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Zero-field muon-spin-rotation («SR) experiments and the observation of a spontaneous Nernst effect indicate
broken time-reversal symmetry (BTRS) at 772, slightly above the superconducting transition temperature 7,
in Ba,_,K,Fe,As,, with x ~ 0.8. This was interpreted as evidence of a distinct state of matter where BTRS
above 7, arises from noncondensed Cooper pairs, which maintain long-range interband correlations. However,
an inhomogeneous superconducting state competing with magnetism as the origin of the observed behavior
cannot be completely ruled out to date. Here, we present detailed ">As nuclear magnetic resonance (NMR)
measurements of Ba,_,K,Fe,As;, with x = 0.766, yielding TCZZ > T.. The NMR data demonstrate that the
superconductivity is homogeneous throughout the entire sample volume despite the occurrence of nanoclustering
of Ba/K atoms. We observe a suppression of the spin-lattice relaxation rate 1/7T7T below the characteristic
temperature 7*, well above T,. The specific heat yields somewhat lower values of 7%, consistent with the
microscopic theory of electron quadrupling. The observed monotonous suppression of 7* and 7,%2 in applied
magnetic field, the overall temperature dependence of 1/7,7T, the NMR spectral characteristics, and the ©SR
Knight shift rule out spin magnetism and the proximity to a magnetic instability. We conclude that our data
indicate the appearance of pairing fluctuations below T* and that the breaking of time-reversal symmetry

represents an unconventional state which is unrelated to spin magnetism.

DOI: 10.1103/928z-jgcx
I. INTRODUCTION

A number of experiments on Ba;_,K,Fe,As, in a nar-
row doping range (0.75 < x < 0.81) revealed several un-
precedented and unconventional effects. They include the
observation of a broken time-reversal symmetry (BTRS) su-
perconducting state [1,2] and vortices that carry a fraction
of the magnetic flux quantum in the superconducting state
[3,4]. Importantly, the fractionalization of vortex cores was
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demonstrated for the surface of KFe;As;, having an effective
doping level x ~ 0.75 [5]. Particularly unusual observations
were made above the superconducting transition at 7, which
were interpreted as the formation of a new state of matter,
an electron-quadrupling condensate that breaks time-reversal
symmetry (Z,) [6-8].

The quadrupling condensate is distinguished by symme-
try from the superconducting state below 7, and the normal
state above the BTRS transition temperature 7,72 > T.. In the
quadrupling state, superconductivity is suppressed by phase
fluctuations, resulting in (A,) = 0. From symmetry argu-
ments, a BTRS transition above T, implies that the order
parameter is fourth order in fermionic fields (A A}) # 0,
where the gaps A, and A, belong to different bands. The
important consequence of the quartic order parameter is that
it results in the appearance of spontaneous real-space loop
currents [6,9].

In support of this interpretation, two anomalies were ob-
served in specific-heat measurements of Ba;_K,Fe,As; [7].

Published by the American Physical Society
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The anomaly at higher temperature, 7,72, coincides with the
appearance of a spontaneous Nernst signal, and the anomaly
at lower temperature, T, corresponds to the appearance of
zero resistance. BTRS superconductivity in this doping range
was initially proposed based on muon-spin rotation (uSR)
measurements [1,2], which were later found to be in good
agreement with other anomalies [6], also indicating that the
BTRS state exists above T, in a narrow potassium-doping
range close to x ~ 0.8. It was concluded that BTRS supercon-
ductivity and the BTRS state between 7, and 7.2 is preceded
by pairing correlations, which must set in at the temperature
T*, which is above T.Z2. In support of this interpretation,
the electric and thermoelectric transport data indicated the
existence of a crossover temperature 7* at this doping
range [6].

The evidence of the existence of the quadrupling state in
Ba;_.K,Fe,As; relies on a coherent interpretation of various
experimental signatures [6,7]. In particular, it is essential that
the observed BTRS state near the superconducting phase tran-
sition is unrelated to magnetic order.

In this study, we pursue two aims: (1) testing a scenario in
which the BTRS state is related to spin magnetism instead
of being a result of real-space spontaneous loop currents
as claimed before and (2) discriminating between inho-
mogeneous superconductivity and superconducting or, more
generally, pairing fluctuations as the origin of the anomalous
behavior above T at x ~ 0.8. Our main findings are as fol-
lows: (1) The absence of a dynamic correlation peak in the
NMR 1/T;T rate, as well as of any spectroscopic signatures of
static magnetism in the transverse-field (TF) uSR and NMR
data, excludes the possibility that spin magnetism is respon-
sible for the BTRS state. (2) The superconductivity evolves
homogeneously from fluctuating Cooper pairs in the entire
sample volume, despite the nanoclustering of Ba and K atoms.

