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Electron pairing along with phase coherence generates superconductivity below the critical temperature (7). In underdoped high-
T, cuprates, these two quantum phenomena may occur at separate temperatures, which was lately confirmed in the quasi-two-
dimensional (quasi-2D) iron chalcogenide superconductors. Here, we report a systematic investigation on the pre-pairing behav-
ior in a triclinic iron pnictide superconductor (CaggsLag 15)10(PtsAsg)(Fe,Asy)s with T, ~ 30 K, where the superconductivity is
quasi-2D manifested by the Berezinskii-Kosterlitz-Thouless behaviors. Inelastic neutron scattering experiments unambiguously
reveal a spin resonance peak around Er = 13 meV in the superconducting state, but its intensity continuously decreases when
warming up across 7., accompanied with an anomaly around 7 = 45 K in spin correlations, and a suppression by an in-plane
magnetic field persisting to the same temperature. Below T, a significant Nernst signal and a reduction of density of states at
the Fermi level are also observed. These results suggest that the precursor of spin resonance is highly related to the preformed
Cooper pairs driven by phase fluctuations, much like the pseudogap case in cuprates.
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1 Introduction

Superconductivity arises from the long-range phase coher-
ence and condensation of electron pairs below the critical

*Corresponding authors (Long Ma, email: malong@hmfl.ac.cn; Shiliang Li, email:
slli@iphy.ac.cn; Huigian Luo, email: hqluo@iphy.ac.cn)
F These authors contributed equally to this work.

© Science China Press 2025

temperature (7.). In conventional superconductors descri-
bed by Bardeen-Cooper-Schrieffer theory (BCS-theory), the
phonon mediated Cooper pairs form and condense simulta-
neously at 7. due to the large superfluid density [1]. How-
ever, strong phase fluctuations can destroy the superconduct-
ing state and lead to a phase-incoherent state [2], in which
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the Cooper pairs preform at a temperature 7 above 7,.. In
superconducting thin films with disorders and low superfluid
density, the superconducting phase transition is so-called as
the Berezinskii-Kosterlitz-Thouless (BKT) type [3,4], where
the zero resistance is broken by phase fluctuations or equiv-
alently by the unbinding of vortex-antivortex pairs. Within
the BKT scenario, the current-voltage (/-V) characteristics of
the material acquire a nonlinear dependence V o [* near T,
and the exponent « is larger than 3 below the BKT transition
temperature (Tgkr) [5-7]. In the phase incoherent state, the
thermally generated vortices contribute to a Nernst signal [8],
and the formation of incoherent Cooper pairs decreases in the
density of states (DOS) below T* [9, 10]. Such a picture is
adapted in high-T'. cuprate superconductors, where the strong
correlation induced low carrier density and the quasi-two-
dimensional (quasi-2D) nature conspire to enhance the phase
fluctuations [11-13]. Indeed, a superconducting fluctuation
regime above the superconducting dome has been identified
in many cuprate systems by numerous Nernst measurements
[14-23], which has been taken as the direct evidence of pre-
formed Cooper pairs. In addition, an incoherent pairing sce-
nario has been put forward to explain the origin of the pseu-
dogap state in the underdoped regime of cuprate supercon-
ductors, though it remains controversial. The pseudogap-like
behaviors induced by phase fluctuations are also observed in
those quasi-2D iron chalcogenide superconductors, such as
the single-layer FeSe film on SrTiO;3 substrate and ion in-
tercalated FeSe [24-31]. Some spectroscopic measurements
on iron pnictide superconductors also give possible evidence
of the pseudogap state, but its microscopic origin is still not
clearly understood [32-40].

In unconventional superconductors, instead of the phonon
excitations acting as the pairing glue in BCS superconduc-
tors, spin fluctuations are arguably the common thread in
understanding the pairing and condensation of Cooper pairs
[41-56]. In most optimally doped cuprate superconductors,
a collective exciton known as the neutron spin resonance
mode (SRM) occurs below T,., characterized by a sharp
peak in the spin excitations around the antiferromagnetic
wave vector Qar [42,43]. The temperature dependence of
its intensity behaves like a superconducting order parame-
ter [57-59]. Whereas, in the underdoped YBa,;Cu30¢.s and
HgBa,;CuOy,s, it has been observed that the resonance-like
spin fluctuations at the resonance energy Eg persist up to a
doping-dependent temperature 7*, which is consistent with
the pseudogap temperature T, determined by other measure-
ments [60-65]. Furthermore, these fluctuations exhibit the
same anisotropic magnetic field suppression effect as in the
superconducting state, supporting an incoherent pairing sce-
nario in the pseudogap state above T, [66]. The existence
of SRM in iron-based superconductors (FeSCs), including
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iron chalcogenides and iron pnictides, has been extensively
revealed through inelastic neutron scattering (INS) experi-
ments [67-90]. However, it is not clear whether the incoher-
ent Cooper pairs induced by phase fluctuations can be traced
by the residual intensity of the SRM above T, in FeSCs.

Among the FeSCs, a triclinic iron pnictide superconduc-
tor family Ca;o(Pt3Asg)(FeoAsy)s (10-3-8) exhibits a high
anisotropy [91,92] and a low superfluid density [93-95], pro-
viding a possible platform to search the preformed Cooper
pairs induced by phase fluctuations [96, 97]. Infrared reflec-
tivity spectra on the optimally doped La and Na in the 10-
3-8 compound have revealed that the low-frequency Drude
spectrum develops a pseudogap hump structure [97-99]. In
the optimally Pt-doped (CaFe;_,Pt,As);oPt3Asg (CaPt-10-3-
8) with T, ~ 13 K, the spin lattice relaxation rate divided by
temperature 1/7,7 shows a drop below 7" = 45 K, imply-
ing a loss of DOS above T,.. Meanwhile, INS studies on the
CaPt-10-3-8 reveal that a peak around E = 7 meV appears
below 7. However, this mode cannot be directly associated
with the SRM, as there is no intensity gain or gapped fea-
tures in the spin excitations detected below T, [100]. In the
(CaFe,_,Pt,As)oPtsAsg (CaPt-10-4-8) compounds with T
~ 30 K, a peak at 12 meV in y”(Q, w) emerges in the super-
conducting state, but it may be mixed by phonon excitations
and its temperature dependence does not behave like an order
parameter when crossing 7. [101-103].

In the present work, based on the high-quality single crys-
tals of optimally La-doped (Ca;_,La,);o(Pt;Asg)(FeyAs,)s
(x = 0.15) (CaLa-10-3-8) with quasi-2D superconductivity
below T, ~ 30 K, we systematically explore the low-energy
spin excitations, electrical transport, Nernst effect, and nu-
clear magnetic resonance (NMR) spectroscopy. We present
concrete evidence for a quasi-2D SRM at Ex = 13 meV by
INS. However, when warming up across 7, the susceptibility
X" (0, w) at Eg continuously decreases. Both the spin corre-
lations and dy”’(Q, w)/dT exhibit a clear anomaly around 7*
=45 K. The spin excitation intensity can be suppressed by an
in-plane magnetic field just below 7*. Furthermore, a signif-
icant field-dependent Nernst signal and a reduction of 1/7,T
in NMR are also observed below 7. These phenomena ex-
hibit similarities with the cases in the pseudogap state of un-
derdoped cuprates [60-65], suggesting the preformed Cooper
pairs induced by phase fluctuations above 7. Therefore, the
pre-pairing behavior universally exists in those quasi-2D un-
conventional superconductors and likely relates to the spin-
spin interactions.

2 Experimental methods

The (CaggsLags)i0(PtsAsg)(FeyAsy)s single crystals were
grown with the self-flux method according to previous re-
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ports [104, 105]. The Cala-10-3-8 crystallizes in a triclinic
structure (space group P-1) due to the intermediary Pt3Asg
layers, while the magnetic unit cell of Fe sublattice keeps
nearly orthorhombic as shown in Figure 1(a). The sharp
(0,0, L) peaks in Figure 1(b) indicate high c-axis orienta-
tion of our sample. Our INS experiments were carried out
using two thermal triple-axis spectrometers: EIGER at the
Swiss Spallation Neutron Source (SINQ), Paul Scherrer In-
stitute [106], and BAMBOO at China Advanced Research
Reactor (CARR), China Institute of Atomic Energy. The
scattering plane [H,0,0] x [0,0, L] is defined by Q = (H,
K, L) = (gca/2n, q,b/2r, q.c/2zr) in reciprocal lattice units
(r.l.u.) using a pseudo-orthorhombic magnetic unit cell with
ay ~ by ~5.54 A, cpy = 10.27 A. We co-aligned about 8.3 g
(~580 pieces) of single crystals on several aluminum plates
using an X-ray Laue camera. The inset of Figure 1(b) shows
the Laue reflection pattern of a Cala-10-3-8 single crystal,
where [H,0,0] and [H, H, 0] directions are marked. The as-
sembled crystal set is shown in Figure 1(c) with mosaic about
3° for both scattering axes. INS data were collected with
a final energy fixed as E; = 14.7 meV in energy loss mea-
surement mode (E; > Ey), with a pyrolytic graphite filter, a
double-focusing monochromator, and a vertical focusing an-
alyzer in setup.

