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TOPICAL REVIEW — Structures and properties of materials under high pressure
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Quasi-one-dimensional systems provide a unique platform for the exploration of novel quantum states due to their
enhanced electronic correlations, strong anisotropy, and dimensional confinement. Among various external tuning methods,
physical pressure has been experimentally demonstrated to be an exceptionally potent and precise method for modulating
both the structural and electronic properties of quasi-one-dimensional systems. In this review, we focus on the application
of pressure to construct pressure-temperature phase diagrams of quasi-one-dimensional materials and explore the intricate
relationships among quantum phenomena between superconductivity and other electronic states, such as charge density
wave, topological quantum states, and antiferromagnetism. By analyzing representative examples across distinct material
families, we demonstrate how pressure can be used not only to induce superconductivity but also to reveal underlying
quantum critical points and drive topological phase transitions. We emphasize the significant potential of pressure as a
crucial tuning parameter for revealing novel quantum phenomena and driving the progress in advanced low-dimensional

quantum materials.

Keywords: high pressure, quasi-one-dimensional system, superconductivity

PACS: 81.40.Vw, 74.62.Fj, 61.50.Ks
DOI: 10.1088/1674-1056/ade8dd

1. Introduction

Quasi-one-dimensional (quasi-1D) systems are fascinat-
ing for exploring emergent quantum phenomena, as they retain
the strong electronic correlations and van Hove singularities
arising from the flat band of purely one-dimensional (1D) sys-
tems while introducing interchain coupling effects in real ma-
terials. In contrast to high dimensional systems, low-energy
particle-hole pairs are only excited in 1D systems when the
wave vector |g| ~ 0 or |g| ~ 2kg, where kp is the Fermi mo-
mentum (see Fig. 1).l'! The reduction of electron scattering
in momentum space and the effects of electron screening col-
lectively give rise to phenomena such as power-law correla-
tion functions and collective excitations associated with spin-
charge separation, as described by Tomonaga—Luttinger lig-
uid (LL) theory.!”) Low-energy excitations are no longer the
simultaneous transmission of charge and spin. Instead, they
are independently separated into spin excitations (spinons) and
charge excitations (holons).

Although ideal 1D systems are rarely realized in real ma-
terials, many quasi-1D compounds with chain-like atomic or
molecular arrangements can closely emulate the physical be-
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havior of ideal 1D systems. In these materials, the intra-
chain electron interactions are much stronger than the weak
van der Waals interactions between the quasi-one-dimensional
chains, resulting in pronounced anisotropy.*! Electron mo-
tion is predominantly confined to a specific direction, which
significantly amplifies low-dimensional quantum phenomena
such as the quantum size effect and quantum tunneling.!!)
Despite the presence of interchain coupling, the reduced di-
mensionality of these systems significantly enhances electron
correlations and quantum fluctuations, often exceeding those
found in two- or three-dimensional systems. Due to the coex-
istence of strong electron—phonon coupling and electron cor-
relation, quasi-1D materials exhibit various quantum ordered
states, such as charge density wave (CDW), spin density wave
(SDW), novel topological phases, exotic magnetism, and su-
perconductivity, which provide a perfect platform for the study
of quantum physics. [+~

In quasi-1D compounds, CDW instability and Peierls
transition often occur when the electron density along the
chain direction adopts a periodicity that deviates from the lat-

10,11

tice periodicity.['%!! In systems containing transition metal
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or rare-earth elements with partially filled d or f orbitals,
due to the influence of frustration and pronounced anisotropy,
the mechanism for achieving the quantum ground state be-
comes more complex with phase diversity and often leads
to unique physical phenomena, such as SDW, magnetic soli-
tons, and quantum spin liquids.['>"1% At the same time, the
spin structure of quasi-1D spin chain materials is also in-
fluenced by low-dimensional quantum fluctuations and ex-
change interactions, presenting various magnetic ground states
including antiferromagnetic (AFM) order and incommensu-
rate magnetic structures.!'>-21 Under the regulation of ex-
ternal fields, the spins can be driven to rotate, leading to
the emergence of novel quantum phenomena including spin
flip transition and spin triplet superconductivity.!?!! In recent
years, the discovery of quasi-1D topological materials pro-
vides new perspectives for exploring electron ordering and
quantum phase transitions due to the unique topological pro-
tection boundary states and electronic structures. 2224 Fur-
thermore, many quasi-1D materials exhibit superconductiv-
ity at low temperatures, and the superconducting mechanism
may involve unconventional superconducting pairing, which
could be attributed to the dimensionality-induced effect and
enhanced electron correlations. ]

(a) |54 (b)

I

Fig. 1. (a) Particle-hole spectrum for two- or three-dimensional systems.
(b) Particle-hole excitation spectrum in one-dimensional systems. Con-
trary to their higher-dimensional counterparts, one-dimensional systems
exhibit particle-hole excitations with well-defined momentum and en-
ergy even at small coupling. Low-energy modes appear near g ~ 0 and
q ~ 2kp. Reproduced with permission from Ref. [1]. Copyright 2004
American Chemical Society.