II. EXPERIMENT
A. Samples

We performed the NMR measurements on a platelike
Ba;_.K,Fe,As;, single crystal with a mass of 0.33 mg
and a doping level of x =0.766(1). We show sample-
characterization data using various probes, as well as
additional results of the NMR and ©SR analysis, in the Sup-
plemental Material (SM) [10].

The K doping level x of the single crystal used for the
NMR measurements was determined using the known relation
between the c-axis lattice parameter and the K doping deter-
mined in previous studies: x = —14.574 + 1.1234c (A) and
R = 0.99852 [11]. To confirm that the sample is single phase,
we performed 20 x-ray measurements from both sides of the
crystal (see Fig. 1 in the SM [10]). We obtained the same
c-axis parameter within 0.01%, indicating a homogeneous
distribution of the K doping in the NMR sample. For the
1SR measurements, we selected about 30 crystals based on
the T, obtained in low-field magnetization measurements us-
ing Quantum Design magnetic property measurement system
and physical property measurement system (PPMS) devices.
The resulting real part of the AC susceptibility in zero static
(DC) magnetic field is shown in Fig. 3 in the SM [10]. The

1SR sample has a slightly higher 7 and a broader transition
width compared to the NMR sample. Using the 7, value and
observed transition width, we estimated the doping level of the
uSR sample, x = 0.75(2) K, using the previously obtained
phase diagram from Ref. [2].

The low-temperature specific heat at different magnetic
fields was measured in a Quantum Design PPMS using the
thermal-relaxation method.

B. NMR

We performed the NMR measurements in a “He flow
cryostat mounted in an 8 T superconducting magnet with a
spatial field homogeneity of about 1 ppm over the sample vol-
ume. The 7 As NMR data were recorded using a commercial
phase-coherent spectrometer. We used standard Hahn spin-
echo pulse sequences to measure the spectra, with carefully
adjusted pulse parameters in order to avoid radio-frequency
(RF) heating effects. We measured the nuclear spin-lattice
relaxation time 77 by using a saturation-recovery method and
described the data using the stretched-exponential function
for the central transition (I, = —1/2 < +1/2; see the SM for
more details [10]).

C. uSR

We performed high-TF ©SR measurements at the HAL-
9500 spectrometer (PSI, Villigen) on a stack of selected crys-
tals with a total mass of about 13 mg. The muon polarization
was in the ab plane, and the magnetic field was applied along
the ¢ axis. The uSR data were analyzed using the MUSRFIT
software package [12].

III. RESULTS

A. NMR measurements

In Fig. 1(a), we show examples of >As NMR spectra at
different temperatures. For all temperatures, the spectra can
be well described by two Gaussian contributions, a broader
peak A at lower frequencies and a sharper peak B at higher
frequencies. We attribute these contributions to the inhomoge-
neous distribution of Ba/K atoms, resulting in potassium-poor
and potassium-rich nanoclusters in the sample volume (com-
pare scanning tunneling microscope (STM) measurements
in Fig. SF13 in the SM [10]). Despite these nanoscale in-
homogeneities, the individual intensities of peaks A and B
[Fig. 1(b)] yield the same temperature dependence. More-
over, we observe the same temperature dependence for the
spin-lattice relaxation rates of peaks A and B, presented
in Fig. 2(b). These observations therefore indicate a rather
homogeneous superconducting state throughout the sample
volume, despite the inhomogeneous Ba/K distribution.

Below T, we observe a sharp decrease in the normalized
intensity [Fig. 1(b)], which reflects the increased RF shielding
in the superconducting state. Upon closer inspection, the in-
tensity is already slightly reduced at 7* > T_. We can interpret
this as RF shielding, stemming from the appearance of uncon-
densed Cooper pairs, which also results in consistent behavior
of various physical quantities which are presented below.
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FIG. 1. (a) *As NMR spectra (black lines) compared to a fit
with a double-Gaussian function (green lines) consisting of two
peaks, A and B (red dotted and blue dashed lines, respectively), at
4.2, 20, and 60 K (the reference frequency is wy = 58.35 MHz).
(b) Temperature dependence of the normalized intensity (red open
squares and blue solid squares for peaks A and B, respectively). The
values are normalized to the maximum intensity of the total line at
60 K. The dashed horizontal lines are guides to the eye, indicating
the expected metallic behavior. Temperature dependence of (c) the
spectral linewidth and (d) the Knight shift of peak B. The dotted
vertical lines in (b)—(d) indicate T, and 7*(NMR).

