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Phonon and magnon excitations in block-antiferromagnetic K gsFe; ¢3S,
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The vibrational properties of K gsFey ¢3S, were investigated using Raman spectroscopy and analyzed on the
basis of peculiarities of its crystal structure. Fourteen Raman active modes, predicted by factor-group analysis,
were observed and assigned, confirming Fe vacancy ordering. Phonon energy temperature dependence is fully
driven by anharmonicity effects in the range of 80-300 K. High-energy Raman spectra revealed two-magnon
excitations of three optical magnon branches. It is shown that the magnetic structure of this material is consistent
with the high-temperature block-antiferromagnetism of Ky gFe; ¢Se,.
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I. INTRODUCTION

The discovery of superconductivity in iron-based layered
materials,! with 7. up to 55 K, has attracted a lot of
attention in recent years. The proximity and coexistence of
superconductivity and antiferromagnetic phase in A, Fe,_,Se;
(A = K, Rb, Cs, and Tl) materials (AFeSe-122 type) might
imply that magnetic fluctuations play an important role in the
understanding of the pairing mechanism.”* On the other hand,
the absence of strong magnetic fluctuations in 7’Se NMR and
the presence of static magnetic order with Ty ~ 500 K> suggest
sample- and/or stoichiometry-dependent magnetic phase that
arises due to intrinsic nanoscale phase separation.>!’ The
properties of these materials are closely related to the vacancy
ordering in the two-dimensional Fe-atom square lattice.'-

Very recently, the discovery of K Fe;_,S, single crystals
isostructural to 122 iron selenide superconductors has been
reported.13 K,Fe>_,S, exhibits similar vacancy order on
both potassium and iron site as its selenide counterpart.
The resistivity measurements'? demonstrated semiconductor
behavior. Detailed magnetic measurements on Ko gsFe; 352
single crystals suggest spin-glass transition below about 33 K,
similar to TIFe,Se,,'* and a possible magnetic order above
room temperature.

Raman scattering was used to determine the influence
of vacancy ordering on phonon and magnon spectra of
Ko.ssFei 635, single crystals. Fourteen Raman active modes
were successfully observed and assigned according to their
symmetry. Analysis of the temperature dependence of Raman
scattering spectra showed that the Raman active phonon ener-
gies in the range of 80-300 K are fully driven by anharmonicity
effects without any signatures of electron-phonon interaction.
Raman spectra of KqggFe; 43S, at energies higher than the
optical phonon range revealed the existence of two-magnon
excitations. The magnetic structure of this material is very
similar to the block-antiferromagnetism of Ky gFe; ¢Se, and is
in agreement with theoretical predictions.

II. EXPERIMENT

Single crystals of KggsFe; ¢3S, were grown and charac-
terized as described elsewhere in detail.'*> The samples were
cleaved in order to obtain a flat, shiny (001)-plane surface.
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PACS number(s): 78.30.—j, 71.28.4-d, 75.30.Ds, 75.50.Pp

Freshly cleaved crystal was put into the cryostat within 30 s
and evacuated to 107% mbar. The sample was oriented so
that one of the principal axes was parallel to the analyzer
polarization orientation. The Raman scattering measurements
were performed using the TriVista 557 Raman system in
backscattering micro-Raman configuration. The 514.5-nm line
of an Art/Kr™ mixed gas laser was used as an excitation
source. Focusing of the laser beam was realized with a long
distance microscope objective (magnification 50x). We have
found that a laser power level of 0.04 mW on the sample
is sufficient to obtain Raman signal, and that except for
signal-to-noise ratio, no changes of the spectra were observed
as a consequence of laser heating by further lowering the
laser power. The corresponding excitation power density was
less then 0.2 kW/cm?. Low temperature measurements were
performed between 80 and 300 K using the KONTI CryoVac
continuous Helium flow cryostat with a 0.5-mm-thick window.

III. RESULTS AND DISCUSSION

Hypothetical KFe,S, (the ThCr,Si, type of crystal struc-
ture) crystallizes in tetragonal structure of the Is\umm space
group (Dj/, Z% =1).!5 The real unit cell of K,Fe,_,S, is
built up of interspersed puckered FeS slabs and nets of K,
stacked along the c axis (see Fig. 1). Because of the FeS and
K layer distortion, the symmetry is reduced to the Iy, (C3;)
space group with Z® = 5 (Fig. 1).!* The ordering pattern of
Fe vacancies is the same as in KxFez_ySez.2 When both Fe
and K vacancy are completely ordered, Fel and K1 sites are
fully unoccupied, whereas K2 and Fe2 are fully occupied with
corresponding chemical formula Kg gFe; ¢S;. All site symme-
tries and corresponding occupancies for the nonstoichiometric
Ko.ssFe1.635, sample are presented in Table .

