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Abstract

®

CrossMark

This paper presents a study of the lattice dynamics in BaFe,Se;. We combined first-principle
calculations, infrared measurements and a thorough symmetry analysis. Our study confirms
that Pnma cannot be the space group of BaFe,Se;, even at room temperature. The phonons
assignment requires Pm to be the BaFe,Se; space group, not only in the magnetic phase, but
also in the paramagnetic phase at room temperature. This is due to a strong coupling between a
short-range spin-order along the ladders, and the lattice degrees of freedom associated with the
Fe—Fe bond length. This coupling induces a change in the bond-length pattern from an
alternated trapezoidal one (as in Pnma) to an alternated small/large rectangular one. Out of the
two patterns, only the latter is fully compatible with the observed block-type magnetic
structure. Finally, we propose a complete symmetry analysis of the BaFe,Se; phase diagram in

the 0—600 K range.

Keywords: phonons, symmetry, multiferroics, DFT, IR
Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction

Strong quantum entanglement of electron wave-functions, also
called strong electronic correlation, is at the origin of many
remarkable properties. This is the case, for instance, with
superconductivity, colossal magneto-resistance, or magneto-
electric (ME) coupling. Since electronic correlations are intrin-
sic quantum mechanical effects, the related properties are
primarily expected at low temperatures. However, a few fami-
lies of compounds exhibit exceptionally high working temper-
atures. An example is given by the cuprates family [1] with
its record superconducting transition temperature of 164 K
under 45 GPa pressure [2], and 133 K at ambient pressure
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[3]. Another family, in which high-temperature superconduc-
tivity was found, is the iron-based pnictides family [4]. In this
family the inherent multi-orbital character adds a lot of com-
plexity, therefore, iron-based pnictides have been the subject
of numerous studies since their discovery in 2006 [5]. In addi-
tion to their superconducting properties, some of the pnictides
exhibit multiferroic properties [6] (a state with at least two
coexisting/coupled ferroic/antiferroic orders), thus increasing
their interest for the community.

In the last decade, a lot of research effort has been devoted
to multiferroicity, and more specifically to ME multiferroics.
Due to the coupled nature of their electrical and magnetic
orders, ME compounds offer the possibility to control their
magnetic properties by applying a simple voltage, or control
their polarization or dielectric constant by applying a mag-

© 2022 |OP Publishing Ltd  Printed in the UK
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netic field. Hence, they are highly promising for new kinds of
electronic devices.

Among the ME compounds, BaFe,Se; is one of the few
materials exhibiting both a magnetic order and a polarization
at high temperatures. Indeed, below the Néel temperature
(Tx is reported between 200 K and 256 K according to the
authors) a long-range block-type antiferromagnetic (AFM)
ordering sets in [7—11]. Gao et al have attributed the large
range found for Ty to different stoichiometric ratios in
grown crystals [11]. Additionally to the large T, BaFe,Se;
shows quasi-one-dimensional superconductivity —under
pressure [12].

X-ray experiments first proposed the non-polar space group
Pnma [8] for BaFe,Se;. A few years later, Dong e al [13] theo-
retically predicted that the observed block-type magnetic order
should induce a polar symmetry lowering, due to exchange-
striction effects. Weak intensity was later observed on the /&0,
h = 2n + 1 peaks of the x-ray diffraction pattern, that are for-
bidden in the Pnma group [14]. Instead of Pmna, the polar
space group Pmn2; was proposed for BaFe,Se; room tem-
perature structure [14]. Below T, a further symmetry lower-
ing was observed and assigned to a transition from Pmn2, to
Pm [14].