With the continuous advancement of experimental tech-
niques, high-pressure technology has opened new avenues for
exploring the physical properties of solids.!?®! Pressure acts
as a clean and controllable tuning parameter, playing a cru-
cial role in condensed matter physics by significantly altering
structural, electronic, magnetic, and superconducting proper-
ties. By modulating interatomic distances, pressure affects
hopping integrals, exchange interactions, crystal symmetries,

and phase stability, often leading to the emergence of novel
quantum states.>’->° These effects become increasingly pro-
nounced in quasi-one-dimensional systems. As pressure in-
creases, electron—electron interactions are gradually enhanced,
and the electronic structure of quasi-1D materials may evolve
from 1D to higher-dimensional regimes, accompanied by the
appearance of various quantum ordered states that may coex-
ist or compete. In this review, we highlight the pivotal role
of pressure in tuning crystal structures and correlated elec-
tronic states of quasi-1D systems, focusing on the emergence
of novel quantum phases and the underlying physical mecha-
nisms governing their evolution.

2. Structural transitions under high pressure

The intrinsic anisotropy and dimensional confinement of
quasi-1D systems render them highly sensitive to external per-
turbations. In quasi-1D materials, the application of pressure
alters atomic arrangements, bond lengths, and bond angles,
and can even induce structural phase transitions.[3%3! These
pressure-induced structural modifications can lead to signifi-
cant changes in physical properties, giving rise to novel quan-
tum states and physical phenomena that are absent at ambient

132331 Over the past few decades, high-pressure stud-

pressure.
ies have revealed a wide range of novel behaviors in quasi-
1D materials, leading to many scientific achievements in the
modulation of their structural, electronic, and magnetic prop-
erties. One of the most widely studied families is transi-
tion metal trichalcogenides MX3 (M = IVB and VB group;
X =S, Se, Te), which possess a typical quasi-1D van der
Waals structure. In these compounds, MXg trigonal prisms
are connected along the b-axis to form quasi-1D chains. 3433
Due to their strong structural anisotropy, these materials are
highly sensitive to external pressure, making pressure an ef-
fective tool to tune both orbital and electronic degrees of free-
dom. For quasi-1D MX3 compounds (M = Hf, Ti, Zr; X =S,
Se, Te), the crystal structures belong to the P2;/m space group
at ambient pressure, and undergo compression to an isostruc-
tural phase with a volume collapse of about 5%, accompa-

33.36.37) Ag shown in

nied by changes in electronic properties.|
Figs. 2(a) and 2(b), x-ray diffraction (XRD) measurements of
HfS;, 3% reveal a pressure-induced structural transition near
17 GPa, with the high-pressure phase remaining stable up to at
least 70.7 GPa. Concurrently, HfS; undergoes an insulator to
semiconductor transition near 17 GPa. With further compres-
sion, superconductivity emerges above 50.6 GPa as HfS3 en-
ters a semimetallic state. The superconducting transition tem-
perature T;. increases with pressure, reaching 8.1 K at 121 GPa.
A similar structural evolution is observed in the pressurized
quasi-1D ternary transition-metal chalcogenide TayPd;Tes. In
this material, increasing pressure reduces interlayer distances
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and promotes the formation of covalent bonds between in-
terchain Te atoms, while the lattice symmetry is preserved
up to 45 GPa.[3] At the same time, phonon softening is ob-
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served, underscoring the key role of electron—phonon coupling
in the emergence of superconductivity under high pressure
(see Figs. 2(c) and 2(d)).
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Fig. 2. (a) XRD results of HfS3 under high pressure. (b) Proposed phase diagram of HfS3; based on electrical measurements. Reproduced with
permission from Ref. [36]. Copyright 2023 American Chemical Society. (c) The crystal structural evolution of TayPdsTes at various pressures
predicted by DFT calculations. (d) Pressure—temperature phase diagram for the entire pressure region, and the right panel shows specific resistance
values at 1.7 K as a function of pressure. Reproduced with permission from Ref. [38]. Copyright 2024 American Chemical Society.
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Fig. 3. Schematic representations of (a) the LP phase at 9 GPa and (b)
the HP phase at 52 GPa of Ta;PdS¢ along the b axis. (c) Phase diagram
under high pressures. The left axis shows the absolute value of the car-
rier density [|n| = 1/(|Ru|- €)] at 10 K. The right axis corresponds to
the onset critical temperature 7> and the zero-resistance tempera-
ture Tero. Reproduced with permission from Ref. [40]. Copyright 2024
American Physical Society.

