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Here we report the investigation on correlation between the transport properties and the corresponding stability
of the lattice structure for CaK(Fe;_,Ni,),Ass (x = 0.04 and 0), a new type of putative topological superconduc-
tors with and without a spin-vortex crystal (SVC) state in a wide pressure range involving superconducting (SC)
to nonsuperconducting (NSC) transition and the half to full collapse of tetragonal [half-collapsed tetragonal
(h-cT) and full-collapsed tetragonal (f-cT)] phases by the complementary measurements of high-pressure
resistance, Hall coefficient, and synchrotron x-ray diffraction. The three critical pressures are identified: Py
that is the turn-on critical pressure of the h-cT phase transition and it coincides with the critical pressure for the
sign change of Hall coefficient from positive to negative, a manifestation of the Fermi surface reconstruction;
PST that is the turn-off pressure of the h-cT phase transition; and P, that is the critical pressure of the f-cT phase
transition. By comparing the high-pressure results measured from the two kinds of samples, we find a distinct
“left-shift” of the P3 for the doped sample, at the pressure of which its SVC state is fully suppressed, however,
the PST and the P.; remain the same as that of the undoped one. Our results not only provide a consistent
understanding on the results reported before, but also demonstrate the importance of the Fe-As bonding in

stabilizing the superconductivity of the iron pnictide superconductors through the “pressure window.”

DOI: 10.1103/PhysRevB.108.054415

The discovery of the high-7; iron-pnictide and iron-
selenide superconductors [1,2] provides a new platform to
specify the essential ingredients existed in cuprate supercon-
ductors, and an opportunity to achieve a better understanding
on the mechanism of high-7, superconductivity, a "holy grail"
in the field of the contemporary condensed-matter physics and
material sciences [3-5]. Now, several types of iron-pnictide
superconductors have been found [6-9], all of which have
the tetrahedra structure with the Fe-As layers stacking al-
ternatively with other intermediary layers/atoms. Growing
evidence from experiments indicates that the Fe-As layers
play akey role in developing and stabilizing superconductivity
[9]. In 2016, a new member of the iron pnictide super-
conductors, AeAFesAsy (Ae = Ca, Sr and A = K, Rb, and
Cs), has been found [10-26]. Structurally, it can be regarded
as the hybrid phases between AeFe,As, and AFe;As, with
the stoichiometric composition, whereas, is different from
most of the other known high-7; superconductors whose
superconductivity are induced by chemical doping. As a
result, these stoichiometric superconductors have no chem-
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ical substitution-induced inhomogeneity on the lattice, and
significantly reduced the complexity of the local structure
for understanding the physics behind. Since the Ae?* and
A'F atoms are inserted alternately across the Fe,As, lay-
ers, the AeAFesAs, superconductors host two different sites
of As ions in a unit cell [As(1) and As(2), respectively]
in the tetragonal unit cell with space-group P4/mmm [10].
Upon cooling, they show a superconducting transition at
the temperature (7) varying from 31 to 36 K. Partial sub-
stituting Fe with Ni, Co, or Mn reduces the 7. value by
more than 10 K due to the existence of a spin-vortex crys-
tal (SVC) state with Fe spins lying in plane and stacking
along the ¢ axis antiferromagnetically that competes with
the superconducting (SC) state [22-24]. Remarkably, re-
cent angle-resolved photoemission spectroscopy and scanning
tunneling microscopy/spectroscopy experiments find the evi-
dence of the Dirac surface state and Majorana zero mode in
the CaKFe4As, superconductor [21], implying that this type
of superconductors may host some nontrivial quantum states,
such as topological superconductivity. Moreover, inelastic
neutron-scattering experiments find that the spin resonance
of the CaK(Fe;_,Ni,),As4 superconductor displays both odd
and even modes along the L direction [17,18], similar to the
resonance observed in bilayer cuprate superconductors [27].
These findings attract additional research interest on them.

