtained with the 1 T1 spectrometer on the single crystal

(80) are shown in Figure 3 in the I'M direction around Q =
(300). The FWHM phonon lines are limited by the
experimental resolution, and it is not possible to extract the
phonon lifetimes from these energy scans. The deconvolution
of this scans was made with three or four phonon lines. One
notices that the intensity of the phonon lines can be close to
the background noise and needs a thorough comparison with
signal from different Brillouin zones and DFT calculations.
This approach was used, for example, for deconvolution of the
phonon line at about 33 meV for [ = (300).

The experimental phonon dispersion curves and GVDOS
measured by INS at 300 K on single-crystalline (S0} and
micrometric powdered CrSiy (81) are shown in Figure 4.
These results are compared with those obtained by DFT at 0
K. The acoustic branches and the lowest-energy optical
branches observed by INS are well reproduced by our
calculations. The main structures in the experimental phonon
GVDOS are consistent with the calculations. We do not
observe pronounced pesks at low energies in the GVDOS,
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indicating the absence of an amorphous impurity phase as
suggested in ref 31. The optical phonons above 40 meV are
mostly due to Si—5i bonds, while, at lower energies, the main
peaks are related to Cr—Si bonds. These experiments confirm
that the lowest energy optical branches have rather large and

negative dispersion along I"-A, while they exhibit weak and
positive dispersion in the ['-K and I"M directions. There is
probably a strong interaction between the longitudinal acoustic
branch and the lowest energy optical branches, especially along
I"-A where an anticrossing is observed. This means that only a
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Figure 4. (left) Calculated and experimental phonen GVDOS measured on the INS spectrometer (black: total calculated GVDOS, orange: Si
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indicating the absence of an amorphous impurity phase as
suggested in ref 31. The optical phonons above 40 meV are
mostly due to Si—5i bonds, while, at lower energies, the main
peaks are related to Cr—Si bonds. These experiments confirm
that the lowest energy optical branches have rather large and

negative dispersion along I"-A, while they exhibit weak and
positive dispersion in the I'-K and I'"M directions. There is
probably a strong interaction between the longitudinal acoustic
branch and the lowest energy optical branches, especially along
I"-A where an anticrossing is observed. This means that only a
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Figure 5. (a) Calculated participation ratios and (b) relixation time of the CrSi; phonons as a function of their energies.

limited range of the longitudinal acoustic phonons participate
to the heat conduction. In contrast, the interaction of the
transverse acoustic branches with the lowest energy optical
branches is much weaker. The participation ratio (PR}, which
is reported in Figure 3a, confirms that the acoustic branches
show a propagative character up to 17 meV (ie, with the PR
close to 1). Above 17 meV, both propagative and more
localized modes that have a low participation to the
propagation (ie., with a low PR) are observed. Propagative
modes are also observed above 25 meV, which corresponds to
optical modes with very significant dispersion.

The DFT caculation of the contributions to the total lattice
thermal conductivity (Figure 4-right) shows that acoustic and
optical phonons contribute neary equally (~30%) to the total
lattice thermal conductivity. The contribution of optical
phonons is even larger in the ¢ direction by reaching ~70%
of the total lattice thermal conductivity. The optical phonons
between 25 and 40 meV contribute in that case to ~35% of the
total lattice thermal conductivity as there is a strong dispersion
of the optical modes. Consequently, the Callaway's model,**
which is commonly used to predict the thermal conductivity
considering only acoustic branches, should not be considered.

