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We report a domelike superconductivity and quantum criticality in the 12442-type hybrid-structure supercon-
ductor KCa,Fe,AssF, under hydrostatic pressures up to 15 GPa. It is found that the superconducting transition
temperature (7,) increases from ~33.5K at ambient pressure to a maximum of ~36.5K at 2 GPa in the
background of enhanced resistivity of the (K, Rb, Cs)Ca,Fe,AssF, at ambient pressure (AP), and then shows
a slope change near 8 GPa with anomalous characteristics of resistivity. 7, is found to be inversely proportional
to the characteristic temperature of the coherence-incoherence crossover. The plots of resistivity at various
temperatures and pressures and high-pressure x-ray diffraction confirm no pressure-induced half collapse of
the tetragonal structure below 15 GPa. The pressure-induced crossover from non-Fermi liquid (the temperature
exponent n ~ 1.05 & 0.1 at AP) to Fermi liquid (n ~ 1.92 & 0.1 at 15 GPa) is accompanied by the reduction
of the linear temperature coefficient of normal-state resistivity, nearly two orders of magnitude compared to AP.
These characteristics are ascribed to the weakening electronic correlation and/or critical fluctuations by pressure.
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Recently, the hybrid structures, or the intergrowths, of
FeAs-based superconductors (SCs) have been extensively
studied [1-5]. Different from the previously reported solid
solutions, the independent alkali-metal, alkaline-earth, and/or
rare-earth ions are stacked orderly across the double Fe,;As;
layers [1-3]. The resulting asymmetric Fe,As, layers as well
as the lengthening ¢ axis and c/a ratio make their band
structures and Fermi surfaces more complicated compared to
other FeAs-based SCs [2,6]. Until now, 1144- and 12442-
type hybrid structures have been reported by combining
various 122- and/or 1111-type FeAs-based materials, which
are usually low-7, SCs and/or non-SCs [1-3,7,8]. At am-
bient pressure (AP), hybrid structures usually exhibit bulk
superconductivity with higher 7, of ~30-37 K [1-5] and
share many common features, e.g., multiband effect [6,9,10],
unconventional superconductivity [11,12], and structural in-
stability [4,13]. Especially, several rare-earth contained hybrid
structures display unusual coexistence of ferromagnetism and
superconductivity [3,13,14], providing a platform to study the
interplay of structure, magnetism, and superconductivity.

The 12442-type hybrid structure is the intergrowth of
1111- and 122-type FeAs-based materials, e.g., CaFeAsF
and (K, Rb, Cs)Fe,As, [2,6]. The recently discovered
KCa;FesAsysF, with T, ~ 33.2K is the very first example
[2]. It consists of alternate stacking of the conducting
Fe,As; layers and insulating Ca,F,-charge reservoir layers.
Internal charge transfers between double Fe,As, layers (from
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CaFeAsF to KFe,As;) along with the change of Fe valence
state, termed as self-doping, can explain its higher 7, [2,6,15].
Differently, the substitutions of Co for Fe can suppress the
superconducting state with the loss of bulk SCs for the Co/Fe
ratio over 1/3, when the dominant charge carries change
from p type to n type accompanied with the variation of
Fermi surfaces. However, it was believed that the Co/Fe
disorders rather than chemical pressure play an important
role for suppressing the SC [5]. The absence of magnetic
ordering here is inconsistent with the case of the Co/Ni-doped
1144-type KCaFe4Asy with spin-vortex crystal-type orderings
[16]. In addition, a nodal multigapped SC has been proposed
via the transverse-field muon spin rotation («SR), similar
to the cases of (Rb, Cs) CayFesAssF, [10] and KCaFey Asy
[9]. Theoretical calculations also support the above scenario
[6]. KCayFe AsqF; is suggested to have multiband character
with ten bands across the Fermi level and strong tendency
towards the stripe antiferromagnetic order [6,17], which is
suppressed by charge redistributions, and superconductivity
emerges. These characteristics indicate that KCa,FesAs4F; is
close to a quantum critical point (QCP) with enhanced critical
fluctuations, and studies on high-pressure effect can deepen
the understanding of the underlying physical mechanisms.
The indirect effect of the alkali-metal element substitution
in (K, Rb, Cs)Ca,FesAssF;, has been investigated and the
results show that 7. decreases with increasing the lattice
parameters a and c. In contrast, an opposite trend of 7,
was observed in the 1144-type hybrid structures [2,18]. It is
argued that the coupling strengths of the asymmetrical double
Fe,As; layers affect T, in (K, Rb, Cs)CaFesAssF, while
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in some oxygen-containing 12442-type hybrid-structure
SCs the interlayer couplings and structural instability are
thought to be more crucial to superconducting pairings
[19]. Detailed studies have revealed that T, is related to
the c¢/a ratio of 12442-type SCs and tends to increase with
enhanced lattice mismatch between CaFeAsF and KFe,As,
blocks [20]. However, the physical pressure effect has not
been reported until now to our knowledge. In this regard, one
interesting point is the pressure-induced collapse of tetragonal
phase. KCaFe4As4 undergoes first a half-collapsed tetragonal
transition at ~4 GPa with the loss of bulk superconductivity,
and then second a complete-collapsed tetragonal transition at
~12 GPa [4]. It originates from the As-As bonding passing
through the Ca layers at first, and then across the K layer with
larger ionic radius. Similar structural transitions have been re-
ported in 1144-type (Cs, Rb)EuFe,As, with the first collapses
of the Eu layers [13]. In summary, the 12442-type hybrid
structures (K, Rb, Cs) Ca,FesAssF, are good candidates to
explore new structures and high-7, SCs by pressure.