The BaFe;Ses; compound presents a quasi-one-dimensional
ladder geometry coherent with its superconducting properties
(see figure 1). The iron atoms are in a FeSe, tetrahedral envi-
ronment. These edge-sharing tetrahedra form two-legs ladders
along the b direction (standard Pnma setting). Each unit cell
contains two ladders (one at the center and one at the cor-
ners of the unit cell) separated by barium atoms. In each unit
cell, there are two Fe atoms per chain along the ladder direc-
tion, and thus two types of Fe—Fe bonds: one within the unit
cell and one between cells. While in the Pnma group there is
only one independent Fe site, in Pmn2;, the two chains in a
ladder are associated to independent Fe sites, whilst the two
ladders in the unit cell remain symmetry related. This remain-
ing symmetry is however lifted at the magnetic-ordering tran-
sition with the Pmn2; to Pm symmetry lowering. Another
important difference between the Pnma, and Pmn2, or Pm
structures, is the Fe—Fe bond alternation along the ladder
direction. Whereas the Pnma space-group symmetry imposes
that a long bond faces a short one along the ladders—thus
building alternated trapezoidal blocks along the ladder direc-
tion—in the lower symmetry groups, this constraint is lifted
and the Pmn2;/Pm structures [14] posses long (short) bonds
that are at the same level along the ladder direction (see
figure 6). The latter geometry is in good agreement with the
block magnetic order seen in neutron scattering measurements
[8, 15]. In this respect, BaFe,Ses is different from most multi-
ferroics. Prominent is that BaFe,Sejs is rather ferrielectric than
ferroelectric, with a strong polarization in each ladder, mostly
canceling out between the ladders. Its fully ferroelectric state
has an energy predicted only slightly higher than the ferrielec-
tric one; the latter holds a giant improper polarization predicted
to be ~2 — 3 uC cm~2, while the ferrielectric one was pre-
dicted to be ~0.2 uC cm 2 [13] and experimentally estimated
around ~0.6 uC cm~2 [16].

Figure 1. General structure of BaFe,Se; illustrated from the Pnma
data. The Fe atoms and Fe—Se tetrahedra are shown in purple, the Se
atoms are shown in gray, and the barium atoms are shown in
light-blue. (a) Crystal structure of BaFe,Ses. (b) Structure of the
Fe-ladders.

t

Figure 2. Schematic representation of the displacement vector
associated with the phonon mode measured at 61 cm ™! and
computed at 60 cm~'. It is to be noted that the inter-ladder spin
ordering was not taken into account in our calculations.

In this paper we present a lattice-dynamic study, combin-
ing experimental infrared (IR) spectroscopy studies with first
principle density-functional theory (DFT) calculations. It is
well known that phonon spectra are of crucial importance in
multiferroic systems. In particular, they are often much more
efficient than diffraction methods to reveal weak symmetry
breaking and to distinguish between space groups.

The next section will detail both experimental and numeri-
cal methods. Section 3 will be devoted to the IR measurements,
and section 4 to DFT results and discussion.

2. Methods

2.1. Experimental

The experimental phonon modes were measured on two pieces
of the high quality single-crystals of reference [14]. In these
crystals, neutron diffraction measurements yielded a Néel
temperature close to 200 K [14]. We fixed them with sil-
ver paint on a copper sample holder to ensure a good ther-
mal conductivity. Both samples were carefully aligned to
put the electric and magnetic fields of the incident beam
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Figure 3. Infrared measurements at 10 K. Axes defined in the Pnma standard setting, (a) the electric field is along the b direction, (b) the
electric field is along the ¢ direction. Red arrows points the phonons positions wy, stars indicate phonon positions not successfully fitted.

(labeled (e) and (h)), in the (C, E) and (Z;, ¢) crystallographic
directions.

Infrared spectroscopy measurements were carried out on
the AILES beamline of the SOLEIL synchrotron, with a
Bruker IFS125 Michelson interferometer [17] equipped with
a closed circle He-gas cryostat, a 4.2 K bolometer, and a
6 psm beam splitter for a resolution of 2 cm™!. The synchrotron
radiation beam was linearly polarized thanks to polyethylene
polarizers. For each crystal, the reflectivity was recorded for
several temperatures from 10 to 300 K. The absolute reflectiv-
ity of the sample was obtained by using as reference the same
gold-coated sample obtained by in situ gold coating evapo-
ration technique. As a consequence, each reflectivity spec-
tra is the ratio between the reflected intensity on the sample
and the reflectivity from the gold deposited on the sample
surface.

