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One of the universal features of unconventional superconductors is that the superconducting (SC) state is
developed in the proximity of an antiferromagnetic (AFM) state. Unified understanding the interplay between
these two states in different superconducting systems is one of the key issues to uncover the underlying
physics of unconventional SC mechanism. Here, we report a pressure-induced superconductivity in the quasi-
one-dimensional CsMn¢Bis compound that bears an AFM state at ambient pressure. The SC state appears
at the critical pressure (P.) of ~12 GPa and stabilizes up to ~27 GPa. The high-pressure x-ray-diffraction
measurements on CsMngBis indicate that no structural phase transition occurs at the P., indicating that the
AFM-SC transition is electronic in origin. By comparing the previous results of AMngBis (A = K, Rb), we
identify that all members of the family possess the genetic flipping behavior of AFM-SC states at almost the
same P., though their ambient-pressure unit-cell volumes vary quite differently. Our theoretical calculations
suggest that the pressure-induced changes of partial density of state contributed by the d,, and d,./d> orbital
electrons near Fermi energy may be associated with the origin of the flipping. These results provide a diverse

picture of the connection between the AFM and SC states in the 3d— transition-metal compounds.

DOI: 10.1103/PhysRevB.106.214515

I. INTRODUCTION

The 3d-transition-metal compounds with various magnetic
ordered states can often be tuned into an unconventional
superconductor by adopting nonthermal control parameters,
such as chemical doping, external pressure, and magnetic
field. Notable examples include cuprates [1,2], iron pnic-
tides [3,4], Cr-based compounds [5], Ni-based compounds
[6], and Mn-based binary compounds [7,8], in which the
superconductivity develops in the proximity of the magnetic
ordered state. How to understand the interplay between the
magnetic state and the superconducting (SC) state has been
a long-standing challenge for the fields of condensed-matter
physics and materials sciences [9-16]. Recently, a new class
of ternary compounds, AMn¢Bis (A = Na, K, and Rb) with a
quasi-one-dimensional (Q1D) characteristic, has been found.
Structurally, these compounds possess a monoclinic structure
with the unique [MngBis]-A-[MngBis] aligning along the b
axis [17-19]. In particular, the presence of the AFM long-
range ordered state in their ambient-pressure phase makes this
family greatly attractive. Application of external pressure on
the KMngBis and RbMngBis compounds finds that the AFM
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state is suppressed and then a SC transition is seen [20,21],
which provides a platform for investigating the correlation
between the AFM and SC states. Here, we take the CsMngBis5
compound, a member of this family, as the target material
to investigate the pressure-induced superconductivity in this
compound, then find a generic behavior existing in the family
of AMngBis (A = K, Rb and Cs), and finally acquire fresh
information for better understanding of the underlying mech-
anism of unconventional superconductors.

II. RESULTS AND DISCUSSION

CsMngBis shares the same QID structure motif as
AMngBis (A = Na, K, and Rb), as shown in Fig. 1(a). It
crystalizes in a monoclinic space group C2/m (No. 12) with
a=23.6338(14) A, b = 4.6189(3) A, ¢ = 13.8948(8) A, and
B = 125.4468°(20) [19]. When the electric current is ap-
plied either perpendicular or parallel to the b axis, the plot
of resistance versus temperature of the sample displays the
feature of an AFM transition at 7y = 81K, and exhibits
a larger anisotropic resistivity ratio (rx = p1/p) ~ 50) at
lower temperature [Fig. 1(b)]. The magnetic susceptibility and
heat-capacity measurements further confirm that the AFM
transition occurs at ~81 K in our ambient-pressure sample
[Figs. 1(c) and 1(d)].