The spectrum further provides evidence against static mag-
netic order since the line shape remains unchanged across 7*
and T.72. This absence of quasi-static magnetism is reflected
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FIG. 2. (a) Temperature dependence of the °As nuclear spin-
lattice relaxation rate 1/7;T (black rectangles) and the specific heat
AC/T with the subtracted normal-state behavior (green circles) at
8 T. The dotted vertical lines mark the critical temperatures T,
T*(SH), and T*(NMR), where TCZz is expected to be slightly above
T.. The inset shows the temperature dependence of 1/71T compared
with the resistivity (blue triangles) at 8 T. (b) Temperature depen-
dence of 1/TT of the individual contributions A (red circles) and
B (blue triangles) in the > As NMR spectrum compared to 1/7;T of
the total spectrum (squares). The dashed lines in (a) and (b) are fits
to the data above 12 K to a high-temperature pseudogap behavior
[1/TiT = Aexp(—Apg/T) + C], with Apg =~ 70 K.

more clearly in the temperature-dependent linewidth Aw of
the individual spectral contributions [Fig. 1(c)], where any
change in the underlying distribution of hyperfine fields would
be reflected in a change in Aw. In Figs. 1(c) and 1(d), we
show the results for the sharper peak B, while the data for the
broader peak A are presented in the SM in Fig. SF7 [10]. This
absence of line deformations is in stark contrast to signatures
of magnetic order, such as spin-density-wave order at low Co-
and K-doping levels of the BaFe,As, system, where a line
broadening of the order of several megahertz was reported
[13-15].

In Fig. 1(d), we show the temperature dependence of the
NMR Knight shift for peak B. At high temperatures, the
Knight shift changes monotonously, contrary to expectations
for a simple metal, which would follow the Korringa relation
(KSZTlT = const) [16]. Grafe er al. reported similar behav-
ior for another iron-based superconductor, LaFeAsQOgoFy i,
and associated it with gapped behavior, comparable to that
observed in cuprates [17]. Below T, the Knight shift drops,
consistent with the expectations for a singlet-pairing state. Be-
tween T and T, the Knight shift shows a slight slope change,
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suggesting a reduction of the density of states (DOS) due to
the emergence of prepairing fluctuations. However, the broad
NMR linewidth prevents precise resolution of this feature. To
gain further insight into the Knight shift in this temperature
regime, we employ TF-u SR, which we present below.

We show the temperature-dependent > As nuclear spin-
lattice relaxation rate of Ba;_,K,Fe,As,, with x = 0.766(1),
at 8 T in Fig. 2(a) and compare it to the temperature depen-
dence of the specific heat and electrical resistivity [inset of
Fig. 2(a)] measured at the same field. Above 12 K, 1/T)T
has a temperature dependence reminiscent of a pseudogap,
which was also reported for other iron-based superconductors
[18,19] (see Fig. SF9 in the SM [10] for data above 25 K).
In contrast to these other materials, where 1/7;T flattens out
at temperatures approaching 7, our measurements show a
deviation from such a behavior, and instead, we observe a
decrease below 7*(NMR) ~ 12 K, which is far above 7. This
trend continues down to T, = 6.8 K, where the resistance be-
comes zero [see the inset in Fig. 2(a)], and we observe a sharp
drop in 1/T7T without the appearance of a Hebel-Slichter
peak, which is a commonly observed behavior for iron-based
superconductors [20-22].

At temperatures below 7*(NMR), there are no signs of a
spin-fluctuation-driven enhancement of 1/77, and instead,
the data point towards a further suppression of the density
of states, which is consistent with the appearance of pairing
fluctuations below 7*(NMR). We exclude inhomogeneous
nucleation of superconductivity as the origin of the decrease
below T*(NMR), following the arguments about the spectral
intensity above and our theoretical analysis of an inhomo-
geneous sy superconductor below. Further, we analyzed the
relaxation of components A and B separately and found that
they show qualitatively the same temperature dependence
[Fig. 2(b)]. 1/Ti T of both peaks shows a sharp decrease below
T, as well as a deviation from the high-temperature pseu-
dogap behavior below 7*(NMR). Component B has a faster
relaxation than component A, which is consistent with the
higher frequency, and is a result of the stronger corresponding
hyperfine coupling. The appearance of pairing fluctuations
above T is also consistent with the temperature dependence of
the specific heat, which starts to increase at 7*(SH), between
T, and T*(NMR), with an onset temperature about 2 K below
T*(NMR).