High pressure is a clean method to manipulate crystal
structure and electronic properties of materials without intro-
ducing any disorder and impurity. It shortens bond distances
and affects electron correlations and band structures. The
evolution of T, as a function of pressure and the related
parameters can provide valuable information on the under-
lying mechanism. In this paper, we report the hydrostatic
pressure effect of the 12442-type hole-doped KCa,Fe,As F,
studied by electrical transport and x-ray diffraction up to
15 GPa. T, increases from ~33.5K at ambient pressure to
~36.5K at 2 GPa and shows a slope change around 8 GPa.
A crossover from non-Fermi-liquid to Fermi-liquid behavior
was also revealed.

High-quality KCa,Fe,As4F, samples were prepared via
solid-state reaction as described previously [2]. Magnetic
properties are measured in a piston cylinder cell up to
1.25 GPa on the commercialized superconducting quantum
interference device. Bulk Pb is used as the pressure manome-
ter and glycerol is used as the pressure transmitting medium
(PTM). Glycerol is an isotropic liquid and hydrostatic pres-
sure can be retained in the present pressure range. Electrical
resistivity under pressure is performed by four-probe method
in a cubic anvil pressure cell, which generates much higher
hydrostatic pressures up to 15 GPa with multiple-anvil geom-
etry [21]. MgO and pyrophyllite cubes are used as gasket and
glycerol is used as PTM. Two samples, 1 and 2, are measured
in a *He refrigerated chamber (1.9 < 7' < 300 K).

Figure 1 shows temperature dependence of resistivity p(T')
of KCa;FesAssF, under various pressures. p(7) appears
as metallic behavior with positive temperature coefficients.
Moreover, a gradual change in the slope of o(T) appears
in the high-temperature region, which is generally regarded
as the coherence-incoherence crossover in the heavily hole-
doped FeSCs [2]. In this paper, we estimated this character-
istic temperature 7* by the intersection of two lines across
the experimental data as shown in Fig. 1S in Supplemental
Material [22]. At AP, T* is about 150 K. In references, this
crossover is usually proposed to describe the interactions
between itinerant electrons and local magnetic moments and
is accompanied by the changes in magnetic susceptibility
[23,24]. As shown in Fig. 1, resistivity decreases linearly on
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FIG. 1. (a, b) Temperature dependence of resistivity p(7') for (a)
run 1 up to 8.0 GPa and (b) run 2 up to 15 GPa. (c, d) The enlargement
of low-T p(T) for (c) run 1 and (d) run 2. The arrows in Figs. 1(c)-
1(f) denote the superconducting transition temperatures 7.°™*" and
T.”°", respectively. (e, f) Magnetic susceptible M(T) under zero-
field cooling process at a magnetic field of H = 100Oe: (e) M(T)
curves and (f) the enlargement of M(T) curves near T,. The inset in
panel (f) shows the superconducting transition temperatures 7" as a
function of pressure. The arrows in panels (c)—(f) represent the T,"
and its variation trends with pressure.

