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‘We present results from light scattering experiments on tetragonal FeS with the focus placed on lattice dynamics.
We identify the Raman active A, and B, phonon modes, a second order scattering process involving two acoustic
phonons, and contributions from potentially defect-induced scattering. The temperature dependence between 300
and 20 K of all observed phonon energies is governed by the lattice contraction. Below 20 K the phonon energies
increase by 0.5-1 cm™!, thus indicating putative short range magnetic order. Along with the experiments we
performed lattice-dynamical simulations and a symmetry analysis for the phonons and potential overtones and
find good agreement with the experiments. In particular, we argue that the two-phonon excitation observed in a
gap between the optical branches becomes observable due to significant electron-phonon interaction.
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I. INTRODUCTION

In the iron based superconductors (IBS) magnetic order,
structure, nematicity, and superconductivity are closely inter-
related. Upon substituting atoms in the parent compounds the
properties change in a way that the shape of the Fermi surface
is generally believed to play a crucial role. Yet, the magnetic
properties were found recently to be more complex and to
depend also on the degree of correlation in the individual d
orbitals contributing to the density of states close to the Fermi
surface [1-3].

The influence of correlation effects seems to increase from
the 122 systems such as BaFe,As; to the 11 chalcogenides
FeTe, FeSe, and FeS [4,5]. Surprisingly, the properties of the 11
class members differ substantially although they are isostruc-
tural and isoelectronic [3,6]: FeSe undergoes a structural
transition at 7y ~ 90 K and displays electronic nematicity [7].
While long-range magnetic order cannot be observed down to
the lowest temperatures [7—10] the thermodynamic properties
and the Raman spectra strongly support the presence of short-
ranged magnetism [11,12]. Below 7 ~ 9 K superconductivity
is observed [13] in pristine FeSe. In mono-layer FeSe 7, can
reach values close to 100 K [14,15].
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The replacement of Se by Te leads to slightly off-
stoichiometric Fe ., Te which exhibits a simultaneous magne-
tostructural transition near 67 K [16] but is not superconducting
[17,18]. Finally, FeS having a superconducting transition at
T, ~ 5 K [19] remains tetragonal down to the lowest temper-
atures [20]. It is still an open question whether tetragonal FeS
hosts magnetic order. Obviously, the iron-chalcogenides are at
the verge of various neighboring phases and very susceptible to
small changes in the lattice and electronic structure. Yet direct
access to the competing phases is still very difficult in FeTe
and FeS because of the variation of the crystal quality across
the families.

Here, we choose a slightly different approach and do not
look directly at the electronic but rather at the lattice properties
in FeS close to potential instabilities and use the Raman-active
phonons as probes. We identify the A;, and B;, modes,
a two-phonon scattering process, and a fourth mode from
either defect-induced scattering or second-order scattering as
well. These results are in good agreement with numerical
calculations. Furthermore the temperature dependence of all
phononic modes supports the results reported in Refs. [21,22],
where emerging short range magnetic order at approximately
20 K was reported.

II. EXPERIMENT

Single crystals of FeS were synthesized as described else-
where [23]. Before the experiment the samples were cleaved
in air.

©2018 American Physical Society
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FIG. 1. Raman spectra of FeS at T = 80 K measured with light
polarizations as indicated. The inset shows the crystal structure of FeS
and the polarization directions with respect to the crystal orientation.

Calibrated customized Raman scattering equipment was
used for the experiment. The samples were attached to the cold
finger of a He-flow cryostat having a vacuum of approximately
5 x 107> Pa. For excitation we used a diode-pumped solid state
laser emitting at 575 nm (Coherent GENESIS). Polarization
and power of the incoming light were adjusted in a way that
the light inside the sample had the proper polarization state and,
respectively, a power of typically P, = 3 mW independent of
polarization. The samples were mounted as shown in the inset
of Fig. 1. The crystallographic axes are a and b with |a| = |b|.
The ¢ axis is parallel to the optical axis. @’ and b’ are rotated
by 45° with respect to a and b. The laser beam reached the
sample at an angle of incidence of 66° and was focused to a
spot of approximately 50 nm diameter. The plane of incidence
is the bc plane. By choosing proper in-plane polarizations of
the incident and scattered light the four symmetry channels
Ajg, Aag, Big, and By, of the Dyy, space group can be accessed.
Additionally, for the large angle of incidence, exciting photons
being polarized along the b axis have a finite c-axis projection
and the E, symmetry can also be accessed. For the symmetry
assignment we use the 2 Fe unit cell (crystallographic unit cell).