First, we performed in situ resistance measurements on the
CsMngBis sample in the pressure range of 2.7-11.6 GPa by
using a diamond-anvil cell [Fig. 2(a)]. The details about the
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FIG. 1. Crystal structure and properties of CsMng¢Bis at ambient pressure. (a) Crystal structure of CsMngBis viewed along the b axis
and perpendicular to the bc plane. Intercolumn bonds Bi2-Bi2 and Bi3-Bi3 are labeled. Lower right shows an optical photograph of the
as-grown single crystals with a grid size of 2 mm. (b) Temperature-dependent resistivity p(7) for CsMn¢Bis single crystal measured with
I1rod and /|rod ([010] direction). Black solid line is the parallel-resistor formula fit and dashed lines denote the transition temperatures.
Inset shows the temperature-dependent anisotropic resistivity ratio r = p, /p. (c) Temperature-dependent magnetic susceptibility x(7) of
CsMngBis single crystal under 1 T for H.Lrod and H|rod. Black solid lines are corresponding Curie-Weiss fittings from 110 to 300 K.
Inset shows the corresponding Zero-field-cooling (ZFC) and Field-cooling (FC) curves under 0.5 T. (d) Temperature-dependent specific-heat
capacity for CsMn¢Bis single crystal. Upper inset is the enlarged specific-heat capacity around 80 K and the lower inset shows the C,/T vs
T2, where the red solid line is the linear fitting using the Debye model. Ty denotes the AFM ordering temperature determined by the maxima

indp/dT, dxT/dT, and C,.

high-pressure measurements can be found in the Supplemen-
tal Material (SM) [22,23]. It is seen that when the current
is applied along the b axis, the resistance as a function of
temperature displays a metallic behavior over the experimen-
tal temperature range. Upon increasing pressure to 11.6 GPa,
a resistance drop is seen at 7.8 K, and a zero-resistance
state is observed, as shown more clearly in Fig. 2(b). Our
results indicate that pressure induces a SC transition of the
CsMn¢Bis compound, in accordance with the results observed
in K/RbMngBis compounds [20,21]. We repeat the measure-
ments with a new sample (sample No. 2) cut from different
batches and obtain the reproducible results—increasing pres-
sure renders the CsMngBis compound to be SC at 12.2 GPa
[Figs. 2(c) and 2(d)]. At 14.8 GPa, a zero-resistance state
presents [Fig. 2(c)]. The onset SC transition temperature (7;)
and the critical pressure (P.) for such a transition are similar
to what has been seen in K/RbMngBis compounds [20,21].
With further compression to 16.2 GPa, we find the sample in-
vestigated loses its zero-resistance state and 7, shifts to lower
temperature. At 26 GPa, the resistance drop is not detectable

at the temperature down to 1.5 K, the lowest temperature of
this study.

To further characterize the pressure-induced supercon-
ductivity, we performed the measurements for the sample
No. 3 and observed the same results—the CsMngBis com-
pound undergoes a SC transition at 12.6 GPa [Fig. 2(f)].
Application of magnetic field at 13.3 and 17.0 GPa finds
that the transition shifts to lower temperature upon increas-
ing the field [Figs. 2(g) and Fig. S3 in the SM [22]). We
extracted the field-dependent 7, for the compressed CsMngBis
[Fig. 2(h)], and estimated the upper critical field at zero
temperature by using the Ginzburg-Landau formula [24]:
Ho(T) = Ho(0)[1 — (T/T.)*1/[1 4 (T /T.)*]. The estimated
values of H., are ~22.9 T at 13.3 GPa and ~23.8 T at
17.0 GPa, which are higher than the value of the Pauli limit
(oH, = 1.84T.) [25], implying that the pressure-induced
superconductivity in CsMngBis has an unconventional nature
[25,26].