cooling from ~100K and enters into the superconducting
state. The superconducting transition is marked by 7,°™
and T.”", which are defined as the temperatures where re-
sistivity departs from the linear behavior and reaches zero,
respectively [Figs. 1(c) and 1(d)]. At AP, T.°"(T.") is
~33.5K (~32.2 K), basically consistent with previous reports
[2,18]. The application of pressure reduces substantially the
room-temperature resistivity at 15 GPa, reaching nearly 1/3
of that at AP. p(T') shows gradual decrease for each run
without sample dependence in Figs. 1(a) and 1(b). As seen
in the enlarged view of low-temperature p(7T) in Figs. 1(c)
and 1(d), the superconducting transition broadens as the pres-
sure increases. Pressure dependences of po(T.), T,.°™, T,”",
AT (= T,°™ — T,”™), and T* are summarized in Figs. 2(b)—
2(e) together with those of (K, Rb, Cs)Ca,Fe;As4F, at AP
for comparison. As the pressure increases, the coherence-
incoherence crossover temperature 7* shifts to higher tem-
peratures, reaching ~235 K at 15 GPa. Similar behaviors have
been observed in other FeAs-based materials [23,24], reflect-
ing the fact that high pressure broadens the bandwidth and
enhances the electronic itinerancy [25]. We investigate pos-
sible structural changes by examining the resistivity at fixed
temperatures as a function of pressure. Usually, structural
transformation can affect magnetic interactions and the elec-
tronic density of states near the Fermi level, and thus can be
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FIG. 2. (a) Temperature-pressure  phase  diagram  of

(K, Rb, Cs)Ca,Fe,As,F, and KCa,FesAs F, under pressure;
the changing colors describe the evolution of resistivity
with pressure. (b—e) Pressure dependence of parameters for
(K, Rb, Cs)CayFesAsyFy: (b) p(T,), (¢) T.°™" and T,”™, (d) AT,
(defined as the difference of 7.°*" and 7,”"), and (e) the value of
T* to describe the coherence-incoherence crossover.

reflected as a change of resistivity. For example, the pressure-
induced collapse and half collapse of tetragonal structures
have been identified as the jump of resistivity in KFe,As; and
KCaFe4Asy, respectively [4,26]. In KCa,FeyAsyFs, resistivity
with pressure at various temperatures [Figs. 3(a) and 3(b)]
shows a smooth decrease as a function of pressure without
obvious deviation, implying the absence of structural transi-
tion up to 15 GPa. Meanwhile, high-pressure x-ray diffraction
was also preformed up to 15.86 GPa at room temperature
as shown in Fig. 2S in Supplemental Material [22] and
the absence of clear splitting or additional diffraction peaks
versus pressures further confirmed that there is no pressure-
induced half collapse of tetragonal structure below 15 GPa.
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FIG. 3. (a, b) Resistivity vs pressure at various temperatures for
(a) run 1 up to 8.0 GPa and (b) run 2 up to 15 GPa. Resistivity
decreases smoothly with increasing the pressure without any de-
partures, suggesting no structural transition below 15 GPa. (c—e)
Pressure dependence of lattice parameters (a, ¢, ¢/a, and V') and the
relative shrinkage (a/ay, ¢/co, and V/Vj).

The evolution of T, is checked further by comparing M(T)
curves under zero-field cooling process at a magnetic field
of H = 100e. Magnetic susceptibility under pressure was
measured for KCa,Fe;AsyF; in a piston cylinder cell. Large
magnetic shielding effect below T is found as the evidence of
bulk superconductivity in Figs. 1(e) and 1(f). The estimated
superconducting volume fraction is found to be ~100% by
comparing the jump in magnetizations of KCa,Fe,As4F, and
Pb, consistent with the previous report [2]; the supercon-
ducting volume fraction changes insensitively until 1.25 GPa
compared to AP. The value of 7. increases monotonously
from ~33.2K at 0.08 GPa to ~35.3K at 1.25 GPa and tends
to saturate with further increasing pressure.

In Fig. 2(a), a temperature-pressure phase diagram is
constructed by summarizing these above data and those of
(K, Rb, Cs)Ca,FesAssF; at AP from Ref. [18]. A domelike
superconducting phase diagram is revealed with a maximum
value of ~36.5 K near 2 GPa in the background of enhanced
resistivity of (Rb, Cs) CayFesAssF,. At AP, superconduc-
tivity emerges with larger normal-state residual resistivity,
while the residual resistivity at 15 GPa is nearly one order
of magnitude smaller than that of AP. The details are given
in Fig. 2(b), in which the normal-state resistivity just above
T,, p(T.), shows a gradual decrease as the pressure increases.
It can be understood as follows: chemical doping influences
band structures by changing electronic density of states at
the Fermi energy level and/or shifting the position of the
Fermi level, while high pressure can broaden the bandwidth
and enhances the itinerancy of electrons. Another reason is
the different compression ratios of crystal axes: the chemical
pressure from Cs, Rb, and K shortens the ¢ axis more strongly
in comparison with the a axis while both crystallographic
axes are compressed under physical pressure. As shown in
Fig. 2(c), T.°™ is increased from ~33.5K at ambient pres-
sure to ~36.5 K near 2 GPa with a slope change near 8§ GPa
while the 7,7 value decreases. AT, increases gradually and
reaches a maximum of ~12 K at 6.0 GPa, and then decreases
to ~10K at 15 GPa. The stress effect and the enhanced
anisotropy under pressure may be the main reasons for the
broadening of the superconducting transition.

