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In this work, the formation of a superconducting network of quantum
nanowires in SmMnQO;,s manganites in two hidden topological states CSL1
and CSL2 of a chiral quantum spin liquid is experimentally studied. As be-
lieved, the states of bound pairs of Majorana fermions are trapped at the two
ends of the quantum nanowire. The formation of nanofragments of 1D cou-
pled charge and spin densities’ waves with wave vectors q,||la and q,|b as re-
gards directions in the crystal lattice within the magnetic fields H > 100 Oe
indicates formation in ab planes of 2D quantum-nanowires’ net. Within the
weak magnetic fields H = 100 Oe, 350 Oe and 1 kOe, the continuous spectrum
of the thermal excitations of bounded Majorana pairs in SmMnQ;,s in tem-
perature interval of 4.2—-12 K is divided into two low-energy Landau zones
with numbers n=1 and n=2 with two specific features of magnetization
M(T) in the shape of alternating double peaks and truncated Dirac cones.

VY miit poboTi exkclIeprMMeHTaJIbHO BMBUEHO YTBOPEHHS HAAIIPOBiAHOI CiTKH
KBAaHTOBMX HAHOIPOBOAIB y MaHraHiTax SmMnO,,; y ABOX HPUXOBAHUX TO-
mosoriunmx craHax CSL1 i CSL2 kipanbHOI KBaHTOBOI CHiHOBOI pimmHU.
BaskaeTrncsa, mio cranu moB’A3aHux map MatiopaHoBux (GepMioHIiB 3axoI-
JIIOIOTHCA Ha JBOX KiHIAX KBAHTOBOTO HAHOIIPOBOAY. ¥ TBOPEHHsS HaHO(dpa-
rmMeHTiB 1D-3B’A3aHUX XBUJb 3aPAJOBOI Ta CIIIHOBOI T'YCTUH 3 XBUJIHLOBUMU
BeKTOpaMu q,fa i q.|b mon0 HanpaMKiB KpucramiuHOi paTHMIL y Marzer-
Hux mosAax H>100 E Bkasye Ha yTBOpeHHs B IUIomuHax ab 2D-ciTKu KBa-
HTOBUX HAHOMNPOBOAIB. ¥ crabkmx MarmerHux moaax H=100 E, 350 E i
1 xE 0OesmepepBHUII CIEKTep TeILIOBUX 30yAsKeHb IOB’sa3aHux MaitopaHo-
Bux map y SmMnO;,; B inTepBasi Temneparyp 4,2—-12 K posbuBaeTbcs Ha
IBi HuM3bKOeHepreTuuHi 3omm Jlanmgay 3 momepamu n=1 1 n=2 i3 gBoma
ocobamBocTaAMEU HamarumeroBanoctu M(T) y ¢dopmi moaBitiHux mikiB i 3pisa-
Hux JipakoBuxX KOHYCiB, II[0 UepryIOThCH.
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truncated Dirac cones, chiral quantum spin liquid.

Karouori croa: Maiiopanosi Ta [lipaxkoBi depmioHU, YepryBaHHA MOABIHHUX
mikiB 1 8pisanux JlipakoBuUX KOHYCIiB, KipajbHa KBaHTOBA CIIiHOBa piguHa.

(Received 24 September, 2024 )

1. INTRODUCTION

Topological superconductors (TS) in dimensions D=1, 2, with bro-
ken time-reversal (TR) symmetry have recently attracted a lot of
attention [1-10]. These systems support Majorana fermion excita-
tions at order-parameter defects such as vortices and sample edges.
Majorana fermion excitations, with second quantized operators
y satisfying the self-Hermitian condition y' =y, can be construed as
quantum particles, which are their own antiparticles [11]. The self-
Hermitian character of Majorana fermions (MFs) leads to a 2D
quasi-particle exchange statistics, which is non-Abelian [1, 12]. The
non-Abelian statistics of MFs can be used as a robust quantum me-
chanical resource to implement fault-tolerant topological quantum
computation (TQC) [13, 14]. In 1D TS with broken TR symmetry,
Majorana fermion modes are supposed to be trapped at the two ends
of a quantum wire [13-15], which, in a 2D quantum wire network
[15], can potentially lead to successful demonstration of non-
Abelian statistics as well as TQC [15—17]. According to Ref. [18], in
flat-band superconductors, the group velocity vy of charge carriers
is extremely small, which leads to freezing of the kinetic energy.
Superconductivity in this case seems impossible, since within the
framework of the BCS theory this means the disappearance of such
microproperties as the coherence length of Cooper pairs, their su-
perfluidity rigidity, and the critical current. The authors report the
existence of a group velocity of free charge carriers in the two-layer
graphene studied by them, which is characteristic of a graphene su-
perlattice with a Dirac superconducting flat zone [19-23]. For the
filling factor of the moiré superlattice in superconducting graphene
1/2<v<3/4, a very small value of the group velocity vy= 1000
m/sec was found. It is important to note that the measurement of
superfluidity, which controls the electrodynamic response of a su-
perconductor, shows that it is dominated not by kinetic energy, but
by an interaction-controlled superconducting gap, which is consis-
tent with the theories of the quantum geometric contribution [19-
23]. Evidence has been found for the crossover of electron-pairs
characteristic of BCS and Bose—Einstein condensation [24-27]. The
superconducting properties of a deformed graphene, which in nor-
mal state has a spectrum of free charge carriers with a flat energy
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band, were studied in Ref. [28].

