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Temperature dependence of phonons in FeGe,
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Inelastic neutron scattering (INS) was used to measure phonon dispersions in a single crystal of
FeGey with the Cl6-structure at 300, 500, and 635 K. Phonon density of states (DOS) were also
measured on polycrystalline FeGes from 325K to 1050 K, and the Fe partial DOS obtained from
polycrystalline 5" FeGe, at 300K using nuclear resonant inelastic x-ray scattering (NRIXS). The
dominant feature in the temperature dependence of the phonon spectrum is thermal broadening of
high-energy modes. The energy shifts of the low- and high-energy parts of the spectrum were al-
most the same. DFT calculations performed with the quasiharmonic approximation gave results in
moderate agreement with the experimental thermal energy shifts, although the isobaric Griineisen
parameter calculated from the quasiharmonic model was smaller than that from measurements. The
thermal broadening of the phonon spectrum and dispersions, especially at high energies, indicates a
cubic anharmonicity to second order that should also induce phonon shifts. We show that different
anharmonic contributions cancel out, giving average phonon shifts in moderate agreement to calcu-
lations with the quasiharmonic approximation. The different parts of the large phonon contribution
to the entropy are separated for FeGez, showing modest but interpretable anharmonic contributions.

PACS numbers: 61.05.F-, 63.20.D-, 63.20.kg, 63.20.dd

I. INTRODUCTION

Germanium-based alloys are of interest for applica-
tions in spin-based electronic devices'. Beginning in
19612, FeGe, has been the focus of numerous experi-
mental and theoretical studies to describe its magnetic
properties®®. This material exhibits two zero-field mag-
netic phase transitions at temperatures of Ty = 289 K
and T, = 263 K. The first transition corresponds to a
second-order Néel transition from a paramagnetic high-
temperature phase to an incommensurate spin-density-
wave state (intermediate-temperature phase, ITP). The
second transition corresponds to a first-order transition
to the anti-ferromagnetic low-temperature phase®. The
phonon properties of FeGes have received less attention,
but provide an excellent opportunity to determine how
well the thermodynamic functions of anharmonic mate-
rials can be understood.

FeGes; has the same body-centered tetragonal C16
crystal structurel? (see Fig. 1) as 6-phase AlyCu in which
an anomalously large vibrational entropy was reported
by Wolverton and Ozoling''. The calculated electronic
energy of the equilibrium #-phase (C16 structure) was
found to be 15 meV/atom larger than that of the 6.-
phase (C1 fluorite structure). The authors concluded
that the 6-phase is stabilized at finite temperature by
vibrational entropy, and this entropic stabilization of the
f-phase may originate with features of its low-symmetry
structure.

FeGes is also a likely candidate for large phonon anhar-

monicity related to phonon-phonon interactions because

of the absence of inversion symmetry at Ge atoms'2.
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FIG. 1. Crystal structure of FeGes. It is a tetragonal C16
structure with alternating layers of Fe and Ge atoms. The po-
sitions of atoms are’: Fe (orange) at (0,0,0), (0,0, ) and Ge
(blue) at (z, 5 +2, 1), (@ 5 —2, 1), A +2,2, 1), (2 —a,2, 1),
where x = 0.1547 is the atomic parameter for Ge positions.
Bonds are only drawn between first nearest-neighborhoods
(INN). Plus and minus signs identify the collinear spin struc-
ture of the anti-ferromagnetic low-temperature phase®®.

The phonon energies can have a temperature dependence
from a number of competing mechanisms beyond the har-
monic or quasiharmonic approximations, as observed in

other transition-metal systems'3.