In addition, other quasi-1D ternary transition-metal
chalcogenides have also been intensively studied under high
pressures. For instance, TaPdQg (Q = S, Se) have a mono-
clinic phase structure (C2/m) at ambient pressure,*”! which

undergoes an isostructural phase transition from the mon-
oclinic low-pressure (LP) phase to the monoclinic high-
pressure (HP) phase, accompanied by the emergence of

1401 Dye to the weak van der Waals inter-

superconductivity.
actions perpendicular to the chain direction, the interlayer dis-
tance decreases significantly faster than in the other two crys-
tallographic directions under compression. The structures of
the LP-phase and HP-phase are illustrated in Figs. 3(a) and
3(b). Theoretical calculations indicate that the HP-phase has a
higher electron state density near the Fermi level. The phase
diagram of Tap;PdSg is shown in Fig. 3(c). According to the
structural symmetry analysis and electrical transport measure-
ments, the phase diagram can be divided into two distinct re-
gions: the LP-phase region spanning 0 to 30.8 GPa, charac-
terized by an insulator-to-metal transition, and the pressure-
induced superconducting HP-phase region above 30.8 GPa.
However, for Tay;PdSeq, XRD results show that no structural
phase transition occurs up to 36.2 GPa, although supercon-
ductivity is already present.!*!! This suggests that the effect of
high pressure on crystal structures is strongly dependent on the
anion radius and bonding characteristics, leading to different
structural evolution behaviors in isostructural materials under
pressure. It is worth noting that continuous structural trans-
formations and substantial changes in physical properties ob-
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served under high pressure are challenging to achieve through
conventional chemical substitution or external-field regulation
techniques.

The tendency for quasi-1D crystal structures to degener-
ate or become amorphous under high pressure has also been
observed. A representative example is the quasi-1D mate-
rial (TaSeq4),1, which retains the quasi-1D amorphous chains
under high pressure. At ambient pressure, (TaSes),I has a
body-centered tetragonal unit cell (space group /422), contain-
ing two adjacent chains with four TaSe4 units in each chain
and four halogen iodine atoms, as shown in Fig. 4(a).l#>%]
By compressing (TaSey)»1, Yang’s group!**! realized a novel
solid-state phase with a combination of long-range order and
short-range disorder. With increasing pressure, the lattice of
(TaSeq),1 gradually contracts. Interestingly, while the inter-
chain distance (diyer) continuously decreases, the intrachain
distance (djny,) remains relatively unchanged below approx-
imately 8 GPa (Figs. 4(b) and 4(c)).
shown in Fig. 4(d), the quasi-1D nature of the system first

Correspondingly, as
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weakens and then is restored above 8 GPa. The pressure-
temperature phase diagram in Fig. 4(e) reveals that high
pressure induces amorphization of the TaSe4 atomic chains
while preserving the long-range periodicity of the chain lat-
tice, resulting in a novel solid-state phase characterized by
short-range disorder and long-range order. Specifically, pres-
sure reduces both the interchain distance and chain diame-
ter, which shows significant contraction above 8 GPa, lead-
ing to local structural disorder. This structural transformation
triggered a counterintuitive insulator-to-superconductor tran-
sition, with superconductivity appearing above approximately
20 GPa. High pressure suppressed the CDW state and en-
hanced electron pairing interactions, likely through disorder-
mediated Coulomb screening, enabling superconductivity in a
system with amorphous atomic chains. Similarly, Pei et al.[*!
reported pressure-induced amorphization and superconductiv-
ity in the (NbSey4),1. In this case, although amorphization oc-
curs, the quasi-1D Nb-Se chains remain structurally intact,
which provides a pathway for superconductivity.

Long-range ordered
crystalline chains

Long-range ordered
amorphous chains

o T, fromR-T
o T, fromR-T
o T, fromay'-T

0 10 20 30 40 50
P (GPa)

Fig. 4. (a) Schematic crystal structure of (TaSe4),I projected in the a—b plane (left) and along the c-axis (right). (b) Pressure dependence of
the lattice parameters a and c. (c) Evolution of the interchain distance diner and the intrachain diameter djn, with pressure. The red dashed
line is a linear fit of diyy, above 8 GPa. (d) Pressure-induced changes in the ratio dinger/dinyra. (€) Pressure-temperature phase diagram of
(TaSey),1. At pressures above ~ 20 GPa, the insulating linear chain compound is transformed into a superconducting quasi-1D system made
up of long-range-ordered amorphous atomic chains. Two superconducting regimes are identified: SC1, characterized by intrachain pairing, and
SC2, associated with interchain coupling.*3! Reproduced with permission from Ref. [43]. Copyright 2020 John Wiley and Sons.

3. Quantum state evolution under high pressure

3.1. Pressure-tuning of charge density wave and supercon-
ductivity

CDW and superconductivity are two distinct electronic
states in condensed matter physics. The emergence of CDW
necessitates both Fermi surface nesting and electron—phonon
coupling, which can lead to a partially gapped Fermi surface,
thereby reducing the density of states at the Fermi energy.
For a long time, the coexistence and competition between

these two phenomena have long been a focal point in quantum

materials research, particularly in low-dimensional quantum
systems. 7 Understanding this relationship not only re-
veals the microscopic mechanisms of high-temperature super-
conductivity, but also provides important clues for designing
new quantum materials.*3-31 For example, Fig. 5(a) shows
the temperature-dependent resistivity of CuTe under pressures
up to 13.8 GPa, where CDW-related anomalies are gradually
suppressed and reemerge with increasing pressure. The corre-
sponding dp /dT curves in Fig. 5(b) reveal an evolution of the
CDW transition from a dip to a peak near 8.1 GPa, indicating
a pressure-induced reconstruction of CDW order. The phase
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diagram of CuTe under high pressure is shown in Fig. 5(c).[>?!