According to Ref. [29], in systems with a condensed state, when
a quasi-particle is a superposition of electron and hole excitations
and its production operator y' becomes identical to the annihilation
operator y, such a particle can be identified as a Majorana fermion.
In the Reed—Green model, the Bogolyubov quasi-particles in the
volume become dispersive Majorana fermions, and the bound state
formed in the core of the vortex becomes the Majorana zero mode.
The former is interesting as a new type of wandering quasi-
particles, while the latter is useful as a qubit for topological quan-
tum computing. In condensed matter, the constituent fermions are
electrons. Because the electron has a negative charge, it cannot be a
Majorana fermion. Nevertheless, Majorana fermions can exist as
collective excitations of electrons. The resulting Majorana fermions
do not retain the true Lorentz invariance of the Dirac equation,
since they do not move at the speed of light. However, with proper
length and time scaling, the resulting Majorana fermions also obey
the Dirac equation. Such Majorana fermions appear within the
boundaries of topological superconductors or in the class of spin-
liquid systems [29].

The condensation of bosons in the form of a bound state of Majo-
rana fermions was previously studied in topological superconductors
by tunnelling spectroscopy [30—32]. The tunnelling conductivity
spectra of topological superconductors depend on their size and
symmetry. In one-dimensional topological superconductors with
time reversal violation, there is an isolated single Majorana zero
mode at each end. Tunnelling conductance due to the isolated zero
mode shows a differential conductance peak dI/dV with zero offset
height 2¢?/h [80—32]. If one Majorana zero mode is coupled to an-
other Majorana zero mode at the other end of the superconductor,
the tunnelling conductance is highly dependent on the coupling ¢
between the Majorana modes at the different ends. When the ratio
t/T" of the coupling between modes to the width of the fermion spec-
trum I' is very small, the peak shape dI/dV is realized [32]. How-
ever, in the case of significant mixing of the two Majorana modes,
the differential conductivity has the form of a trough. In this case,
the zero-bias conductance vanishes. The cause of the coexistence of
superconductivity and strong correlations in electron systems with
flat bands was studied in Ref. [33]. Flat band systems with a low
density of charge carrier states play an important role because the
flat band energy range is so narrow that the Coulomb interactions
between free carriers E,x e¢?/a dominate over the kinetic energy,
which puts these materials in a regime with strong correlations. If
the flat band is narrow in both energy and momentum, its occupa-
tion can be easily changed in a wide range from zero to full.
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It is well known that Landau levels are a striking example of
two-dimensional flat bands. They occur when a strong magnetic
field acts on a 2D electron system. In this case, the electron motion
is reduced by the Lorentz force to quantized cyclotron orbits. In
this case, the translational degeneracy leads to completely flat
zones, the width of which is completely determined by the degree of
disorder. Partially filled Landau levels, first studied in semiconduc-
tor heterostructures, contain a rich set of competing orders, includ-
ing ferromagnetism, charge-ordered band and bubble phases, and
the best-known fractional quantum Hall liquids. The essential fea-
ture of these states is their intrinsic Berry curvature, which under-
lies their topological character and leads to integer and fractional
quantum Hall effects. Twisted bilayer graphene has recently been
found to exhibit highly correlated states and superconductivity.
Thus, the formation of flat bands of Majorana fermions is a charac-
teristic mechanism of topological superconductivity, BCS and Bose—
Einstein condensation of bosons in the form of a bound state of 2D
Majorana fermions and Dirac superconducting flat zone. The cross-
over of electron pairs characteristic of BCS and Bose—Einstein con-
densation of bosons in the form of a bound state of Majorana fer-
mions (Majorana zero mode) was also studied in topological super-
conductors.