Here we report results from a combined experimen-
tal and computational study on the phonon dynam-
ics of FeGes. Phonon dispersions and phonon den-
sity of states (DOS) were measured by inelastic neu-
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tron scattering (INS), and Fe partial DOS were measured s
by nuclear resonant inelastic x-ray scattering (NRIXS). s
First-principles calculations based on density functional
theory (DFT) with the quasiharmonic approximation s
(QHA) were performed between 325-1050 K, and small- 4
displacement method was used to calculate the phonons. ¢
Separately, a fully anharmonic calculation was performed ¢,
at 635 K using the stochastically initialized temperature- ¢
dependent effective potential method (s-TDEP). The o
DFT calculations with QHA, which only consider the g
volume expansion without thermal effects, are in close g
agreement with the phonon DOS data in the low-energy
region, but discrepancies between the QHA calculations e
and the experimental data are found in the high-energy ¢
region, indicating a strong anharmonicity of the high- ,
energy phonon modes. The difference between the calcu-
lated and measured isobaric Griineisen parameter shows

that the QHA alone is insufficient to model the softening

of individual phonons with temperature, even though the

. . . . . 72
average behavior is semi-quantitatively correct.

73

I1I. EXPERIMENT “

75

The sample of FeGes was a semi-cylindrical crystal 15 7?
mm in radius and 40 mm in length with a mass of 110 g .
This crystal was loaned from Oak Ridge National Lab- ' o
oratory and previously measured by Adams, et al °. ©
Polycrystalline samples of FeGey, were prepared from a
mixture of the elements of 99.99% purity by arc- meltrng
in a Ti-gettered argon atmosphere, followed by anneahng
under vacuum. Samples at isotopically-enriched °"FeGe,
were prepared similarly.

Inelastic neutron scattering (INS) measurements were
performed on both single crystal and powder samples *
with the time-of-flight Wide Angular-Range Chopper 7
Spectrometer, ARCS, at the Spallation Neutron Source ”
at Oak Ridge Natronal Laboratory. An incident energy
of 70 meV was used for all measurements. The powder
sample was placed in a Nb foil sachet and mounted in a .
low-background electrical resistance vacuum furnace for
measurements at temperatures of 325, 476, 650, 850 and
1050 K. The lattice constants were obtained from elastic
scattering, acquired simultaneously, and integrated over
a range of £1 meV. The single crystal was mounted in-
side the same furnace with the [HKO] crystallographic o
plane horizontal, and measurements were performed at o
300, 500, and 635 K. o

Data reduction was performed with DGS reduction in s
Mantid'®. The single crystal and powder data were nor- s
malized by the proton current on target. Bad detector or
pixels were identified and masked, and the data were cor- o
rected for detector efficiency using a measurement from o
vanadium. The phonon DOS curves from powder datai
were obtained after corrections for multiphonon and mul-in
tiple scattering using the getdos package'®. The single
crystal neutron data from 240 rotations in increments ofios
0.5° about the vertical axis were reduced to create theio
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4-dimensional S (Q, E). Single crystal data analysis was
performed with DAVE!".

Nuclear resonant inelastic x-ray scattering (NRIXS)
measurements were performed on °“FeGe, at beamline
16ID-D at the Advanced Photon Source at Argonne Na-
tional Laboratory'®19. The powder sample was secured
in Kapton tape and placed at a grazing angle to the inci-
dent x-ray beam. Incoherently reradiated photons were
measured by two avalanche photodiode detectors (APD)
positioned normal to the incident beam. The energy
was scanned from —160 to +160 meV around the nuclear
resonance energy of 5'Fe 14.413keV. Several scans were
combined for final analysis. The energy resolution of all
NRIXS measurements was measured to be 2.1858 meV
(FWHM) at the elastic line. NRIXS data was reduced
using the PHOENIX code?°.

III. COMPUTATION

The ab initio DFT calculations were performed with
the VASP package?! 23 on a plane-wave basis set, using
the projector augmented wave (PAW) pseudopotentials?4
with the Perdew-Burke-Ernzerhof (PBE) exchange corre-
lation functional?®. The energy cutoff was 600 eV for all
calculations. The phonon DOS with QHA was calculated
on a supercell of 216 atoms with a 2x2x2 k-point mesh
using the small-displacement method as implemented in
the PHONOPY code?8. Except for the ground states dis-
cussed in Sect. V A, all the phonon-related calcualtions
are non-spin-polarized.