Under pressure, the pristine CDW1 phase transforms into the
CDW?2 phase at 6.5 GPa. First-principles calculations indi-
cate that CDW1 is driven by nesting effects, whereas CDW2
likely arises from electronic correlation interactions. Strik-
ingly, pressure-induced superconductivity emerges, exhibiting
a dome-shaped phase diagram. The superconducting tran-

(a)3 P(GPa) - (b)
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sition is significantly broadened across the CDW1-CDW2
crossover, suggesting a complex interaction between the two

CDW states and superconductivity. These pressure-tuned phe-
nomena provide new insights into the intrinsic properties and
phase transition mechanisms of correlated low-dimensional
systems, as well as effective strategies for the rational design
of novel functional materials.

CDW2

2 4 # +
3 sch.ﬂ*

A 4m 4 em4
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Fig. 5. (a) Resistivity (p) and (b) its temperature derivative dp/dT for CuTe in the pressure range 0.8-13.8 GPa. The onset transition
temperatures of anomalies with hump-like and kink-like features are marked by purple triangles and pink rhombuses, respectively; all curves
are vertically offset for clarity. (c) Temperature-pressure phase diagram of CuTe single crystal, showing the pressure dependences of the CDW
transition temperatures Tcpwi and Tepwa, and the superconducting transition temperature 72", Reproduced with permission from Ref. [52].

Copyright 2023 Elsevier.
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Fig. 6. (a) Crystal structure of MTes (M = Zr, Hf). (b) X-ray diffraction pattern of the single-crystal HfTe; showing only the (001) diffraction
peaks. The inset shows the FWHM of the (006) Bragg peak. (c) Temperature dependence of the normalized resistance along the a- and
b-axes, R(T) /R0 x, measured on the same piece of sample at ambient pressure. The inset displays a photo of the crystal showing fringes
extending along the b-axis. (d) Temperature-pressure phase diagram of HfTes single crystal. The CDW transition temperature Tcpw and the
superconducting transition temperatures 7™ and 77°™ are determined from resistance measurements along the a-axis. Reproduced with

permission from Ref. [53]. Copyright 2021 Springer Nature.

A recent study by Liu er al.’3! on the transition metal
trichalcogenide HfTes; reported that single crystals exhibit a
CDW transition at higher Tcpw ~ 93 K, but show no signs
of superconductivity down to 50 mK at ambient pressure (see
Figs. 6(a)-6(c)). High-pressure experiments revealed that the
Un-

der these conditions, superconductivity emerges in the g-axis

CDW state can be completely suppressed at 5 GPa.

resistance at T ~ 4-5 K, while the resistance along the b-
and c-axes exhibits a drop at T ~ 1.5 K without clear evi-
dence of bulk superconductivity. The temperature—pressure
phase diagram of HfTes, shown in Fig. 6(d), highlights the
delicate competition between CDW and superconductivity
in this quasi-1D system. Similar pressure-induced suppres-

sion of CDW and emergence of superconductivity have also
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been observed in other metallic quasi-1D compounds, includ-
ing NbSes,P*35] TaSs3,101 and ZrTes.781 In particular, the
CDW state in NbSe; is influenced by enhanced interchain cou-
pling under pressure, leading to modifications of the CDW
modulation wave vectors. This is accompanied by anomalous
resistance behavior, suggesting a significant influence of quan-
tum fluctuations on the ground state.>]

Within the MX3 family, TaSes has been proposed as a
quasi-1D topological insulator with a superconducting transi-
tion temperature 7. ~ 2.3 K, which is gradually suppressed
under pressure.[23->%601 Recent studies have shown that apply-
ing high pressure significantly enhances the CDW instability
in TaSes, with the transition temperature shifting to higher val-
ues as pressure increases, as shown in Fig. 7.1 Despite the
pronounced enhancement of the CDW transition under pres-
sure, no superconductivity was observed down to 2 K within
the studied pressure range. This suggests that superconductiv-
ity in TaSes is fragile and may be easily suppressed by external
perturbations in this quasi-1D system. The low-temperature
transport properties remain largely unchanged under pressure,
consistent with the observed giant and anisotropic planar Hall
effect, (%21 which is attributed to the anisotropic scattering of
Dirac fermions. This behavior suggests a correlation between
low-temperature transport and the topological band structure.

(a) OBa OTi OTe . (c)

Temperature (K)

latm

19.5 GPa 42.2 GPa

Furthermore, the pressure-induced CDW transition has negli-
gible impact on the topological nature of the electronic states,
providing a promising platform for realizing novel pressure-
stabilized topological phases. High-pressure Raman spec-
troscopy offers additional insight into the lattice dynamics,
revealing lattice hardening and a kink in the in-plane mode
frequency around 6 GPa. These observations provide further
evidence for the occurrence of a CDW-like phase transition

and potential topological phase transitions.