The quality of Cala-10-3-8 crystals was examined by the
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Figure 1 (Color online) Crystal structure and characterization of CaLa-10-
3-8 samples. (a) Crystalline structure of Cala-10-3-8. The black box rep-
resents the magnetic unit cell defined by Fe sublattice. (b) Photographs of
assembled and co-aligned Cala-10-3-8 crystals in our INS experiments. (c)
X-ray diffraction pattern of a typical CaLa-10-3-8 crystal. The inset shows
the Laue reflection pattern of the crystal.
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resistance and magnetization measurements as shown in Fig-
ure 2(a) and (b). The electric transport and magnetic-
susceptibility measurements were carried out on the physical
property measurement systems (PPMS) and magnetic prop-
erty measurement systems (MPMS) (Quantum Design), re-
spectively. The sharp superconducting transitions for 24 ran-
domly selected samples indicate the homogeneity and high
quality of our samples, with a statistic 7, = (30 + 3) K.
We also measured the in-plane magneto-resistance within the
superconducting transition around 7 = 28 K to characterize
the superconducting anisotropy. According to the anisotropic
Ginzburg-Landau theory, the resistivity in the mixed state can

be scaled with the variable B \/ cos2(0) + I'2 sin?(6), where
the angle 6 is between the cj-axis and magnetic field, I' =
ng /B, is the superconducting anisotropy. Figure 2(c) shows
the scaling results of magnetoresistance at 7 = 28 K, which
give I' = 13.6. Comparing the superconducting anisotropy
between the CalLa-10-3-8 and other FeSCs after normalizing
by T, as shown in Figure 2(d) [107], the CalLa-10-3-8 and
12442 system show the largest anisotropy I > 10 indicating
their quasi-2D nature.

The Nernst effect was measured in a homemade setup at-
tached to PPMS. A temperature gradient was established in
the ab-plane of the sample by a heater, and the temperature
difference was measured by a pair of type-E thermocouples.
The Nernst signals S ,, are measured by the transverse volt-
age (V) produced from a longitudinal temperature gradient
(=vT) in a perpendicular magnetic field (B || ¢).

The NMR measurements were conducted at the 7> As nu-

clear sites with a phase-coherent spectrometer. There are two
very different 7> As environments including the FeAs, tetra-
hedra and the intercalated Pt3Asg skutterudite layer. How-
ever, only one set of resonance peaks corresponds to the 7> As
nuclear spins near the Fe ions, identical to the previous NMR
study on the undoped sample [108]. The linewidth of the res-
onance peak is very broad (0.31 MHz at 40 K) compared to
the results of other FeSCs due to the existing five magneti-
cally inequivalent As sites in the FeAs layers and the disor-
der resulting from the Pt impurities. But the smaller relative
width Af/f = 0.28% than previous reports in 10-3-8 sys-
tem [100, 108] suggests that our crystals have less Pt impuri-
ties. The measurement of the nuclear spin-lattice relaxation
rate (1/7) was performed by the inversion-recovery method.
The 1/T was obtained by fitting the time evolution of nuclear
magnetization of the central transition to the function:

M(1)/M(c0) =

1
1 — a(0.1exp(=(t/T1)’) + 0.9 exp(—(61/T, ¥°)). W

The fitting results give a stretching factor 8 > 0.7, suggesting
a slight distribution of 1/7| across the sample.
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(Color online) Resistance and magnetization characterization of Cala-10-3-8 crystals. (a) Temperature dependence of the resistance within ab-

plane. The superconducting transition at 7. = 30 K is marked by an arrow. (b) Zero-field-cooling magnetization in 24 randomly selected crystals. The statistic

on superconducting transition is about 7, =

(30 + 3) K. (c) Scaling of the resistivity versus an effective field, B(cos2(0) + T2 sin?(0))"/2, where T represents
the superconducting anisotropy defined by the upper critical field: T' = Bfg /B,.

The inset shows the schematic configuration of the magnetic resistance

measurements. (d) Comparison of the superconducting anisotropy I' for various FeSCs.

3 Results

3.1 Electronic transport

The incoherent Cooper pairs are usually associated with
strong phase fluctuations approaching the 2D limit of super-
conductivity in which the transition can be described under
the BKT framework. Below the BKT-transition, the Ohm’s
law is broken due to the unbinding of vortex-antivortex pairs,
resulting in a nonlinear behavior in the current-voltage (/-
V) curves. We first present the temperature-dependent /-
V curves for a Cala-10-3-8 sample with T, about 29 K to
verify whether the superconducting transition is of the BKT
type. We extracted the power-law exponent o for V. ~ [
by fitting the I-V curves shown in Figure 3(a). As the tem-
perature decreases, the exponent « gradually deviates from
an Ohmic resistance behavior and becomes highly tempera-
ture dependent. The a continuously increases to 3 at about
28.5 K, as shown in Figure 3(b), which is a typical signature
of the BKT transition in 2D superconductors [5-7, 109]. Fur-
thermore, the disappearance of Ohmic resistance follows the

Halperin-Nelson formula [110]:
R(T) = Roexpl—-b/(T - Texr)'"1. )

As shown in the plot of [d(InR)/dT] ?/* (inset of Fig-
ure 3(b)), the extracted value of Tgkr from the fitting is about
28.7 K, which is in agreement with the result analysis on
the I-V curves. For comparison, similar results were also
observed in the FeSe/SrTiO;5 thin films and the ion interca-
lated FeSe materials [28,29]. Therefore, the I-V curves and
the temperature dependent resistance give unambiguous ev-
idence of a BKT-like transition in the CaLa-10-3-8 system,
confirming its quasi-2D nature of superconductivity shown
in Figure 2(c) and (d).

3.2 Neutron spin resonance mode

We then present the results on the spin excitations in Figure 4.
By subtracting the background as shown in Figure 4(a), we
obtain the energy dependence of spin excitation intensity
S(Q, w) at the antiferromagnetic wave vector Qap=(1, 0,
2) as shown in Figure 4(b). Upon entering into the super
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Figure 4 (Color online) Low-energy spin excitations of CalLa-10-3-8 measured by INS. (a) Raw data of energy scans for spin excitations at Q = (1, 0, 2) at
T = 1.5, 40, 85 and 160 K measured at EIGER. The open shape in (c) shows the background at Q = (1.3, 0, 2) for E =2-12meV and Q = (1.5, 0, 2) for E =
13-22 meV. (b) Energy dependence of spin excitations at Q = (1, 0, 2), T = 1.5, 40, 85 and 160 K. (c) The intensity difference between 7' = 1.5 and 40 K at
0 =(1,0,L) (L =2,2.5, 3). All data are normalized by the square of Fe?>* magnetic form factor |F(Q)|?. (d) Q-scans along [H,0,2] for E = 13 meV at T = 1.5
and 40 K measured at EIGER. The light yellow region marks a spurious peak from the harmonic scattering. (e) Q-scans along [H,0,2] for E=3 meV at T =
2.5 and 40 K measured at BAMBOO. The inset shows the spin gap at different L. (f) Temperature dependence of the spin gap intensity at £ = 3 meV, Q =(1,

0, 2) measured at BAMBOO. All solids lines are guides to eyes.

conducting state, a spin gap opens below 5 meV, and a broad
peak centered at E = 13 meV is observed. In the normal state,
the peak transforms into a hump above T, with the intensity
decreasing upon warming, similar to the results in CaPt-10-
4-8 compound [101]. By comparing the spin excitation in-
tensity below and above 7, (Figure 4(c)), a SRM with peak
energy Erx = 13 meV is identified by a clear intensity en-
hancement from 10 to 20 meV and a depletion below 10 meV,

inconsistent with the previous results of CaPt-10-3-8 [100].
Furthermore, all data for different L = 2, 2.5, and 3 overlap
after being modified by the magnetic form factor |F(Q)|> of
Fe?* ions, suggesting the quasi-2D nature of the SRM. An
enhancement of the intensity at 7 = 1.5 K can also be de-
tected around Q = (1,0,2) in the constant-energy scan (Q-
scan) at E = 13 meV in comparison to the 40 K data, where
a temperature-independent spurious peak at Q = (0.8,0,2)
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is probably from the accidental harmonic scattering of the
(0, 0, 6) nuclear peak (Figure 4(d)). The resonance energy
Er = 13 meV yields Eg/kgT. = 5.0, following the same
scaling obtained in other FeSCs [82-84]. To confirm the spin
gap, we also performed Q-scans at 3 meV. As shown in Fig-
ure 4(e), no peak is detected at T = 2.5 K, but a peak emerges
centered around Q = (1, 0, 2) at T = 40 K, suggesting fully
gapped spin excitations at low energies in the superconduct-
ing state. The spin gap is also quasi-2D in reciprocal space
for its L-independent feature (inset of Figure 4(e)), which
emerges just below T, (Figure 4(f)). To compare the dis-
persions, we show the data of several constant-energy scans
(H-scans) at T = 2.5 and 40 K and E = 3, 6, 10, 13 meV
in Figure 5(a). The peak width continuously increases upon
increasing energy with similar tendency in both the supercon-
ducting and normal states. Neither the hourglass shape of the
dispersions in the superconducting state nor the chimney-like
dispersions in the normal state typically shown in the hole
underdoped cuprates are observed in this sample.