The QHA for phonon behavior was obtained from the
thermal expansion at elevated temperatures, using lat-
tice parameters obtained from the neutron scattering ex-
periments. The neutron-weighting arising from the ef-
ficiency for phonon scattering of neutrons by different
modes was taken into consideration when comparing the
computations with the experimental results. For FeGes,
the neutron-weighted DOS?7 is

PO =AY 00

~ 0.47gpe (€) + 0.53gce (€) , (1)
where g; (¢) is the phonon partial DOS of atom i (i.e. Fe
pDOS or Ge pDOS), 04, is the total scattering cross
section, m; is the atomic mass, x; is the mole fraction,
and A is a normalization factor.

Beyond the QHA, the finite temperature phonons at
635 K were calculated with the ssTDEP method?® 30, In
this procedure, the Born-Oppenheimer surface of FeGes
at 635K was sampled by a Monte Carlo sampling of
atomic positions and momentum near equilibrium po-
sitions. By using DFT with various configurations of
displaced atoms by a stochastic sampling of a canonical
ensemble, with Cartesian displacements (u$) normally
distributed around the mean thermal displacement, the
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forces on atoms were fitted to a model Hamiltonian w0
A~ p2 1 IB ﬁ 41
o 7 «@ «@
H=Up+} Qm.JFQZZ‘I’ij Ui U @
i v i aB a3
1
+ gz:Z‘I)Ziﬁ’u?u]ﬁuz, (2)

ijk afy 44

Here, Uy is a fit parameter for the baseline of the potential
energy surface. The quadratic force constants ®;; from 4
the thermally-displaced atoms capture not only harmonic 4
properties but also temperature-dependent nonharmonic +
effects, and are used to calculate phonon frequencies. 4
The cubic force constants ®;;, capture phonon-phonon ¢
interactions (PPI) that contribute to the broadening and so
additional shifts of phonon modes. For first-principle st
force constants calculations, the supercell of 2 x 2 x 3 =
conventional unitcell with 144 atoms were used with a s
3 x 3 x 2 Monkhorst-Pack k-point grid and a plane wave s+
energy cutoff 650eV. The exchange-correlation energy s
was also calculated with the Perdew-Burke-Ernzerhof s
(PBE) functional. 57
From many-body interactions, the temperature- ss
dependent renormalized phonon frequencies were cor- 5
rected by calculated the linewidths I'y and shifts Ay aris- e
ing from anharmonicity, or phonon-phonon interactions. st
This required the calculation of the real and imaginary e
parts of the phonon self-energy 63
3(Q) = A(Q) +i(Q),

64
3)
where Q(= E/h) is the probing energy. Phonon lifetimes
T are related to the imaginary part of the self-energy by

1/7 = 2Ty, (4)

for mode A evaluated at the harmonic frequency. Given
the third order force constants, the imaginary part of the
phonon self-energy can be calculated,

TA(Q) = == > [®axae [ {(na +1ar +1)
+(5)

X 0(Q —wy —wyr) + (na —nyr)
X [5(9 — Wy +w>\//) — 5(Q + wy — (,(_J)\//)] }

and the real component is obtained by a Kramers-Kronig
transformation

@ =1 [0 (©)

The imaginary component of the self-energy is a sum
over all possible three-phonon interactions, where ® /)
is the three-phonon matrix element determined from the
cubic force constants ®;;, by the Fourier transform, n
is the Bose-Einstein thermal occupation factors counting es
the number of phonons in each mode, and the delta func- es
tions conserve energy and momentum. I'y and A, were e
calculated with a 16 x 16 x 16 ¢-grid. 68
Compared with the QH model, this ssTDEP method e
includes higher-order phonon-phonon interactions at ele- =
vated temperatures by renormalizing terms in the model n

w

Hamiltonian, adding shifts (Ay) of the frequencies per-
turbatively to the harmonic frequencies. It also reveals
the phonon broadening from the imaginary part of the
phonon self-energy, which is purely an anharmonic effect.