The phase transition of a quantum spin liquid (QSL) to a chiral
state in 2D frustrated AFMs with different types of crystal lattice,
caused by an external magnetic field close to H =0 Oe, has at-
tracted great interest among theoreticians and experimenters [34,
35]. It was shown that the transition of the QSL to the chiral state
induced by an external magnetic field is accompanied by a phase
transition into a phase with a topological order and excitation of
fractional fermions (Majorana fermions). Kitaev was the first to
construct a quantitative model of the so-called Z, quantum spin liq-
uid (a spin liquid with a local Z, magnetic flux in the unit cell) for
spins S=1/2 located at the nodes of a quasi-two-dimensional hex-
agonal lattice [34]. As shown in work [35], the chiral spin liquid
state spontaneously breaks time-reversal symmetry (TRS), but re-
tains other symmetries. There are two topologically different CSL1
and CSL2 states of the chiral spin liquid separated by a quantum
critical point. In this work, the formation of quantum nanowires-
like net bounded Majorana pairs in SmMnO;,s manganites was first
experimentally studied in two hidden topological states CSL1 and
CSL2 of chiral quantum spin liquid.

2. MATERIAL AND METHODS

Samples of self-doped manganites SmMnOs,s (6 = 0.1) were obtained
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from high-purity oxides of samarium and electrolytic manganese,
taken in a stoichiometric ratio. The synthesized powder was pressed
under pressure of 10 kbar into discs of 6 mm in diameter, 1.2 mm
thick and sintered in air at a temperature of 1170°C for 20 h fol-
lowed by cooling at a rate of 70°C/h. The resulting tablets were a
single-phase ceramic according to x-ray data. X-ray studies were
carried out with 300 K on DRON-1.5 diffractometer in radiation
NiK, :q,- Symmetry and crystal lattice parameters were determined
by the position and character splitting reflections of the pseu-
docubic perovskite-type lattice. Temperature dependences of dc
magnetization were measured using a VSM EGG (Princeton Applied
Research) vibrating magnetometer and a nonindustrial magnetome-
ter in ZFC and FC modes.

3. RESULTS AND DISCUSSION

According to our previous work [36], the temperature dependences
of the magnetization of frustrated manganites La; ,Sm MnO;,;
(6=20.1, y=0.85, 1.0) contain two sharp peaks M(T) of different
intensity at close temperatures T, and T, slightly above the critical
temperature T, of the phase transition of the samples to the coher-
ent superconducting state. It was shown that these features corre-
spond to the Lindhard divergence y.(q,.:) of the temperature de-
pendence of the paramagnetic susceptibility of stripe-like 1D elec-
tron/spin correlations modulated with the wave vectors q,..; = 2km
and q,,2 = 2ky,. The appearance and evolution of the magnetization
features with increasing field are explained by the formation in ab
planes with complete nesting of the electron—hole regions of the
Fermi surface of a spatial modulation of the electronic and mag-
netic properties in the form of fragments of two fluctuating quasi-
one-dimensional waves of the charge/spin density (CDW/CDW) in-
commensurate with the crystal lattice with the wave vectors q|a
and q,|b directions. As can be seen in Fig. 1, the peak features of
the magnetization M(T) in SmMnO;,s arise at temperatures T; =20
K and T,=50 K slightly above T.=12 K. In contrast to the sample
with y=0.85, the intensity of the peak feature near the tempera-
ture T, in SmMnO,_ 5 is negligible but finite. A small Curie-like in-
crease in magnetization at T — 0 K should also be noted. An in-
crease in the measuring field strength to 350 Oe did not lead to a
qualitative change in the temperature dependence of magnetization.

Cardinal changes in the magnetization M(T) were detected during
measurements in a magnetic field of H =1 kOe. An increase in the
magnetic field led to a decrease in the Kosterlitz—Thouless jump in
the magnetization of the sample near the temperature T.,=12 K of
its transition to the coherent SC state, complete suppression of the
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magnetization peak near T; and significant broadening of the M(T)
peak near T,.