The observed phonon lines were analyzed quantitatively.
Since the phonon lines are symmetric and I'.(T') < o(T') the
intrinsic line shape can be described by a Lorentz function
with a central temperature dependent energy w(7') and a width
I'L(T) (FWHM). The widths turn out to be comparable to the
resolution o of the spectrometer. Therefore, the Lorentzian
needs to be convoluted with a Gaussian having width ' = o.

III. THEORY

The electronic structure and the phonon dispersion were
calculated using density functional theory (DFT) and den-
sity functional perturbation theory (DFPT), respectively, [24]
within the QUANTUM ESPRESSO package [25]. The calculations
were performed with the experimental unit cell parameters
a=3.6735A, c =5.0328 A, and z = 0.2602, where  is the
height of the sulfur atoms above the Fe plane in units of the
c axis [26]. We used the Vanderbilt ultrasoft pseudopotentials
with the Becke-Lee-Yang-Parr (BLYP) exchange-correlation
functional and s and p semicore states included in the valence
for iron. The electron-wave-function and density energy cut-

offs were 70 Ry and 560 Ry, respectively, chosen to ensure
stable convergence of the phonon modes. We used a Gaussian
smearing of 0.01 Ry. The Brillouin zone was sampled with a
16 x 16 x 16 Monkhorst-Pack k-space mesh. Our electronic
structure and phonon calculations are in agreement with
previously reported results [27,28].

The experimental positions of the S atoms entail a nonzero
z component of the force of 6 x 1072 Ry/ag acting on them
with ag the Bohr radius. However, the relaxation of the z
positions of the S atoms would result in a large discrepancy
between the calculated and experimental energies of the optical
branches [28], whereas the phonon frequencies calculated from
experimental structure parameters are in good agreement with
the experiment (see Table II). When using the measured lattice
parameters, including atomic positions, some of the acoustic
phonons are unstable and do not have a linear dispersion at
small k. Upon relaxing the atomic positions the acoustic dis-
persion becomes linear and the energies at the zone boundary
decrease slightly. The energies of the optical branches, on the
other hand, increase by some 10%. Having all this in mind,
we choose to use the experimental lattice parameters stated
above. In this sense our calculations should be understood as
a compromise.

The phonon dispersion and the density of states were
calculated on a 6 x 6 x 6 Monkhorst-Pack k-point mesh, and
the dispersion is interpolated along the chosen line. The
calculated phonon dispersions of the experimental and relaxed
structures qualitatively coincide and display similar shapes and
a gap. Discrepancies only appear in the absolute energies.

The selection rules for two-phonon processes were calcu-
lated using the modified group projector technique (MGPT)
[29], which avoids summing over an infinite set of space group
elements.

IV. RESULTS AND DISCUSSION
A. Polarization dependence

Raman spectra of FeS for four linear polarization config-
urations at a sample temperature of 7 = 80 K are shown in
Fig. 1. Three peaks can be identified at 215,265, and 305 cm~".
The symmetric peak at 215 cm™! shows up for aa, bb, and
a'b’ polarizations, but vanishes for ba polarization. Hence the
excitation obeys Bj, selection rules and can be identified as
the out-of-phase vibration of iron atoms along the ¢ axis. The
strongest slightly asymmetric peak at 305 cm™! obeys Aj,
selection rules with contributions of order 5% in ba and a'b’
polarizations from either leakage or defect-induced scattering.
An asymmetric Fano-type line shape can be acquired by cou-
pling a phonon to an electronic continuum. However, as shown
in Fig. 6 in the Appendixes, we find that the superposition of
two symmetric, yet spectrally unresolved peaks gives a better
agreement with the data than the description in terms of a Fano
function. The stronger peak at 305 cm™~! has Aj, symmetry
with some remaining leakage. We therefore identify this mode
with the in-phase vibration of sulfur atoms along the ¢ axis. The
second peak, labeled P2, appears in spectra with parallel light
polarizations and vanishes in ba, but has some contribution in
a’b’ polarizations, suggesting mixed A;, and B;, symmetry.
The third peak, labeled P1, is symmetric and appears only in
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FIG. 2. Raman spectra of FeS in bb polarization projecting A, +
B, + E, symmetries measured at temperatures given in the legend.

The inset shows the light polarizations with respect to the crystal
orientation.

spectra with parallel light polarizations and thus has pure Ay,
symmetry.