By using the correlation method we were able to obtain each
site contribution to the normal mode distribution at the center
of the Brillouin zone for both ideal 122 and nonstoichiometric
compounds (Table I). According to this representation, in
the Raman scattering experiment one can expect a total
of 25 Raman-active modes for K ggFe; ¢3S, and only four
Raman-active modes for KFe,S,. We have used the (001)
plane of KggsFe; ¢3S, single crystals for Raman scattering
measurements. Therefore, only the A, and B, symmetry
modes can be observed in our experimental configuration, in
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which both incident and scattered light are polarized parallel
to the (001) crystal plane (see Table I). If the vacancies are not
ordered, only two Raman-active modes (A,+B,) should be
observed.

Figure 2(a) shows Raman scattering spectra of K ggFe; 6352
single crystals measured at 100 K in crossed and parallel
polarization configuration. There are at least seven peaks that
can be observed in both parallel and crossed polarization
configuration. The number of observed peaks is much larger
than the number of Raman-active modes predicted for Is\ymm
symmetry. This confirms vacancy order and crystallographic
space group symmetry lowering to /4, . According to selection
rules for Cy4, symmetry (Table I), the B, symmetry modes
can be observed in both polarization configurations. In
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order to separate the A, from the B, symmetry modes, we
have performed Raman scattering measurements for different
angles between polarizations of incident and scattered light
[© = /(é5.é)].

Figure 2(b) presents Raman scattering spectra of
Ko.ssFe1 635, single crystals measured at 100 K as a function
of angle ®. Closer inspection of the angle-dependent Raman
spectra revealed that most of the observed peaks are actually
doublets of different symmetry (A, and B,) modes, as
illustrated in the insets of Fig. 2 in the example of the 175-
and 300-cm~' peaks. All modes clearly display a fourfold
symmetry, whereas there are two distinguishable groups of
modes with different direction of intensity changes with ©.
By comparison with the corresponding Raman tensors, we

TABLE I. Top panel gives the type of atoms, their site symmetries, Raman tensors, and selection rules for KFe,S,. Bottom panel gives the
type of atoms, occupancy, and their site symmetries for K, gsFe ¢3S,. The irreducible representations of the phonon modes, Raman tensors,
activity, selection rules as well as experimentally obtained values at 100 K for A, and B, modes.

KFe,S, (D} and 2 = 1)

Atoms Occupancy Site symmetry Irreducible representations
K 1 D4h AZu + Eu
Fe 1 DZ{I A2u + Blg + Eg + Eu
S 1 C4v A]g + AZu + Eg + Eu
Raman tensors

a 0 0 c 0 O 0 0 —e 0 0 0
Ay=10 a O Bg=10 —c 0 E,.=|1 0 0 O E, =0 0 e

0 0 b 0 0 O —e 0 0 0 e O

Activity and selection rules

1-‘Raman = Alg(axx+yya azz) + B]g(axx—yy) + 2Eg(axza O[yz)

1—‘infrarccl = 2A2M(E”z) + ZEM(E“X’E”y)

1—‘ac:oustic = Au + Eu
KossFei1.6352 (Cj, and Z8 = 5)

Atoms Occupancy? Site symmetry Irreducible representations
K1 0.84 Cyp A, +E,
K2 0.89 (ON 2A, + A, + 2B, + B, + E, + 2E,
Fel 0.08 Sy A, +B, +E, +E,
Fe2 1 C 3A, +3A, + 3B, + 3B, + 3E, + 3E,
S1 1 Cy A, +A, +E;, +E,
S2 1 C 3A, +3A, + 3B, + 3B, + 3E, + 3E,
Raman tensors

a 0 0 c d 0 0 0 e 0O 0 —f
A;=10 a O B,=|d —c O E, =10 0 f Ec=1 0 0 e

0 0 »b 0O 0 O e f O —f e O

Activity and selection rules

1_‘Raman = 9Ag(axx+yy 70571) + 8Bg(0‘xx—yya0‘xy + 8Eg(05xz 705)'1)

Linrared = 8A(E|2) + 7B, (silent) + 9E,(E[x.E[y)

Cacoustic = Ay + Ey

Symmetry Exp. (cm™!)
Al 60.3
A2 84.0
A3 1317
A 174.7
AS 300.1
A 336.2

Symmetry Exp. (cm™)
B! 89.8
B2 1193
B3 183.6
B! 227.0
B3 2472
BS 183.5
B! 344.0
B! 356.2
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FIG. 1. (Color online) (a) Crystal structure of KggFe;¢S, in
L, unit cell (black lines). Fel (red balls) represent iron vacant
sites. (b) FeS slab in (001) plane with ordered iron vacancies. Red
lines represent ferromagnetic ordered blocks. These blocks form a
block-checkerboard antiferromagnetic pattern. Grey square illustrates
I4\mmm unit cell.

assign the group that reaches maximum intensity at ® = 0°
as the A, symmetry modes, and the other group as the B,
symmetry modes. We have observed and assigned in total six
A, and eight B, modes. Table I summarizes Ko gsFe;.6352
Raman mode symmetries and related energies.

