PHYSICAL REVIEW B 108, 094507 (2023)

Pressure-induced switching of electronic nematicity in the iron-based ladder materials
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We examined a pressure dependence of an electronic nematicity in iron-based ladder materials
BaFe,(S,.,Se,); with a quasi-one-dimensional ladder lattice by tracking an anomaly in the resistivity. For x = 0,
the ferroic nematicity observed at ambient pressure is stabilized by applying pressure up to 2 GPa. For x = 0.25,
0.60, and 1, the antiferroic nematicity at ambient pressure switches into ferroic nematicity by applying pressures
of 0.50-4.0 GPa. We present the electronic phase diagram of BaFe,(S;_,Se, ); in terms of the lattice parameters,
and discuss the relationship between the nematicity and bandwidth. We also discuss that the external pressure
causes a filling control through the charge transfer from anions to cations in the Se-rich compositions.
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I. INTRODUCTION

Electronic nematicity, which is a symmetry breaking of
an electronic system, is an important issue in iron-based su-
perconductors [1-8]. In iron-based superconductors with a
square lattice, dy, and d., orbitals are degenerate because of
the fourfold rotational symmetry of the crystal structure. This
degeneracy is lifted by breaking the fourfold rotational sym-
metry in an electronic system [9,10]. Breaking the symmetry
often induces structural phase transitions through electron-
lattice coupling. Analogous to classical liquid crystals, this
type of anisotropy in electronic systems is called electronic
nematicity [11-13].

Electronic nematicity is also discussed in quasi-one-
dimensional ladder compounds BaFe,S; and BaFe,Ses,
which show a pressure-induced Mott transition and super-
conductivity [16-19] [Fig. 1(a)]. Electronic nematicity in
BaFe,S; and BaFe;Sejs is characterized by a weak anomaly
in the electrical resistivity, which occurs far above the Néel
temperature (7y) [20-22]. In BaFe,S;/BaFe,Ses, the diver-
gence of the electrical resistivity toward lower temperatures is
suppressed/enhanced below a certain temperature, as shown
in the diamond and triangle symbols in Fig. 1(b). The
origin of these anomalies has been studied in detail by
analyzing the angle-resolved magnetoresistance effects, elas-
toresistance, optical conductivity, nonlinear optical effect, and
x-ray absorption spectroscopy [15,21-24]. These experimen-
tal results can be interpreted using the theoretically proposed
two-orbital effective model [25,26] as follows. In BaFe,Ss3,
the d., orbitals are mainly responsible for the electrical con-
duction near room temperature, but the d,»_,» orbitals with
a weaker electron correlation also participate in the elec-
trical conduction below 7 = 180 K, which suppresses the
increase in electrical resistivity [24]. Furthermore, the absence
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of anisotropy in the magnetoresistance effect on a leg-rung
plane around 7 indicates the formation of an almost isotropic
electronic state. This phenomenon can be regarded as a fer-
roic nematicity that is caused by the ordering of the d,,
and d»_> orbitals [Fig. 1(c)]. In BaFe,Ses, the distinct type
of nematicity occurs at T, =400 K. The ordered pattern
of orbitals involves the antiferroic arrangement of the d.,
and d,»_,» orbitals [Fig. 1(c)]. In this orbital arrangement,
the orbitals are orthogonal between many bonds, which well
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FIG. 1. (a) A schematic illustration of the crystal structure of
BaFe,X; with Pnma space group depicted by VESTA [14]. (b) Tem-
perature dependencies of electrical resistivity (o) and its temperature
(T) derivative (d log p/dT) for BaFe,S; and BaFe,Se; at ambient
pressure. The data in (b) are taken from Ref. [15]. Schematic illus-
trations of (c) orbital and (d) magnetic order.
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FIG. 2. Temperature dependencies of electrical resistivity (o) and its temperature (7") derivative (d log p/dT) at various pressures of
BaFe,(S;_,Se,); for (a), (e) x = 0, (b), (f) x = 0.25, (¢), (g) x = 0.60, and (d), (h) x = 1. The d log p/dT are vertically shifted for clarity. The
insets of (d) and (f) show the high-temperature parts of d log p/dT . The ferroic and antiferroic nematicity temperatures (7g and 7,) and Néel
temperature (7y) are indicated by diamonds, triangles, and circles, respectively. Results for x = 1, 0.25, and 0.60 were measured in the piston

cylinder (PC) and x = 1 in the diamond anvil cell (DAC), respectively. See the main text for details.

account for a poor electrical conduction in the nematic phase.
Thus, the electronic nematicity related to orbital ordering is
well reflected in the electrical resistivity in the leg direction.
Note that the nematicity referred to here is not identical to that
of conventional two-dimensional iron-based superconductors.
In the ladder system, the global fourfold rotational symmetry
of the crystal structure is broken at higher temperatures before
the formation of electronic nematicity. This contrasts with
most iron-based superconductors, where fourfold rotational
symmetry is broken by a nematic transition. Even though there
are differences in electronic states below the nematic transi-
tion temperature, both have in common that the anisotropy
changes due to antiferromagnetic and/or orbital ordering.