IV. RESULTS

Phonon DOS curves measured with INS are shown in
Fig. 2 (black symbols). By fitting the two main DOS
peaks to Lorentzian functions, the temperature depen-
dences of the positions and linewidths of these peaks are
shown in Fig. 3. They were fitted to linear functions,
but the phonon broadening of the high-energy modes
included a quadratic term. The low-energy and high-
energy modes both soften similarly with temperature.
However, the width of the low-energy modes shows lit-
tle change with temperature, whereas the high-energy
modes broaden superlinearly with temperature, indicat-
ing shorter phonon lifetimes.

Neutron powder diffraction patterns, obtained from in-
tegration of the elastic scattering from the powder sam-
ples, were analyzed to obtain lattice constants as func-
tion of temperature. Linear thermal expansion of the lat-
tice constants is observed, in agreement with previously
reported room temperature data®!. Lattice parameters
and coefficients of thermal expansion are reported in the
Supplemental Material.
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FIG. 2. Neutron-weighted phonon DOS of FeGe:. Ex-
perimental data from INS (black circles) is overlaid with the
DOS calculated with the quasiharmonic approximation (a,
left) before convolution (blue line) and (b, right) after con-
volution (red line). Curves are normalized to unity and offset
for clarity.

Using the experimental lattice constants, the phonon
DOS of FeGes was calculated with the quasiharmonic
approximation as described in Sect. III. By applying
the proper weights on the calculated pDOS using Eq. 1,
and by the convolution with a Gaussian function approxi-
mating the instrument resolution, the simulated neutron-
weighted phonon DOS was obtained as shown in Fig. 2(b,
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FIG. 3. Temperature dependence of phonon modes. 5
(a) Phonon shifts and (b) phonon broadenings are shown as g,
functions of temperature. The low- and high-energy modes ,
refer to the two main peaks in the phonon DOS curves shown
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phonon broadening of the high-energy modes. Error bars are

from the fitting procedure. %
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red line). More details on the partial phonon DOS are
shown in the Supplemental Material. The calculated, *
neutron-weighted DOS curves are in good agreement
with the experimental measurements in the low-energy 5
region, but there is a noticeable discrepancy in the high-
energy modes. The discrepancies become larger with e
temperature. This is shown more directly by the QHA- &
calculated phonon DOS before convolution in Fig. 2(a), «
though the discrepancies at high energies, including one e
gap and a few peaks above 21 meV, are smoothed out by e
the convolution (Fig. 2(b)). o5
The Fe partial DOS from NRIXS measurements at ss
325K is shown in Fig. 4. Normalized NRIXS and INS &
data were used with Eq. 1 to obtain the Ge pDOS. The es
neutron-weight corrected phonon DOS was then obtained o
at 325K as shown in Fig. 4. It is found that neutron 7

weighting has a negligible influence on the shapes of
phonon DOS curves of FeGes, simplifying interpretations
from the neutron-weighted phonon DOS curves at other
temperatures.

Figure 5 shows phonon dispersions along the [100] di-
rection at 300, 500, and 635K (a-c). The gray stripe
indicates the region at 4 r.l.u. where a cut of intensity
as a function of E is taken and shown in (d). Fits to the
experimental data with Gaussian functions give the peak
positions in (e). The shaded regions in (e) represent the
FWHM of the fitted peak. The energy of the high energy
mode calculated with the QH approximation is also plot-
ted in (e) in black. Figure 6 shows phonon dispersions
along the [110] direction at 300, 500, and 635K (a-c).
Again the gray strips indicate the positions of cuts along
E that are shown in (d) and (f). The peak energies from
Gaussian fits are shown in (e) and (g), with the peak en-
ergy from the QH approximation plotted in (g) in black.
As is clear from the quasiharmonic DFT calculation over-
laying the data in Fig. 7, there are many modes present.
Acoustic modes can be identified, but their steep slope
makes it difficult to see changes in them. As a result,
Fig. 5(e) and Fig. 6(g) show a comparison between the
data and the model for only the higher-energy optical
modes.