©2023 American Physical Society
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FIG. 1. The results of resistance measurements on the CaK(Fe,_,Ni,),Ass (x = 0.04 and 0) at high pressures. (a) Temperature dependence
of the resistance in the pressure range of 0.76-37.32 GPa for sample no. 1 of the CaK(Fe(9sNig.04)sAs4 single crystal. (b) Enlarged views of

the resistance-temperature curves at different pressures for sample no.

1 of CaK(Fe.96Nig.04)4As,4. (c) Resistance as a function of temperature

for pressures ranging from 1.56 to 15.5 GPa for sample no. A of the CaKFe,As, single crystal. (d) Resistance-temperature curves at different

pressures for sample no. A of CaKFe4As,.

Pressure tuning is an effective and clean way to manip-
ulate the crystal and electronic structures without changing
the chemistry, often providing significant information for
understanding the underlying physics of the exotic state
emerging from ambient pressure materials, through investigat-
ing the coevolution of electronic states and crystal structure.
Some high-pressure studies on the AeAFe As; supercon-
ductors have been performed, and interesting results have
been achieved from both experimental and theoretical sides
[12-16,26], including the transition of bulk-to-percolating
superconducting state [12], half-to-full collapse of the tetrag-
onal phase [14,15,26]. These results provide the fundamental
knowledge that the superconductivity and the lattice struc-
ture of these superconductors are intimately correlated and
sensitive to the external pressure. However, the reported in-
vestigations of transport properties on Ni-doped and undoped
CaKFe4As, superconductors are performed under pressure
below 6 GPa. What happens above 6 GPa remains unclear.
In addition, the experimental evidence for the change of elec-
tronic state around the critical pressure of the half-collapse of
the tetragonal (h-cT) phase is still lacking. In this paper, we
perform the high-pressure studies on the doped and undoped
samples up to the pressure where the superconductivity is
fully suppressed and the f-cT phase forms.

High-quality single crystals of CaK(Fe;_Niy),Ass (x =
0.04 and 0) were grown using the self-flux method [17,18,25].

The ambient-pressure values of 7;’s of the doped and undoped
samples were determined to be 21 and 35 K, respectively,
and the SVC transition for the x = 0.04 sample is about
Ty = 44K [24].

The high-pressure experimental methods can be found
in the Supplemental Material (see Ref. [28]) and the pres-
sure for all measurements was determined by the ruby
fluorescence method [29]. We first performed temperature-
dependent resistance measurements on the single crystal of
CaK (Feq.096Nig.04)4As4 in a DAC. To investigate the doping
effect on the transport properties, a parallel measurement was
conducted on the undoped CaKFe4Ass sample. As shown in
Figs. 1(a) and 1(c), the superconductivity of both samples with
and without the SVC state is sensitive to the pressure applied.
For the sample with the SVC state, the ambient-pressure T is
much lower than that of the sample without the SVC state.
It shows that application of pressure renders 7, decreased,
no matter whether they host the SVC state or not. Intrigu-
ingly, the superconductivity of these two samples is fully
suppressed at almost the same critical pressure (~11 GPa) as
shown in Figs. 1(b) and 1(d), suggesting that the initial SVC
state has little influence on the critical pressure for destroying
the superconducting state. We repeat the measurements with
several new samples and obtain the reproducible results (see
Ref. [28]). Moreover, we investigate the pressure effect on
the onset transition temperature (7y) of the SVC state for
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FIG. 2. The high-pressure results of the DC susceptibility and the heat capacity of the samples. (a) and (b) Magnetic moment as a function
of temperature for the Ni-doped and undoped samples measured at different pressures. (c) The heat capacity versus temperature for the

compressed CaK (Feg ¢6Nig 04)4As4 sample.

our CaK(Feg.9Nig.04)4As4 samples and find that 7Ty exhibits
a monotonous decrease with the increment of pressure (see
Ref. [28]), similar to what is observed in CaK (Fe;_,Ni,),Ass
(x =0.033and 0.05) and CaK(Fe;_,Mn,),Ass (x = 0.024)
samples [13,16].