The relaxation times 7 of the different phonon modes have
been computed by DFT calculations and are reported as a
function of the energy in Figure 5b. Below & meV, the
relaxation time decreases as 1/, more slowly than the
expected frequency dependence 1/w® for the Umklapp
_%l:an:eri.ng,H'l\l which is observed between & and 20 meV.
Below 6 meV, the relaxation time  of the acoustic branches is
much larger than that of the optical branches, suggesting a
significantly stronger anharmonicity above 6 meV. However,
the relaxation time for the optical branches in the 25—40 meV
range is slightly larger than the relaxation time of the acoustic
branches in the 10—25 meV. This Anding explains the large
contribution of the optical modes to the thermal conductivity,
especialy in the ¢ direction where the dispersion of the optical
branches is quite significant. The relaxation time of the optical
modes involving motions of Si atoms above 50 meV is smaller,
indicative of their smaller contribution to the total thermal
conductivity. The low t of these modes is related to a
broadening of the Raman FWHM compared to the FWHM of
the modes at lower Et:ergiu}s.i As their intensity is also weak,
this explains the experimental difficulties to observe the
Raman-active E, mode predicted at 448 am™ (56 meV).*

The phonon group velocity (v} can be estimated as the
slope of the acoustic branches near the I' point using the
relation:

v = lim 1d8

B ko b dk (1)
where #t is the reduced Planck constant and k is the wave
vector. Experimental (resp. calculated) transverse (TA) and
longitudinal (LA ) acoustic phonon group velocities have been
obtained (see Table 2} from a fit of the experimental data

Table 2. Phonon Group Velocities (in m.8™") for I-A (//¢)
and I'“M ( L¢) Dispersion Curves of Single Crystalline {S0)
CrSi,”

experiment DFT
direction  acoustic branch this study 14 this study
A (//c) LA 9250 (280) 8795 (7) 9120 (9)
ThA 3680 (220) 5471 (11) 5980 (10)
M (L) LA 10270 (930)  / 0260 (24)
TA 960 (270) / 6560 (42)

“Errors of the fit are indicated in brackets.

(resp. calculation} using a second-order polynomial function.
Those results are in good agreement with the ultrasonic wave
velocity mE_as.ulr|=_-m|mLf.Lq and our present and our previous
calculations” obtained by the density functional perturbation
theory. The average sound wvelocity v, can be deduced from
these data according to

2 1

o 3t via (2)
with vr, and v, being the phonon group velocities for TA and
LA branches, respectively. v, reaches 6519 ms™' (resp. 6755
ms~' for PBE DFT calculation) along the ¢ axis, which is
similar to that obtained by ultrasound measurements (6260
m.s™)."* Perpendicular to this axis, v, is slightly higher and
reaches 7797 m.s ' (resp. 7266 ms ' for PBE DFT
calculation), but no experimental data are available in the
literature for this direction

The response of phonons to temperature variations for the
bulk 51 sample is presented in Figure 6a and Figure &b
Throughout the temperature range from 1.5 to 300 K, the
overall GVDOS is not altered considerably. We observe

however a moderate sharpening of distinct peaks and an
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Figure 6. Experimental GVDOS of sample 51 (bulk) upon temperature variations measared with the TOF spectrometers (a) IN4 and (b) INS.
The theoretical neutron weighted GVIDOS is alse given for (c) IN4 and ({d) INS experimental configurations at the same temperatures.

upshift of peaks in the high energy range > 35 meV upon
cooling. The small lowering of the intensity of the phonon
DOS with increasing temperature to 300 K in the IN4 data
should be due to the Debye—Waller contribution, as confirmed
by our DFT calculations taking into account this effect as a
function of temperature (Figure 6c). Our calculations also
indicate that the effect of the Debye—Waller must be negligible
in the TIN5 data because of the much smaller Q) space covering
in the IN5 data compared to the IN4 data (Figure 6d).

The weak temperature effect on the phonon properties
marks the S1 sample as a moderately quasi-harmonic crystal.
This result is in line with the lattice thermal conductivity data.

3.3. Lattice Dynamics of Nanostructured CrSiz. The
effect of the nanostructuring has been investigated by
determining the cumulative thermal conductivicy by DFT
calculations. The results are shown in Figure 7 as a function of
the phonon mean free path for direction perpendicular and
colinear to the optical axis. One notices that phonons with a
mean free path higher than 20 nm contribute to 50% of the
lattice thermal conductivity. At enough high temperature such
as 300 K and higher temperatures, the dominant scattering
mechanism is the Umklapp scattering, which is considered in
our DFT calculations, whereas other scattering mechanisms
such as point defect scattering and electron—phonon
scattering, not studied here, must be considered at lower
temperatures. Thus, at high enough temperature, the nano-
structuring down to 20 nm could decrease the lattice
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Figure 7. Comulative thermal conductivity as a function of the
phonon mean free path for directions perpendicular and collinear to
the optical axis.

contribution to the themmal conductivity by abour 50% if
one does not consider the additional scattering mechanisms
evoked above.