2.2. Theoretical

The phonon modes were calculated using DFT, after a full
geometry optimization within the constraints of a given space
group. We used the CRYSTAL code [18, 19]. This code has
the advantage that the whole vol A of the crystallographic
tables [20] has been coded in it. CRYSTAL is therefore one
of the most convenient DFT code for symmetry analyses as it
can decipher the phonons spectra issued from different space
groups. This code also offers the advantage to use atomic
Gaussian basis sets and hence enables the use of hybrid func-
tionals with nearly no additional computational costs. Since
our system is strongly correlated and presents metallic, semi-
conducting and magnetically ordered phases [7], it is impor-
tant to use a hybrid functional in order to describe at the best
the system’s electronic structure. For this purpose we use the
B3LYP functional [21, 22].
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Figure 4. Infrared measurements at 300 K. Axes in the Pnma standard setting, (a) the electric field is along the b direction, (b) the electric
field is along the ¢ direction. Red arrows point the phonons positions wy, stars indicate the phonon positions not successfully fitted.

The atomic basis sets were chosen as all-electrons, valence
3¢ + p basis set for the Fe and Se atoms [23], a relativis-
tic core pseudo-potential of the Stuttgart group [24] for the
Ba atom, and the associated basis set adapted to solid-state
calculations [23]. Since the unit cell does not change in the dif-
ferent groups, we used a 5 x 10 x 6 Monkhorst—Pack k-grids
(Pnma axes) for all calculations in the single unit cell, and an
equivalent grid spacing for the calculations in the double unit
cell.

The phonon modes were computed at the center of the Bril-
louin zone using the harmonic approximation. We performed
two types of calculations: calculations without spin polariza-
tion within a single unit cell, and calculations with spin polar-
ization along the chains—(0, %, 0) propagation vector in the
Pnma axes—within a double unit cell. The experimental prop-
agation vectoris (1, 1, 1) [8, 15]. Hence, to completely account

for the magnetic order the calculation should be done in a
2a x 2b x 2c supercell. Unfortunately, such a unit cell is too
large for performing geometry optimization and phonons cal-
culations with our current computer resources. We thus opted
for a feasible compromise that sets properly the magnetic order
within the ladders, as it is associated with the largest magnetic
integrals of the system.

3. Infrared measurements

The reflectivity measurements of BaFe,Se; between 10 K and
300 K were performed at quasi-normal incidence, with the
electric field along the b-axis and c-axis in the Pnma stan-
dard setting. Figure 3(a) and (b) displays the same IR mea-
surements at 10 K for these two configurations. As we can
see, eight phonons modes are visible when the field is along
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Table 1. Fitted phonons frequencies (cm~")—for both polarization
configurations e//b and e//¢—from the IR reflectivity spectra
shown in figures 3 and 4. The position at 300 K of the 116 cm™!
(¢//b) and 161 cm™'(e//&) phonons could not be determined within
an acceptable error-bar, due to the loss of intensity and dampening.
Systematic error bars are estimated smaller than 3 cm™!. Stars
indicatle that the value is estimated graphically with an error of
6cm .

e//b /)¢

10 K 300 K 10K 300 K
61 60 79 76
75 72 96 94
79 78 108 104
105 97 163 —
116 — 211 208
179 176 226 222
210* 207* 248 246
241 236

b and seven when the field is along ¢. The number of observed
modes is unchanged between 300 K (see figure 4) and 10 K,
despite a large broadening at high temperature, making some
phonons difficult to accurately fit. Experimental phonons fre-
quencies were obtained by fitting the data using the usual
Drude—Lorentz model for the dielectric function of insulating
materials. The dielectric function is thus expressed as the sum
of harmonic oscillators:

2
Akwk

(W) =€+ Y 55— (1)
k

wi —w? — iTw

where €, is the dielectric constant at infinite frequency, wy, Ax
and I'; the resonant frequency, the amplitude and energy-width
of the kth harmonic oscillator. The resulting phonon frequen-
cies are reported for both extreme temperatures (10 K and
300 K) in table 1, in order to compare them to DFT results.
The typical errors for the phonon energies, combining exper-
imental resolution and fit, are estimated to be smaller than
3cm L

The temperature dependence of the three parameters, wy,
Ay and I'; are represented for both polarization configura-
tions in figure 5. Some of the phonons are too dampened
and/or not enough intense to accurately follow their position,
width and amplitude as function of temperature. This is the
case for the modes at 161 cm™' (e//&) and 116 cm™'(e//b).
From the evolution of their energies, we can see that all
phonons undergo a hardening with decreasing temperature.
More interesting, we can observe a quasi-systematic anomaly
around the Néel temperature at 200 K. For example, nearly
all phonons measured for ¢// b display a drop in amplitude,
Ay, around 200 K, concomitant to a change in the linewidth
evolution.