B. Temperature dependence

For properly assigning all observed modes and for getting
access to putative phase transitions we studied the temperature
dependence. Figure 2 shows Raman spectra in bb polarization
at 8, 40, and 300 K. The three peaks shift to higher energies
upon cooling. The fourth peak P2 cannot be resolved in the
raw data and can only be analyzed after a fitting procedure
(see Appendix B). The peak energies w(7') and the (intrinsic)
linewidths I'L(T") were determined as described at the end of
Sec. II. All four modes show a monotonous increase in energy
and decrease in linewidth upon cooling as shown in Fig. 3.
Below 20 K the increase in the energies accelerates. We first
address this overall behavior and disregard the anomaly around
50 K for the moment.

The shift and narrowing of all modes can be explained
in terms of lattice contraction using a constant Griineisen
parameter y and anharmonic decay into other phonon modes,
respectively. The change in the (Lorentzian) linewidth I' (T')

is given by [30]
2)“+':Ph>. (1
exp (5;5) — 1
The zero temperature limits I'; o and @y were obtained by
extrapolating the respective experimental points of I'L (7') and
w(T)intherange 20 < T < 50 Kto T = 0 (Fig. 3). With the
phonon-phonon coupling Aph.pn being the only free parameter
the temperature dependence of I'(7) can be described as
shown by red dashed lines in Fig. 3. The phonon energy w(7T)
contains contributions from both the anharmonic decay and the
lattice contraction, which depends essentially on the thermal
occupation of the phonons, and can be written as [31]

V(T) =V,
Vo

)]
- + e
(ﬁwo exp (51:7) — 1
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FIG. 3. Temperature dependence of energy and width of the four
observed phonon modes in FeS. Black squares show the phonon
energies w; open circles denote the phonon linewidths I'.. The red
dashed and solid lines represent the temperature dependencies of
the phonon linewidths and energies according to Egs. (1) and (2),
respectively. For better visualizing the low-temperature part, the data
of this figure are plotted on a logarithmic temperature scale in Fig. 8
of Appendix D.

V(T) and Vj, are the volumes of the unit cell at temperatures
T and T — 0, respectively. The numbers for the calculations
are taken from Ref. [20]. The second term describes the effect
of phonon damping on the line position in the harmonic approx-
imation. Using Apppn from Eq. (1), the Griineisen parameter
y is the only free parameter and is assumed to be constant.
The temperature dependencies w(T') resulting from the fits are
plotted in Fig. 3 as solid red lines. The numerical values for
parameters y and Ap,pn Obtained from the T'-dependent energy
and linewidth are compiled in Table I.

Below 20 K and around 50 K anomalies are found in the
experimental data as follows:

(i) At 50 K the peak energies of all four modes deviate
significantly from the otherwise smooth temperature depen-
dence. The nearly discontinuous increase in energy could
be reproduced for the A, phonon and peak P2 in multiple
measurements. For the B, phonon and mode P1 the anomaly
is not as clearly reproducible. The energy anomalies do not
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TABLEI. Symmetry, Griineisen constant y, and phonon-phonon
coupling parameter Aphph Of the four experimentally observed modes.

Mode Symmetry y Aph-ph
S Ay, 2.2 1.68
Fe B, 34 0.31
P1 Ajg 2.4 0.25
P2 Aj, + By, 2.2 0.31

have a correspondence in the linewidth. As there is neither
an abrupt change in the lattice constants [20] nor any other
known phase transition close to 50 K the origin of this anomaly
remains unexplained although we consider it significant.

(i1) Upon cooling from 20 K to 4 K all four modes exhibit
sudden, yet small, increases in energy. The changes in width
are heterogeneous in that the A;, mode narrows and the B,
mode broadens. No clear tendencies can be derived for modes
P1 and P2. Sudden changes in the temperature dependence
typically indicate phase transitions. Yet, no phase transition has
been identified so far. However, the anomaly at 20 K coincides
with the emergence of short range magnetic order as inferred
from two uSR studies [21,22]. Susceptibility measurements
on a sample from the same batch were inconclusive. On the
other hand, the XRD data show a small anomaly in the lattice
parameters and the unit cell volume does not saturate at low
temperature but rather decreases faster between 20 K and 10 K
than above 20 K [20]. This volume contraction by and large
reproduces the change in the phonon energies as can be seen
by closely inspecting the low-temperature parts of Fig. 3 (see
also Fig. 8). Hence the indications of short-range magnetism in
FeS found by SR have a correspondence in the temperature
dependence of the volume and the phonon energies.