00 05 10 15 20 25
P (GPa)

Fig. 7. Hydrostatic pressure-temperature phase diagram of TaSe;. Color
represents the evolution of resistance as a function of temperature and pres-
sure. MR denotes the magnetoresistance measured at 3 K and 8 T. Repro-
duced with permission from Ref. [61]. Copyright 2024 American Physical
Society.
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Fig. 8. (a) Schematic plots of the Ba3TiTes crystal structure, projected along and perpendicular to the ¢ axis, respectively. The atoms enclosed
by red dashed circles represent Te chains at the Te(2) site. (b) Calculated Fermi surfaces at ambient pressure, 19.5 GPa, and 42.2 GPa,
respectively. (c) Pressure-temperature phase diagram of Ba3TiTes. The red circle denotes the superconducting temperature T, and the purple
star is the metallic—semiconducting crossover temperature 7,,. In the metallic region, the color shading represents the value of the exponent
n=d(In(R—Ry))/d(In(T)). Reproduced with permission from Ref. [63]. Copyright 2019 Springer Nature.

Some metastable quasi-1D materials can be synthesized
under high pressure. Zhang et al.!%3! synthesized Ba3TiTes
under high-pressure, high-temperature (HPHT) conditions. In
this compound, the crystal structure consists of infinite octahe-
dral TiTeg chains (Fig. 8(a)), with the conducting paths along
the TiTeg and Te chains, which are separated by Ba cations
and thus exhibiting quasi-1D conducting characteristics. Un-
der high pressure, the interchain distance decreases by 12.1%,
enhancing Fermi surface nesting and triggering SDW or CDW
instabilities, leading to gap formation and a pressure-induced
metal-semiconductor crossover (Fig. 8(b)). The temperature-
pressure phase diagram of Ba3TiTes is shown in Fig. 8(c). As

the SDW/CDW orders are fully suppressed, the superconduct-
ing transition temperature 7; reaches a maximum of 6 K, ac-
companied by non-Fermi liquid behavior, indicating a close
relationship between the enhancement of superconductivity
and CDW/SDW fluctuations.

3.2. Topological phase transition and superconductivity
under pressure

Furthermore, high pressure is a powerful tool for inducing
superconductivity and driving topological quantum phase tran-
sitions in quasi-1D topological Bi-based materials. As shown
in Fig. 9(a), superconductivity emerges in 3-Bisl4 at 17.6 GPa,
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with T; peaking at 6 K at 23 GPa, followed by a gradual sup-
pression at higher pressures, exhibiting a typical dome-like

(641 Density functional theory (DFT) calculations re-

evolution.
veal multiple pressure-driven topological transitions: at ambi-
ent pressure, f3-Bigly is a strong topological insulator (STT)
with band inversion at the Y point. As pressure increases, the
conduction band minimum (CBM) and valence band maxi-
mum (VBM) converge at the M point, closing the band gap.
Upon reopening, the system transitions into a weak topolog-
ical insulator (WTI). With further pressure, band inversion at
the Y point restores the STI phase (see Fig. 9(b)). These cal-
culated transitions are consistent with experimental resistivity
trends, highlighting the intricate interplay between topologi-
cal order and superconductivity under high pressure. A simi-
lar phenomenon is observed in ¢t-BisBry,[%°! where supercon-
ductivity first appears at 3.8 GPa with a zero-resistance tem-
perature 77°"° ~ 6.8 K, and gradually vanishes above 12 GPa.
Notably, the superconducting phase may coexist with a non-
trivial topological state within a narrow pressure range be-

tween 3.8 GPa and 4.3 GPa. Zhou e al.!°] have performed
a high-pressure study on Bis(I;_,Br,)4 crystals grown by two
different methods. Remarkably, crystals grown by the chem-
ical vapor transport (CVT) method and the self-flux method
show clearly different pressure effects, as shown in Figs. 9(c)—
9(f). Compared to the f3-Bisl4, the critical pressure for the
observation of superconductivity and the optimal pressure
for the highest 7; are both slightly enhanced. In addition,
the recently discovered quasi-1D compound Bij9S,713 under-
goes a pressure-induced semiconductor-to-metal transition be-
low 11.5 GPa, during which a density-wave-like transition
emerges. At higher pressures, the low-temperature resistivity
exhibits an upturn, attributed to enhanced electron scattering
arising from Anderson-type weak localization. These behav-
iors indicate that high pressure induces changes in the elec-
tronic structure.[®”] Collectively, these studies provide valu-
able insights into pressure-induced superconductivity, topo-
logical quantum phases, and density-wave phenomena in Bi-
based quasi-1D materials.
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Fig. 9. (a) Superconducting transition temperature 7 as a function of pressure for -Bigls. The green and blue circles represent 7 values
extracted from different resistivity measurements. (b) Schematic illustrations of the band structure evolution under various pressures. In the STI
phase, band inversion occurs at one of the time-reversal-invariant momentum (TRIM) points in the Brillouin zone, whereas in the WTI phase,
band inversion occurs at two TRIM points. In the metallic phase, the Fermi level crosses the bands.[®*! Reproduced with permission from
Ref. [64]. Copyright 2018 Springer Nature. (c), (d) Superconducting transitions of Bis(I;_Br,)4 measured under different magnetic fields for
the x ~ 0.58 (CVT) and x ~ 0.41 (flux) crystals. (e) Temperature dependence of tipH.,. The solid lines are fits based on the Ginzburg—Landau
formula. (f) Pressure dependence of T,. 72" and T”°™ represent the onset critical temperature and zero-resistance critical temperature of
superconductivity, respectively. Reproduced with permission from Ref. [66]. Copyright 2023 IOP Publishing.