A kink in the energy, wy, is also observed at the same
temperature for the 61 cm™' phonon, but without any effect
on its amplitude. This can be easily explained by the experi-
mental limitations. Indeed, the limited number of data points

at low energies makes it difficult to determine a base-
line, thus affecting the fit of the amplitude and width of
the mode, without impacting the phonon position. Figure 2
shows a schematic representation the displacement vector
associated with this phonon mode as obtained in the DFT
calculations. One sees immediately that it is mainly a displace-
ment mode of the barium atoms along the ladders direction.
This is associated with a displacement of one-out-of-two of the
selenium atoms located on the outer part of the ladders. The Se
displacements are also along the ladder direction but of weaker
amplitude. As the pronounced renormalization of this mode
occurs at the magnetic ordering temperature, we can related it
to a spin-lattice interaction. The atomic displacements should
however little affect the intra-ladder interactions, as neither
the Fe atoms, not the Se atoms bridging the Fe—Fe mag-
netic interaction are involved. The only expected effect on the
intra-ladder interactions is the modification of the electrostatic
potential seen by the ladders. These atomic displacements
should however strongly interact with the inter-ladders inter-
actions; fist because the latter are mediated by the displaced
Se atoms, second because the Ba atoms are located between
the ladders, on the interaction paths responsible for the 3D
ordering.

For ¢//¢, mainly two phonons display an anomaly at 200 K,
namely the modes at 211 cm~! and 248 cm~!. This anomaly
can be seen in the three parameters wy, Ay and I'.

All these observations strongly suggest a significant spin-
phonon coupling in BaFe,Ses.

4. DFT calculations and discussion

We first fully optimized the structure, then computed the
phonons spectra without spin polarization. Indeed, it is usu-
ally believed that in most systems spin ordering induce only
small shifts (a few cm™!) in the phonons frequencies. The
calculations were performed in the Pnma, Pmn2; and Pm
groups. The optimized geometries can be found in the sup-
plementary material (https://stacks.iop.org/JPCM/34/255402/
mmedia). All three calculations yielded similar energies,
within DFT error-bars. Thus, one cannot discriminate between
them on this criterium. All optimized geometries agree well
with the experimental single crystal x-ray diffraction of refer-
ence [8]. The comparison (using the amplimode code [25, 26])
of the Pnma, Pmn2, and Pm calculations, with the room tem-
perature experimental geometry of reference [8], yields similar
degrees of lattice distortion (0.0027) for the three structures
and measures of compatibility (0.028 for Pnma and Pm and
0.064 for Pmn2,).

4.1. Symmetry analysis

69 optical phonon modes and three acoustic ones are expected
atthe I' point. Symmetry analysis indicates that the IR phonons
observed with the field along the b direction should belong to
the Bj, irreducible representation (irrep) in the Pnma group,
and to the By, irrep when the field is set along the ¢ direction
(see character tables in the supplementary material).
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Figure 5. Temperature dependence of relative variation, with respect to low temperature, of wy, Ax and T'y. e// b: top panels, e//c: bottoms
panels. When no error bars are visible, they are within the marker size.

Figure 6. Illustration of the Fe—Fe bond lengths alternation along
the ladders. (a) As encountered in the Pnma group and the non-spin
polarized geometry optimizations within the Pmn2; and Pm groups.
(b) As obtained from geometry optimizations taking into account

a) b)

(RN

spin-ordering along the ladders, within Pmn2; and Pm groups.

The group/subgroup relationships between the different
irreps of the Pnma, Pmn2; and Pm groups are reported

Table 2. Group/subgroup relationships between the irreducible
representations of the Pnma, Pmn2; and Pm groups, and
assignment of the different IR modes according to the electric field
polarizations (axes defined as in Pnma standard setting).

e Pnma Pmn2, Pm
Ag Flf }A] P]

e//¢c B1. I'; AT,
B3g F;— }Bl Iy

e//d By, r,
Blg F;j }Az I3
Ay I BT,

. By, thr } B, I,
e//b B3, F;

assignments.

on table 2. They will be further used for the phonons
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Table 3. Computed phonon modes in the Pmn2; group and their best assignment to
the measured Raman and IR modes (cm™') at 300 K. The DFT calculations were
carried out without spin polarization. The Raman modes were taken from reference
[9] and the IR modes from our measurements.