The final stage of the evolution of the temperature dependences
of magnetization M(T) in SmMnOs,s with increasing external mag-
netic field strength can be considered the results of measurements
in a field of H = 3.5 kOe, shown in Fig. 2.
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Fig. 1. Temperature dependence of magnetization M(T) in a field H =100
Oe in the ZFC-measurement mode. In the ZFC mode of magnetization
measuring in the temperature range 4.2 <T <100 K, a coherent supercon-
ducting state with a critical temperature T,.=12 K is observed. In the
temperature range 12—-60 K, the charge/spin density wave state is realized
in the form of a two-peak magnetization feature M(T).
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Fig. 2. Temperature dependence of magnetization M(T) in a field H = 3500
Oe in the ZFC-measurement mode in the temperature range 4.2 <7 <100
K. A coherent superconducting state with a critical temperature T.=12 K
is absent. In the temperature range 20—-70 K, the spin-density wave state
is realized in the form of a wide-peak magnetization feature M (T).
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At temperatures below 60 K of the transition of the sample from the
paramagnetic phase to the phase with periodic nanoscale ordering of
quasi-particles in the form of fluctuating CDW /CDW fragments, only
a wide peak of magnetization near the temperature T, ~ 42K is pre-
served. As a result of the increase in the external magnetic field
strength in the range of fields of 100 Oe < H <3500 Oe, a ‘metallic’
state of the SDW type with a fairly high density of free quasi-particles
at the Fermi level was formed in the SmMnO;,; sample at temperatures
below 60 K. This indicates a small value (absence) of the charge pseu-
dogap in the electron spectrum of charge/spin carriers in SmMnO,,s at
EF in a magnetic field of H =3.5 kOe.

Thus, an increase in the field strength to H = 3.5 kOe led to the sup-
pression of the charge pseudogap in the quasi-particle spectrum, to a
decrease in the 1D CDW amplitude and, accordingly, to an increase in
the amplitude of the fluctuating 1D SDW incommensurate with the
crystal lattice. With increasing H, we have a transformation of the
mixed state of nanofragments of charge-spin density waves into a 1D
spin-density wave. The increase in the width of the M(T) peak near T,
with increasing H is apparently caused by the renormalization of the
spectrum by coupling with magnons. Thus, we associate the appear-
ance of the two peak features of magnetization at temperatures
slightly above T. with the formation in SmMnO;,; in weak fields
H>100 Oe of nanofragments of 1D coupled charge and spin density
waves incommensurate with the crystal lattice in two spatially sepa-
rated regions of the sample (conventionally ‘metallic’ and ‘dielectric’
nanophases) with high and low densities of states free carriers at the
Fermi level N,(Ey) <<Ny(Ey). With an increase in the external magnetic
field strength H, ‘metallization’ of the spectrum of free charge carri-
ers in SmMnO;,s occurs.

Previously, the formation of a broad continuum of spinon pair
excitations in SmMnO,,; in the ‘weak magnetic field’ regime
H =100 Oe, 1 kOe in the FC mode is explained in the framework of
the Landau quantization models of the compressible spinon gas with
fractional values of the factor v of filling three overlapping bands
with quantum numbers n=1, 2, and 3 [37]. In the regime of ‘strong
magnetic field” H = 3.5 kOe, the new step-like quantum oscillations
of temperature dependences of supermagnetization of incompressi-
ble spinon liquid were found. According to the experimental results
obtained in this work, in low-energy Landau zones with numbers
n=1, 2, with an increase in the strength of the measuring field H,
two alternating supermagnetization features are formed, which are
characteristic of the excitation of 2D Majorana and Dirac fermions.

A singularity of supermagnetization M(T) in Landau band with
number n =1 in a magnetic field H = 100 Oe has a double-peaks’ shape
with a strong dip near the average temperature T'=4.65 K (Fig. 3).
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However, in the zone with n = 2, the singularity has a distinct shape:
a truncated Dirac cone with a flat top in an ultra-narrow energy range
AE =0.01 meV with a weak dip in its top near the average excitation
temperature of massless Dirac quasi-particles, T = 5.41 K (Fig. 4).
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Fig. 3. An alternate excitation in the FC-measurement mode of a double-
peaks’ feature in the magnetic response arise from excitation of bounded
Majorana pairs in Landau zone with n=1 near average temperature
T =4.65 K in external magnetic field H = 100 Oe (CSL1 state).
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Fig. 4. An alternate excitation in the FC-measurement mode of a 2D Dirac
cones-like feature in the magnetic response arise from excitation of
bounded Majorana zero modes with energy E,;,,; = 0.4 meV in Landau zone
with n =2 in external magnetic field H = 100 Oe (CSL2 state).
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In a magnetic field H =350 Oe, the alternation of magnetization
features M(T) in the zones with number n=1 and 2 changed to the
opposite. In the zone with number n =1, a singularity M(T) in Lan-
dau band has a shape a truncated Dirac cone with a flat top in a
wider energy range AE = 0.05 meV with a weak dip in its top near
the average excitation temperature of massless Dirac quasi-particles
T=4.6 K. At the same time, in the zone n =2, the supermagnetiza-
tion feature has the form of two broad weak peaks M(T) with a
strong dip near the average temperature of the excitation of Majo-
rana fermions near T =5.5 K. As can be seen in Figs. 5, 6, this
regularity in the alternation of features M(T) in low-energy Landau
bands with number n=1 and 2 is also preserved in the measuring
field H =1 kOe despite a significant expansion of features M(T)
caused by the appearance of strong fluctuations of the topological
order in spin system.