Consistent with the differences in electronic nematic
states, BaFe,;S; and BaFe,Se; differ in the magnetic order
[Fig. 1(d)]. Stripe antiferromagnetism (AFM) is observed
below Ty = 115 K in BaFe,;S3, whereas block AFM is ob-
served below Ty = 255 K in BaFe,Se; [16,27,28]. Block
AFM is the exotic magnetic order in an orbital-selective
Mott state [29-32]. The stripe AFM in BaFe,S; induces a
diplike anomaly in the differential electrical resistivity [cir-
cle in Fig. 1(b)], while the block AFM in BaFe,Se; has a
negligible impact on the electrical resistivity. Owing to the
low-dimensional nature of the spin system, the nematic and
magnetic ordering temperatures are well separated, which
is a unique feature of iron-based ladder materials compared
with iron-based superconductors in a two-dimensional square
lattice.

Electronic nematicity has also been investigated in a solid
solution, BaFe,(S;_,Se,)s [15], which exhibits switching
from ferrroic to antiferroic nematicity. Controlling the anion
S/Se ratio involves an equivalence substitution, which enables
bandwidth control by employing the chemical pressure ef-
fect [33,34]. Similar to chemical pressure, physical pressure
may be an effective approach for controlling the electronic
nematicity.

In this paper, we investigate the pressure evolution of
nematicity in BaFe,(S;_,Sey); (x =0, 0.25, 0.60, and 1)
by examining the electrical resistivity measurement under
various physical pressures. As a result, we reveal that the
antiferroic nematicity at x = 0.25, 0.60, and 1 switches to
ferroic nematicity with the application of pressure. The critical
pressure increases with increasing x. We discuss the electronic
phase diagram in the temperature-pressure plane.

II. EXPERIMENT

Single crystals of BaFe,(S;_,Se,); were prepared using a
slow cooling method with Ba (Sigma-Aldrich, 4N), Fe (Rare
Metallic, 4N), S (Rare Metallic, 5N), and Se (Rare Metallic,
4N) as the starting materials. The mixture was placed in a
carbon crucible and sealed in an evacuated quartz tube. Then,
the quartz tube was heated in a furnace. The temperature was
raised to 1100-1150 °C from room temperature over 5 h, held
for 24 h, and then cooled down to 750 °C for 24-70 h. A
piston cylinder cell (PC), a diamond anvil cell (DAC), and a
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cubic anvil cell (CAC) were employed to measure the elec-
trical resistivity (o) under high pressure (P). Glycerol and
polyimide were used as the pressure media for the PC and
CAC, and DAC, respectively. The pressure was determined for
the PC, CAC, and DAC using load-pressure curves calibrated
from the ruby fluorescence, the structural phase transitions
of the standard sample measurements, and the in sifu ruby
fluorescence method at room temperature, respectively.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature (7)) dependence of the
electrical resistivity and d log p/dT for x = 0, 0.25, 0.60, and
1. In all data, the temperature profile is distinct from that of
a single-gap insulator, which is closely associated with the
orbital and magnetic order. For x = 0, a broad shoulder of
o at ambient pressure is formed at 7 = 205 K, which is at-
tributed to ferroic nematicity [Fig. 2(a)]. The detailed pressure
variation can be tracked from d log p/dT, shown in Fig. 2(e).
The Ty value, which is characterized by a broad peak of
dlog p/dT (diamonds), shows a slight increase with increas-
ing pressure, whereas the 7y value, which is characterized by
a small dip structure (circles), significantly shifts to a higher
temperature. The determination of the transition temperatures
is in accordance with Yamauchi er al. [20]. These changes
are summarized in the temperature-pressure phase diagram
shown in Fig. 5(a).