Pmn2, Raman [9] IR 300 K
DFT Trrep v 300 K el/b ellc
B, 29.9
Al 33.4
A, 36.5
A 39.5
B, 457
B, 515
A 527
B, 60.2
B, 63.7 60
A 64.4 59.0
A 64.4
A 66.6
Al 67.8 76
A 67.9
B, 70.8
B, 76.1 72
B, 79.5
A 84.1
B, 86.4
Al 87.1 88.0
B, 89.1 78
Al 91.9 94
B, 93.1
B, 101.1 97
A 101.9
A 1122
B, 1127 _
Al 113.2 104.3 104
Al 114.7 111.0
B, 115.4
B, 117.4
A 128.4 137.0
B, 133.4
A 134.3
B, 135.2
A 150.1
B, 156.2
A 160.5
B, 163.2
A 170.4 _
B, 174.3
B, 184.1 177 176
A 184.5
B, 186.2
B, 190.9
A 192.3
Al 195.3 195.6
A, 2245
B, 225.0 222.8
Al 250.1 246
B, 2515
A 253.0
B, 253.2
Al 256.3 267

(continued on next page)
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Table 3. Continued

Pmn2, Raman [9] IR 300 K

DFT Irrep v 300 K ellb elle
B, 260.9

B, 260.9

A 261.9

B, 267.7

A 267.8

A, 282.0

B, 2825

Al 295.0 280.0

A 295.5 290.0

B, 296.0

B, 298.0

B, 312.7

A 314.8

Al 321.2

B, 325.6

4.2. The Pnma space group

Out of the 69 optical phonon modes in the Pnma group, 36
modes are Raman active, 26 modes are IR active. The irrep
distribution is as follows

Inactive

PNy
llAg@7B1g@7B2g@llB3g@ 10B;, ® 10B,, ©6B3, b 7TA,

Ramanactive IRactive

The tables of the computed Pnma phonons modes can be
found in the supplementary material.

In this group, the number of measured modes exceeds the
number of predicted ones for different irreps. Seven modes
were indeed measured in the B3, irrep at 300 K (eight at 10 K),
while only six are predicted by the symmetry analysis. In addi-
tion, some of the modes cannot be assigned because no calcu-
lated modes are available in the corresponding energy range.
In total, there are two A, three B3, two By, and one B,, modes
that cannot be assigned within the Pnma group. Hence, in
agreement with our previous x-ray diffraction work [14], the
lattice dynamics clearly excludes the Pnma group, even in the
paramagnetic phase.

4.3. The Pmn24 space group

Out of the 69 optical phonon modes expected in the Pmn2,;
group, all are Raman active and 55 IR active. Their distribution
into the group’s irreps is the following

Raman active
21A, & 21B, @ 13B;, ® 14 A,

IR active

Tables 3 and 4 display the Pmn2; computed phonons modes
and their best assignment to the measured modes. The IR
modes stem from our measurements at 300 K, while the
experimental Raman modes are taken from reference [9] at
300 K.

One sees immediately that all Raman modes can be
assigned with a good accuracy in the Pmn2; group, with an

Table 4. Measured (300 K) IR phonon modes (cm ') that could not
be assigned to computed ones in the Pmn2; space group.

Raman [9] IR 300 K
I
tep 300 K e//b e//c
A 208
A 222
B, 207*
B, 236

average error of ~6 cm~'. For the IR modes two modes are
problematic along each direction.

Along the b direction, the modes at 207 cm ™! and 236 cm ™"
can only be assigned to the computed modes with quite large
error bars (namely 18 cm~! and 17 cm™!). Such error bars
are at the extreme limit of DFT acceptable error bars, and
should attract our attention. In addition, the mode at 207 cm ™!
has to be assigned to the same computed mode as the mode
seen in Raman scattering at 222.8 cm™!, which is nearly
16 cm~! away. Even if one accept the large differences
between the computed and experimental IR frequencies, the
difference between the Raman and IR measurements seems too
large to be accounted for by experimental error bars.

Nevertheless, the main problem occurs for IR modes when
the electric field is set along the ¢ direction. Indeed, the
two most intense modes (see figure 4(b)), at 208 cm~' and
222 cm~! are impossible to assign as there are not any A,
modes in the range 195-250 cm~!. Even if the mode at
208 cm~! was assigned to the computed mode at 195 cm™!,
with an error of 23 cm™!, this mode was already assigned to
a Raman mode at 195.6 cm~'. Once more, the discrepancy
between the Raman and IR measured modes is too large to be
accounted by experimental error bars.

