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Small influence of magnetic ordering on lattice dynamics in TaFe; ,sTe;
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Raman scattering spectra of zigzag spin chain TaFe, ,sTe; single crystal are presented in a temperature range
from 80 to 300 K. Nine Raman active modes of A, and B, symmetry are clearly observed and assigned by probing
different scattering channels, which is confirmed by lattice dynamics calculations. Temperature dependence of
the Raman modes linewidth is mainly governed by the lattice anharmonicity. The only deviation from the
conventional behavior is observed for A, symmetry modes in a vicinity of the magnetic phase transition at
Ty ~ 200 K. This implies that the electron-phonon interaction weakly changes with temperature and magnetic
ordering, whereas small changes in the spectra near the critical temperature can be ascribed to spin fluctuations.
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I. INTRODUCTION

The discovery of superconductivity in La(O;_,F,)FeAs
in 2008 [1] initiated an intensive search for new iron-based
superconducting materials, in order to obtain better under-
standing of their physical properties and the mechanism of
high-T, superconductivity [2—4]. Novel iron-based materials,
however, are not only superconducting, but can also exhibit
various types of magnetic ordering. In some cases the magnetic
phase transition is continuous [5-8], whereas in others it
is accompanied by structural changes [9-15], or even by
a nanoscale coexistence of antiferromagnetic (AFM) and
superconducting domains [16—18].

TaFe;;,Te; was synthesized and characterized about 25
years ago [19,20]. It is a layered system consisting of FeTe
chains, along the b axis, separated by a Ta/Te network
in between; see Fig. 1. These layers are parallel to the
natural cleavage plane. There are also additional Fe ions,
Fe2,randomly occupying interstitial sites [21-23]. TaFe; 1, Tes
features anisotropic charge transport with metallic resistivity
within the plane and insulating in the direction normal to
the FeTe layers [23]. The first study of magnetic structure
implies that TaFe;,,Tes is composed of double zigzag spin
chains with antiferromagnetic ordering of Fel spins [22]. The
newest neutron diffraction measurements suggest that spin
ordering within zigzag chains is ferromagnetic, whereas these
zigzag chains couple antiferromagnetically [23], as shown in
Fig. 1(b). However, the exact interaction mechanism is not
clearly resolved.

There is a similarity between TaFe;,,Tes and the exten-
sively studied Fe;4,Te compound since they are correlated
bad metals which order antiferromagnetically below Ty =~
200 K and 70 K, respectively [10,23], both having rather
large magnetic moments on Fe ions, ~2 ug/Fe. TaFe ., Tes,
however, forms ferromagnetic (FM) zigzag spin chains which
couple antiferromagnetically between the layers, whereas the
Fe spins in Fe(1,Te form a bicollinear AFM structure. The
magnetic phase transition in Fe;,Te is accompanied by the
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structural change from a tetragonal to a monoclinic, as opposed
to TaFe 4, Te; where a continuous transition to the AFM phase
is observed in thermodynamic and transport measurements
[22]. Just like in Fe;y,Te, interest in spin chain and ladder
materials [24] stems not only from their block-AFM states
similar to parent compounds of iron-based superconductors
[25], but also from superconductivity. It is worth noting that
spin 1/2 copper oxide ladder structures host a spin gap
and superconductivity upon doping [26-28]. In contrast to
superconductivity in copper oxide ladder materials that was
rather rare and with critical temperatures rather small when
compared to highest achieved in copper square lattices [29,30],
iron-ladder materials feature 7,’s similar to the highest found
in Fe-based superconductors [31].