Clear phonon anomalies were observed at the onset
of the spin density wave (SDW) phases in 122 systems
[32-34] and of the more localized magnetic phase in FeTe [35],
whereas continuous temperature dependence of the phonons
was found in systems without long-range magnetism [36,37].
Upon entering the SDW state in the 122 systems the A, (As)
mode softens abruptly and narrows by a factor of 3, whereas
the By, (Fe) mode stays pinned and narrows only slightly [32].
The strong coupling of the As mode to magnetism was traced
back to the interaction of the Fe magnetic moment with the
Fe-As tetrahedra angle [38], which goes along with a change
of the c-axis parameter. In Fe 1, Te the roles of the B, and
A1, modes are interchanged [35,39,40]. In contrast, all four
modes observed here in FeS harden below T* ~ 20 K being
indicative of a type of magnetic ordering apparently different
from that in the other Fe-based systems.

Very recently, commensurate magnetic order with a wave
vector of q = (0.25,0.25,0) was found in FeS below Ty =
116 K using neutron powder diffraction [41]. In the Raman
spectrano anomalies can be seen around 120 K even if the range
is studied with fine temperature increments of 10 K as shown
in Appendix C. However, a small change in the temperature
dependence of the c-axis parameter is observed around 100 K
by XRD [20], which could be related to this type of magnetic
order. Since the influence on the volume is small there is no
detectable impact on the phonons.

TABLE II. Raman active phonon modes in t-FeS. Shown are the
symmetries, the theoretical predictions for the experimental lattice pa-
rameters at 7 = 0, and the atoms involved in the respective vibrations.
The experimental energies in the third column are extrapolations to
T = 0 of the points measured between 20 K and 50 K.

Phonon energy (cm™!)

Symmetry Calculation Experiment  Atomic displacement
Ay, 316.1 305.3 S

B, 2204 215.8 Fe

E, 231.6 Fe, S

E, 324.8 Fe, S

C. Analysis of the modes P1 and P2

Based on the energies, the selection rules, and the tempera-
ture dependence we first clarify the phononic nature of the two
lines P1 and P2, which cannot as straightforwardly be identified
as lattice vibrations as the in-phase sulfur and out-of-phase iron
vibrations at 305.3 and 215.8 cm~!. Second we derive their
origin from the phonon density of states (PDOS) calculated
for the zero-temperature limit.

All experimental energies for T — 0 were derived from the
points at low temperature as described in Sec. IV B (see also
Fig. 3). The results for the modes at the I" point are summarized
in Table II and can be directly compared to the results of the
calculations. The discrepancies between the experimental and
theoretical energies for the Raman-active phonons are smaller
than 4%. The price for this accuracy in the optical energies is
an instability and possibly too high energies in the acoustical
branches at small and, respectively, large momentum (see
Sec. III).

The unidentified peaks P1 and P2 appear in the spectra
measured with aa polarization, where none of the electric
fields has a projection on the ¢ axis. Thus they cannot have E,
symmetry obeying ca and cb selection rules. In addition, the
observed energies would be relatively far off of the calculated
energies (see Table II). Both peaks exhibit temperature de-
pendencies similar to those of the two Raman-active phonons
and the Griineisen parameters are close to the typical value
[42] of 2 and similar to those of the Raman-active phonons.
The phonon-phonon coupling parameters Ayp_py derived from
the temperature dependence of the linewidths are close to 0.3
similar to that of the B;g phonon. A,ppn of the Aj, phonon
is roughly five times bigger for reasons we address later. Yet,

because of the small prefactor (I'r o/ ﬁw@z = 0(1073), the
contribution of phonon-phonon coupling to the temperature
dependence of w(7T) remains negligible in all cases and
the phonon energies are essentially governed by the lattice
contraction. These considerations demonstrate the phononic
origin of the peaks P1 and P2.

In the second step we try to identify the phonon branches
to which P1 and P2 can be related. To this end the full
phonon dispersion and density of states (PDOS) were derived
as described in Sec. III and are plotted in Fig. 4.

Independent of using the relaxed or experimental structure,
P1 is located in the gap of the (theoretical) PDOS and cannot
result from first order defect-induced Raman scattering. What
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FIG. 4. Phonon dispersion of t-FeS. (a) Brillouin zone with high
symmetry points and lines [43]. (b) Phonon dispersion along the
directions as indicated and phonon density of states (PDOS). The
gray-shaded area marks the gap in the phonon dispersion. The disper-
sion shown here is derived using experimental lattice parameters. For
this reason some of the acoustic phonons are unstable and do not have
a linear dispersion around the I" point. Upon relaxing the structure
the acoustic dispersion becomes linear at I', and the energies at the
zone boundary decrease slightly. The energies of the optical branches,
on the other hand, increase by some 10%. M’ = (0.4,0.4,0.0) and
A’ =(0.4,0.4,0.5). The experimental energies of the four observed
modes are shown as black lines.