3.3. Superconductivity and magnetic quantum critical
point

One of the most remarkable universal characteristics of
high-temperature superconductors is that the superconducting
phase emerges in the vicinity of the AFM phase, and clarify-
ing the interplay of competition and coexistence between these
1681 I,

high 7. cuprates and iron-based superconductors, the emer-

two phases is an important and long-standing challenge.

gence of unconventional superconductivity is often closely re-

lated to magnetic ordering. By carrier doping or pressure tun-

ing, the antiferromagnetic order can be gradually suppressed,
and then the superconducting phase emerges.**~72) Compared
to layered superconductors, unconventional superconductivity
in quasi-1D materials has received relatively less attention, and
high pressure is one of the important methods for tuning. The
atomic electron configuration and exchange interaction can be
regulated by pressure, leading to magnetic phase transitions,
exploring and realizing magnetic quantum critical points, and
discovering possible unconventional superconductivity.

The quasi-1D spin-ladder compound BaFe,S3, which can
have superconductivity induced by high pressure,”374 opens
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new avenues for exploring iron-based quasi-1D materials. The
crystal structures of BaFe;S3; and BaFe;Ses feature quasi-1D
Fe;X3 (X = S and Se) ladders formed by edge-shared FeXy
tetrahedra (see Fig. 10(a)). BaFe,S3 exhibits a stripe-type
AFM ordering (see Figs. 10(b) and 10(c)), while BaFe,Se;
has a block-type AFM structure.!'%1775-76]' A5 shown in the
pressure-temperature phase diagram of BaFe,;S; (Fig. 10(d)),
the antiferromagnetic insulating state at ambient pressure is
transformed into a metallic state at P, ~ 10 GPa, and the opti-
mum T, = 24 K emerges above P..[”* Powder neutron diffrac-
tion and pSR measurements show that the stripe-type AFM
ordering temperature increases up to 2.6 GPa without signifi-
cant change in the magnetic moment. Theoretical calculations

R
9

\’OOO’

indicate that the magnetism is highly sensitive to the Fe-S bond
lengths and bond angles under pressure.!”’! Similar pressure-
induced superconductivity is observed in BaFe,Ses.’8! As
shown in Fig. 10(f), the slope of local magnetic moment ver-
sus pressure shows an anomaly across the insulator—metal
transition pressure. The local magnetic moment continu-
ously decreases with increasing pressure, and superconductiv-
ity emerges only when the local magnetic moment value is
comparable to that in the iron-pnictide superconductors. This
correlation indicates a close connection between the suppres-
sion of local magnetism and the emergence of superconduc-

tivity in these quasi-1D ladder compounds.
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Fig. 10. (a) Crystal structure of BaFe,;S3. (b) Magnetic structure within the ladder: magnetic moments aligned along the a-axis form ferromagnetic
units along the rung direction, and are stacked antiferromagnetically along the leg direction. (c) View of the magnetic structure along the c-axis: inter-
ladder coupling of Fe spins is ferromagnetic along the (110) direction and antiferromagnetic along the (110) direction. Reproduced with permission
from Ref. [73]. Copyright 2015 Springer Nature. (d) Pressure—temperature phase diagram of BaFe,S3 constructed from both dc resistivity (red) and
ac susceptibility (blue) measurements. (e) Pressure dependence of the superconducting volume fraction at ~ 4 K derived from the ac susceptibility
measurements; filled (open) symbols represent increasing (decreasing) pressure processes. Reproduced with permission from Ref. [74]. Copyright
2015 American Physical Society. (f) Pressure—temperature phase diagram of BaFe,Ses. The deduced integrated absolute difference (IAD), which is
proportional to the Fe local moment, is shown as red squares (300 K), blue circles (100 K), and green triangles (17 K). A slope anomaly in the magnetic
moment vs pressure indicates an insulator-metal transition. Reproduced with permission from Ref. [78]. Copyright 2017 American Physical Society.

In BaFe;(Si_,Se,)s, the magnetic ground state shifts
from stripe-type to block-type AFM order at x = 0.23, with Ty
decreasing from 119 K to 82 K for x < 0.23, and then slightly
increasing for x > 0.23. This magnetic transition is associated
with a structural phase change and the emergence of spin-glass

behavior at low temperatures for x > 0.29.[79-81]