To investigate whether the pressure-induced SC transi-
tion is associated with any structural phase transition, we
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FIG. 2. Temperature dependence of the resistance and determination of upper critical field for the pressurized CsMngBis samples.
(a) Resistance results measured from 300 to 1.5 K for sample No. 1 in the pressure range of 2.7-11.6 GPa. (b) Low-temperature resistance of
sample No. 1, showing a clear superconducting transition. (c) Resistance measurements on sample No. 2 in the pressure range of 7.0-33.1 GPa.
(d), (e) Enlarged views of (c), displaying the details about the superconducting transition of sample No. 2. (f) Resistance results of sample
No. 3 measured from 300 to 1.5 K in the pressure range of 4.2-29 GPa. (g) Resistance measurements under different magnetic fields for the
pressurized sample No. 3 subjected to 13.3 GPa. (f) Plots of 7, vs upper critical field (H,,) for sample No. 3 measured at 13.3 and 17.0 GPa,
respectively. Dashed lines represent the Ginzburg-Landau (GL) fits to the data of H,,.
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FIG. 3. X-ray-diffraction results of the CsMn¢Bis sample collected at high pressure. (a) X-ray-diffraction patterns measured at different
pressures, showing no structural phase transition in the experimental pressure range up to 43.7 GPa. (b), (c) Lattice parameters a, b, and ¢ vs
pressure. (d), (e) Pressure dependence of cell volume V and B angle, respectively.

performed high-pressure x-ray-diffraction (XRD) measure-
ments on the CsMngBis sample at the beamline 15W of the
Shanghai Synchrotron Radiation Facility. These were high-
pressure XRD measurements on the member of the AMngBis5
(A =K, Rb, and Cs) family. The XRD patterns collected at
different pressures are shown in Fig. 3(a). For the pressures
ranging from 1.0 to 43.7 GPa, within the pressure range of our
transport measurements, we find that all the diffraction peaks
can be indexed well by the monoclinic structure in the C2/m
space group, indicating that no structural transition occurs
in the pressure range. The pressure dependences of lattice
parameters and cell volume are presented in Figs. 3(b)-3(d).
It is seen that the lattice parameters a, b, ¢, and cell volume V
decrease monotonously with increasing pressure, while the
angle (the angle between the a axis and the ¢ axis) increases
with pressure [Fig. 3(e)] and saturates above the pressure of
22.5 GPa.

We summarize the high-pressure transport results for the
AMngBis (A = K, Rb, and Cs) family in Fig. 4(a), which
includes the experimental results of AFM transition tempera-
ture (7y) and T, measured from the compressed K/RbMn¢Bis
[20,21]. It can be seen that application of pressure continu-
ously suppresses Ty and suddenly induces a SC transition at
the border of the AFM order state for all these compounds.
Unlike other unconventional superconductors [9,27,28], Ty of
these compounds terminates at a finite temperature at critical
pressure, and T, appears simultaneously at lower temperature
at almost the same pressure point. This generic behavior of
the family shows that the AFM state flips into a SC state
at the critical pressure (P,). For our CsMn¢Bis samples, the
measured onset 7, of the samples No. 1, No. 2, and No. 3
appears at 11.6, 12.2, and 12.6 GPa, respectively, reaches a
maximum at 15.6 GPa for sample No. 2, 16.2 GPa for sample
No. 3, and 14.5 GPa for sample No. 4 (Fig. S4 in the SM
[22]). Upon further compression, 7,s decline monotonously
and disappear at ~27 GPa. The results of P(7,) obtained
from the measurements of CsMngBis are consistent with what
have been seen in K/RbMn¢Bis [20,21], suggesting that the

all-family members share the same mechanism. It is worth
emphasizing that the disappearance of 7y and the appearance
of T, of AMngBis (A = K, Rb, and Cs) take place at almost
the same critical pressure (P, ~ 12 GPa), and the change of
T, with pressure is also similar. Generally, the different radius
of alkali metal ions A (A = K, Rb, and Cs) should deform
the lattice differently, which should result in different effects
on transport behaviors, such as the different values of P.
for the AFM-SC transition and the different trends of P(T).
We propose that the observed similar transport results may
be attributed to their unique crystal structure, because the
AMngBis (A = K, Rb, and Cs) compounds have almost the
same intracolumn bond lengths for the [Mn¢Bis]™ columns, a
kernel substructure for developing the SC state of this family
(see analysis in the SM [22]).