alternatives exist for explaining P1? If we exclude exotic
explanations such as a collective mode for the reasons given
above the energy of wp; = 265 cm~! can only be obtained by
the sum of two phonon modes having equal energy wp; /2 and
momenta k and —k (for maintaining the ¢ & 0 selection rule).
As shown for various transition metal compounds including
TiN, ZrN, or NbC second-order phonon Raman scattering can
occur in the presence of defects [44]. Then first-order scattering
being proportional to the PDOS (modulo energy and symmetry
dependent weighting factors) is expected to be also substantial
if not stronger. Although our crystals are slightly disordered
there is no indication of substantial intensity at energies with
high PDOS as can be seen by directly comparing Figs. 1 and
4(b). Alternatively, second-order scattering can originate in
enhanced electron-phonon coupling [45]. In either case the
energies of two phonons add up as they get excited in a
single scattering process. Generally, no selection rules apply
for second order Raman scattering and the resulting peak would
appear in all symmetry channels [46]. Exceptions exist if the
phonon wave vectors coincide with high-symmetry points or
lines of the Brillouin zone.

From the phonon dispersion alone several phonon branches
having k and —k and energies in the range around wp; /2 could
add up to yield 265 cm™! (see Fig. 4). However, as explained in
Appendix F and shown in Table III for the space group P4/nmm

of t-FeS, the A1, selection rules of P1 exclude all nonsymmetric
combinations of branches (right column of Table III). On the
other hand, all symmetric combinations include A, selection
rules for the two-phonon peak (left column of Table IIT) and
one has to look essentially for a high PDOS in the range wp; /2.
As shown in Fig. 4(b) the PDOS has a maximum in the right
energy range. Since the maximum results from momenta away
from the high-symmetry points or lines (see Fig. 4) which alone
lead to pure A1, symmetry one expects also intensity in By, and
E, symmetry as opposed to the experiment. For exclusive A,
selection rules only seven possibilities exist. Since phase space
arguments favor modes having a flat dispersion in extended
regions of the Brillouin zone the I', M, and/or A points are
unlikely to give rise to P1, and only the lines S = A — Z, ¥ =
I' =M, and V = A — M remain. The dispersion along the
S or ¥ branch contributes very little to the PDOS. On the
high-symmetry line V a doubly degenerate branch would have
a flat dispersion [see Fig. 4(b)] and contributes substantially
to the PDOS but the energy of 150 cm™! differs by 13%
from the expected energy of 132.5 cm™!. Instead of arguing
about the accuracy of the theoretical phonon energies (see
Sec. III) we looked at the dispersion close to but not strictly
on V where the contribution to Bj, and E, symmetries is
expected to be still very small, e.g., along M’ — A’ [Fig. 4(b)].
A detailed inspection shows that the maximum of the PDOS
between 130 and 140 cm~! comes from there. This explains
both the selection rules and the energy of P1 to within a few
percent.

Peak P2 cannot be explained in terms of one of the two E,
phonons either. As opposed to P1 it is not inside the gap of
the PDOS and thus can originate from either first or second
order scattering. If P2 originates in second order scattering
in the same fashion as P1 there are five possibilities yielding
A1g + B, but not E, selection rules. As explained in the last
paragraph only the branches A =T — X and U = Z — R may
contribute. For the low PDOS there we consider also first order
defect-induced scattering for P2 to originate from. In fact, the
PDOS possesses its strongest maximum 5 cm~! below the
(theoretical) A, phonon exactly where P2 is found. In spite
of the very high PDOS here, the peak is weak explaining
the negligible contributions from first order defect-induced
scattering at lower energies. The high PDOS between 300 and
325 cm~! may also be an alternative yet less likely explanation
for the weak contributions in crossed polarizations in the
energy range of the A, phonon (Fig. 1).

Finally, we wish to clarify whether the large phonon-phonon
coupling k?ﬁ_’;h found for the A;, Raman-active mode (see
Table 1) is related to the appearance of P1. Due to the close
proximity of the energies the A, mode apparently decays
into states close to those adding up to yield P1. The decay
is less restricted by symmetry leaving more options. For both
processes the phonon-phonon coupling has to be substantial
with the order of magnitude given by kgﬁ_f,h ~ 1.7. Phonon-
phonon coupling is present in any type of material because
of the anharmonic potential. Defects enhance this effect [44].
Since FeS is a metal the phonon-phonon coupling goes at least
partially through electronic states and may be indicative of
enhanced electron-phonon coupling, A.ph, as described, e.g.,
in Ref. [45]. The related contribution to Aypp, is then expected
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TABLE III. Two-phonon processes in FeS. The symmetry group of the FeS system is the space group P4/nmm. For products of irreducible
representations (IRs) in the left column Raman active modes (RM) in decomposition are given in the right one. Raman active modes of FeS
are 'Y (A1), I'S (By,), and two double degenerate I'Y (E,). I'f" comes from vibrations of S atoms, Iy from Fe ones, and both atom types
contribute with one pair of I'Y modes. For complex representations (V) 234 and all W) the double index indicates that the real representation
is used, for example, Vi3 = V| @ V" = V| @ V3. Irreducible representations of the space group given in Ref. [53] are used.