Temperature dependence of normal-state resistivity in the
vicinity of T, provides important information on the super-
conducting properties. p(7T) data of KCa,FesAs4F, at T, <
T < 80K are analyzed by fitting with p = py + AT" where
po is the residual resistivity and A and n are the temperature
coefficient and the exponent. The value of n shows a grad-
ual increase from ~1.05 £0.1 at AP to ~1.92£0.1 at 15
GPa, indicating the recovery of the Fermi-liquid state by the
application of pressure. According to the literature [10,11],
KCayFe AssF, is a multigap superconductor with strong
magnetic fluctuations above 7, that are related to its non-
Fermi-liquid behavior. Interestingly, high-7,. SC at lower pres-
sure with an unconventional non-Fermi-liquid state is changed
into low-7T, SC at elevated pressures with a Fermi-liquid
behavior in the normal state. We noticed that these fittings are
too simple to give more information on the multiband effects.
In Figs. 4(a) and 4(b), we thus adopt an empirical formula
p=po+ AT + A>T? to construct the relation between the
evolution of temperature coefficient and 7, as mentioned ear-
lier [27,28]. All the parameters in Fig. 4 are obtained from the

014501-3



BOSEN WANG et al.

PHYSICAL REVIEW B 99, 014501 (2019)

[ — : = 50
1(@) p=pA T+A T S
] 3
T <
o =
G
£ <
2 0.1 <
a

20 40

(b)p= A, 7I'+A2T2 ;

60 80 0 3 6 9 12 15
Pressure (GPa)

FIG. 4. (a, b) The normal-state o(7") just above 7, was analyzed
by the formula p = py + A;T + A,T? for (a) run 1 and (b) run
2. po represents the residual resistivity and the parameters A, Aj,
and A, are the temperature coefficients. To make the results more
credible, we describe the relative changes of A;(P)/A;(AP) and
A>(P)/A,(AP) since they are not single crystals. (c—f) Pressure
dependence of the related parameters: (c) po, (d) exponent n, (e)
A{(P)/A|(AP) value, and (f) A,(P)/A,(AP) value. The solid black
lines indicate the changing trends of these parameters.

best fit to experimental data (7, < T < 80 K) as presented in
Figs. 4(c)-4(f). The A, T2 term describes Fermi liquid and the
AT term reflects electronic correlations and scattering, e.g.,
the electron-boson interaction and/or the critical fluctuations
near the QCP. Pressure dependences of these parameters are
compared: pp shows a broad peak around 8.0 GPa, and its
enhancement is similar to that of the Co substitution [5]. How-
ever, high pressure does not introduce any disorder. In other
reports, the increases of pg can be taken as an evidence for the
collapse of tetragonal structure [4,27], which is inconsistent
with the above high-pressure structural study. Therefore, the
increase of py is an evidence for an electronic phase transition.
To make the results more credible, we describe the relative
changes of A;(P)/A|(AP) and A,(P)/A,(AP) since they
are not single crystals. As the pressure increases, the value
of A;(P)/A|(AP) decreases linearly by nearly two orders of
magnitude compared to AP, coinciding with the suppression
of T,. This observation implies that the 7'-linear term plays an
important role in gluing the superconducting pairings. Thus,
the resulting overall trend of change is that the value of 7.
decreases gradually with increasing pressure. Meanwhile, the
A,(P)/A>(AP) shows an enhancement near 2 GPa, which
matches perfectly with the peak value of 7, as presented in
Fig. 2(a). As mentioned above, the A,(P)/A,(AP) is usually
proportional to the square of the Sommerfeld coefficient via
the Kadowaki-Woods relationship, and a measure of density
of states at Fermi level N(EF); thus, the enhanced 7, near
2 GPa is attributed to the increasing value of N(Ef) by pres-
sure. With further increasing pressure, the A>(P)/A,(AP)
value shows an increasing trend near 8 GPa, which is re-

sponsible for the slope change of T.. Considering its multi-
gap characteristic, other factors such as pressure variation of
phonon models may affect 7, and its pressure dependence.
The combined interplay of these factors would be important
to fully understand the evolution of 7, with pressure.