The experimental GVDOS measured at 300 K on bulk (S1)
and nanocrystalline samples (52 and $3) is given in Figure 8. A
slight optical mode broadening and a downshift of ~1 meV are
observed. In addition, an increase in the GVDOS is wvisible
below 25 meV for the S2 nanocrystalline samples (14 nm and
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Figure 8. Experimental GVDOS for bulk (51) and nanccrystalline
samples (52 and 53) at 300 K measured using the IN4 spectrometer.

0.87% microstrain). This energy range corresponds to the
acoustic branches of CrSi, as described in Figure 4. These
observations could be explained by a decrease in the Debye
temperature and speed of sound upon nanostructuring CrSi,.

Within the incoherent scattering approximation, the Debye
temperatures can be determined according to =

o 8B _ oN
S o)

where g{E) is the phonon GVDOS, E is the phonon energy, N
is the number of atoms per unit cell (N = 9 in CrSiy), kg is the
Boltzmann constant, and & is the Debye temperature. The
sound welocity, v, can be also calculated by the following
relation: ™

ﬂ[:;;B 6;;'2N ]—]."3
y = Sofsf or N
B U (4)

where V is the unit cell volume (V = 108 A* for this sample)
and fi is the reduced Planck constant. Nevertheless, as CeSi, is
made of coherent scatters, the GVDOS does not reflect the
true velocity of sound. However, qualitative comparisons can
be made between the samples. The calculated € values are
given in Table 3 with their corresponding sound wvelocity.
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Figure 9. Reduced density of states of bulk ($1) and nanocrystalline
CrSi, (52 and $3) at 300 K (from the IN4 beam line). The dotted
lines indicate the limit value at low energy used for the Debye
temperature calculation.

as 0.87% (sample 53). In contrast, nanostructuring at 64 nm
with microstrains of 0.75% (sample 52) has a noticeable but
limited impact (&, = 622 K).

As expected, the apparent sound wvelocity decreases with
decreasing the crystallite size and increasing the intemal strain
from 4920 ms™! for bulk sample 51 to 4786 and 4296 m.s !
for 52 and 53, respectively. A reduction of the thermal
conductivity can therefore be expected below 64 nm as
nbservedgrﬂinusljr on dense pellets with a crystallite size of
~50 nm.” This effect can be attributed to an increase in the
grain boundaries together with an increase in the internal
strains from the milling process.

3.4. Thermal Conductivity. The temperature dependence
of the total thermal conductivity of the single crystal measured
perpendicular to the ¢ axs (along b*) below 300 K is shown in
Figure 10. The values near 300 K are in good agreement with
those reported in ref 37. The phonon contribution to the total

Table 3. Apparent Debye Temperature and Apparent Sound
Velocity of Bulk and Nanostructured Samples Determined
from eqs 3 and 4) and Compared to the True Debye
Temperature and True Sound Velocity of the Bulk Sample,
both Experimental'* and Calculated®

samyple a, (K) ¥, (ms™")
bulk exp ¥ 793 6098
bulk cale® 766 p08
§1 (bulk) 40 4920
52 (64 nm) 622 4786
53 (14 nm) 558 4206

The plot of the reduced density of states, g(E)/E, is shown
in Figure 9. A strong increase in g(E)/E® at low energy is
observed for the nanostructured sample 53 compared to 51
and 52, This further indicates that the apparent Debye
temperature decreases from 640 to 558 K when the crystallite
size in CrSi, is decreased to ~14 nm with microstrains as high
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Figure 10. Temperature dependence of the total thermal conductivity
of single-crystaline CrSi; (S0) measured perpendicular to the ¢ axis.
The ratio between 4, and 4., is given in the inset assuming that L =
i
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thermal conductivity has been obtained by subtmcting the
electronic  contribution caleulted wiing the Wiedemann—
Framne bw:

LT

i, =—

# (5)
whers L is the Lorenz number and p is the elecrical resistivity.
The nondegenerate nature of the hole gas, due to the
semiconducting behavior of Cr5i,, indicates significant
deviations of L from its degenerate limit L, = 2445.107° V*
2. In nond egenerate semicondn cors, L is wually lower than
L, when acouvstic phonons or neutral impurity scattering
dominates the scattering mechonioms. Nevertheless, asuming
L = L, that &, asmuming that L reaches its upper limit, the
Lttice contribution comespomds to more than 95% of the heat
trangport in CrSi due to the negligible dectronic contrbution
(Figure 10). Hence, in the pretent case, we can safely ssume
that A, = 4. Some empirical stsdies have reported that the
temperature of the maximum themal conductivity & equal to
Q05 In owr cate, the maimum thermal conductivity i
found to be equal to 395 K, which would give a Debye
temperxture of 790 K, rather smilar to that of 793 K obtained
by Malemem™ and by DFT caloultion”

The hittice thermal cond wctivity 4 has been computed wsing
DFT cakubtions (see Figure 11). The Littice thermal
conductivity in the plane perpendicular to ¢ (4} i ﬂ:g]'ﬂ]y
Lrger than owr experdmental values by abowt 20—30%% in the
1 —300 K HJ‘I% but is simiber to the expermental resulis of
memvcta] at 300 E. We note that recent DFT
caleulations ™™ could not reproduce the expermental values.
The difference betwesn owr rimental amd  theoretical
results with the literture data™ can be explained by the
dgnificant contribution of the defects to the phonon scattering
in CrSiy, which can strongly vary from one sample to another.
Indeed, it is well lnown that CrSi, can materally contain high
point defect concentration due to its homogeneity range
edending between CrSijg and CrSiyg ' This inherent
defect chemistry explains the ]ﬂ? charge carrier conoen-
tratioms (05—1 3 10% em® reported in prior stdies.
Such large amounts of defects should contrbute to increage
both point-defect and elec tron—phonon n.a'n:u'mg.

4. CONCLUSIOMNS

The disperdon curves and the GVDOS of Crbi; were
determined by INS, showing a very good sreement with
DFT calcubtions. Ouwr findings reveal that the optical phonon

contrbutes between 50 and 70% of the bittice thermal
conductivity, in contrast to what i wully admitted in most
materiak in which acoustic phonons are predominant. The
sound velocity obtxined from the phonon group velocity abo
shows a good agreement with both DFT calcubtions and
uliragonic El:]:len'm-uﬂ:."" The weak temperature dependence
of the phonon properties of CrSi, suggests that it is a
masderately quasi-harmonic erystal The GVDOS messured on
nan ostroctured CrSi, shows that the reduction of the crstallite
size leads to 2 decrease in the Debye Temperature and in the
sound velodty of 2.7% aleady at 84 nm [0L75% intemal
strain). This effedt & even more pronounced wpon decreating
the crystallite sze to 14 mm ((U87% imemal srain) with a
decrease in the sound velocity of 12.7% Consequently, the
bittice contibution to the total themmal conductivity can be
reduced, explaining what was observed previously for 50 nm
dense CrSi, pelleta® The analyis of the thermal conductivity
of sngle-crystalline CrSi, enables one to evaluate the Debye
temperature of CrSiy yielding a value of 790 K, in good
agreement with previows studies.

B ABBREVIATIOMS

GVDOS genenlized vibational density of state

HRTEM high-resolution tramsmisson eectron microsoopy
SEM scanning electron microgoopy

DET dengity functional theory

NS inelstic neutron scatterng

TOF time of fight

TAS triple axis spectrometer

EBSD eectron back scattering diffaction
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