We have tracked the temperature evolution of the spin ex-
citations both at the resonance energy £ = 13 and 7 meV in
the depletion part. The Q-scans from 7 = 1.5 to 300 K and
their Gaussian fittings are shown in Figure 5(b), where the
spurious signal is a constant peak marked by the shadows.
The integrated intensity (/,,,) and the full width at half maxi-
mum (FWHM) are obtained and presented in Figure 6(a)-(d).
To double-check the temperature dependence of magnetic in-
tensities, we also measured the peak intensity (/,) at £ = 10
and 13 meV. All backgrounds are subtracted from the raw
data, and the results are converted to dynamic magnetic sus-
ceptibility y”(Q, w) by removing the Bose population fac-
tor. On warming up to T, the intensity at Ex = 13 meV
drops quickly due to the fading resonance. The intensity de-
crease does not cease at 7, but continues to high tempera-
ture in the normal state (Figure 6(a)). The spin fluctuations
usually decrease linearly at a high temperature due to the
damping effect (see solid lines in Figure 6(a)) [62, 111], thus
the extra magnetic excitation at Ex may be the precursor of
SRM. A similar feature can be found in the excitation at £ =
10 meV. For the intensity at E = 7 meV, it increases firstly
due to the spectral weight redistribution and forms a A shape
when across T, then decreases in the normal state, too (Fig-
ure 4(b)). Through the temperature dependence of FWHM,
which is inversely associated with the spin-spin correlation
lengths in real space by a Fourier transformation [47], we
have found the FWHM monotonously increases upon warm-
ing up to room temperature with a clear kink around 7 =
45 K, both for £ = 13 and 7 meV (Figure 6(c) and (d)).

To investigate the relationship between spin fluctuations
above T. and superconductivity, we have also carried out
magnetic field dependent measurements on the SRM in
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Figure 5 (Color online) Temperature dependence of the spin excitations of
CaLa-10-3-8 measured by INS. (a) Constant-energy scans along H-direction
for E =3,6,10 and 13 meV at T = 2.5 and 40 K measured at BAMBOO. A
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Gaussian function, where a temperature-independent Gaussian peak (shadow
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for £ = 13 meV.

Cala-10-3-8. Generally, a magnetic field will yield net
changes of the magnetic intensity due to field-insensitive
phonon excitations and incoherent scattering backgrounds.
In the quasi-2D unconventional superconductors, a c-axis
aligned field is expected to lower the resonance energy Eg
due to the quick suppression of 7., while an in-plane mag-
netic field could effectively suppress the resonance intensity
with limited effects on E or T, [112-115]. As shown in Fig-
ure 6(e) and (f), a 10 T in-plane magnetic field suppresses the
intensity of spin fluctuations at the resonance energy Ey be-
low T*, instead of the field effect below T, in other FeSCs
[114-116]. The inset in Figure 6(f) depicts the tempera-
ture derivative of the data in Figure 6(e), revealing a clear
anomaly around 7%, associated with a rapid enhancement of
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(Color online) Analysis on the temperature and magnetic field dependence of the spin excitations in Cala-10-3-8. (a) and (b) Temperature

dependence of x”'(Q, w) for E = 13, 10 and 7 meV. Here I, and I,,; imply the peak intensity and the integrated intensity around Q = (1, 0, 2), respectively.
(c) and (d) Temperature dependence of the peak width (FWHM) obtained by gaussian fittings to the constant-energy scans in Figure 5(b). The solid lines are
guides by the eyes, and the arrows mark the kinks of FWHM at T* = 45 K. (e) Temperature dependence of y”’(Q, w) for E = 13 meV at 0 and 10 T. (f)
Difference of Ay”'(Q, w) between 0 and 10 T. The inset shows the temperature derivative of y”'(Q, w), where both T, and 7* are marked by dashed lines.

spin fluctuations below 7.. These phenomena show simi-
larities with the spin excitations in the underdoped cuprate
superconductors [66]. Therefore, the appearance of field-
dependent spin fluctuations in between T, and T* represents
a precursor resonant mode related to the formation of inco-
herent Cooper pairs, if we believe that the spin fluctuation
indeed acts as the pairing glue in FeSCs.

3.3 Nernst measurements

Strong superconducting phase fluctuation provokes the un-
binding of vortex-antivortex pairs in the normal state of the
quasi-2D superconductors. Thus a transverse Nernst signal,

generated by the vortex motion under a longitudinal temper-
ature gradient and a vertical magnetic field, can be detected
above T,, which is usually taken as the hallmark of phase
fluctuations in type-II superconductors [29, 40, 117]. We
have performed the Nernst measurements on Cala-10-3-8,
and the results are shown in Figure 7. Figure 7(a) and (b)
show the magnetic field dependence of measured transverse
voltage under a longitudinal temperature gradient. A positive
and nonlinear-field-dependent Nernst signal in the supercon-
ducting state is a feature of the vortex flow and vanishes at a
lower temperature due to the vortex liquid to solid transition
(Figure 7(a)) [18,23, 118]. Intriguingly, the Nernst signal is
also nonlinear above T, and persists up to 7, which is shown
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Figure 7 (Color online) Nernst measurement results on Cala-10-3-8 crystals. (a) and (b) The field dependence of the Nernst signals at different temperatures.
(c) Schematic of the Nernst measurement configuration. (d) Temperature dependence of the Nernst signals with an onset temperature of phase fluctuations at

T*=45K.

more clearly in the temperature dependence of the deduced
Nernst coefficient for different fields (Figure 6(d)). Since the
Gaussian fluctuations can not account for such temperature-
dependent behavior of the Nernst signal, they must be con-
tributed by the superconducting phase fluctuation above T
[19, 22]. After warming up above 7", the Nernst signals
become linear with the magnetic field (Figure 7(b)). The
nonzero magnitude as well as the slow hump of S ,,/B from
T = 50 to 300 K are probably related to the multi-band
characteristic of FeSCs, which were also observed in another
quasi-2D FeSC compound CsCa,Fe, As4F, but interpreted as
an effect from the incoherent-coherent crossover of charge
dynamics [40].

3.4 NMR measurements

If there are preformed Cooper pairs above T, due to super-
conducting phase fluctuations, a partially opened pairing gap
can be detected below T in spectroscopic measurements
[2]. In a Fermi liquid picture, the Knight shift (K) and the
spin-lattice relaxation rate (1/7;), deduced from the NMR
spectrum, is sensitive to the DOS (N(EF)) at the Fermi level.
If we ignore the g-dependent spin fluctuations, both K and
1/T T follow a Korringa relation with 1/7T ~ K% ~ N(Ep).
In the underdoped cuprates, the loss of N(Er) by the pseu-
dogap formation results in the decrease of K and 1/7,T far

above T, [119, 120]. We have performed NMR measure-
ments at the °As nuclear sites in CaLa-10-3-8 under two
measurement configurations: B = 9T || ¢yyand B = 15T
L ¢y Figure 8(a)-(c) show the recovery curves of the nuclear
magnetization, and Figure 8(d) shows the temperature depen-
dence of the 1/T,T obtained fitting of magnetization recov-
ery curves in Figure 8(a)-(c). We do not obtain reliable K for
all measured temperatures since it is difficult to accurately
determine the peak center in those broad resonance peaks due
to the intrinsic disorders in the triclinic 10-3-8 system, even
though the peak width of NMR spectrum Af/f = 0.28%
is smaller than previous reports in 10-3-8 system (inset of
Figure 8(c)) [100, 108]. Thus we only discuss the results
of 1/T,T obtained from the inversion-recovery method. As
summarized in Figure 8(d), 1/7,T firstly decreases rapidly
at high temperatures, which has been extensively observed
in other FeSCs such as BaFe,As, and CaFe,As,. Then the
1/T,T starts to increase as the antiferromagnetic spin coher-
ence enhances the spin fluctuations, contrary to the constant
1/T,T in a previous report on the CaPt-10-3-8 [100]. Below
T*, the recovery curves return to the steady state more slowly
(Figure 8(c)), and then 1/TT starts to decrease again be-
fore a quick dropdown below T, (Figure 8(d)), suggesting
a reduction of N(Er), namely a gap opening on the Fermi
surfaces. It should be noted that the temperature-dependent
behavior of 1/TT is almost the same for different directions
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(Color online) NMR measurement results on CaLa-10-3-8 crystals. (a) Recovery of the nuclear magnetization as a function of delay time

(M(1)/M(c0)) at different temperatures, where the external magnetic field of 9 T is applied parallel to the cpy-axis (B = 9 T || cp). (b) M(#)/M (o) results
from 7' = 20 to 240 K for another measurement configuration B = 15 T L cy. (c) Details of M(r)/M(co) results from 7T = 20 to 45 K for the measurement
configuration B = 15 T L cy. (d) Temperature dependence of 1/7T obtained from the fitting results of magnetization recovery by eq. (1). The results are
similar for two different measurement setups. The inset in (a) shows two inequivalent As sites and the internal hyperfine field at the As(1) site. The inset in (c)
shows a typical 7> As NMR spectrum measured with B = 15 T L ¢y, where the peak width Af/f = 0.28% is smaller than previous reports in 10-3-8 system

[100, 108].

and strengths of the magnetic field. The NMR results on
Cala-10-3-8 indicate that a pairing gap opens at 7" instead
of T, consistent with our results of INS and Nernst measure-
ments.