Overtones

RM
in decomposition

IR products
(phonon states)

Combinations

RM
in decomposition

IR products
(phonon states)

(T2 G =1,2,3,4) Al
(5] Aig, By,
(X)) G =12) Aig, Big, Eg
[(M;)*] (i =1,2,3,4) Ay
()]G =1.23.4) Ay,
(AN’ =1,2,3,4) Ay, By
[(Vi3)2], [(Vaa)?1, [(V5)*] Ay
[(W13)*], [(Was)?] Ay, By, E,
[(YD?] Aig, Big, Eg
[(ZEY]1 G =1,2,3,4) Al
[(Z5)*] Aig, By,
[(A)*] (i =1.23,4) Ay
[(R)*1( =1,2) Aig, Big, Eg
(S =1,2,3,4) Ay
(UM G =1,2,3,4) Ay, Big
[(AD*] (i =1,2,3,4) Ay,
[(A5)?] Ay, By,
[(T1)*] Ay, Big, Eg

Merrter! (h=4=4) B,
MNerii=1234h==%) E,

X1 ®X; E,

M, @ My, M3 @ My By,

M; @ M3, M @ My, My @ M3, M> @ My E,
T 05,505, By,
Ti®¥35 LI Q0840235 Q% E,
AL @Ay, A1 @ Az, Ay @ Ay, A3 Q@ Ay E,
Viz ® Voy ry

Viz® Vs, Vo ® Vs ry

Wiz @ Wy r:
Zh®@Zi, Zh @ Z! (h = %) By,

Zhe 2zl (i=1234h=4%) E,

Al ® Az, A3 ® Ay By,

Al QA3 Al ®@ Ay, A2 ® A3, Ay @ Ay E,
R ® R, E,

$1® 82,8588 By,
S1®83,51 Q84,585,508 E,
U@U, Ui @Us, U@ U,,Us ® Uy E,
AL ® Ay, A3 ® Ay By
Ar®As (i =1,2,3,4) E,

to be proportional to )‘Zl—ph' This conclusion is compatible

with early results on the branch-dependent electron-phonon
coupling in LaFe AsOF, where the strongest effects are reported
for some I'-point modes and the acoustic branches with inter-
mediate to large momenta [47]. k;‘hl_f)h > 1 and the two-phonon
peak P1 indicate that the electron-phonon coupling is possibly
larger than in the other Fe-based systems and reaches values up
to unity. In BaFe, As;, as an example from the pnictide family,
)»gl_ph ~ (1-4) x 1072 < Aphph ~ 0.1 is reported [32,48,49].
On the other hand, one finds )‘Zl-ph ~ 0.4 < Aphph ~ 0.9 for
the E, phonon in MgB,, being generally believed to be a
conventional superconductor [50,51]. Thus one may speculate
whether Acjpn might be even large enough in FeS to account
for a T, in the 5 K range.

V. CONCLUSION

We have studied and identified phonons in tetragonal FeS
by Raman scattering. For the A, sulfur and B,z iron mode
the DFT and DFPT calculations agree to within a few percent
with the experiment. A third observed peak within a gap in
the theoretical phonon density of states can be identified as a
second order scattering process involving two phonons. Both
the selection rules, based on the modified group projector tech-

nique, and the energy are in agreement with the experiment. A
fourth mode identified close to the A, sulfur phonon can be
traced back to the biggest maximum of the PDOS and is most
likely activated by a small amount of defects.

The temperature dependence of all four modes is governed
by the contraction of the lattice, but shows anomalies at
50 K and below 20 K. The anomaly observed at 20 K has
a correspondence in the thermal expansion [20] and uSR
experiments [21,22], which indicate short-range magnetic
order. The long-range magnetic order observed recently by
neutron diffraction experiments [41] below Ty = 116 K has
no correspondence in the Raman spectra.