It is noted that the previous studies showed that the super-
conductivity in the h-cT phase is not bulk [12]. To know more
information about this issue, we performed high-pressure
measurements of DC susceptibility for the doped and un-
doped samples [Figs. 2(a) and 2(b)], and the high-pressure
heat-capacity measurements on the Ni-doped sample as well
[Fig. 2(c)]. These results consistently demonstrate that the
bulk superconductivity can be detected only in the ambient-
pressure or low-pressure 7 phase.

To identify the similarity and peculiarity in the trans-
port properties, superconductivity and the electronic state
in CaK(FeggosNig.04)4Ass and CaKFesAss; samples, we
performed high-pressure measurements on Hall resistance
(R,y) by sweeping the magnetic-field (H) applied perpen-
dicular to the ab plane of the samples, from 0 to 6 T
at 30 K for CaK(Feq o9sNig4)sAss [Figs. 3(a) and 3(b)]
and at 40 K for CaKFesAss [Figs. 3(c) and 3(d)]. We
find that R, (H) is positive below 2.4 GPa (the average
value of the two independent runs (2.33 4+ 2.46 GPa)/2 =
2.4 GPa) for the CaK(Feq 09sNig 04)sAss samples, and 3.88
GPa for the CaKFe Ass samples (also the average value
—(3.90 + 3.85GPa)/2 = 3.88 GPa). The method for deter-
mining the carriers’ type of the investigated sample can be
found in Ref. [28]. The plots of Ry,(H) from our samples
indicate that the role of hole-electron carriers is in a balanced
state [Ry,(H) = 0] at a critical pressure (P.) where the mo-
bility should be close as well. Although the value of the P,
is different for the samples with and without the SVC state,
the behavior of sign change in Ry (P) is the same—below
the P., the sample is dominated by hole carriers, whereas,
above the P, the sample is dominated by electron carriers.
The observation of the pressure-induced sign change of the
Hall coefficient at the P. provides important experimental
evidence for the dramatic change of electronic structure—the
reconstruction of the Fermi surface from a hole dominated to
an electron dominated ones [30,31].

Since the structural stability is one of the key issues for un-
derstanding the phenomena found in the pressure range of our

experiments, we perform the high-pressure x-ray diffraction
(XRD) measurements on the CaK(Feg gosNig4)sAss sam-
ple. The XRD patterns collected at different pressures are
shown in Fig. 4(a). It is seen that all peaks measured un-
der pressure up to 39.3 GPa can be well indexed by the
tetragonal phase in the P4/mmm space group, indicating that
no structure phase transition occurs in the pressure range
investigated. In Fig. 4(b), we illustrate the crystal structure
of the CaK(Feq 096Nig.04)4Ass sample and define the As ions
adjacent to the Ca layers as As(1) and the K layers as As(2).
However, the lattice parameter a extracted from our XRD
data shows an increase starting at ~2.4 GPa and reaching
the maximum at ~5 GPa, meanwhile, the lattice parameter ¢
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FIG. 3. Hall resistance (R,,) as a function of magnetic-field (H)
for the CaK (Fe;_,Ni,),As4 (x = 0.04 and 0) single crystals. Plots of
R,y versus H for the CaK(Feg sNig.04)4As4 single crystals measured
at 30 K in the pressure range (a) 0.89-15.5 GPa, (b) 1.34-14.9 GPa.
R,, versus H for the CaKFe,;As, single crystals measured at 40 K
in the pressure range (c) 1.56-15.5 GPa, (d) 2.24-16.43 GPa. The
dashed line indicates R,,(B) =0 where the average pressures for
samples no. 2 and no. 3 of the CaK(Feg9sNigo4)4Ass and sample
no. A and no. B of the CaKFe,As, single crystals are estimated to be
~2.4 and 3.88 GPa, respectively.
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FIG. 4. X-ray diffraction results of the CaK(Feg9sNigo4)4AS4
sample collected at high pressure and crystallographic illustration.
(a) X-ray diffraction patterns measured at different pressures, show-
ing no crystal structure phase transition in the experimental pressure
range up to 39.32 GPa. (b) Schematic crystal structure of the
CaK (Feg 96Nig 04)4Ass sSample.