Raman spectra provide additional information on magnetic
ordering and electron-phonon coupling. There exist several
Raman studies of the phonon spectra of iron based materials
near the superconducting or magnetic phase transition [32,33].
While no anomalies were observed in 1111 compounds
[34,35], the Raman spectra show anomalous behavior near
the spin density wave (SDW) transition in some of the 122 and
11 compounds [15,36-38], which was ascribed to the phonon
renormalization due to the opening of the SDW or supercon-
ducting gap, or to the structural transition. Large anomalies
were observed also in ferromagnetic K,Co,_,Se; [5], which
was ascribed to the effect of electron-phonon coupling and
spin fluctuations. Fe;,,Te phonon spectra feature unusually
large anomalies near the magnetic phase transition, as seen
in sudden changes in the phonon frequencies and linewidths,
due to the phonon modulation of magnetic interactions and
structural phase transition [11-13]. Therefore, it is of interest
to examine lattice dynamics in the normal state of iron-spin
chain and ladder materials and compare it to materials like
Fey,Te. To the best of our knowledge, there are no published
data on lattice dynamics of TaFe;,Tes.

In this paper we present polarized Raman scattering spectra
of TaFe, »5Te; single crystal measured in a temperature range
from 80 to 300 K. Nine out of 15 Raman active modes are
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FIG. 1. (a) Structure of the TaFe, sTe; single crystal together
with the natural cleavage plane [101]. x = 1/4/2(101) and y = (010)
correspond to our laboratory system. (b) A view of the TaFe, ,5Tes
structure along the b axis. Two neighboring chains of Fel spins point
in a parallel direction, forming a ferromagnetic zigzag chain, whereas
spins of neighboring zigzag chains order antiferromagnetically. One
should note that Fe2 is present with occupancy of 0.25.

observed and assigned using the selection rules for different
polarization configurations and lattice dynamics calculations.
In a sharp contrast to the related FeTe compound, TaFe; »sTes
Raman spectra do not show significant changes near Ty ~
200 K, which clearly indicates that the phase transition is
continuous. Temperature dependence of the frequency and
linewidth is conventional, driven by the anharmonicity effects,
except very near Ty where some of phonon lines slightly
broaden which should be the consequence of spin fluctuations
near the critical temperature. These results indicate very small
changes in the electron-phonon coupling and in the Fermi
surface in the measured temperature range.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals were grown using the self-flux method, as
described elsewhere [19]. Raman scattering measurements
were performed on freshly cleaved (101)-oriented samples,
using Jobin Yvon T64000 Raman system, equipped with a
nitrogen-cooled CCD detector, in the backscattering micro-
Raman configuration. The 532 nm line of a solid state laser
was used as an excitation source. A microscope objective with
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50x magnification was used for focusing the laser beam. All
measurements were performed at low laser power, to reduce
local heating of the sample. For low temperature measurements
KONTI CryoVac continuous flow cryostat with 0.5 mm thick
window was used. All spectra were corrected for the Bose
factor. For extracting the data from the Raman spectra, phonon
modes were fitted with a Lorentzian profile.

The electronic structure is calculated for stoichiometric
TaFeTes; in the paramagnetic phase within the density func-
tional theory (DFT), and the phonon frequencies at the I'-point
are obtained within the density functional perturbation theory
(DFPT) [39], using the QUANTUM ESPRESSO package
[40]. We have used projector augmented wave (PAW) pseu-
dopotentials with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional with nonlinear core correction and
Gaussian smearing of 0.01 Ry. The electron wave function and
the density energy cutoffs were 64 Ry and 782 Ry, respectively.
The Brillouin zone is sampled with 8 x 8 x 8 Monkhorst-Pack
k-space mesh. The phonon frequencies were calculated with
the unit cell size taken from the experiments and the relaxed
positions of atoms within the unit cell. The forces acting on
individual atoms in the relaxed configuration were smaller than
10~* Ry/a.u.

III. RESULTS AND DISCUSSION

TaFe ., Te; crystallizes in the monoclinic crystal structure,
which is shown in Fig. 1. The space group is P2;/m (unique
axis b), with two formula units per unit cell [19,20]. The
experimental values of the unit cell parameters are a =
7.436 A, b =3.638A, ¢ = 10.008 A, and g = 109.17°. All
atoms (including the excess Fe), are at 2e Wyckoff positions,
with fractional coordinates given in Table I.