4 Discussions

With accumulating evidence from transport, INS, Nernst, and
NMR measurements, we have unambiguously observed the
preformed Cooper pairs in the normal state of CalLa-10-3-
8 superconductor. We notice that the pre-pairing tempera-
ture T* = 45 K for phase incoherence Cooper pairs is not
very far above the zero-resistance temperature T, = 30 K
in Cala-10-3-8 compound, which could be attributed to the
smaller superconducting anisotropy and higher superfluid
density in comparison with the layered cuprates. It seems that
AT = (T* - T.) < 20 K in organic ion-intercalated FeSe su-
perconductors (T = 60 K and T,y = 42 K for (CTA),FeSe,
T* = 60 K and T.,o = 43 K for (TBA),FeSe, respectively)
[29,30]. The gap forming temperature determined from pho-

toemission measurements is either 83 K or 60-64 K in the
single-layer FeSe film, much higher than T.o= 23-30 K ob-
tained from electrical transport measurements [26-28]. How-
ever, we have to admit that it is kind of tricky to define the ini-
tial dropdown point of 1/7;T above T, due to the crossover-
like feature in its temperature dependence. For example, in
the CsCa;FesAsyF, compound with similar 7, = 28.5 K and
I' ~ 14, the reduction of 1/7T,T seems to happen below 90
or 50 K, which depends on the criterion [40]. The scenario
about incoherent Cooper pairing above T, has been put for-
ward to understand the pseudogap state in cuprates [2], as
supported by numerous Nernst results [14-18]. But the sit-
uation is a bit of chaos, where the pre-pairing temperature
T* defined by Nernst measurements may not coincide with
the pseudogap temperature 7, defined by the NMR and pho-
toemission spectroscopies [14-23]. More controversies for
the origin of pseudogap arise due to gap-like features from
other competing orders in the underdoped region. In the iron
pnictide superconductors, the Fe-As layer responsible for the
superconductivity is relatively clean, and the Fe-Fe sublat-
tice is not interrupted by the La doping in the 10-3-8 system,
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even though there are some Pt disorders in Pt-As layer. Thus
the definitions of 7" obtained from various probes are more
self-consistent than the case in cuprates. It should be noted
that the possible inhomogeneous superconductivity cannot
account for the pre-pairing feature at 7* = 45 K, since the
maximum 7, at the optimal doping level is 33 K for the best
condition in our CalLa-10-3-8 samples. Indeed, the large non-
linear field dependent Nernst signal, the BKT-like transition
and the reduction of the density of state below 7™ all support
the pre-pairing picture in CaLa-10-3-8 compound.

The precursor SRM and its field response are observed
for the first time in FeSCs. Different from the lack of evi-
dence of SRM in CaPt-10-3-8 and CaPt-10-4-8 compounds,
the obvious spectral-weight redistribution and the appearance
of a 5 meV spin gap in the superconducting state strongly
support the existence of SRM in the CalLa-10-3-8, which is
usually considered as the signature of s* superconducting
pairing in between different Fermi pockets. In contrast to
the other FeSCs, our INS results show no order-parameter-
like behavior in the temperature dependence of y”(Q, w) at
Eg, whereas the most rapid enhancement of its intensity oc-
curs nearly at 7.. Instead, the slope of y”/(T') exhibits an
anomaly at 7* = 45 K associated with the onset of increasing
magnetic response. This phenomenon is reminiscent of that
shown in the underdoped cuprates such as YBa,Cu30g¢ ¢ and
HgBa,CuOy44s. In cuprates, antiferromagnetic correlations
have been argued to cause not only the d-wave superconduc-
tivity, but also the formation of pseudogap. The significant
increase of the magnetic response below 7™ and the con-
comitant absence of a prominent effect across 7, are taken
as a prominent signature of the pseudogap state. Assuming
the pseudogap has the same origin as the superconducting
gap due to pairing electrons, by applying a magnetic field to
suppress the pairing, the suppression of the SRM should per-
sist above 7, and terminate at 7*. This is exactly the case
in our results on CalLa-10-3-8 (Figure 6 (f)). Therefore, the
unusual temperature and field dependent behaviors of low-
energy spin excitations in Cala-10-3-8 may be ascribed to
a pseudogap state, which probably is related to the spin-spin
interactions. However, there are still some discrepancies with
the INS results in cuprates. In the underdoped La,_,Sr,CuQO4
[121] and YBa,CusOg.s [57,61,122,123], the low energy ex-
citations below Ey are partially suppressed even in the pseu-
dogap state, forming a spin pseudogap. Nevertheless, a large
full spin gap in the superconducting state is also observed in
HgBa,;CuOy.s [63,64]. Here in Cala-10-3-8, the spin exci-
tations only open a 5 meV gap in the superconducting state,
which is likely due to a spectral weight redistribution of the
SRM mode. The dispersions of spin excitations in the super-
conducting and pseudogap states are qualitatively different in
YBaQCu306_6 (TC = 61 K, T* ~ 200 K) and HgBaZCuO4+§
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(T. = 88 K, T* = 220 K) with a clear SRM [62, 64], but
keep almost the same Y-shape in HgBa;CuOy,s (T, = 71 K,
T* = 305 K) without a SRM [63]. Although limited data in
Figure 5(a) suggest the low-energy dispersion in CaLa-10-3-
8 may not change much below and above T, further time-
of-flight neutron scattering experiments are highly desired to
clarify this important issue, as well as the detailed dispersion
of the SRM.

5 Summary

In summary, we have identified a precursor spin resonance
mode in the normal state of Cala-10-3-8 FeSC (T. = 30 K)
with a characteristic temperature 7*= 45 K, corresponding
to the onset temperature of the superconducting phase fluc-
tuations determined by Nernst measurements and the reduc-
tion of DOS at the Fermi level determined by NMR mea-
surements. More importantly, the magnetic field response of
the resonance intensity persists above 7, and terminates at
T*. Such phenomena indicate that the Cooper pairs can pre-
form above 7, in the iron pnictide superconductors, which
closely resembles the case in the pseudogap state of under-
doped cuprates. Our results enlighten the mechanism inves-
tigations on the pre-pairing picture and pseudogap phase in
those quasi-2D high-T, superconductors.

This work was supported by the National Key Research and Develop-
ment Program of China (Grant Nos. 2023YFA1406100, 2018YFA0704200,
and 2020YFA0406000), the National Natural Science Foundation of China
(Grant Nos. 11822411, 11874057, and 11961160699), the Strategic Pri-
ority Research Program (B) of the CAS (Grant Nos. XDB25000000,
and XDB33000000) and the K. C. Wong Education Foundation (Grant
No. GJTD-2020-01). H. L. is grateful for the support from the Youth Inno-
vation Promotion Association of CAS (Grant No. Y202001). W. H. acknowl-
edges the support from the Postdoctoral Innovative Talent program (Grant
No. BX2021018) and the China Postdoctoral Science Foundation (Grant
No. 2021M700250). This work is based on neutron scattering experiments
performed at the Swiss Spallation Neutron Source (SINQ), Paul Scherrer
Institut, Villigen, Switzerland (Proposal Nos. 20202223, and 20220955).

Conflict of interest The authors declare that they have no conflict of in-
terest.

1 J. R. Schrieffer, Theory of Superconductivity (Perseus Books, New
York, 1999).

2 V.J.Emery, and S. A. Kivelson, Nature 374, 434 (1995).

3 J. M. Kosterlitz, and D. J. Thouless, J. Phys. C-Solid State Phys. 6,
1181 (1973).

4 J. M. Kosterlitz, J. Phys. C-Solid State Phys. 7, 1046 (1974).

5 P. Minnhagen, O. Westman, A. Jonsson, and P. Olsson, Phys. Rev.
Lett. 74, 3672 (1995).

6 K. Medvedyeva, B. J. Kim, and P. Minnhagen, Phys. Rev. B 62,
14531 (2000), arXiv: cond-mat/0009291.

7 M. Sharma, M. Singh, R. K. Rakshit, S. P. Singh, M. Fretto, N. De
Leo, A. Perali, and N. Pinto, Nanomaterials 12, 4109 (2022).

8 P. Spathis, H. Aubin, A. Pourret, and K. Behnia, Europhys. Lett. 83,
57005 (2008), arXiv: 0712.2655.


https://doi.org/10.1038/374434a0
https://doi.org/10.1088/0022-3719/6/7/010
https://doi.org/10.1088/0022-3719/7/6/005
https://doi.org/10.1103/PhysRevLett.74.3672
https://doi.org/10.1103/PhysRevLett.74.3672
https://doi.org/10.1103/PhysRevB.62.14531
https://arxiv.org/abs/cond-mat/0009291
https://doi.org/10.3390/nano12234109
https://doi.org/10.1209/0295-5075/83/57005
https://arxiv.org/abs/0712.2655

10

11

12

13

14

15

16

17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Z.Li, etal

A. Lascialfari, A. Rigamonti, E. Bernardi, M. Corti, A. Gauzzi, and
J. C. Villegier, Phys. Rev. B 80, 104505 (2009).

M. Mondal, A. Kamlapure, M. Chand, G. Saraswat, S. Kumar, J. Je-
sudasan, L. Benfatto, V. Tripathi, and P. Raychaudhuri, Phys. Rev.
Lett. 106, 047001 (2011), arXiv: 1006.4143.