B. #SR measurements

Recent TF-pSR measurements of another unconventional
superconductor, Sr,RuQOy4, showed that the uSR and NMR
Knight shift show consistent behavior, but SR offers higher
sensitivity to changes in the magnetic susceptibility [23].
Therefore, to obtain additional insight into the static suscep-
tibility of Ba;_,K,Fe,As, above T, we performed TF-uSR
Knight-shift measurements at about 8 T. Furthermore, the dif-
ferent form factors of the ©SR and NMR measurements help
exclude a hypothetical cancellation of local internal fields,
which would reduce the experimental sensitivity to a magnetic
transition.

We note that the previously performed zero-field (ZF)
1SR measurements [2] are quite distinct from the TF-uSR
measurements since without an applied magnetic field, the

ZF signal is insensitive to anomalies that do not break time-
reversal symmetry. Therefore, the TF data provide additional
information that was missing in Refs. [1,2].

We performed TF-uSR measurements at 8 T on a stack
of Ba;_,K,Fe;As, single crystals with x = 0.75(2). Note that
the SR sample has a lower doping level than the single crys-
tal used for the NMR measurements. The choice of the sample
is related to a technical difficulty in growing enough crystals
for uSR measurements with doping close to x ~ 0.8. There-
fore, the SR and NMR data cannot be compared directly, but
Ba;_.K,Fe;As; at x & 0.75 is still in the quadrupling state
with reduced splitting between T, and YLZZ and a narrower
temperature range with pairing fluctuations [7].

Several examples of fast-Fourier-transformed high-field
SR spectra, measured at different temperatures, are shown in
Fig. 3(a). The spectra consist of three peaks. Like in previous
observations for FeSe [24], there are two muon-stopping sites,
I and II, with I being a more intense peak. In addition, peak
IT overlaps with the Ag-holder background, which makes the
analysis of its temperature dependence less reliable. There-
fore, we focused on the analysis of peak I relative to the Ag
peak, which, within the experimental error bars, exhibits a
temperature-independent Knight shift [24].

To obtain the Knight shift, we described the spectra using
three A;cos(w;t 4+ ¢)exp(—A;t) components, where A; corre-
sponds to the muon fractions stopping in the Ag holder and
at sites I and II in the sample. We determined the A; values at
the base temperature, where the splitting between the Ag and
II peaks is the most prominent, and fixed them for all other
temperatures. Further details of the analysis can be found in
Ref. [24]. The resulting temperature dependence of the Knight
shift, defined as K, = (B — Bag)/Bag. is plotted in the inset
of Fig. 3(b), where By is the temperature-dependent position
of peak I and By, is the position of the Ag peak. The Knight
shift was not corrected for the demagnetizing effect, which
should be only marginal at this field.

In the normal state, the Knight shift is negative, similar
to that measured for FeSe [24]. The overall temperature de-
pendence is consistent with the normal-state susceptibility,
showing a broad minimum at around 100 K for this doping
level [2]. Figure 3(b) shows the uSR Knight shift at temper-
atures approaching the superconducting transition. Here, the
negative Knight shift reduces linearly towards 7, without any
sign of Curie-Weiss behavior, as would be expected in the case
of local magnetic moments. The Knight shift deviates from
the linear, normal-state behavior at 7*(uSR) ~ 10 K, which
is about 2 K above T, ~ 8 K, measured by AC susceptibility
at 8 T. The Knight shift shows a second kink at 7, similar to
the behavior found for the NMR Knight shift [Fig. 1(d)]. The
monotonous reduction of the Knight shift at low temperatures
consistently indicates the absence of local magnetic moments
and magnetic phase transitions in Ba;_,K,Fe,As; at K doping
x ~ 0.8, in accord with the NMR data.