For x = 0.25, a sharp increase in p with decreasing T is
observed at T = 210 K and 0 GPa, and at 75z = 190 K and
0.25 GPa [triangles in Fig. 2(f)]. This is attributed to antifer-
roic nematicity. Increasing the pressure up to 0.5 GPa results
in a drastic change; the electrical resistivity does not show a
sudden increase at any temperature. Instead, it shows a char-
acteristic temperature dependence similar to that observed for
x =0, indicating the stabilized ferroic nematicity at T5p =
180 K shown by diamonds. Furthermore, a diplike anomaly
in dlog p/dT 1is observed at Ty = 100-130 K for pressures
above 0.5 GPa [Fig. 2(f)], as observed for x = 0, suggesting
the formation of the stripe-type antiferromagnetic order [35].
The results are summarized in a temperature-pressure phase
diagram, as shown in Fig. 5(b). Notably, the antiferroic ne-
maticity and block AFM are destabilized by pressure, and they
switch to ferroic nematicity and stripe AFM at 0.5 GPa. The
simultaneous switching in both orbital and spin channels indi-
cates a close correlation between the two degrees of freedom.
In high-pressure regions, Ty and 77 increase monotonically
with increasing pressure, and Ty increases faster than 737

For x = 0.60, antiferroic nematicity occurs around 7,y =
260 K and ambient pressure. Similar to x = 0.25, antifer-
roic nematicity is destabilized by the applied pressure, and
ferroic nematicity develops below 7" = 206 K at 1.25 GPa
[Figs. 2(c) and 2(g)]. At 1.50-1.75 GPa, the two anomalies
characterizing antiferroic and ferroic nematicity are observed
in d log p/dT, indicating a successive transition. At 2.0 GPa,
the broad peak structure in the resistivity becomes much
clearer, indicating the dominant ferroic nematicity [Fig. 2(c)].
A remarkable difference compared with x = 0.25 is that no
diplike anomaly due to the magnetic order is observed in
ferroic nematicity. However, we believe that the stripelike
magnetism persists at this pressure regime, as discussed later.
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FIG. 3. Temperature (7)) dependencies of electrical resistivity
(p) and its temperature derivative of x = 1 for BaFe,(S;_,Se, ).

For x = 1, the pressure dependence of electrical resistivity
collected by using a diamond-type anvil cell is shown in
Figs. 2(d), 2(h), and 3. Figures 2(d) and 2(h) cover 0 < T <
300 K, and Fig. 3 covers 200 K < T < 400 K. In the measure-
ment close to 0 GPa, a steep increase in electrical resistivity
and a dip in dlog p/dT due to antiferroic nematicity were
observed at 400 K, which well reproduces the measurement
under ambient pressure. With applying pressure, antiferroic
nematicity is gradually suppressed, and T3 reaches 316 K
at 2.8 GPa (triangles in Fig. 3). A distinct shoulder in p is
observed at pressures above 4.4 GPa, which is similar to the
behavior observed for x = 0 [Fig. 2(d)]. Following x = 0, we
define the maximum value of dlog po/dT as T;z. We con-
clude that the switching from antiferroic nematicity to ferroic
nematicity occurs at around 4.4 GPa. As in the case of x =
0.60, no diplike anomaly due to antiferromagnetic order is
observed in ferroic nematicity.

To examine the temperature dependence of resistivity for
x = 1 under a quasihydrostatic pressure condition, we used
a cubic anvil-type pressure apparatus, which can apply an
isotropic pressure even after solidification of a liquid pressure
medium, owing to its multianvil geometry. Figure 4 shows
the pressure evolution of the resistivity as a function of tem-
perature for x = 1. As observed in the DAC measurement,
the steep divergence of resistivity is suppressed at around
200 K in 5.7 GPa, and the temperature dependence becomes
similar to that in BaFe;S;. This is consistent with the sta-
bilized ferroic nematicity at around 4 GPa. Therefore, the
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FIG. 4. Temperature dependence of electrical resistivity (p) of
x =1 for BaFe,(S;_,Se,); under high pressure measured using a
cubic anvil cell (CAC).

switching behavior is observed in both the DAC and CAC
measurements, indicating that this phenomenon is robust to
the pressure condition. With increasing pressure, the Mott
gap is gradually suppressed, and an insulator-metal transition
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FIG. 5. Electronic phase diagram in the temperature-pressure
plane for BaFe,(S;_,Se,)s, (a) x = 0, (b) x = 0.25, (c) x = 0.60, and
(d) x = 1. The transition temperatures are determined by analyzing
the data collected using PC for x =0, 0.25, and 0.60, and DAC
for x =1.0. The Ty and T} represent the transition temperatures
of ferroic nematicity (F-Nem) and antiferroic nematicity (AF-Nem),
respectively. The 7y is the antiferromagnetic transition temperature.
The antiferromagnetic transition in (d) is based on literature values;
white circles are from Ref. [37] and gray circles are from Ref. [38].
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FIG. 6. Electronic phase diagrams obtained as a function of the
lattice constant at room temperature along the leg direction for the
(a) x dependence of BaFe,(S;_,Se,); and pressure dependencies of
(b) x =0, (c) 0.25, (d) 0.60, and (e) 1. The antiferromagnetic (ne-
matic) transitions are marked in orange (blue). The symbol types are
in accordance with Fig. 1. Open gray circles are previously reported
data taken from Refs. [15,17,20,36]. The vertical gray dotted lines at
5.29 and 5.43 A indicate the leg length of BaFe,S; and BaFe,Se;.
The black solid arrows correspond to the nematicity switching.

occurs at around 12 GPa. The absence of a superconduct-
ing drop in the resistivity near the insulator-metal transition
is in stark contrast to the DAC experiment reported in
Refs. [17,36]. This suggests that anisotropic compression is
necessary for the superconductivity in this material.