Prior to fully exclude the Pmn2; group, we will have a look
at the results in the Pm group, since recent single crystal x-ray
diffraction yielded Pm to be the actual space group in the low
temperature magnetic phase [14].
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Table 5. Measured and computed phonon modes. The spin-polarized DFT
calculations were carried out in the Pmn2; space group. The Raman modes were
taken from [9] (measurements at 300 K). The IR modes were taken from our
measurements at 300 K.

Pmn2, Raman [9] IR 300 K
DFT Trrep v 300 K ellb ellc
A2 245
Bl 25.9
Al 28.5
Al 34.8
Bl 383
Al 38.9
B2 47.9
A2 49.2
Bl 50.9
A2 525
Bl 54.7
B2 59.2 60
Al 60.5 59
A2 61.2
B2 63.1 7
Al 66.3
Bl 68.8
Al 69.9
Bl 72.8
Al 80.1 76
Bl 85.6
Bl 89.0
Al 922 88
B2 93.1 78
A2 94.7
A2 103.3
B2 106.0 97
Al 107.2 104.3 104
A2 108.5
B2 109.9 —
Al 111.2 11
Bl 111.3
Bl 113.7
Al 114.6
Bl 125.3
Al 128.6
Bl 137.6
Al 144.0 137
B2 151.3
Bl 152.5
A2 152.9
Bl 157.1
Al 162.2 _
A2 162.9
B2 164.1
B2 185.2 177 176
A2 185.6
Bl 190.1
A2 193.8
B2 194.1
Al 197.5 195.6
B2 2147 207
A2 214.8
B2 2163 2228

(continued on next page)
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Table 5. Continued

Pmn2, Raman [9] IR 300 K
DFT Irrep v 300 K ellb elle
A2 217.1
Al 225.1 222
B2 229.1 236
Bl 231.2
A2 232.1
Al 244.6 246
Bl 244.8
Bl 263.9
Al 265.4 267
Bl 2833
Al 285.1 280
Al 288.8
Bl 290.7
Al 295.4 290
Bl 299.4

Table 6. Measured (300 K) IR phonon modes (cm™!) that could not
be assigned to computed ones in the Pmn2; space group.

Raman [9] IR 300 K
I
rep 300 K ellb ellc
B, 78
Al 94
A 208

4.4. The Pm group

The 69 optical phonon modes of the Pm space group are
distributed into the following irreps

42A®27B

All modes are active in Raman and IR.

The table displaying the computed phonons modes, as well
as their best assignment to our IR measurements at 10 K,
and to the measured 20 K Raman modes from reference [9],
is provided in supplementary material. Similar to the Pmn2,;
case, all Raman modes can be easily assigned. This is also the
case for the IR modes when the field is along the b direction.
The respective average errors for the Raman and IR e// b are
respectively weaker than 5 cm~! and 6.4 cm™!.

Most of the IR modes with the field along ¢ can also be
assigned with small errors. However, as for the Pmn2; group,
the two most intense modes (at 211 cm™! and 226 cm™!) can-
not be properly assigned. Indeed, the only possibility for the
mode at 211 cm™! would be to assign it to the same com-
puted mode as the mode seen at 200 cm ! in Raman scattering.
However a 18 cm™! frequency difference between Raman and
IR measurements seems quite unlikely. Regarding the mode at
226 cm™!, it seems impossible to assign it without a significant
error (23 cm™ "), as there are no computed modes of the proper
symmetry in this energy range.

Looking at the displacement vectors associated with the
phonons modes in the 200-300 cm ™! range, we see that they

are dominated by Fe atoms displacements. As reported in the
literature, neutron pair-distribution functions clearly show a
large magneto-elastic coupling, with Fe atoms displacements
at the onset of the AFM order [10]. In fact, while the long-
range order takes place between 200 K and 255 K according
to the authors, short-range magnetic correlations (with a corre-
lation length of & ~ 35A) are observed from neutrons diffuse
scattering [10], even at room temperature.