The doping-
dependent phase diagrams for 7y and the spin glass state tem-
perature T, are shown in Fig. 11(a).!®?! Within the stripe-type
AFM structure, Ty is gradually suppressed with increasing Se

doping level, while Ty shows gentle enhancements as x in-

creases for the block-type AFM structure. Concurrently, T
shows a nearly dome-like doping-dependent phase diagram
within the block-type AFM phase. Figures 11(b)-11(d) dis-
play the high-pressure resistance curves of BaFe,(S1_,Sey)3
samples. Compared with the parent compound BaFe;Ss,
higher pressures are required to fully metallize the Se-doped
samples. For the sample with x = 0.07, a downturn in the
resistance curve is observed around 11 K at 8.6 GPa, as in-
dicated by the red arrow. Similar resistance anomalies have

also been reported in BaFe,Ses; and BaFe;(Sg.755¢€0.25)3 under
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comparable pressures and have been attributed to the onset of
superconductivity. 83 However, for samples with x = 0.18 and
x = 0.37, pressures over 20 GPa have been applied, but no su-
perconductivity was observed, suggesting that the emergence
of superconductivity may be hindered by a complex interplay
between AFM order and superconducting pairing. Addition-
ally, the pressure-resistance curves of BaFe,(S;_,Se,); show
an electronic phase transition near 18 GPa (Fig. 11(e)). The re-
sistance initially decreases and then increases, which may be
associated with a first-order structural transition similar to that
observed in BaFe,S3. This transition is characterized by sig-
nificant b-axis shortening, and resembles the predicted mag-

netic shift from block- to stripe-type AFM at 12 GPa, suggest-
ing that the electronic and magnetic transitions are coupled in
this quasi-1D system. [34]

In addition to the quasi-1D Fe-based superconductors,
high pressure also plays a crucial role in tuning quasi-1D
Cr- and Mn-based materials. The A>Cr3Ass (A = K,Rb,Cs)
family represents the first Cr-based superconductors with
In these
compounds, the (Cr3A53)2’ units form double-walled sub-

nanotubes, consisting of face-sharing Crg/5(Asg ) octahe-

a quasi-1D crystal structure at ambient pressure.

dral linear chains in the inner and outer walls, respectively
(see Figs. 12(a)-12(d)).!®>-37] The superconducting transition
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Fig. 11. (a) Doping-dependent phase diagram of BaFe,(S;_,Se,)3 showing the antiferromagnetic (AFM) transition temperature 7y and the
spin-glass temperature 7. (b), (c) Temperature-dependent resistance under pressure for two lightly Se-doped samples exhibiting stripe-type
AFM order. (d) Temperature-dependent resistance for a Se-doped sample with block-type AFM order. (e) Pressure dependence of resistance
at 2.5 K for three Se-doped samples. A resistance dip appears around 18 GPa for all three samples, indicating the occurrence of an electronic
phase transition. Reproduced with permission from Ref. [82]. Copyright 2022 IOP Publishing.
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temperatures (7;) of KyCr3Asz, RbyCr3Assz, and CsyCrzAs;
are 6.1 K, 4.8 K, and 2.2 K, respectively. Under physical
pressure, both K>Cr3As3 and Rb,Cr3Asj [88-901 exhibit reduc-
tions in interchain spacing as well as compression within the
[Cr3As3]e chains. These structural changes lead to a gradual
weakening of electronic correlations and magnetic instabil-
ity. Consequently, both 7; and the upper critical field (uoHc2)
of these compounds are significantly suppressed, eventu-
ally falling below the Pauli paramagnetic limit, as shown in
Figs. 12(e)-12(1).
sition of the pairing mechanism from spin-triplet to spin-

singlet.[38:89]

This behavior suggests a possible tran-

In contrast, the removal of one alkali ion from the parent
compounds yields ACr3As; (A = K,Rb), which retain similar
quasi-1D structures but experience effective chemical pressure
due to unit cell contraction. The T; of KCr3zAs; and RbCr;Ass
reach approximately 5 K and 7.3 K, respectively, with yoHc
significantly exceeding the Pauli limit. Cao’s group!°>?3! pro-
posed, based on combined experimental and theoretical stud-
ies, that the superconductivity is closely related to the inter-
calation of H™ ions into the [Cr3As;].. chains. By comparing
the effects of physical and chemical pressure, Liu et al.[*!
concluded that the highest 7; in quasi-1D Cr-based super-
conductors occurs when both interchain and intrachain dis-
tances of the [Cr3Ass]. chains reach optimal values, specif-
ically a ~ 9.2 A and ¢ ~ 4.21 A. This finding underscores the
critical role of both interchain and intrachain distances in gov-

erning superconductivity in these systems.

In the family of quasi-1D Mn-based compounds
AMngBis (A = Na, K, Rb, and Cs), pressure-induced un-
conventional superconductivity exhibits a complex interplay
with magnetism. The crystal structure of KMngBi5 consists of
infinite [MngBis]™
K™ cations located between the columns.

columns aligned along the b axis, with
Magnetic sus-
ceptibility measurements reveal one-dimensional character-
istics with an antiferromagnetic transition at approximately
75 K (see Fig. 13(b)). Density functional theory (DFT)
calculations predict helical magnetic order for RbMngBis
13(c)). The AMngBis family (A = K, Rb, Cs)
exhibits long-range AFM order at ambient pressure.