Finally, we discuss the evolution of 7, with pressure
in KCa,FesAssF,. As mentioned above, the enhancement
of T. near 2 GPa correlates with the increasing values
of A,(P)/A>(AP) and N(EF) according to the Kadowaki-
Woods relationship. A likely reason of this phenomenon is
different compression ratios of KFe,As; units and CaFeAsF
blocks by pressure, which result in charge redistributions.
The self-doping is possible and requires further verifications
of the Fe valence state. According to the pressure depen-
dence of lattice parameters in Figs. 3(c)-3(e) and the re-
ported ones of (Cs, Rb, K)Fe,As, [18,26,29], the alkali-
metal element substitution and high pressure are summarized:
with increasing the substitution from Cs, Rb, and K, lattice
parameters a, ¢, and c¢/a and the volume V decrease by
about —0.41, —3.7, —3.2, and —4.2%, respectively, while
a, ¢, c/a, and V at 15.86 GPa reduce by —5.2, —11.5,
—6.6, and —20.5% compared to those at AP, implying the
anisotropic contraction. Considering that the double Fe,As;
layers are the dominating contributions of critical fluctua-
tions, the charge redistributions can be responses for pressure-
induced crossover from non-Fermi-liquid (n ~ 1.05 £ 0.1 at
AP) to Fermi-liquid behavior (n ~ 1.92 £0.1 at 15 GPa)
[2,6]. Moreover, T, decreases with increasing the pressure
and is accompanied by the increasing 7*, which is consistent
with the case in the pressurized KFe,As, [25], while T,
enhances with the increase of T* in (Cs, Rb, K)Fe,As, at
ambient pressure [23-25]. It implies that this relationship is
not universal and depends on detailed systems. The second
question is why there is no half-collapsed tetragonal transition
in KCayFe As F,. Theoretical calculations have predicated
that critical pressure of half-collapsed tetragonal transition
increases with the larger caption radius KFe,As, [30]. For
example, both KCaFesAss and (Rb, Cs)EuFesAss undergo
half-collapsed tetragonal transition with the As-As bonding
across the Ca layers at ~4 GPa (Ca’* ~ 1.0 ;\) [4] and the
Eu layers at ~10 and ~12 GPa (Eu** ~ 1.2 A) [13], and then
collapsed tetragonal transition with As-As bonding across the
K layer at ~11 GPa (Kt ~ 1.4 A), the Rb layer at ~20 GPa
(Rb* ~ 1.5A), and the Cs layer at ~30 GPa (Cs* ~ 1.7 A).
For KCa;FesAssF; [2,18], the thick Ca,F, layer separates
the nearest As-As bonding and complete collapse of tetrag-
onal structure cannot be formed. The most likely possibility
is to form half-collapsed tetragonal structure with As-As
bonding across K layers (K™ ~ 1.4 A) in KFe,As, blocks.
According to structural analysis of KFe,As, [26], pressured-
induced collapse of tetragonal structure appears at ~16 GPa,
indicating that critical pressure of KCa,FesAs4F, is higher
than ~16 GPa. Third, although the domelike superconducting
phase diagrams are similar for alkali-metal element substi-
tutions (from Cs, Rb, and K) and hydrostatic pressure up
to 15 GPa, they affect the superconducting state in different
manners. As shown in Figs. 3(c)-3(e), the element substi-
tutions (from Cs, Rb, and K) shorten the ¢ axis (~—3.7%)
more quickly than they shorten the a axis (~—0.41%); the
contraction at 15.86 GPa compared to AP is ~—11.5 and
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~—5.2% for the ¢ axis and the a axis, respectively; the
normalization results show that the a axis shrinks faster
compared to the ¢ axis under hydrostatic pressure, which is
different from the element substitution (from Cs, Rb, and K).
To understand this scenario, evolutions of band structures are
required.

In summary, hydrostatic pressure effect on the normal
and superconducting states of KCa,FesAssF, has been in-
vestigated. T, increases from ~33.5K at ambient pressure to
~36.5 K near 2 GPa with a slope change around 8 GPa. The
value of T, is found to be inversely proportional to the charac-
teristic temperature of the coherence-incoherence crossover.
Both electrical resistivity versus temperatures/pressures and
high-pressure x-ray diffraction suggest the absence of
a pressure-induced half-collapsed tetragonal phase below

15 GPa. Pressure-induced crossover from non-Fermi-liquid
(the exponent n ~ 1.05 = 0.1 at ambient pressure) to Fermi-
liquid behavior (n ~ 1.92 0.1 at 15 GPa) was revealed.
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