The AFM-SC transition has been found in many com-
pounds with 3d transition metals through chemical doping or
applying pressure [4,5,7,9,29,30]. The transition can be driven
by a structural phase transition [31] and quantum phase tran-
sition [4]. However, the AFM-SC transition observed in the
AMngBis compounds is different from what have been seen
before. To understand the possible physical origin, we plot the
pressure dependence of the 8 angle that represents the lattice
deformation degree of the monoclinic phase in Fig. 4(b), and
find that the value of B angle is ~125.4° at ambient pressure,
but it increases with elevating pressure, reaching ~126.8° at
~12 GPa where the SC state presents. This result suggests
that increasing the B angle by ~1.4° may be associated with
the suppression of the AFM order state and the emergence
of a SC state. At ~27 GPa, a transition from a SC state to a
nonsuperconducting state occurs; the § angle starts to show a
slow decrease with pressure, implying that the 8 angle should
be an effective factor in determining the electronic state of
these compounds.

To further understand the correlation between the AFM and
SC states for this family, we performed first-principles calcu-
lations on the electronic structure for the CsMngBis sample,
particularly on the partial density of states (PDOSs) of the
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FIG. 4. Pressure-temperature phase diagram and related infor-
mation for CsMngBis. (a) Pressure-temperature phase diagram,
displaying the evolution of antiferromagnetic (AFM) and super-
conducting (SC) states with increasing pressure. M represents the
nonsuperconducting metallic state. (b) Pressure dependence of B
angle. (c) Calculated partial density of state (PDOS) from the d,.,
d,., and d_ orbital electrons of Mn atoms as a function of pressure.
Dashed lines are guides for the eye.

electrons from the five d orbitals of Mn atoms, based on our
high-pressure XRD results. The details about the calculations
can be found in Ref. [22], and Refs. [32-35]. Since the PDOSs
of the electrons from d,, and d,>_,» orbitals change continu-
ously around the critical pressure (P, = ~12 GPa), where the
flipping occurs, we propose that the electrons from these two
orbitals have less contribution to the AFM-SC transition (see
Ref. [22]). While the PDOSs of the electrons from d,., d..,
and d,, orbitals display dramatic changes at the P, i.e., the
PDOS of the electrons from the d,, orbital exhibits a peaklike
behavior, but that from the d,» and d,, orbitals shows a diplike
behavior [Fig. 4(c)]. These results suggest that the electrons
from these three orbitals may be responsible for the AFM-SC
transition. The increase of the PDOS of the electrons from
the d,, orbital and the corresponding decrease of those from

the d,> and d,; orbitals imply an orbital selective process of the
Mn’s d electrons around the critical pressure, which deserves
further investigations.

The observed flipping of the AFM-to-SC state in this
study is reminiscent of the one previously found by us in an
iron-pnictide superconductor [30], where the flipping of the
AFM-to-SC state occurs at a pressure-induced bicritical point.
Understanding the difference and similarity of the AFM-to-
SC flipping in these two families should be an attractive issue
and deserves further investigations from both the experimental
and theoretical sides.

III. CONCLUSION

In summary, we report the observation of the pressure-
induced superconductivity in CsMngBis and the analysis on
the generic flipping of an antiferromagnetic state to a su-
perconducting state in the quasi-one-dimensional AMngBis
(A =K, Rb, and Cs) compounds. We find that these three
compounds show an AFM-SC transition at almost the same
critical pressure (~12 GPa) and present the same trend in
P(T.) with almost the same superconducting dome, indicat-
ing that the different alkali metals stacked in the structure
of compounds have little effect on the values of 7 and P,.
Upon further compression, the superconducting CsMngBis
converts to a nonsuperconducting metallic state at ~27 GPa
and above. Our high-pressure x-ray-diffraction measurements
on the CsMngBis sample demonstrate that no structural phase
transition is found, except for a continuous decrease in lattice
parameters and an increase in 8 angle. Our theoretical calcula-
tions on the CsMn¢gBis sample suggest that the changes of the
PDOSs of the d,, d,., and d 2 orbital electrons near Fermi en-
ergy is associated with the flipping. These results may indicate
that the AFM-SC transition for this family is not related to the
alkali metal, but the [MngBis] columns, shedding insight on
understanding the correlation between AFM and SC states in
the unconventional SC materials dominated by the 3d orbital
electrons.
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