(see Fig.
Upon
applying pressure, localized electrons become itinerant, sup-
pressing the AFM order and inducing superconductivity near
the magnetic quantum critical point (Figs. 13(d) and 13(e)).
With further pressure increase, a superconducting dome
forms, with the maximum 7; values of approximately 9.3 K,
9.5 K, and 9.6 K for KMngBis, RbMngBi5, and CsMngBis,
respectively.[!?94-97] The upper critical fields poH, of these
materials all exceed the Pauli limit, indicating an unconven-
tional pairing mechanism. Interestingly, alkali metal substitu-
tion has minimal effect on both the critical pressure required
for superconductivity onset and the maximum 7¢, suggesting
that the AFM-to-superconducting transition in the AMngBis
family is intimately linked to the quasi-1D [MngBis]™
chains. DFT calculations further reveal that near the critical
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Fig. 13. (a) Crystal structure of KMngBis viewed along the b axis (top) and perpendicular to the b axis (bottom). (b) Temperature-dependent
resistivity of KMngBis single crystal with current applied parallel and perpendicular to the b axis. Reproduced with permission from Ref. [94].
Copyright 2022 American Physical Society. (c) Schematic of the helical antiferromagnetic configuration in RbMngBis5 predicted by DFT

calculations. Reproduced with permission from Ref. [19].

Copyright 2021 American Chemical Society. (d) Pressure—temperature phase

diagram for KMn¢Bis. Reproduced with permission from Ref. [94]. Copyright 2022 American Physical Society. (e) Pressure—temperature

phase diagram of RbMngBis.[*]

Reproduced with permission from Ref. [95]. Copyright 2022 IOP Publishing. (f) Pressure—temperature phase

diagram of NaMngBis. 7.2 denotes the possible filamentary superconductivity. Reproduced with permission from Ref. [97]. Copyright 2023

American Physical Society.
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pressure, the partial density of states (PDOS) of the Mn 3d,,
orbital near the Fermi level increases anomalously, while those
of the dy; and d . orbitals decrease abnormally. This indi-
cates that the transition from AFM order to superconductivity
is accompanied by an orbital-selective process involving Mn
3d electrons.

In contrast to the AMngBis compounds, NaMngBis ex-
hibits more intricate magnetic behavior. It undergoes three
successive magnetic transitions upon cooling, occurring at ap-
proximately 87 K (73), 53 K (7»), and 47 K (T1), respec-
tively, with the two lower-temperature transitions identified
The nature of the highest-
temperature transition 73 remains unclear. Compared with its

as antiferromagnetic in nature.

sister compounds, NaMngBis also displays non-Fermi liquid
behavior and a significantly enhanced Sommerfeld coefficient
at low temperatures, indicative of strong electronic correla-
tions. Recent high-pressure studies by Cheng’s group!’! re-
veal that NaMngBis does not exhibit bulk superconductivity
up to 69 GPa, although a slight resistance drop is observed in a
narrow pressure window between 12 GPa and 14.4 GPa. The
evolution of the magnetic transitions under pressure is com-
plex: the intermediate phase between T; and 7, rapidly disap-
pears, with 75 vanishing below 0.25 GPa. Meanwhile, 77 shifts
to higher temperatures but becomes indistinct above 0.79 GPa,
where a new transition, 74, emerges. The temperature of 74 in-
creases with pressure and eventually merges with the nearly
pressure-independent 73 near 2 GPa. At 4 GPa, T disappears,
giving way to another transition 75, which then shifts to lower
temperatures and vanishes around 13 GPa, marking the com-
plete suppression of antiferromagnetic order. These multiple
magnetic transitions are likely related to the small size of the
Na ions, which enhance magnetic frustration in the system.
Overall, high-pressure studies of quasi-1D Mn-based materi-
als such as NaMngBis have deepened the understanding of the
interplay between antiferromagnetism and superconductivity

in quasi-1D systems dominated by 3d electrons.®®!

4. Summary and prospects

High-pressure studies of quasi-1D materials have uncov-
ered deep connections between dimensionality, electron con-
figurations, and quantum states, providing a unique perspec-
tive for tuning and understanding competing orders in strongly
correlated systems. Pressure reduces interatomic distances,
leading to the enhancement of orbital overlap, which in turn in-
creases bandwidth and suppresses electronic localization. Ad-
ditionally, pressure alters the exchange interactions, affecting
the degree of magnetic frustration. By continuously tuning ex-
ternal pressure, one can stabilize exotic quantum phases, ex-
plore quantum phase transitions and novel emergent phenom-
ena. Simultaneously, certain critical challenges remain unex-
plored due to technical limitations. It is still to be determined

whether these pressurized superconductors can still be catego-
rized as ‘quasi-1D’, and if so, what dimensionality their su-
perconducting gap would exhibit. High-pressure cells capable
of measuring the anisotropic transport and thermal properties
of quasi-1D crystals under strong magnetic fields, particularly
under hydrostatic conditions, are essential to understand the
superconducting gap symmetry and reveal the mechanism of
unconventional superconductors. Additionally, pressure tech-
niques that enable the measurement of superconducting tun-
neling spectra in quasi-1D materials would be valuable. Fu-
ture research should integrate ultra-high-pressure (hydrostatic
conditions) experimental techniques, nanoscale in situ charac-
terization, anisotropic transport measurements, and machine
learning-assisted electronic structure calculations together to
explore the potential emergence of exotic states, such as quasi-
1D superconductivity and topological superconductivity under
extreme conditions.
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