Y. J. Uemura, G. M. Luke, B. J. Sternlieb, J. H. Brewer, J. F. Carolan,
W. N. Hardy, R. Kadono, J. R. Kempton, R. F. Kiefl, S. R. Kreitzman,
et al., Phys. Rev. Lett. 62, 2317 (1989).

J. Corson, R. Mallozzi, J. Orenstein, J. N. Eckstein, and 1. Bozovic,
Nature 398, 221 (1999), arXiv: cond-mat/9810280.

A. T. Bollinger, G. Dubuis, J. Yoon, D. Pavuna, J. Misewich, and I.
Bozovié, Nature 472, 458 (2011).

Z. A. Xu, N. P. Ong, Y. Wang, T. Kakeshita, and S. Uchida, Nature
406, 436 (2000).

Y. Wang, Z. A. Xu, T. Kakeshita, S. Uchida, S. Ono, Y. Ando, and N.
P. Ong, Phys. Rev. B 64, 224519 (2001), arXiv: cond-mat/0108242.
Y. Wang, N. P. Ong, Z. A. Xu, T. Kakeshita, S. Uchida, D. A. Bonn,
R. Liang, and W. N. Hardy, Phys. Rev. Lett. 88, 257003 (2002),
arXiv: cond-mat/0205299.

Y. Wang, S. Ono, Y. Onose, G. Gu, Y. Ando, Y. Tokura, S. Uchida,
and N. P. Ong, Science 299, 86 (2003).

Y. Wang, L. Li, and N. P. Ong, Phys. Rev. B 73, 024510 (2006),
arXiv: cond-mat/0510470.

I. Ussishkin, S. L. Sondhi, and D. A. Huse, Phys. Rev. Lett. 89,
287001 (2002), arXiv: cond-mat/0204484.

I. Kokanovi¢, J. R. Cooper, and M. Matusiak, Phys. Rev. Lett. 102,
187002 (2009).

J. Chang, N. Doiron-Leyraud, O. Cyr-Choiniére, G. Grissonnanche,
F. Laliberté, E. Hassinger, J. P. Reid, R. Daou, S. Pyon, T. Takayama,
et al., Nat. Phys. 8, 751 (2012), arXiv: 1208.4389.

F. F. Tafti, F. Laliberté, M. Dion, J. Gaudet, P. Fournier, and L. Taille-
fer, Phys. Rev. B 90, 024519 (2014), arXiv: 1405.6248.

O. Cyr-Choiniere, R. Daou, F. Laliberté, C. Collignon, S. Badoux, D.
LeBoeuf, J. Chang, B. J. Ramshaw, D. A. Bonn, W. N. Hardy, et al.,
Phys. Rev. B 97, 064502 (2018), arXiv: 1703.06927.

S. He, J. He, W. Zhang, L. Zhao, D. Liu, X. Liu, D. Mou, Y. B. Ou, Q.
Y. Wang, Z. Li, et al., Nat. Mater. 12, 605 (2013), arXiv: 1207.6823.
S. Tan, Y. Zhang, M. Xia, Z. Ye, F. Chen, X. Xie, R. Peng, D. Xu, Q.
Fan, H. Xu, et al., Nat. Mater. 12, 634 (2013), arXiv: 1301.2748.

W. H. Zhang, Y. Sun, J. S. Zhang, F. S. Li, M. H. Guo, Y. F. Zhao, H.
M. Zhang, J. P. Peng, Y. Xing, H. C. Wang, et al., Chin. Phys. Lett.
31, 017401 (2014), arXiv: 1311.5370.

Y. Xu, H. Rong, Q. Wang, D. Wu, Y. Hu, Y. Cai, Q. Gao, H.
Yan, C. Li, C. Yin, et al., Nat. Commun. 12, 2840 (2021), arXiv:
2010.15362.

B. D. Faeth, S. L. Yang, J. K. Kawasaki, J. N. Nelson, P. Mishra, C.
T. Parzyck, C. Li, D. G. Schlom, and K. M. Shen, Phys. Rev. X 11,
021054 (2021), arXiv: 2010.11984.

B. L. Kang, M. Z. Shi, S. J. Li, H. H. Wang, Q. Zhang, D. Zhao, J.
Li, D. W. Song, L. X. Zheng, L. P. Nie, et al., Phys. Rev. Lett. 125,
097003 (2020), arXiv: 1912.03508.

B. L. Kang, M. Z. Shi, D. Zhao, S. J. Li, J. Li, L. X. Zheng, D. W.
Song, L. P. Nie, T. Wu, and X. H. Chen, Chin. Phys. Lett. 39, 127401
(2022).

D.Li, Y. Liu, Z. Lu, P. Li, Y. Zhang, S. Ma, J. Liu, J. Lu, H. Zhang, G.
Liu, et al., Chin. Phys. Lett. 39, 127402 (2022), arXiv: 2212.02022.
Y. M. Xu, P. Richard, K. Nakayama, T. Kawahara, Y. Sekiba, T. Qian,
M. Neupane, S. Souma, T. Sato, T. Takahashi, et al., Nat. Commun.
2,392 (2011).

S. H. Baek, H. J. Grafe, L. Harnagea, S. Singh, S. Wurmehl, and B.
Biichner, Phys. Rev. B 84, 094510 (2011), arXiv: 1103.0146.

K. H. Lin, K. J. Wang, C. C. Chang, Y. C. Wen, D. H. Tsai, Y. R. Wu,
Y. T. Hsieh, M. J. Wang, B. Lv, P. C. W. Chu, et al., Phys. Rev. B 90,
174502 (2014).

S.J.Moon, Y. S. Lee, A. A. Schafgans, A. V. Chubukov, S. Kasahara,
T. Shibauchi, T. Terashima, Y. Matsuda, M. A. Tanatar, R. Prozorov,
et al., Phys. Rev. B 90, 014503 (2014), arXiv: 1404.7233.

Sci. China-Phys. Mech. Astron.

36

37

38

39

40
41
42
43
44
45

46

47
48

49

50
51

52

53

54

55

56
57

58

59

60

61

62

63

64

65

66

67

April (2025) Vol. 68 No. 4 247415-11

T. Shimojima, T. Sonobe, W. Malaeb, K. Shinada, A. Chainani, S.
Shin, T. Yoshida, S. Ideta, A. Fujimori, H. Kumigashira, et al., Phys.
Rev. B 89, 045101 (2014), arXiv: 1305.3875.

H. Yang, J. Xing, Z. Du, X. Yang, H. Lin, D. Fang, X. Zhu, and H.
H. Wen, Phys. Rev. B 93, 224516 (2016), arXiv: 1604.07159.

C. Zhang, Q. Y. Wu, W. S. Hong, H. Liu, S. X. Zhu, J. J. Song, Y. Z.
Zhao, F. Y. Wu, Z. T. Liu, S. Y. Liu, et al., Sci. China-Phys. Mech.
Astron. 65, 237411 (2022), arXiv: 2109.06460.

S. Shao, F. Zhang, Z. Zhang, T. Wang, Y. Wu, Y. Tu, J. Hou, X. Hou,
N. Hao, G. Mu, et al., Sci. China-Phys. Mech. Astron. 66, 287412
(2023).

M. Li, Z. Wang, D. Zhao, Y. Liu, C. Jiang, T. Wu, Q. Tao, G. H. Cao,
and Z. A. Xu, Phys. Rev. B 105, 104512 (2022).

D.J. Scalapino, Rev. Mod. Phys. 84, 1383 (2012), arXiv: 1207.4093.
M. Eschrig, Adv. Phys. 55, 47 (2006), arXiv: cond-mat/0510286.

J. M. Tranquada, G. Xu, and I. A. Zaliznyak, J. Magn. Magn. Mater.
350, 148 (2014), arXiv: 1301.5888.

B. D. White, J. D. Thompson, and M. B. Maple, Phys. C 514, 246
(2015).

J. Paglione, and R. L. Greene, Nat. Phys. 6, 645 (2010), arXiv:
1006.4618.

P. Dai, J. Hu, and E. Dagotto, Nat. Phys. 8, 709 (2012), arXiv:
1209.0381.

P. Dai, Rev. Mod. Phys. 87, 855 (2015), arXiv: 1503.02340.

X. Chen, P. Dai, D. Feng, T. Xiang, and F. C. Zhang, Natl. Sci. Rev.
1,371 (2014).

Q. Si, R. Yu, and E. Abrahams, Nat. Rev. Mater. 1, 16017 (2016),
arXiv: 1604.03566.

D. Gong and H. Luo, Acta Phys. Sin. 67, 207407 (2018).

R. X. Liu, W. T. Zhang and X. Y. Lu, Sci. Sin.-Phys. Mech. Astron.
53, 127409 (2023).

Q. Gu, and H. H. Wen, Innovation 3, 100202 (2022), arXiv:
2109.07654.

Z. Liu, H. Sun, M. Huo, X. Ma, Y. Ji, E. Yi, L. Li, H. Liu, J. Yu, Z.
Zhang, et al., Sci. China-Phys. Mech. Astron. 66, 217411 (2023),
arXiv: 2205.00950.