The phonon dispersions are particularly informative
for understanding the dynamic behavior of specific modes
as a function of temperature. The phonon dispersions
are analyzed at r.l.u. > 2 to avoid spectral weight from
magnon scattering. A closer inspection of the phonons
along the [110] direction, shown in Fig. 6, shows sev-
eral modes between 2 and 4.5 r.l.u. with the highest
energy mode near 31 meV. Both high-energy and low-
energy modes show similar shifts with temperature, but
the high-energy mode broadens more rapidly with tem-
perature than the lower energy mode, becoming more
difficult to discern at 635 K. The phonons along the [100]
direction (Fig. 5) show similar behavior. A distinctive
low energy-band does not appear to broaden significantly
with temperature, but exhibits a similar thermal shift as
the high-energy modes.

V. DISCUSSION
A. Stabilization of the ground state

The electronic energies of FeGey were calculated for
C16 and C1 (fluorite) crystal structures with non-
magnetic, ferromagnetic and anti-ferromagnetic states.
The minimum energies for each structure are listed in Ta-
ble I. The ground state of FeGes is found to be the C16
structure in the anti-ferromagnetic state. Magnetism de-
creases the ground-state energy of the C16 structure sig-
nificantly compared to the non-magnetic states — the en-
ergy of the anti-ferromagnetic state is about 9 meV/atom
lower than the ferromagnetic state in the C16 structure,
consistent with the calculations by Grechnev, et al 32.
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TABLE I. Minimum energies for C16 and C1 structure respec- 22
tively from DFT calculations for non-magnetic, ferromagnetic 23

(FM) and anti-ferromagnetic (AFM) states. 2
Energy [eV/atom i

Crystal structure gy [eV/ ] 46
non-magnetic FM AFM |,

C16 —5.756 —5.798 —5.807 18

fluorite ~5.680 5.684 5688 |

31

32

33

B. Quasiharmonic approximation

The mode Griineisen parameter is defined as

14 (961'
= —— 7
L €; oV ( )
where ¢; is the energy of phonon mode ¢, and a mean
Grineisen parameter 7 averages the thermal behavior of
all phonons in the Brillouin zone3?

— K@ei _ Olne;
7= e oV /] oV / -

These two conventional Griineisen parameters are used
describe the phonon energy shifts with respect to volume,
while the isobaric Griineisen parameter ¥p(7T') quantifies
the temperature dependence of the phonon energy shifts,

0= g7 ()

A weighted average of the contributions from the low-
and high-energy phonon modes (Eq. 10) can be used to
evaluate 7p(T'). The positions of the fitted peak centers
were used to approximate the phonon mode energies in

the low- and high-energy regions as
1 861' 1 661'
€; oT

1
SEXP Py o~
Vp o (T) ~ 3a(T) <ZZ €; aTJr Z
= (miow - TEB: + mhigh - 75 )

(8)

9)

P

~—

€low i€high P

(10)

where the weights, niow and npign, were from the areas
under the two fitted Lorentzian functions as decribed at
the beginning of Sect. IV.

The 7" was also obtained from the first moment of
the phonon DOS curves,

1 1 0¢
_Exp.
- - 11
TP 30(T) 0T |, (11)
where € is defined as

S €eg (€)de

€ =

Tolode - (12)
Table II lists the Griineisen parameters at 650 K from
experiment and calculations with the quasiharmonic ap-
proximation. There is a non-trivial discrepancy between
the experimental and calculated 4p, implying that the
measured isobaric Griineisen parameter of FeGes con-
tains contributions not only from the quasiharmonic
model, which is a static volume-dependent approxima-
tion, but also from anharmonicity beyond the quasihar-
monic model.