The appearance of two-phonon scattering indicates strong
phonon-phonon scattering, which is likely to originate from
an electron-phonon interaction being enhanced in comparison
to other pnictides and chalcogenides. We argue that in FeS
the 7, can in principle entirely result from electron-phonon
interaction.
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APPENDIX A: MAGNETIZATION MEASUREMENTS

Figure 5 shows magnetization measurements on a t-FeS
sample from the batch studied in small applied fields. Measure-
ments were done on a Quantum Design MPMS XL-7 SQUID
magnetometer by cooling the sample to 2 K and sweeping
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FIG. 6. Decomposition of the asymmetric phonon peak at
305 cm~!. Measured data are shown as black dots. The orange line
shows the sum of two Voigt profiles shown as blue and green lines,
respectively. The convolution of Fano and Gaussian (red line) deviates
in the peak flanks and the nearby continuum.
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FIG. 7. Temperature dependence of A}, and B,, phonon modes in

the temperature range between 80 K and 300 K. Black squares denote
the phonon energies; open circles denote the phonon linewidths.

the temperature at 0.1 K/min. When cooled without applied
field (ZFC, black curve) the sample shows a superconducting
transition with onset at 4.5 K and a center of the transition
at 3.6 K. When cooled in an applied field the magnetization
decreases only weakly in the superconducting state indicating
strong pinning.

APPENDIX B: DECOMPOSITION
OF THE LINE AT 305 cm™!

The peak at 305 cm™! at low temperatures shows a sig-
nificant asymmetry towards lower energies (see also Fig. 1).
Coupling of the A, phonon mode to an electronic continuum
by strong electron-phonon coupling would result in a line shape
given by the convolution of a Fano function and a Gaussian, the
latter representing the resolution of the spectrometer. We find,
however, that this does not yield a satisfactory description of the
measured line shape as can be seen from the red curve in Fig. 6,
and thus conclude that the asymmetry of the peak stems from
the overlap of two peaks which cannot be resolved separately.
The corresponding line shape is the sum of two Lorentzians
convoluted with a Gaussian which governs the resolution of
the setup. Due to the distributivity of the convolution this is
identical to the sum of two Voigt functions sharing the same
width T'g of the Gaussian part. The overall spectral shape is
shown in Fig. 6 as an orange line and agrees excellently with the
data. The two contributing lines are shown in blue and green.
From the selection rules (see Fig. 1) we identify the blue curve
as the in-phase vibration of sulfur atoms in A, symmetry. The
green line denotes a second mode P2, the origin of which is
discussed in the main text.
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FIG. 8. Temperature dependence of energy and width of the four
observed phonon modes in FeS on a logarithmic scale. The data
is identical to Fig. 3 of the main text. Black squares show the
phonon energies w; open circles denote the phonon linewidths I'r.
The red dashed and full lines represent the temperature dependence
of the phonon linewidths and energies according to Egs. (1) and (2),
respectively. The region below 20 K is shaded light gray. Since the
data for the volume are limited to the range above 10 K the theoretical
curves for the phonon energies (full red lines) end at 10 K.

APPENDIX C: DETAILED TEMPERATURE DEPENDENCE
FOR 80 < T < 300 K

Figure 7 shows the temperature dependence of the energies
w and linewidths I'(T) (FWHM) from 80 K to 300 K mea-
sured in temperature increments of 10 K. Raman scattering
measurements were performed using a Jobin Yvon T64000
Raman system in micro-Raman configuration. A solid state
laser with 532 nm line was used as an excitation source.
Measurements were performed in high vacuum (10~% mbar)
using a KONTI CryoVac continuous helium flow cryostat with
0.5 mm thick window. Laser beam focusing was accomplished
using a microscope objective with x50 magnification. The
samples were cleaved right before being placed in the vacuum.
As can be seen from Fig. 7, there is no deviation from the
standard temperature behavior around 120 K.

APPENDIX D: TEMPERATURE DEPENDENCE
ON A LOGARITHMIC SCALE

To better illustrate the behavior of the phonons at low
temperatures Fig. 8 shows the experimental data and the
theoretical curves from Fig. 3 of the main text on a logarithmic
temperature scale. The region below 20 K is shaded light gray.
As explained in Sec. IVB all four modes show an increase
in energy below 20 K instead of the expected saturation,
indicative of the putative onset of short range magnetic order.
This effect manifests itself also in an incipient decrease of the
unit cell volume [20] and is visible in the theoretical results
for the phonon energies (full red lines). No clear tendency can
be seen for the linewidths. The energy anomaly found around
50 K is discussed in the same section.