Raman spectra of KjgsFe; ¢3S, measured at different
temperatures are shown in Fig. 3(a). Raman mode energies
vs temperature dependence for the highest intensity modes
are shown in Figs. 3(b)-3(j). Solid lines in Figs. 3(b)-3(j)
represent calculated phonon mode temperature change due
to the anharmonicity effects taking into account only three-
phonon processes, '

ATY = Q0 — c<1 + L) (1)
er —1

where €2 is the temperature-independent contributions to
the Raman mode energy, C is the anharmonic constant, and
x =h/2kpT. Excellent agreement between measured and
calculated phonon mode temperature dependence suggests the
absence of any additional temperature-dependent couplings in
this temperature region.

The ordering pattern of Fe vacancies in Ko ggFe; 355 is
the same as in K,CFez_ySez.13 This may imply similar origin
of magnetic behavior for both compounds. It is reasonable
to assume that in analogy to K Fe,_,Se;,"""! the magnetic
moments of the four iron atoms in each unit cell align
ferromagnetically along the crystalline ¢ axis (see Fig. 1).
These blocks are staggered from cell to cell to form block-
checkerboard antiferromagnetism. If we take that each iron
has S = 2, one can generally expect eight phonon branches,
one doubly degenerate (slightly gapped in the presence of
spin anisotropy) acoustic magnon mode, and three doubly
degenerate gapped optical magnon modes. The presence of
the optical magnon modes is the direct consequence of block
antiferromagnetism. It is typical for antiferromagnets that two-
magnon Raman scattering is more intense than one-magnon
scattering. Contrary to the one-magnon Raman scattering,
where contribution comes only from the zone-center magnons,
two-magnon scattering contribution comes from magnon pairs
from the entire Brillouin zone; therefore it is expected that the
two-magnon spectra spread over a band of energies. Since the
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FIG. 2. (Color online) Raman scattering spectra of K¢ ssFej 6352
single crystals measured at 100 K (a) in cross and parallel polarization
configuration and (b) as a function of ® = /(é,,é;).

main contribution comes from the zone boundary magnons
where the magnon density is the highest, the two-magnon
band usually peaks at energies twice as high as those of the
zone boundary magnons.

The Ky ssFej 635, Raman spectra measured in the range
between 500 and 3400 cm™! at various temperatures are shown
in Fig. 4. The most remarkable feature is the appearance of
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FIG. 3. (Color online) (a) Raman scattering spectra of Ko ssFe; 635, single crystals measured in parallel polarization configuration at different
temperatures. (b)—(j) Energy of the Raman-active phonons of Kg gsFe, ¢35, as a function of temperature. Solid lines represent calculated spectra

using Eq. (1).

the broad asymmetric band with two distinguishable peaks
at 1345 and 1575 cm~!. The characteristic line shape of
these structures allows us to unequivocally attribute them to
the optical two-magnon excitations. A very broad band at
2800 cm™~! can also be attributed to the two-magnon scattering.
Recent theoretical investigations of Ky gFe; ¢Se, predict the
existence of three twofold optical magnon branches.!”-?0!
The first two optical magnon branches are degenerate in the
Brillouin zone center. Outside the I" point degeneracy is lifted,
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FIG. 4. (Color online) Unpolarized wide range Raman scatter-
ing spectra of KggsFe; ¢3S, single crystals measured at different
temperatures.

giving two twofold optical magnon branches at the zone edge.
Consequently, one can expect the appearance of a broad band
with two peaks. This is in full agreement with the observed
picture. The remaining magnon branch is doubly degenerate in
every point of the Brillouin zone and is expected to be found
in the higher energy region with the pronounced gap, again
in accordance with our findings. We have not observed any
remarkable changes in the optical two-magnon energies in the
temperature region 100-300 K, probably because this system
is already at room temperature in the antiferromagnetic state.

Whereas the origin of the peaks at 1345, 1575, and
2800 cm™! is undoubtedly magnetic, the origin of the peak
at 660 cm~!' remains unclear. This peak falls into the
region of two-phonon processes and could be two-phonon or
combinational line mode related.

A very recent inelastic neutron-scattering study of
Rby goFe; s3Se,?? revealed the same pattern of spin excitation
as we have observed in K gsFe; 63S,. Wang et al. have found
that spin waves exist in three separate energy ranges: the
acoustic magnon branch that starts from 9 meV and extends
up to 70 meV, two somewhat flat optical branches from 80 to
140 meV, and a high-lying optical branch from 180 to 230 meV.

IV. CONCLUSION

We have measured Raman scattering spectra of
Ko.gsFe; 635, single crystal. Fourteen Raman-active modes,
predicted by factor-group analysis, were successfully observed
and assigned. The Raman-active phonon energies temperature
dependence in the range of 80-300 K is fully driven by
anharmonicity effects. Wide-range Raman spectra revealed the
existence of two-magnon excitations. Three optical magnon
modes were identified. It is shown that the magnetic structure
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of this material is very similar to the block-antiferromagnetism
of KO,gFemSez and Rbo,ggFﬁ],ngez.
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