displays a rapid decrease in this pressure range [Fig. 5(a)].
These results lead us to propose that the transition of the
half-collapse of the tetragonal (h-cT) phase turns on and
off at ~2.4 GPa and ~5 GPa, respectively. (Here, we define
these critical pressures as PJ" and P5"), and an intermedium
phase composed of the initial tetragonal (7) phase and the
partial h-cT phase exists in this pressure range. These results
are similar to what have been observed in the pressurized
CaKFe4sAss samples in which the lattice parameter a be-
gins to increase at ~3.7GPa and reaches a maximum at
~4.7GPa [12]. Upon further compression to ~11 GPa, the
second collapse occurs—the lattice parameter a and ¢ also
appear noticeable changes. (Here, we define this critical pres-
sure as P.r), implying that the 7 phase fully collapses (due to
lack of more experimental information on the change in the
f-cT phase, we are not able to identify the critical pressure
that turns off the f-cT phase). The pressure-induced two col-
lapses in the tetragonal CaK (Feg 096Nig.04)4Ass sample are in
accordance with the theoretical calculations and experimental
results obtained from the measurements on the CaRbFe As,
and Cs/RbEuFe,As, samples [14,15,26].

We summarize our high-pressure results obtained from the
measurements on CaK(Fe 0osNip04)4Ass in the pressure-T
phase diagram [Fig. 5(b)]. The four distinct regions defined
by the lattice structure can be seen in the diagram: (1) Low-
pressure T phase region below PJ' in which the SVC state
coexists with the SC state. When pressure is applied, both
Ty and T, decrease with increasing pressure until the pres-
sure reaches to the P3'. (2) An intermedium mixed phase
region in which the T and h-cT phase coexist in the range
of P" and P, At the PJ", the SVC state is entirely sup-
pressed and the sample starts the transition from a 7 phase
to h-cT phase [Fig. 5(a)]. Just at this pressure, the Hall
coefficient (Ry) changes its sign from the positive to the neg-

ative [Fig. 5(c)]. These results demonstrate that the pressure
drives a reconstruction of Fermi surface, which is associated
with the transition from the T phase to the h-cT phase in
a pressure range below ~5GPa [Fig. 5(a)]. (3) The h-cT
phase region lies in the range of Pf}ff and P, in which the
T, decreases continuously and disappears at the pressure of
~11 GPa. (4) The f-cT phase region above the critical pressure
of P,y in which the h-cT phase fully converts to the f-cT phase,
and the corresponding electronic state of the h-cT phase is
taken over by that of the nonsuperconducting f-cT phase.

To clarify the doping effect on the high-pressure behavior
found in the sample with the SVC state, we compare its
high-pressure experimental results with that measured from
the undoped CaKFe4Ass sample. As shown in Figs. 5(d)-5(f),
CaKFe4Asy bears the similar high-pressure behavior to that of
CaK (Feq.096Nig.04)4As4: T, monotonically declines with the
increment of pressure [Fig. 5(e)], in agreement with the results
reported in Ref. [12]. At ~3.88 GPa (P3"), the Hall coefficient
(Ry) also displays a sign change from the positive to the
negative, indicating that the ambient-pressure T phase of the
sample begins its half collapse at this pressure [12,14]. A sud-
den increase in the lattice parameter a and the volume drop are
also observed at ~3.7 GPa by Kaluarachchi et al. [12], very
close to the P3' determined by our Hall coefficient measure-
ments [Fig. 5(f)]. Since the observed Pj' (~3.88 GPa) and
PST (~4.9 GPa) by our Hall coefficient measurements is close
to these (~3.7 and ~4.7 GPa) determined by the high pressure
and low-temperature XRD measurements on the same sample
[12], we define the pressures of 3.88 and 4.9 GPa as the
P9 and P of our undoped sample. On further increasing
pressure, 7. measured from both CaK(Fe( y96Nip.04)4As4 and
CaKFe4As, samples shows a monotonously decrease until
the pressure around P.; = 11 GPa [Figs. 5(b) and 5(e)], at
the pressure of which doped- and undoped-samples undergo
a transition from the h-cT phase to the f-cT phase [12,26] and
lose their superconductivity. The observation of the pressure-
induced SC-to-NSC transition and the identification on that
the critical pressure of the SC-NSC transition coincide with
the pressure of the lattice transition from the h-cT phase to the
f-cT phase in the CaK(Fe;_,Niy),Ass (x = 0.04) supercon-
ductors.