APPENDIX E: SECOND SAMPLE BATCH

Figure 9 shows Raman spectra on a t-FeS sample from
a different batch (E256) taken at 7 = 310 K. The sample
was oriented the same way as described in the main text. All
three modes are visible for parallel light polarizations (bb), but
vanish for crossed polarizations (ba), confirming the selection
rules observed in the sample described in the main text. The
inset shows magnetization measurements on a sample from
batch E256 similar to the ones described in Appendix A. The
superconducting transition sets in at 4.1 K.

APPENDIX F: SELECTION RULES FOR TWO-PHONON
PROCESSES AND MGPT

In the multiphonon scattering process the system goes
from an initial vibrational state (ground vibrational state)
[0,0, ...) to a final multiphonon state |n,,n,, ...), where n,
is the number of phonons in the same state p and p stands
for the entire set of quantum numbers (quasimomentum &,
angular momentum quantum number m, etc.). For two-phonon
processes the final vibrational state is the state with two
phonons in the same quantum state (double-phonon or the
first overtone state) or with two phonons in different states
(combination state). The corresponding matrix element for

T T T
40t g P 0r A1Q+P2 B
30t 521" 1
= P R N B
0 2 4 6 8
20-T=310K Temperature (K) i

P — L ] |

275 300 325

0 L
175 200 225 250
Raman Shift @ (cm™)

FIG. 9. Raman spectra of a t-FeS sample from a different batch
taken at 7 = 310 K in polarizations as given in the legend. The
inset shows magnetization measurements on a sample from this batch
similar to Appendix A.

054306-8



PHONON ANOMALIES IN FeS

PHYSICAL REVIEW B 97, 054306 (2018)

two-phonon Raman scattering is

0,...,n,,0,...1R|0,0, ...),n, = 2,overtones,
0,...,n,,0,...,n,,...1R|0,0,...),

n, =n, = l,combinations, (F1)

where R is the Raman tensor. This matrix element should be a
scalar or should transform as unit representation of the system
space group S. The standard approximation for the Raman
tensor in infinite wavelength-light approximation for the non-
resonant case is the polarizability tensor, which transforms as
the (symmetrized) square of the vector representation, DR(S).
Decomposition of D?(S) gives irreducible representations of
the Raman active modes. The ground vibrational state trans-
forms as unit representation, whereas the final two-phonon
state transforms as symmetrized square, [(D*(S ))?], of the
corresponding irreducible representation D*(S) (overtones) or
the direct product of two irreducible representations D*(S) ®
D" (S) (combinations). Symmetrization in the case of over-
tones comes from the bosonic nature of phonons. The matrix
element [Eq. (F1)] transforms as reducible representation

[(D"(S))’] ® D™(S), for overtones, or
D"(S) ® D*'(S) ® D®(S), for combinations.  (F2)

It is a scalar if the decomposition of the representations
shown above contains the unit representation or, equivalently,
if the intersection of decompositions of [( D*(S))?*] or D*(S) ®
D*(S) and D(S) is a nonempty set. To obtain selection rules
for two-phonon processes, following Birman’s original method
[52], it is enough to find the decomposition of [(D*(S))*]
(for overtones) and D*(S) ® D" (S) (for combinations) for
all irreducible representations. If there is any representation

of the Raman active mode in those decompositions then
that overtone or two-phonon combination is symmetrically
allowed in the Raman scattering process. The decomposition
of the (symmetrized) square of the vector representation is
straightforward and is actually a finite dimensional point group
problem. On the other hand, decomposition of [(D"™(S))?]
or D*(S) ® D (S) for any irreducible representation could
be a difficult task because space groups are infinite. In the
standard method based on character theory summation over
all group elements is used and it is a problem in the infinite
case. Therefore, it is necessary to apply a method which avoids
summation over group elements. As is proven in Ref. [29]
the modified group projector technique (MGPT) uses only
group generators and finite dimensional matrices. Actually,
the decomposition D(S) = @, f}, DW(S) of the arbitrary
reducible representation D(S) into irreducible representations
is effectively a determination of the frequency numbers f}.
The MGPT expression for frequency numbers involves group
generators s; only:

s
fp=TcF (H F(D(s;) ® DW(s,-»). (F3)
i=1
Here S is the number of group generators, F'(X) is the projector
on the subspace of the fixed points of the operator X, and
Tr is the matrix trace (sum of the diagonal matrix elements).
Consequently, the problem is reduced to calculation of the
S + 1 projector to the fixed points. Technically, one looks for
the eigenspaces for the eigenvalue 1 of each of the operators
D(s;) ® D™ (s;), finding projectors on them, then multiplies
the corresponding projectors, and repeats the procedure for the
whole product from Eq. (F3). The trace of the final projector
gives the corresponding frequency number.
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