Measured phonon dispersion curves are shown along
two crystallographic directions in Fig. 7, overlaid with
dispersions calculated with the quasiharmonic approxi-
mation. The quasiharmonic predictions for the highest
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FIG. 5. Single crystal FeGe; along the [HO0] direction. (a.)-(c.) The [HO00] direction at 300, 500, and 635K, respectively.
The gray stripe indicates the region of the cut shown in (d.) (d.) Cut of data at 4.0 r.l.u. is shown for 300K (dark blue),
500K (blue), and 635K (light blue), offset for clarity, with error bars represented by the width of the curve. (e.) Positions of
low and high energy modes from fits to the experimental data in d. are in red with the shaded region showing the line width
approximated by the peak FWHM. The position of the high energy mode predicted by the quasiharmonic model is shown in
black.

TABLE II. Measured and calculated Griineisen parameter of FeGes at 650 K. The calculation used the quasiharmonic approxi-
mation. The experimental results were obtained from peak positions and the first moment of the measured phonon DOS curves
respectively.

Calculation Experiment
T = 650K QHA model From peak Low-energy modes High-energy modes From &
mode om €
positions contribution contribution
yp 2.37 2.69 2.75 2.60 2.46

1 energy phonon branches differ from the experimental re- s short-range order. The temperature dependences pre-
> sults, perhaps owing to anharmonic effects or magnetic « dicted by the quasiharmonic approximation are of the
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FIG. 6. Single crystal FeGe, along the [HHO] direction. (a)-(c) The [HHO] direction at 300, 500, and 635K, respectively.
White spaces indicate regions without detector coverage. The gray stripes indicates the region of the cuts shown in (d) and (f)
(d) and (f) Cuts of data at 2.95 and 3.25 r.l.u., respectively, at 300K (dark blue), 500K (blue), and 635K (light blue), offset
for clarity, with error bars represented by the width of the curve. (e) and (g) Positions of low and high energy modes from fits
to the experimental data in (d) and (f), respectively, are shown in red. The shaded regions show the line width approximated
by the peak FWHM. The position of the high energy mode predicted by the QH model is shown in black.

correct magnitude, but not accurate in detail. Similar o Fig. 5(e), however. More analyses of phonon dispersions
discrepancies with the quasiharmonic approximation are 10 along additional crystallographic directions are given in
found for high-energy phonon peaks in the energy cutsu the Supplemental Material.

shown in Fig. 6(e) and Fig. 5(g). The quasiharmonic

model predicts many low-energy phonon branches, some

of which are in agreement with the experiment result.

The large number of low-energy modes in FeGey impedes

the identification of the low-energy modes in Fig. 6(e) and
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FIG. 7. Single crystal FeGe: overlaid with QH calculation. Phonon dispersion curves from the QH calculation are

mapped over the measured S(Q, E).

The calculated dispersions are truncated for clarity, but extend further in reciprocal

lattice units with the same periodicity. (a) and (b) show the [HHO] and [HO0] direction at 300 K, respectively. (c) and (d)

show the [HHO] and [HOO] direction at 635K, respectively.

C. Anharmonic behavior

To assess the importance of different contributions to
phonon anharmonicity, consider their order with respect
to the harmonic contribution ®®u? (where ® is a po-
tential and u is a displacement)

dB") dB)
u? + (

d(2)

P

x) = o2

U+ —v FYE)

2
) W+ .., (13) 2
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which shows the well-known result that the cubic term to *
second order (with (®(*)?) is comparable to the quartic 2
term. Equation 13 shows that the cubic term to first or- *
der (with ®3)) could dominate at small displacements.
If the phonon potential is an even function of amplitude, ¥

this cubic term to first order is forbidden.

In a low-

symmetry C16 structure of FeGey, however, this first- *

order cubic term is allowed for some phonon modes. Its

30

contribution to the phonon self energy is real, and there-
fore contributes only to the energy shift and not to the
broadening!?

The experimental phonon DOS shows distinctly more
broadening of the high-energy part of the spectrum. This
could be caused by either lifetime broadenings of indi-
vidual phonons, or to a distribution of phonon frequency
shifts. Examinations of dispersions shown in this text,
the Supplemental Material, and many others showed that
the dominant thermal effect is the energy broadening of
the high-energy phonon modes, although there is also a
greater distribution of phonon frequency shifts at high
energies than low. The lowest-order term in the phonon
self energy having an imaginary part is the cubic to sec-
ond order®*, and this term is expected to dominate the
lifetime broadening.