Theoretical calculations on the undoped system find that
the formation of the As(1)-As(1) bond across the Ca layers
and the formation of the As(2)-As(2) bond across the K layer
are responsible for the presence of the h-cT and the f-cT
phases [12,26,32], and propose that the formed As-As bond
weakens the Fe-As bonding [32-34], which, in turn, greatly
affects the stability of superconductivity [32]. Our experi-
mental results from the investigated CaK (Fe;_Ni,),Ass (x =
0.04 and 0) superconductors support this theoretical scenario,
which implies that the stability of superconductivity in this
kind of iron pnictides is closely associated with the state of
the Fe-As bonding.

By comparing the high-pressure behavior of the
CaK(Feg goNig.04)4Ass and CaKFesAs, samples, we find
that the substitution of Ni on Fe site shifts the P’ to lower
pressure, while it has no obvious effects on the PST and the
P, 7. Thus, understanding why the existence of the SVC state
renders the Pj' to shift to lower pressure should be one of
the key issues to reveal the underlying physics of the lattice
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and f-cT represent the tetragonal phase, half-collapsed tetragonal phase, and full-collapsed tetragonal phase, respectively. Ty stands for the
onset transition temperature of the SVC state. SC,, and SC, represent the superconducting state with the dominance of hole carriers and the
superconducting state with the dominance of electron carriers. The P3", P9 represent the turn-on and turn-off pressures for the transition
from the T phase to the h-cT phase. P, stands for the critical pressure for the transition from the h-cT phase to f-cT phase. The data in the
(d) are taken from the Ref. [12]. For the x = 0.04 sample, P’ = 2.4 GPa, P(‘,}ff = 5GPa, and P,y = 11 GPa, whereas, for the x = 0 sample,

Po" = 3.88 GPa, P"

ch ch

=4.9GPa, and P.; = 11 GPa. TX“©), TxPO 'and T/7 stand for the superconducting transition temperature obtained

from the measurements of AC susceptibility, DC susceptibility and heat capacity, respectively.

half collapse. We propose that the left shift of the PJ' in the
Ni-doped sample may be related to the interplay between the
SVC state and the Fe-As hybridized state (the hybridization
between the Fe 3d orbital and As 4p orbital electrons), which
is an intriguing issue and deserves further investigations in
the future. These results imply that the PJ is sensitive to the
existence of the competing order introduced by the chemical
doping. Although the unchanged Pf}ff and P,y is possibly
related to the stability of the lattice that is still governed by
the matrix of the initial 7 phase.

In conclusion, the coevolution of the SVC state, su-
perconductivity, dominated carriers and stability of lattice
structure in CaK(Fe;_Ni,),Ass (x =0.04 and 0) super-
conductors has been investigated by the complementary
measurements of high-pressure resistance, Hall coefficient
and synchrotron x-ray diffraction in a wide pressure range
involving superconducting to nonsuperconducting transition,
and the corresponding half to full collapse of tetragonal phase
transition. The three critical pressures are identified, through
the comprehensive analysis of our results: P3" and P9 that are
the turn-on and turn-off pressure of the h-cT phase transition,
respectively, and P,y that is the critical pressure of the f-cT

phase transition. Especially, we find that, in the transition
from the T phase to the h-cT phase, Ry changes its sign
from the positive to the negative, a manifestation for the re-
construction of the Fermi surface. These results achieved in
this paper not only provide a consistent understanding on the
results reported before, but also demonstrate the importance
of the Fe-As bonding in stabilizing the superconductivity
of the iron-pnictide superconductors through the “pressure
window.”
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