As a consequence one may think that, in BaFe,Se; the mag-
netic order could have a strong effect on the lattice dynam-
ics. At this point let us remember that BaFe,Se; belongs the
the superconducting pnictide family and that charge, spin, and
lattice degrees of freedom are strongly entangled in iron super-
conductors [27, 28]. Even-though BaFe,Se; is only supercon-
ducting under pressure and at low temperature, the possibility
of a spin-lattice coupling stronger than first expected need to be
investigated. Indeed, growing number of works have recently
accessed the importance of spin-lattice coupling in strongly
correlated systems [29-31].

4.5. Importance of in-ladder magnetic order

The magnetic propagation vector in the BaFe,Se; system is
(1/2,1/2,1/2). Computing lattice dynamics using the pub-
lished [7—10] magnetic order would thus require to use a super-
cell of eight unit cells. As stated before, unfortunately, such a
large calculation is beyond our present possibilities. The mag-
netic structure is however highly anisotropic, with much larger
magnetic couplings within the ladders than between them. One
can thus expect that (1) it is the intra-ladder magnetic order
that is responsible for the magneto-lattice coupling, and (2)
that this effect may also be present in the paramagnetic phase.
We therefore recomputed the phonons modes, both in the Pm
and Pmn2; groups, using a double super-cell (d x 2b % 0),
and spin-polarized calculations with the experimental spin
ordering along the ladders direction (b).

The first consequence was, as expected, a large energy sta-
bilization (16.831 eV for the Pmn2; group and 16.833 eV
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Table 7. Spin-polarized calculation of BaFe,Se; phonon modes in the Pm group
and their best assignment to the experimental Raman [9] and infrared modes.
Modes with stars are estimated graphically, thus they should be taken with caution.

Pm

)
ey
—
=
a
<

Raman [9] IR 300 K IR10K

300 K 20K e//b e/lc e//b e//c

242
26.2
28.7
34.9
38.5
39.2
49.0
49.7
51.1
535
54.6
59.7
60.6
64.0
66.3
67.7
69.0
70.1
72.9
79.9
85.8
89.3
923
93.1
94.8
105.0
106.2
106.7
107.3
108.8
1114
1114
113.7
114.6
125.2
128.4
137.6
143.9
151.4
152.5
152.8
157.0
162.1
164.1
165.3
176.3
185.7
186.5
188.8
190.3
197.5
210.2
211.9
216.0
217.1

THHIT> > T T T TITIT>P>I>E>P>>P>>>>p>T > T T ITIT>>2>P>rEP>EI>I>TI>TITI> > > > > W

60 61
59 63.4
72 75
78 79
76 79
88 89
94 96
97 105
104.3 108 104 108
— 116
111 115
137 143
— 163
177 183.8 176 179
198
195.6 200
207" 2107

(continued on next page)
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Table 7. Continued

Pm

Raman [9]

IR 300 K IR10K

DFT Irrep 300K

20K

e//b e//c e//b e//c

225.6
230.7
231.2
232.9
245.0
245.3
264.3
265.6
283.7
285.6
288.9
291.0
295.6
299.5

222.8

267
280

290

> > > Wewe

208 211

228

222 226

236 241

246 248

272
288.7

296.5

for the Pm group) compared to the non spin-polarized cal-
culations. The energy difference between the Pmn2, and Pm
groups remains, however, non significant (~3 meV). Looking
at the geometries, one sees that the spin-polarized optimized
geometries differ from the non spin-polarized ones, as far as
the Fe—Fe distances along the ladders are concerned.

The non spin-polarized geometries are all similar to the
Pnma experimental one. Indeed, in all of them we find alter-
nated trapezoidal blocks, as a result of the Fe—Fe distances
alternation along the ladders (see figure 6(a)). In contrast
to this, the spin-polarized optimized geometries present an
alternation between small and large rectangular blocks (see
figure 6(b)), as in the experimental Pmn2; and Pm structures
[14].

This feature originates from the spin-ordering along the
ladders. This can be checked by re-optimizing the geometry
within a non spin-polarized calculation, starting from the spin-
polarized one. In such calculations the resulting bond lengths
exhibit again trapezoidal blocks (figure 6(a)).