W. Wi, Z. Luo, D. X. Yao, and M. Wang, Sci. China-Phys. Mech.
Astron. 67, 117402 (2024), arXiv: 2307.05662.

M. Wang, H. -H. Wen, T. Wu, D.-X. Yao, and T. Xiang, Chin. Phys.
Lett. 41, 077402 (2024), arXiv: 2406.04837.

Q. Qin, J. Wang, and Y. -f. Yang, Innov. Mater. 2, 100102 (2024).

J. Rossat-Mignod, L. P. Regnault, C. Vettier, P. Bourges, P. Burlet, J.
Bossy, J. Y. Henry, and G. Lapertot, Phys. C 185-189, 86 (1991).

Y. Sidis, S. Pailhes, V. Hinkov, B. Fauqué, C. Ulrich, L. Capogna, A.
Ivanov, L. P. Regnault, B. Keimer, and P. Bourges, C. R. Phys. 8, 745
(2007).

G. Yu, Y. Li, E. M. Motoyama, and M. Greven, Nat. Phys. 5, 873
(2009), arXiv: 0903.2291.

P. Dai, H. A. Mook, S. M. Hayden, G. Aeppli, T. G. Perring, R.
D. Hunt, and F. Dogan, Science 284, 1344 (1999), arXiv: cond-
mat/0001249.

P. Dai, H. A. Mook, R. D. Hunt, and F. Dogan, Phys. Rev. B 63,
054525 (2001), arXiv: cond-mat/0011019.

V. Hinkov, P. Bourges, S. Pailhes, Y. Sidis, A. Ivanov, C. D. Frost, T.
G. Perring, C. T. Lin, D. P. Chen, and B. Keimer, Nat. Phys. 3, 780
(2007), arXiv: cond-mat/0601048.

M. K. Chan, C.J. Dorow, L. Mangin-Thro, Y. Tang, Y. Ge, M. J. Veit,
G. Yu, X. Zhao, A. D. Christianson, J. T. Park, et al., Nat. Commun.
7, 10819 (2016).

M. K. Chan, Y. Tang, C. J. Dorow, J. Jeong, L. Mangin-Thro, M. J.
Veit, Y. Ge, D. L. Abernathy, Y. Sidis, P. Bourges, et al., Phys. Rev.
Lett. 117, 277002 (2016), arXiv: 1610.01097.

M. Hashimoto, I. M. Vishik, R. H. He, T. P. Devereaux, and Z. X.
Shen, Nat. Phys. 10, 483 (2014), arXiv: 1503.00391.

P. Dai, H. A. Mook, G. Aeppli, S. M. Hayden, and F. Dogan, Nature
406, 965 (2000), arXiv: cond-mat/0006433.

A. D. Christianson, E. A. Goremychkin, R. Osborn, S. Rosenkranz,


https://doi.org/10.1103/PhysRevB.80.104505
https://doi.org/10.1103/PhysRevLett.106.047001
https://doi.org/10.1103/PhysRevLett.106.047001
https://arxiv.org/abs/1006.4143
https://doi.org/10.1103/PhysRevLett.62.2317
https://doi.org/10.1038/18402
https://arxiv.org/abs/cond-mat/9810280
https://doi.org/10.1038/nature09998
https://doi.org/10.1038/35020016
https://doi.org/10.1103/PhysRevB.64.224519
https://arxiv.org/abs/cond-mat/0108242
https://doi.org/10.1103/PhysRevLett.88.257003
https://arxiv.org/abs/cond-mat/0205299
https://doi.org/10.1126/science.1078422
https://doi.org/10.1103/PhysRevB.73.024510
https://arxiv.org/abs/cond-mat/0510470
https://doi.org/10.1103/PhysRevLett.89.287001
https://arxiv.org/abs/cond-mat/0204484
https://doi.org/10.1103/PhysRevLett.102.187002
https://doi.org/10.1038/nphys2380
https://arxiv.org/abs/1208.4389
https://doi.org/10.1103/PhysRevB.90.024519
https://arxiv.org/abs/1405.6248
https://doi.org/10.1103/PhysRevB.97.064502
https://arxiv.org/abs/1703.06927
https://doi.org/10.1038/nmat3648
https://arxiv.org/abs/1207.6823
https://doi.org/10.1038/nmat3654
https://arxiv.org/abs/1301.2748
https://doi.org/10.1088/0256-307X/31/1/017401
https://arxiv.org/abs/1311.5370
https://doi.org/10.1038/s41467-021-23106-y
https://arxiv.org/abs/2010.15362
https://doi.org/10.1103/PhysRevX.11.021054
https://arxiv.org/abs/2010.11984
https://doi.org/10.1103/PhysRevLett.125.097003
https://arxiv.org/abs/1912.03508
https://doi.org/10.1088/0256-307X/39/12/127401
https://doi.org/10.1088/0256-307X/39/12/127402
https://arxiv.org/abs/2212.02022
https://doi.org/10.1038/ncomms1394
https://doi.org/10.1103/PhysRevB.84.094510
https://arxiv.org/abs/1103.0146
https://doi.org/10.1103/PhysRevB.90.174502
https://doi.org/10.1103/PhysRevB.90.014503
https://arxiv.org/abs/1404.7233
https://doi.org/10.1103/PhysRevB.89.045101
https://doi.org/10.1103/PhysRevB.89.045101
https://arxiv.org/abs/1305.3875
https://doi.org/10.1103/PhysRevB.93.224516
https://arxiv.org/abs/1604.07159
https://doi.org/10.1007/s11433-021-1830-9
https://doi.org/10.1007/s11433-021-1830-9
https://arxiv.org/abs/2109.06460
https://doi.org/10.1007/s11433-023-2112-y
https://doi.org/10.1103/PhysRevB.105.104512
https://doi.org/10.1103/RevModPhys.84.1383
https://arxiv.org/abs/1207.4093
https://doi.org/10.1080/00018730600645636
https://arxiv.org/abs/cond-mat/0510286
https://doi.org/10.1016/j.jmmm.2013.09.029
https://arxiv.org/abs/1301.5888
https://doi.org/10.1016/j.physc.2015.02.044
https://doi.org/10.1038/nphys1759
https://arxiv.org/abs/1006.4618
https://doi.org/10.1038/nphys2438
https://arxiv.org/abs/1209.0381
https://doi.org/10.1103/RevModPhys.87.855
https://arxiv.org/abs/1503.02340
https://doi.org/10.1093/nsr/nwu007
https://doi.org/10.1038/natrevmats.2016.17
https://arxiv.org/abs/1604.03566
https://doi.org/10.7498/aps.67.20181543
https://doi.org/10.1360/SSPMA-2023-0264
https://doi.org/10.1016/j.xinn.2021.100202
https://arxiv.org/abs/2109.07654
https://doi.org/10.1007/s11433-022-1962-4
https://arxiv.org/abs/2205.00950
https://doi.org/10.1007/s11433-023-2300-4
https://doi.org/10.1007/s11433-023-2300-4
https://arxiv.org/abs/2307.05662
https://doi.org/10.1088/0256-307X/41/7/077402
https://doi.org/10.1088/0256-307X/41/7/077402
https://arxiv.org/abs/2406.04837
https://doi.org/10.59717/j.xinn-mater.2024.100102
https://doi.org/10.1016/0921-4534(91)91955-4
https://doi.org/10.1016/j.crhy.2007.07.003
https://doi.org/10.1038/nphys1426
https://arxiv.org/abs/0903.2291
https://doi.org/10.1126/science.284.5418.1344
https://arxiv.org/abs/cond-mat/0001249
https://arxiv.org/abs/cond-mat/0001249
https://doi.org/10.1103/PhysRevB.63.054525
https://arxiv.org/abs/cond-mat/0011019
https://doi.org/10.1038/nphys720
https://arxiv.org/abs/cond-mat/0601048
https://doi.org/10.1038/ncomms10819
https://doi.org/10.1103/PhysRevLett.117.277002
https://doi.org/10.1103/PhysRevLett.117.277002
https://arxiv.org/abs/1610.01097
https://doi.org/10.1038/nphys3009
https://arxiv.org/abs/1503.00391
https://doi.org/10.1038/35023094
https://arxiv.org/abs/cond-mat/0006433

68

69

70

71

72

73

74

75

76

71

78

79

80

81

82

83

84

85

86

87

88

89

90

Z.Li, etal

M. D. Lumsden, C. D. Malliakas, I. S. Todorov, H. Claus, D. Y.
Chung, M. G. Kanatzidis, et al., Nature 456, 930 (2008), arXiv:
0807.3932.

Y. Qiu, W. Bao, Y. Zhao, C. Broholm, V. Stanev, Z. Tesanovic, Y. C.
Gasparovic, S. Chang, J. Hu, B. Qian, et al., Phys. Rev. Lett. 103,
067008 (2009), arXiv: 0905.3559.

T.J. Liu, J. Hu, B. Qian, D. Fobes, Z. Q. Mao, W. Bao, M. Reehuis, S.
A. J. Kimber, K. Prokes, S. Matas, et al., Nat. Mater. 9, 718 (2010),
arXiv: 1003.5647.

D. S. Inosov, J. T. Park, P. Bourges, D. L. Sun, Y. Sidis, A. Schnei-
dewind, K. Hradil, D. Haug, C. T. Lin, B. Keimer, et al., Nat. Phys.
6, 178 (2010), arXiv: 0907.3632.