All the phase transition temperatures collected in DAC of
x = 1 are summarized in Fig. 5(d). In addition to our results,
Tx determined by two other neutron diffraction groups are
also plotted [37,38]. Note that the measurements obtained by
the two groups show a discrepancy in 7y although both groups
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observed that the block magnetism collapses at approximately
4 GPa. By comparing the temperature-pressure phase diagram
for all compositions, the several anomalies in p caused by
the magnetic and nematic transitions are commonly observed
over a wide range of compositions and pressures, indicating
that a comprehensive electronic phase diagram can be ob-
tained by considering the appropriate parameters. Figure 6
shows plots of the T, T, Tn, and T; for x = 0, 0.25, 0.60,
and 1 as functions of the lattice constant along the leg direc-
tion, where 7. is the superconducting transition temperature
reported in Refs. [16,17,36]. Note that the lattice constants
under high pressure have not been reported for x = 0.25 and
0.60, hence, the lattice constants were estimated from a rela-
tionship de = —BdP (£ being the lattice constant, and 8 being
the compressibility), where we used the interpolated § value
for x = 0.25 and 0.60.

The global phase diagram shown in Fig. 6 can be summa-
rized as follows. When the leg length is long, the antiferroic
nematicity /block AFM is stable in the Mott insulating state.
With decreasing leg length, the nematic/spin orders switch to
ferroic nematicity/stripe AFM. When the leg length decreases
further, a metal-insulator transition and superconducting tran-
sition occur next to the ferronematic/stripe AFM phase.
Because the leg length is correlated with the transfer integral
along the leg direction, it is reasonable to assume that the
electronic phase diagram is dominated by the one-electron
bandwidth W along the leg direction.

This hypothesis is supported by several theoretical stud-
ies that analyzed the effective model for iron-based ladder
materials [39—42]. These theories indicate that the ground
state magnetic structure changes from the block AFM to
paramagnetism via the stripe AFM as one increases the band-
width. Even though these theoretical studies do not mention
electronic nematicity, if one supposes a one-to-one correspon-
dence between ferroic nematicity/stripe AFM and antiferroic
nematicity /block AFM, the observed electronic phase dia-
gram is well interpreted. The fact that antiferroic nematicity
with high resistivity is more stable than ferroic nematicity
with low resistivity in the small bandwidth regime is in har-
mony with our physical intuition.

Finally, let us consider the characteristics of the individ-
ual phase diagrams. At first, we compare Figs. 6(a)-6(c).
The leg length dependencies of 7 and 7Ty in Figs. 6(a) and
6(b) are systematically connected. In Figs. 6(a) and 6(c), the
switch in nematicity (indicated by the black arrows) occurs for

approximately the same leg length. Furthermore, 77, Ty, and
T. in Figs. 6(b) and 6(c) have an almost identical dependence
on leg length. Therefore, the chemical and physical pressures
for small x values have an equivalent effect on the bandwidth
control. Next, we move to the phase diagrams for x = 0.60
and 1.0, shown in Figs. 6(d) and 6(e). The pressure-induced
switch in nematicity at x = 0.60 and 1.0 occurs at a longer
leg length than that at x = 0.25, and the critical leg length
gets longer as x increases. Furthermore, the Mott transition at
x = 1 also occurs at a longer leg length than that at x = 0 and
0.25. This indicates that chemical and physical pressure works
nonequivalently for larger x values. When the atomic number
of the anion is larger, the physical pressure appears to work
not only as a simple bandwidth control but also as a filling
control by self-doping from anions to cations, thus efficiently
suppressing the charge gap. The smaller electronegativity
of selenium compared with that of sulfur supports this
interpretation.

IV. SUMMARY

In summary, we have systematically investigated the elec-
trical resistivity of BaFe,(S;_,Se,); under various applied
pressures. As a result, we have clarified that the antiferroic ne-
maticity at 0.25 < x < 1 switches to ferroic nematicity by the
application of pressure. From the results, we have constructed
the electronic phase diagram with respect to the lattice pa-
rameter along the leg direction. Based on the electronic phase
diagram, we have discussed the relationship between nematic-
ity switching and bandwidth. We also discussed that in Se-rich
compositions, the external pressure causes a filling control by
an effective charge transfer.
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