Tables 5 and 6 report the spin-polarized phonons calcula-
tions at the I' point, in the Pmn2, group. As we worked in
a double unit cell, CRYSTAL provides both the I" point and
zone-border M-point phonons. We thus wrote a small code to
identify the former, as well as their irrep. For this purpose,
we used the usual group-symmetry projection operator on an

irrep (i)
1 *
Py = @Z X»(8) &

gc€G

where |G| is the order of the group G, g any symmetry oper-
ation belonging to G and x the characters. In the following
tables we will only present the I' point phonons, as they are
the only ones seen in Raman or IR measurements.

As can be seen, there still are three IR phonons modes
that cannot be assigned with the computed frequencies. The
B, mode at 78 cm~! and the A; modes at 94 cm~' and
208 cm~!. In fact, the two A; modes could be assigned to
computed ones with reasonable errors. However, as previ-
ously, there are Raman modes already associated with these

frequencies (namely at 88 cm~! and 196 cm™!) and the dif-
ferences between the experimental modes are too large to be
accounted for experimental error bars. The Pmn2; space group
is thus unlikely to be BaFe,Se; space group, even at 300 K.

Let us now check the Pm group. Table 7 report spin-
polarized phonons calculations at the I' point, in the Pm
group.

As can be seen in table 7 all experimental Raman and IR
modes can now be easily assigned to the theoretical ones. The
average error on the Raman modes at 20 K and 300 K is smaller
than 4 cm™!, while it is smaller than 6 cm ™! for the IR modes
measured at 300 K and 5 cm™! for the IR modes measured at
10 K. From these results one can thus confirm that the space
group of BaFe;Ses is Pm in the magnetic phase, and infer it
should also be Pm and not Pmn2, or Pnma at 300 K, in the
paramagnetic phase.

5. Conclusion

In the present paper we report a combined experimental and
theoretical study of the lattice dynamics in BaFe,Ses;. The
comparison of our IR measurements and computed phonons
frequencies in the Pnma, Pmn2, and Pm space groups shows
that Pm is the only possible space group, not only in the low
temperature magnetic phase, but also on the high temperature
paramagnetic phase.

Our calculations reveals that the magnetic order within
the ladders plays a crucial role, even in the paramagnetic
phase. This is in agreement with neutrons diffuse scattering
experiments, that support the existence of a short-range mag-
netic order in the paramagnetic phase, with an approximate
correlation length of 35 A [10]. In fact, both the optimized
structure and the phonons modes strongly differ in some key-
points, when the magnetic order along the ladders is taken
into account in the calculations. The first difference resides
in the Fe—Fe distances along the ladder legs. Indeed, in a
non spin-polarized calculation, the Fe—Fe bond lengths along
the ladders exhibit a short/long long/short trapezoidal pattern
(see figure 6(a)); whereas in a spin-polarized calculation, the
spin-ordering along the ladders induces a complete change of
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the Fe—Fe bond lengths pattern, with an alternation of large
and small rectangular blocks (see figure 6(b)). The latter blocks
pattern is in good agreement with our x-ray diffraction mea-
surements of reference [14], while the trapezoidal pattern is in
good agreement with the Pnma x-ray structure from reference
[10]. It is also of crucial importance to note that the rectan-
gular blocks pattern is fully compatible with the block AFM
structure, while the trapezoidal pattern is not. Indeed, if the
short/long Fe—Fe bonds are associated to AFM/FM exchange
integrals, the experimental magnetic ordering seen along the
ladders becomes obvious. The determination of the magnetic
integrals associated with the Pm structure should thus be our
next piece of work. This resolves the puzzle of the crystal
structure incompatibility with the magnetic structure, often
discussed in the literature.

At 660 K BaFe,Se; undergoes a Cmcm to Pnma phase
transition [32], followed by another transition at 425 K. The
latter transition was shown, by scanning transmission elec-
tron microscopy, to be associated with an in-ladder tetrameri-
sation, a differentiation between the two ladders of the unit
cell and a room temperature polarization [16]. Putting these
experimental results into perspective with our lattice dynamic
study, one can built a coherent picture for the BaFe,Se; phase
diagram. After the 660 K phase transition from the Cmcm
group to Pnma, the 425 K phase transition can be associated
to a Pnma to Pm symmetry lowering, induced by the inset
of the short-range magnetic correlations within the ladders.
Such a transition would be in agreement with the inset of the
tetramerisation, the polarization and the release of the symme-
try relationship between the two ladders. It would also account
for the observed strong coupling between the lattice and the
short-range magnetic order.
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