The factor group analysis (FGA) for P2;/m space group
yields the following normal mode distribution at the I' point:

I'Raman = 10A; + 5B,,
'k =4A,+ 8B,
TCacoustic = Au + 2Bu‘

The Raman spectra were measured from the (101) plane
of the sample, which is the natural cleavage plane [23,42].
From the Raman tensors given in Table II, the A, phonon
modes are expected to be observable in the (xx) and (yy)
scattering configurations. The B, modes can be observed only
in (xy) polarization configuration.

TABLE 1. Experimental fractional coordinates of TaFe,,sTes
taken from Ref. [19]. In the parentheses are the calculated values
for TaFeTes.

Atom type X y z

Ta 0.8340 (0.8331) 0.25 0.3007 (0.2987)
Fel 0.6147 (0.6223) —-0.25 0.0890 (0.0988)
Fe2 0.7686 0.25 —0.0047
Tel 0.4392 (0.4326) 0.25 0.1860 (0.1637)
Te2 0.9835 (0.9842) —-0.25 0.1589 (0.1584)
Te3 0.2179 (0.2192) 0.25 0.4970 (0.5028)
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TABLE II. Upper panel: atomic species (all of them are at 2e Wyckoff positions) and the contribution of each atom to the I"-point phonons,
the corresponding Raman tensors for the TaFeTe; single crystal (P2, /m space group) [41]. Lower panel: the calculated (for the stoichiometric
TaFeTe;) and experimental phonon energies at 100 K (for the TaFe, ,sTe; single crystal).

Atoms

Irreducible representations

Ta, Fel, Tel, Te2, Te3

2A, + A, + B, + 2B,

Raman tensors

A a 0 d 0 e O
Riy=[0 b 0 =le o ¥
d 0 ¢ 0O f O
Raman active Infrared active
Symmetry Calc. (cm™) Expt. (cm™") Symmetry Calc. (cm™) Expt. (cm™")
Y 362 Al 08
B! 43.8 B! 54.9
B§ 57.9 61.6 Bf 94.4
AZ, 63.8 62.3 Ai 101.4
A3 753 68.5 B 1113
Ag 104.4 90 Ai 131.1
B;, 105.1 B;‘ 143.2
Ai, 124.6 Bi 160.4
B 1272 130.4 B 188.6
A:, 149.8 155 BZ 227.9
Al 164.9 165 Al 231.1
A3 191 B} 289.4
B 217.1 2223
Az, 241.9 223.9
Al 276.22

Raman scattering spectra of TaFe;»sTes single crystals,
measured at 100 K in three different polarization configura-
tions, are presented in Fig. 2. By using the selection rules,
we assign the Raman peaks appearing in the (xx) and (yy)
polarization configuration as the A, ones. This conclusion
is supported by the lattice dynamics calculations, given in
Table II. By comparing the calculated values of A, mode
energies with those of the peaks appearing in the (xx) and
(yy) spectra, we can unambiguously assign four Raman modes

(A%, Ag, A;, and Ag). The broad structure around 65 cm™!

probably originates from the Aé and A; modes, although
the contribution of the A; mode (with calculated energy of
42.7 cm™!) cannot be excluded. The peaks at 57.9 cm~! and
130 cm~! that are clearly visible in (xy) but absent in (yy)
configuration are assigned as B; and Bg modes, respectively.
The low intensity peak at ~220 cm~!, that becomes clearly
observable at low temperatures, is tentatively assigned as B;

mode, although the contribution from the leakage of Ag mode
cannot be excluded. The origin of the two very broad structures
at about 70 cm™! and 160 cm™!, which are pronounced in
the (xy) configuration, is not completely clear. Aside from
providing additional charge, Fe2 atoms may contribute to
momentum transfer scattering, in line with the pronounced
quasielastic continuum, present in all the scattering con-
figurations. Consequently, contribution from single-phonon
scattering away from I" point becomes observable, which is
theoretically predicted [43,44] and experimentally observed