J. T. Park, D. S. Inosov, A. Yaresko, S. Graser, D. L. Sun, P. Bourges,
Y. Sidis, Y. Li, J. H. Kim, D. Haug, et al., Phys. Rev. B 82, 134503
(2010), arXiv: 1007.3722.

M. Wang, H. Luo, J. Zhao, C. Zhang, M. Wang, K. Marty, S. Chi, J.
W. Lynn, A. Schneidewind, S. Li, et al., Phys. Rev. B 81, 174524
(2010), arXiv: 1002.3133.

C. Zhang, M. Wang, H. Luo, M. Wang, M. Liu, J. Zhao, D. L. Aber-
nathy, T. A. Maier, K. Marty, M. D. Lumsden, et al., Sci. Rep. 1, 115
(2011), arXiv: 1012.4065.

H. Luo, Z. Yamani, Y. Chen, X. Lu, M. Wang, S. Li, T. A. Maier, S.
Danilkin, D. T. Adroja, and P. Dai, Phys. Rev. B 86, 024508 (2012),
arXiv: 1206.0653.

C. Zhang, H. F. Li, Y. Song, Y. Su, G. Tan, T. Netherton, C. Redding,
S. V. Carr, O. Sobolev, A. Schneidewind, et al., Phys. Rev. B 88,
064504 (2013), arXiv: 1308.2453.

C. H. Lee, P. Steffens, N. Qureshi, M. Nakajima, K. Kihou, A. Iyo, H.
Eisaki, and M. Braden, Phys. Rev. Lett. 111, 167002 (2013), arXiv:
1309.4197.

H. Luo, M. Wang, C. Zhang, X. Lu, L. P. Regnault, R. Zhang, S.
Li, J. Hu, and P. Dai, Phys. Rev. Lett. 111, 107006 (2013), arXiv:
1308.3858.

J. Zhao, C. R. Rotundu, K. Marty, M. Matsuda, Y. Zhao, C. Setty,
E. Bourret-Courchesne, J. Hu, and R. J. Birgeneau, Phys. Rev. Lett.
110, 147003 (2013).

Q. Wang, Y. Shen, B. Pan, Y. Hao, M. Ma, F. Zhou, P. Steffens, K.
Schmalzl, T. R. Forrest, M. Abdel-Hafiez, et al., Nat. Mater. 15, 159
(2016), arXiv: 1502.07544.

D. Hu, Z. Yin, W. Zhang, R. A. Ewings, K. Ikeuchi, M. Nakamura,
B. Roessli, Y. Wei, L. Zhao, G. Chen, et al., Phys. Rev. B 94, 094504
(2016), arXiv: 1609.01021.

M. Ma, L. Wang, P. Bourges, Y. Sidis, S. Danilkin, and Y. Li, Phys.
Rev. B 95, 100504 (2017), arXiv: 1611.02602.

T. Xie, D. Gong, H. Ghosh, A. Ghosh, M. Soda, T. Masuda, S. Itoh,
F. Bourdarot, L. P. Regnault, S. Danilkin, et al., Phys. Rev. Lett. 120,
137001 (2018), arXiv: 1803.00779.

W. Hong, L. Song, B. Liu, Z. Li, Z. Zeng, Y. Li, D. Wu, Q. Sui, T.
Xie, S. Danilkin, et al., Phys. Rev. Lett. 125, 117002 (2020), arXiv:
2005.06146.

Z.-Z.Li, W. -S. Hong, T. Xie, C. Liu, and H. -Q. Luo, Acta Phys.
Sin. 74, 017401 (2025).

T. Xie, Y. Wei, D. Gong, T. Fennell, U. Stuhr, R. Kajimoto, K.
Ikeuchi, S. Li, J. Hu, and H. Luo, Phys. Rev. Lett. 120, 267003
(2018), arXiv: 1802.01901.

R. Zhang, W. Wang, T. A. Maier, M. Wang, M. B. Stone, S. Chi,
B. Winn, and P. Dai, Phys. Rev. B 98, 060502 (2018), arXiv:
1808.06108.

T. Xie, C. Liu, T. Fennell, U. Stuhr, S. L. Li, and H. Q. Luo, Chin.
Phys. B 30, 127402 (2021).

C. Liu, P. Bourges, Y. Sidis, T. Xie, G. He, F. Bourdarot, S. Danilkin,
H. Ghosh, S. Ghosh, X. Ma, et al., Phys. Rev. Lett. 128, 137003
(2022), arXiv: 2202.11933.

M. Ma, P. Bourges, Y. Sidis, A. Ivanov, G. Chen, Z. Ren, and Y. Li,
Phys. Rev. B 107, 184516 (2023), arXiv: 2303.09787.

W. Hong, H. Zhou, Z. Li, Y. Li, U. Stuhr, A. Pokhriyal, H. Ghosh, Z.
Tao, X. Lu, J. Hu, et al., Phys. Rev. B 107, 224514 (2023).

Sci. China-Phys. Mech. Astron.

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

April (2025) Vol. 68 No. 4 247415-12

Z.]. Xiang, X. G. Luo, J. J. Ying, X. F. Wang, Y. J. Yan, A. F. Wang,
P. Cheng, G.J. Ye, and X. H. Chen, Phys. Rev. B 85, 224527 (2012),
arXiv: 1203.1486.

M. Neupane, C. Liu, S. Y. Xu, Y. J. Wang, N. Ni, J. M. Allred, L. A.
Wray, N. Alidoust, H. Lin, R. S. Markiewicz, et al., Phys. Rev. B 85,
094510 (2012), arXiv: 1110.4687.

J. Kim, F. Ronning, N. Haberkorn, L. Civale, E. Nazaretski, N. Ni,
R. J. Cava, J. D. Thompson, and R. Movshovich, Phys. Rev. B 85,
180504 (2012), arXiv: 1205.5011.

K. Cho, M. A. Tanatar, H. Kim, W. E. Straszheim, N. Ni, R. J. Cava,
and R. Prozorov, Phys. Rev. B 85, 020504 (2012), arXiv: 1111.1003.
Y. Seo, W. Choi, D. Ahmad, S. Kimura, and Y. S. Kwon, Sci. Rep. 8,
8648 (2018).

Q. Y. Wu, C. Zhang, Z. Z. Li, W. S. Hong, H. Liu, J. J. Song, Y.
Z. Zhao, Y. H. Yuan, B. Chen, X. Q. Ye, et al., Phys. Rev. B 108,
205136 (2023), arXiv: 2305.18763.

R. Yang, Y. Dai, J. Yu, Q. Sui, Y. Cai, Z. Ren, J. Hwang, H. Xiao,
X. Zhou, X. Qiu, et al., Phys. Rev. B 99, 144520 (2019), arXiv:
1808.05682.

Y. Seo, W. J. Choi, S. Kimura, Y. Bang, and Y. S. Kwon, Phys. Rev.
B 95, 094510 (2017).

W. J. Choi, Y. I. Seo, S. Kimura, and Y. S. Kwon, Results Phys. 27,
104468 (2021).

M. A. Surmach, F. Briickner, S. Kamusella, R. Sarkar, P. Y. Port-
nichenko, J. T. Park, G. Ghambashidze, H. Luetkens, P. K. Biswas,
W.J. Choi, et al., Phys. Rev. B 91, 104515 (2015), arXiv: 1411.7858.
M. Sato, T. Kawamata, Y. Kobayashi, Y. Yasui, T. lida, K. Suzuki, M.
Itoh, T. Moyoshi, K. Motoya, R. Kajimoto, et al., J. Phys. Soc. Jpn.
80, 093709 (2011).

K. Ikeuchi, M. Sato, R. Kajimoto, Y. Kobayashi, K. Suzuki, M. Itoh,
P. Bourges, A. D. Christianson, H. Nakamura, and M. Machida, JPS
Conf. Proc. 3, 015043 (2014), arXiv: 1310.7424

K. Ikeuchi, Y. Kobayashi, K. Suzuki, M. Itoh, R. Kajimoto, P.
Bourges, A. D. Christianson, H. Nakamura, M. Machida, and M.
Sato, J. Phys.-Condens. Matter 27, 465701 (2015).

N. Ni, J. M. Allred, B. C. Chan, and R. J. Cava, Proc. Natl. Acad.
Sci. USA 108, E1019 (2011), arXiv: 1106.2111.

N. Ni, W. E. Straszheim, D. J. Williams, M. A. Tanatar, R. Prozorov,
E. D. Bauer, F. Ronning, J. D. Thompson, and R. J. Cava, Phys. Rev.
B 87, 060507 (2013), arXiv: 1212.4104.

U. Stuhr, B. Roessli, S. Gvasaliya, H. M. Rgnnow, U. Filges, D. Graf,
A. Bollhalder, D. Hohl, R. Biirge, M. Schild, et al., Nucl. Instrum.
Methods Phys. Res. Sect. A 853, 16 (2017).

T. Wang, C. Zhang, L. C. Xu, J. H. Wang, S. Jiang, Z. W. Zhu, Z.
S. Wang, J. N. Chu, J. X. Feng, L. L. Wang, et al., Sci. China-Phys.
Mech. Astron. 63, 227412 (2020), arXiv: 1910.04374.