For a crystallographic site without inversion symmetry,
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FIG. 8. Displacement pattern for LO phonons in the
[110] direction. The Fe-Ge bonds undergo asymmetrical
stretching when Fe (orange) and Ge (blue) atoms move to-
wards (a, green arrows) and away from (b, red arrows) each
other.
23
24
a first-order cubic anharmonicity is possible, and may be 2
important for small displacements. Such a contribution 2
is possible for the LO modes shown in Fig. 8 for the C16 2
structure. The phonon potential is not symmetric un- 2
der inversion. For first-neighbor Fe-Ge bonds, the Fe-Ge 2
bond length is different if Fe and Ge atoms are mov-
ing towards or away from each other, and the change in »
Fe-Ge bond length differs for the same displacements in 32
the two directions. Anharmonicity of the Fe-Ge bonds is 33
suggested by the measured partial phonon DOS curves. s
At 325K, the discrepancy between the phonon modes in 35
experiment and in the quasiharmonic model is greatest
around 29 meV (Fig. 2). Around 29meV, both Fe and
Ge have a significant contribution to the total phonon
DOS (Fig. 4). %
For further study of the anharmonic behavior, the
phonon spectrum function along [HHO] and [HO0] direc- s
tions at 635K was investigated by ab initio DFT cal- 3
culations with the stochastic temperature-dependent ef- 30
fective potential technique (STDEP). Third-order force
constants were used to calculate the imaginary and real
part of the phonon self-energy. As shown in Fig. 9,
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FIG. 9. Phonon self-energy of FeGe; along [HHO]

and [HOO] directions at 635 K. (a) Imaginary part of the
phonon self-energy which gives the spectral linewidth. (b)
Real part of the phonon self-energy which accounts for the
phonon energy shifts. It is shown that the high-energy phonon
modes (above 21 meV) have much shorter phonon lifetimes
than the low-energy modes (Thigh/Tiow =~ 4), while the soft-
ening in the high- and low-energy phonon modes are almost
the same (‘(Ahigh — Alow)/Ahigh| ~ 75%)

they do not vary much. The imaginary part shows
that the high-energy phonon modes (above ~ 21 meV)
have much shorter phonon lifetimes than the low-energy
phonon modes, which is indicated by Eq. 4, while the
real part shows that their averaged energy shifts are al-
most the same. This is consistent with the results ob-
tained from the phonon DOS measurements and single
crystal data. Beyond the QHA, the cubic anharmonicity
plays an important role in the phonon broadening in the
high-energy modes of FeGey. More details on the phonon
spectrum function and phonon self-energy at specific Q-
points along these two directions can be found in the
Supplemental.

D. Heat capacity and entropy

Figure 10 shows the temperature dependence of the
thermal properties of FeGez. The phonon entropy Spn
was obtained from the phonon DOS g(E) by

Sph = 3kB/dEg(E) [(n+ 1)ln(n+ 1) — nlnn], (14)
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FIG. 10. Temperature dependence of the entropy in
FeGe: and the phonon contribution to its heat ca-
pacity. (a) Components of the entropy'® of FeGes and
their temperature dependence. Sph,Exp are from the neutron-
weighted (in black) and neutron weight-corrected (in blue)
phonon DOS respectively. Sph,qua (in red) are from the cal-
culated phonon DOS using the quasiharmonic approximation.
The anharmonic contribution (ASph,ann, in green) was ob-
tained by ASpnann = Shy peorrected
entropy from electrons (Sejest., in navy) was estimated with
Sel,est. = ngTn(eF), where n(er) is the electronic DOS at
the Fermi level in the ground state. (b) Temperature depen-

dence of the phonon contribution to the heat capacity, cal- “

culated from measured phonon DOS by the INS experiments
and QH approximation. Magnetic contributions, not shown
here, are expected at low temperatures.
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where n is the Planck distribution at the temperature T,