[45,46]. Although we cannot exclude the possibility of two-
and, in particular, double-phonon contributions, we believe it
is less likely due to the nature of the processes and since they
usually have more pronounced contribution to A channel (for
arbitrary irreducible symmetry w of Cy;, holds 4 @ 1 > A).
The normal modes of the selected A, and B, vibrations,
as obtained by the lattice dynamics calculations, are shown in
Fig. 3. The low energy B; mode represents vibrations of Te
and Ta atoms which tend to elongate the (Ta,Fe)Te tetrahedra
in the xy plane. Bg phonon originates mainly from Ta and Te
atom vibrations in directions opposite to each other, whereas
Ag mode represents dominantly vibrations of another Te atom

in the xy plane. AZe and Ag, modes originate from the vibrations
of Fe and Te atoms which tend to rotate the tetrahedra around
the x axis.

The DFT calculations are in very good agreement with
the measured Raman spectra, specially having in mind the
strength of electronic correlations in iron based compounds
and the presence of additional Fe2 atoms in the measured
sample. We restricted to the nonmagnetic DFT calculations.
This is because small changes in the phonon energies due to
the magnetic ordering cannot be reliably captured since the
DFT does not treat strong correlation and spin-fluctuations
effects. Our DFT calculations for the electronic band structure
agree with the results from Ref. [42]. The calculated electronic
dispersions are in rather good agreement with the ARPES
measurements [42], which indicates that the main effect of the
interstitial Fe2 ion is to provide additional charge and shift
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FIG. 2. Polarized Raman scattering spectra of TaFe, »5Te; single
crystal measured at 100 K in various polarizations. The notation in
parentheses indicates the polarization directions of the incident and
scattered light according to Fig. 1(a). Inset: surface of the probed
TaFe, 55 Tes single crystal.

the Fermi level. This conclusion is supported with a small
difference between the relaxed and experimental fractional
coordinates; see Table 1.

FIG. 3. Unit cell of TaFeTe; single crystal with the displacement
patterns of several A, and B, Raman modes. Arrow lengths are
proportional to the square root of the interatomic forces.
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FIG. 4. Temperature dependent Raman scattering spectra of
TaFe, 5sTe; single crystal in the (yy) (left panel) and (xy) (right
panel) polarization.

In order to analyze the changes of the Raman spectra
near the AFM transition at Ty =~ 200 K, we have performed
measurements in a temperature range from 80 K up to
300 K. Raman spectra of TaFe; »sTes single crystal, measured
at different temperatures in the (yy) and (xy) scattering
configurations, are given in Fig. 4. In the following, we perform
the temperature analysis of the energy and the linewidth for
five most clearly observed modes.

The temperature dependence of the Raman mode energy is
usually described with [47,48]

wi(T) = wo; + A (vi,i(T)) + ANC)), (1

where w; is a temperature independent contribution to the
Raman mode energy. The second term represents a change of
the phonon energy induced by the lattice thermal expansion
and depends on the Griineisen parameter y; and the thermal
expansion coefficient o;(T'). The term AiA describes the anhar-
monicity induced change of the Raman mode energy which is
a function of the anharmonic constant C;. Both AI.V and AI.A
have qualitatively the same temperature dependence. Since
there are no reported experimental data on the temperature
dependence of the lattice parameters for TaFe ., Tes, we didn’t
attempt to fit the data, and the black dotted lines in Figs. 5
and 6 are guides to the eye. The w;(T) curves follow the
“standard” [5,15,37,49,50] continuous decrease in energy with
temperature, with very small anomalies near Ty except for the
A} mode.
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FIG. 5. Temperature dependence of the energy and linewidth for
the B; and B; Raman modes of the TaFe, »sTe; single crystal. The
red lines are fitted according to Eq. (2), whereas black lines are guides
to the eye.