T. Zhou, G. Koutroulakis, J. Lodico, N. Ni, J. D. Thompson, R. J.
Cava, and S. E. Brown, J. Phys.-Condens. Matter 25, 122201 (2013),
arXiv: 1212.3901.

N. Reyren, S. Thiel, A. D. Caviglia, L. F. Kourkoutis, G. Hammerl,
C. Richter, C. W. Schneider, T. Kopp, A. S. Riietschi, D. Jaccard, et
al., Science 317, 1196 (2007).

B. I. Halperin, and D. R. Nelson, J. Low Temp. Phys. 36, 599 (1979).
P. Bourges, Y. Sidis, H. F. Fong, L. P. Regnault, J. Bossy, A. Ivanov,
and B. Keimer, Science 288, 1234 (2000), arXiv: cond-mat/0006086.
J. M. Tranquada, C. H. Lee, K. Yamada, Y. S. Lee, L. P. Regnault,
and H. M. Rgnnow, Phys. Rev. B 69, 174507 (2004), arXiv: cond-
mat/0310231.

S. D. Wilson, S. Li, J. Zhao, G. Mu, H. H. Wen, J. W. Lynn, P. G.
Freeman, L. P. Regnault, K. Habicht, and P. Dai, Proc. Natl. Acad.
Sci. USA 104, 15259 (2007), arXiv: 0708.2326.

S.Li, X. Lu, M. Wang, H. Q. Luo, M. Wang, C. Zhang, E. Faulhaber,
L. P. Regnault, D. Singh, and P. Dai, Phys. Rev. B 84, 024518 (2011),
arXiv: 1105.4923.

J. Zhao, L. P. Regnault, C. Zhang, M. Wang, Z. Li, F. Zhou, Z. Zhao,
C. Fang, J. Hu, and P. Dai, Phys. Rev. B 81, 180505 (2010), arXiv:
0908.0954.


https://doi.org/10.1038/nature07625
https://arxiv.org/abs/0807.3932
https://doi.org/10.1103/PhysRevLett.103.067008
https://arxiv.org/abs/0905.3559
https://doi.org/10.1038/nmat2800
https://arxiv.org/abs/1003.5647
https://doi.org/10.1038/nphys1483
https://arxiv.org/abs/0907.3632
https://doi.org/10.1103/PhysRevB.82.134503
https://arxiv.org/abs/1007.3722
https://doi.org/10.1103/PhysRevB.81.174524
https://arxiv.org/abs/1002.3133
https://doi.org/10.1038/srep00115
https://arxiv.org/abs/1012.4065
https://doi.org/10.1103/PhysRevB.86.024508
https://arxiv.org/abs/1206.0653
https://doi.org/10.1103/PhysRevB.88.064504
https://arxiv.org/abs/1308.2453
https://doi.org/10.1103/PhysRevLett.111.167002
https://arxiv.org/abs/1309.4197
https://doi.org/10.1103/PhysRevLett.111.107006
https://arxiv.org/abs/1308.3858
https://doi.org/10.1103/PhysRevLett.110.147003
https://doi.org/10.1038/nmat4492
https://arxiv.org/abs/1502.07544
https://doi.org/10.1103/PhysRevB.94.094504
https://arxiv.org/abs/1609.01021
https://doi.org/10.1103/PhysRevB.95.100504
https://doi.org/10.1103/PhysRevB.95.100504
https://arxiv.org/abs/1611.02602
https://doi.org/10.1103/PhysRevLett.120.137001
https://arxiv.org/abs/1803.00779
https://doi.org/10.1103/PhysRevLett.125.117002
https://arxiv.org/abs/2005.06146
https://doi.org/10.7498/aps.74.20241534
https://doi.org/10.7498/aps.74.20241534
https://doi.org/10.1103/PhysRevLett.120.267003
https://arxiv.org/abs/1802.01901
https://doi.org/10.1103/PhysRevB.98.060502
https://arxiv.org/abs/1808.06108
https://doi.org/10.1088/1674-1056/ac3651
https://doi.org/10.1088/1674-1056/ac3651
https://doi.org/10.1103/PhysRevLett.128.137003
https://arxiv.org/abs/2202.11933
https://doi.org/10.1103/PhysRevB.107.184516
https://arxiv.org/abs/2303.09787
https://doi.org/10.1103/PhysRevB.107.224514
https://doi.org/10.1103/PhysRevB.85.224527
https://arxiv.org/abs/1203.1486
https://doi.org/10.1103/PhysRevB.85.094510
https://arxiv.org/abs/1110.4687
https://doi.org/10.1103/PhysRevB.85.180504
https://arxiv.org/abs/1205.5011
https://doi.org/10.1103/PhysRevB.85.020504
https://arxiv.org/abs/1111.1003
https://doi.org/10.1038/s41598-018-24940-9
https://doi.org/10.1103/PhysRevB.108.205136
https://arxiv.org/abs/2305.18763
https://doi.org/10.1103/PhysRevB.99.144520
https://arxiv.org/abs/1808.05682
https://doi.org/10.1103/PhysRevB.95.094510
https://doi.org/10.1103/PhysRevB.95.094510
https://doi.org/10.1016/j.rinp.2021.104468
https://doi.org/10.1103/PhysRevB.91.104515
https://arxiv.org/abs/1411.7858
https://doi.org/10.1143/JPSJ.80.093709
https://arxiv.org/abs/1310.7424
https://doi.org/10.1088/0953-8984/27/46/465701
https://doi.org/10.1073/pnas.1110563108
https://doi.org/10.1073/pnas.1110563108
https://arxiv.org/abs/1106.2111
https://doi.org/10.1103/PhysRevB.87.060507
https://doi.org/10.1103/PhysRevB.87.060507
https://arxiv.org/abs/1212.4104
https://doi.org/10.1016/j.nima.2017.02.003
https://doi.org/10.1016/j.nima.2017.02.003
https://doi.org/10.1007/s11433-019-1441-4
https://doi.org/10.1007/s11433-019-1441-4
https://arxiv.org/abs/1910.04374
https://doi.org/10.1088/0953-8984/25/12/122201
https://arxiv.org/abs/1212.3901
https://doi.org/10.1126/science.1146006
https://doi.org/10.1007/BF00116988
https://doi.org/10.1126/science.288.5469.1234
https://arxiv.org/abs/cond-mat/0006086
https://doi.org/10.1103/PhysRevB.69.174507
https://arxiv.org/abs/cond-mat/0310231
https://arxiv.org/abs/cond-mat/0310231
https://doi.org/10.1073/pnas.0704822104
https://doi.org/10.1073/pnas.0704822104
https://arxiv.org/abs/0708.2326
https://doi.org/10.1103/PhysRevB.84.024518
https://arxiv.org/abs/1105.4923
https://doi.org/10.1103/PhysRevB.81.180505
https://arxiv.org/abs/0908.0954

116

117

118
119

120

Z.Li, etal

Y. Song, G. Tan, C. Zhang, R. Toft-Petersen, R. Yu, and P. Dai, Phys.
Rev. B 98, 064507 (2018), arXiv: 1807.09669.

K. Behnia, and H. Aubin, Rep. Prog. Phys. 79, 046502 (2016),
arXiv: 1601.06647.

1. S, and J. C. Clement, Sci. Rep. 13, 16273 (2023).

T. Timusk, and B. Statt, Rep. Prog. Phys. 62, 61 (1999), arXiv:
cond-mat/9905219.

M. R. Norman, D. Pines, and C. Kallin, Adv. Phys. 54, 715 (2005),

Sci. China-Phys. Mech. Astron.

121

122

123

April (2025) Vol. 68 No. 4 247415-13

arXiv: cond-mat/0507031.

C. H. Lee, K. Yamada, H. Hiraka, C. R. Venkateswara Rao, and Y.
Endoh, Phys. Rev. B 67, 134521 (2003), arXiv: cond-mat/0209225.
H. F. Fong, P. Bourges, Y. Sidis, L. P. Regnault, J. Bossy, A. Ivanov,
D. L. Milius, I. A. Aksay, and B. Keimer, Phys. Rev. B 61, 14773
(2000), arXiv: cond-mat/9910041.

J. MuBhoff, A. Kiani, and E. Pavarini, Phys. Rev. B 103, 075136
(2021).


https://doi.org/10.1103/PhysRevB.98.064507
https://doi.org/10.1103/PhysRevB.98.064507
https://arxiv.org/abs/1807.09669
https://doi.org/10.1088/0034-4885/79/4/046502
https://arxiv.org/abs/1601.06647
https://doi.org/10.1038/s41598-023-46643-6
https://doi.org/10.1088/0034-4885/62/1/002
https://arxiv.org/abs/cond-mat/9905219
https://doi.org/10.1080/00018730500459906
https://arxiv.org/abs/cond-mat/0507031
https://doi.org/10.1103/PhysRevB.67.134521
https://arxiv.org/abs/cond-mat/0209225
https://doi.org/10.1103/PhysRevB.61.14773
https://arxiv.org/abs/cond-mat/9910041
https://doi.org/10.1103/PhysRevB.103.075136

	Preformed Cooper pairs in a triclinic iron pnictide superconductor
	Introduction
	Experimental methods
	Results
	Electronic transport
	Neutron spin resonance mode
	Nernst measurements
	NMR measurements

	Discussions
	Summary