In the n=1 zone, a two-peak super magnetization feature forms
near the average temperature T =4.6 K, while in the n=2 zone,
with increasing temperature near the average excitation tempera-
ture T'= 5.5 K, a cone-like feature M(T) with a flat top appears in a
wide energy range AE =0.05 meV. Thus, an increase in the mag-
netic field strength in SmMnO;.; in the ‘weak magnetic fields’ mode
is accompanied by a rearrangement of singularities of super mag-
netization in low-energy Landau bands with number n=1 and 2. As
shown in Fig. 7, new step-like features of super magnetization form
in ‘strong magnetic fields’ regime. An alternate permutation of the
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Fig. 5. An alternate excitation in the FC-measurement mode of a double-
peaks’ feature in the magnetic response arise from excitation of bounded
Majorana pairs in Landau zone with n=1 near average temperature
T =~ 4.65 K in external magnetic field H =1 kOe (CSL1 state).
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Fig. 6. An alternate excitation in the FC-measurement mode of a Dirac
cones-like feature in the magnetic response arise from excitation of
bounded Majorana modes with energy E,;, =0.41 meV in Landau zone
with n =2 near average temperature T = 5.5 K in external magnetic field
H =1 kOe (CSL2 state).

double-peaks’ and truncated-Dirac-cones’ features of the magnetiza-
tion M(T) in two Landau bands with number n=1, 2 during the
Landau quantization of the fermion pairs spectrum in SmMnO;,s in
‘weak magnetic fields’ regime may be explained by the existence in
this material of two well-known in the literature hidden states CSL1
and CSL2 of the chiral spin liquid.

4. CONCLUSIONS

According to the experimental results of this work, the temperature
dependences of the magnetization of SmMnO,,; in ZFC-measurement
mode contain two sharp peaks of different intensity at close tem-
peratures T; and T, slightly above the critical temperature T, of the
phase transition of the samples to the coherent superconducting
state.

It was shown that these features correspond to the Lindhard di-
vergence Y% (q,.) of the temperature dependence of the paramag-
netic susceptibility of stripe-like 1D electron/spin correlations
modulated with the wave vectors q,..1 = 2Kpi, Quesiz = 2Krs. We asso-
ciate the appearance of the two-peak features of magnetization with
the formation in SmMnO;,; in weak fields H > 100 Oe of nanofrag-
ments of 1D coupled charge and spin density waves incommensurate
with the crystal lattice in two spatially separated regions of the
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Fig. 7. The thermal excitation in the FC-measurement mode of a step-like
features of temperature dependence of supermagnetization in interval
temperature 5—8 K of incompressible quantum spin liquid in Landau zones
with n=1 and 2 in external magnetic field H = 3.5 kOe.

sample (conventionally ‘metallic’ and ‘dielectric’ nanophases) with
high and low densities of states free carriers at the Fermi level
N(E7) <<Ny(Er). An increase in the field strength to H =3.5 kOe
led to: 1) the suppression of the charge pseudogap in the quasi-
particle spectrum; 2) a decrease in the 1D CDW amplitude; 3) an
increase in the amplitude of the fluctuating 1D SDW incommensu-
rate with the crystal lattice. With increasing H, we have a trans-
formation of the mixed state of nanofragments of 1D CDW/SDW
into a 1D SDW.

In the weak magnetic fields H =100 Oe, 350 Oe and 1 kOe, the
continuous spectrum of the thermal excitations of bounded Majo-
rana pairs in SmMnO,,; in interval temperature 4.2-12 K in FC
mode is divided into two low-energy Landau zones with numbers
n=1, n=2, with two specific features of magnetization M(T) in the
shape of alternating double peaks and truncated Dirac cones. An
increase in the magnetic field strength in SmMnO;,s to H = 3.5 kOe
is accompanied by a rearrangement of singularities of super mag-
netization in low-energy Landau bands with number n=1 and 2:
new step-like features of super magnetization form in ‘strong mag-
netic fields’ regime. An alternate permutation of the double-peaks’
and truncated-Dirac-cones’ features of the magnetization M(T) in
two Landau bands with number n=1, 2 during the Landau quanti-
zation of the bounded Majorana pairs spectrum in SmMnO,,s in
‘weak magnetic fields’ regime may be explained by the existence in
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this material of two well-known in the literature hidden states CSL1
and CSL2 of the chiral spin liquid.
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