1

"= CE/eT) _ 1 (15)
The heat capacity is then derived from
oS
Cp=T — 16
PO AT, (16)

Components of the phonon entropy (calculated from
the phonon DOS as described previously'®) are pre-
sented in Fig. 10(a). The phonon entropy was calculated
from the neutron-weighted DOS at all temperatures, and
the neutron weight-corrected DOS at 300 K, which has
a somewhat higher ratio of high-energy modes to low-
energy modes. The small discrepancy between these two
results at 300 K was scaled to other temperatures, assum-
ing the same number of modes in the high-energy and
low-energy regions of the phonon DOS. The results are
compared to quasiharmonic calculations with a phonon
DOS that changes with thermal expansion in the Sup-
plemental Material. The agreement is good at 300K,
but the effect of anharmonicity is to increase the phonon
entropy by approximately 0.5 kg/atom at 1050 K, much
larger than the estimated electronic contribution.

At 325 K, the phonon contribution to the heat capac-
ity is 25.0 J/(mol - K), while the magnetic and electronic
contributions are 7.3 J/(mol-K) and 1.4 J/(mol-K)
respectively’. The majority of the heat capacity comes
from the phonons, but the magnetic and electronic parts
are not negligible. As the temperature increases, how-
ever, the static magnetic order in FeGey will disappear
and the magnetic heat capacity will decrease to near zero.
For example, at 1020 K, the magnetic contribution is al-
most zero, while the estimated electronic heat capacity
is 4.4 J/(mol-K) and the phonon heat capacity is 31.6
J/(mol - K) as shown in Fig. 10. As a result, phonons con-
tribute a growing fraction of the heat capacity of FeGeg
as the temperature increases (from 74% at 325K to 87%
at 1020 K).

Phonons were also divided into the low- and high-
energy parts such that their numbers of states were in the
ratio 2:1, approximated by the weights used in Eq. 10.
The phonon heat capacities calculated from these two
parts are shown seperately in Fig. 10(b). The QH model
fails to predict the heat capacity for both energy regions,
although the gap of the low-energy part is narrowing with
temperature.

VI. CONCLUSION

Phonon anharmonicity was studied in paramagnetic
FeGey between 300 and 1050 K. Inelastic neutron scat-
tering was used to measure the phonon spectrum from a
powdered sample from 300 to 1050K, and 5“Fe nuclear
resonant inelastic x-ray scattering was used to measure
the partial phonon DOS of 3"Fe to correct for differ-
ences in the neutron weights for phonon scattering by
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Fe and Ge. Comparisons with phonon calculations by
DFT in the quasiharmonic approximation were success-
ful for the low-energy part of the vibrational spectrum,
but the high-energy part showed obvious discrepancies.
Thermal shifts of the phonon DOS were measured, and
agreed in part with the DFT calculations in the quasi-
harmonic approximation. There was a modest difference
in the average isobaric Griineisen parameters from com-
putation and experiment, however.

Phonon dispersions were measured by inelastic neu-
tron scattering on a single crystal of FeGey at 300, 500,
and 635 K. The large number of dispersions made de-
tailed analysis challenging, but some thermal shifts and
broadenings of individual phonons were identified. The
high-energy phonon dispersions showed more broadening
and variations in their thermal shifts than the low-energy
modes. Some of this energy shift of high-energy modes
could be caused by a cubic anharmonicity to first or-
der, for which the Fe-Ge first neighbor bond can have an
asymmetrical potential in the C16 structure. Neverthe-
less, the average thermal trends of phonons in FeGes do
not differ dramatically from the predictions of the quasi-
harmonic approximation, and this approximation may be
useful for understanding some thermophysical properties
even though it does not predict correctly the individ-
ual phonon frequency shifts, and of course, the lifetime
broadening of the phonon energies. Below 700 K FeGes is
modestly anharmonic, but the anharmonic contributions
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were interpretable.
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