The temperature dependences of the linewidth of selected
B, and A, modes are given in the right panels of Figs. 5
and 6, respectively. While the Bg and Bg phonon modes do
not show significant deviation from the usual behavior due
to the anharmonicity effects, with gradual broadening with
increasing temperature, the A;, AZ,, and Az modes exhibit
moderate additional broadening above 200 K. The red lines
present a fit to the standard formula for the temperature
dependent linewidth due to the anharmonicity [11,47,51]:

2
ri(T) = Fo,i<1 + m) + A, (2)

where 'y ; is the anharmonic constant and A; is the constant
term due to the disorder and electron-phonon interaction
[52]. The deviation from these anharmonicity curves is most
pronounced around Ty (see the insets of Fig. 6).

We can observe that all Raman modes have moderate
linewidth and exhibit small anomalies near Ty. This shows
that the phase transition is continuous, in agreement with
the thermodynamic and transport measurements [22]. Small
anomalies in the phonon spectra, which are restricted only to
the vicinity of the phase transition, imply that the electron-
phonon interaction of Raman active modes does not change
with temperature. This is in agreement with the recent
ARPES measurements which show negligible change of the
Fermi surface across the AFM transition [42], indicating that
the magnetic transition is not driven by the Fermi surface
instability. The anomalies in the linewidth of some phonon
modes near Ty are likely the signature of the increased
scattering by spin fluctuations near the phase transition [51,53].
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FIG. 6. Energy and linewidth of the Aj, A7, and A} Raman
modes of the TaFe, ,sTe; single crystal as a functlon of temperature
The red lines are plotted according to Eq. (2), and the black dotted
lines are guides to the eye. The insets represent deviations of the
Raman mode linewidth from the anharmonic form.

The density of states (DOS) at the Fermi level is not large.
This can be concluded from the ARPES experiments [42]
which have shown three bands crossing the Fermi level but with
strong dispersion, while several relatively flat bands are found
only well below the Fermi level. The DFT calculations also
give moderate values for the DOS, N(Ef) ~ 1 eV! /f.u., after
the Fermi level is shifted due to the additional charge provided
by the Fe2 atoms. This value for the DOS also suggests that the
electron-phonon coupling is not strong in TaFe; s Tes, since it
is proportional to N(EF).

TaFe|»sTe; has a similar moment size as Feri,Te, ~
2 p/Fe. However, the differences in the magnetic ordering and
crystal structure cause different phonon properties of these two
compounds. Namely, the phonon lines in the Raman spectra of
Fey4,Te have very large linewidth and pronounced anomalies
both in the frequency and in the linewidth near the first order
phase transition [11,13]. Small anomalies in the Raman spectra
of TaFe; »5Tes as compared to Fe 1, Te can be ascribed to the
continuous, second order nature of the AFM transition and
smaller electron-phonon coupling due to lower DOS at the
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Fermi level. Also, the monoclinic angle g in the TaFe; 5sTes
unit cell significantly differs from 90° and therefore the form
of the vibrational modes is different.

IV. CONCLUSION

In summary, we have performed the Raman scattering
study of the zigzag spin chain TaFe;,sTes single crystal,
together with the lattice dynamics calculations of TaFeTes.
By analyzing the Raman spectra in different polarization
configurations and using numerical calculations we have
assigned nine Raman active modes predicted by the FGA.
Very good agreement between the experimental frequencies
and those calculated for the stoichiometric compound shows
that the excess iron atoms weakly influence the phonon
energies but provide momentum conservation for the phonon
scattering away from I' point. The temperature dependence
of the frequency and the linewidth of the B, Raman modes
looks conventional, governed by the anharmonicity effects.
While in a broad temperature range the behavior of the A,
modes is also conventional, there are clear anomalies near
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the AFM transition. The anomalies in the frequency and the
linewidth are in the form of small kinks near Ty . This implies
that the electron-phonon interaction and the DOS at the Fermi
level are approximately constant in the measured temperature
range. The increase in the linewidth near Ty is likely due to
the coupling of spin fluctuations and vibration near the second
order phase transition.
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