IV. DISCUSSION

To distinguish whether possible prepairing fluctuations
or a spatially inhomogeneous distribution of T, are the
cause of the observed behavior below T*, we investi-
gated the Ginzburg-Landau model of an inhomogeneous
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FIG. 3. (a) Fourier transform of TF-uSR time spectra, measured
at about 8 T and selected temperatures for Ba;_,K,Fe,As,;, with
x = 0.75(2). The arrows indicate different components of the sig-
nal: I and II correspond to muons stopping at two different sites
in the sample, and Ag denotes the signal from muons stopping in
the silver sample holder. (b) uSR Knight-shift data close to the
superconducting transition measured at about 8 T, applied along the
¢ axis. The negative Knight shift (left axis) already becomes less
negative somewhat above T, indicating the formation of Cooper
pairs above the superconducting transition. We determined 7, via
AC-susceptibility measurements at 8 T using an AC field of 10 uT
at a frequency of 417 Hz. The data are normalized by o, measured
at 2 K and in zero field (right axis). The inset shows the ©SR Knight
shift at temperatures up to 200 K. (c) Temperature dependence of the
specific heat of the SR sample at 8 T. The onset of the specific heat
at 7*(SH) is consistent with 7*(uSR).

s+ superconductor. In Fig. 4, we show a comparison be-
tween our measurements for x = 0.75 and 0.766(1) and
the Ginzburg-Landau calculations. This model has a non-
BTRS ground state and is usually used to describe doping
levels below 70% potassium doping. Further, this model
was proposed to describe 1/77T in iron-based supercon-
ductors [25], which enables a direct comparison between

the predicted behavior of non-fluctuating inhomogeneous
superconductivity and our experimental data. In order to
maintain focus on effects stemming from a distribution of 7
and to avoid complexities associated with a larger parameter
space, we refrained from using the s 4 is model.

In the disorder model one can achieve a split between
the onset of the specific heat (caused by local nucleation
of pairing) and the magnetic susceptibility by choosing the
magnetic field penetration length much larger than the size of
nucleation regions. However, at the same time it is not able
to reproduce the behavior of the spin-lattice relaxation rate
and the uSR-Knight shift [Figs. 4(a) and 4(d) and 4(c) and
4(f)]. Figure 4(a) shows that the diamagnetic onset coincides
with zero resistivity. In contrast, our numerical calculations
show that, in the mean-field model with disorder, the dia-
magnetism already begins to develop when the resistivity is
still finite and dropping [Fig. 4(d)]. The spin-lattice relaxation
rate 1/T7T [Figs. 4(b) and 4(e)] is also qualitatively different.
Our experimental data show a change in the slope around
the temperature where the resistivity drops to zero (extremum
of the specific heat). However, our calculations based on the
mean-field disorder model, predict a smooth change, which
begins near the temperature where the specific heat starts to
deviate from its normal-state behavior.

Our experimental and calculated ©SR-Knight-shift results
[Figs. 4(c) and 4(f)] also differ from each other. According
to our calculations based on the mean-field disorder model,
the SR Knight shift should have the lowest sensitivity to the
superconducting transition. However, our experimental results
[Fig. 4(c)] show approximately the same onset temperature for
the ©SR Knight shift and the specific heat. Additionally, the
experimental SR Knight shift is approximately linear with
temperature below the superconducting transition and should
be curved according to the calculations based on the mean-
field disorder model.

The comparison of these calculations with our NMR and
1SR measurements, together with the specific-heat and trans-
port data, shows that these experimental data cannot be
explained by a disordered non-fluctuating superconductor. On
the other hand, the appearance of a large temperature range
above T, where pairing fluctuations exist can favorably ac-
count for our experimental observations.

According to the microscopic theory of electron quadru-
pling [26], the BTRS quartic state can be interpreted as
spontaneous symmetry breaking between the numbers of un-
condensed Cooper pairs with s+ is symmetry versus the
time-reversed counterpart with s — is. This implies that for
this state to span a substantial temperature range, the system
needs to have strong pair fluctuations prior to any symmetry-
breaking phase transition: 7, < 7,2 < T*.

In the model presented in Ref. [26], T* can be defined to
be approximately equal to 7,25, which is the critical temper-
ature in the BCS model that ignores fluctuations. A model
that takes into account pairing fluctuations yields a lower T,
while below T* = TCBCS, fluctuation effects increase signif-
icantly. However, at T, no actual phase transition occurs.
Therefore, since one deals with a crossover with no singu-
larities at 7%, it cannot be defined exactly either in experiment
or from theory. The crossover at 7™ appears gradually, and
hence, even above T*, pairing fluctuations exist. Moreover,

134504-5



FLORIAN BARTL et al.

PHYSICAL REVIEW B 114, 134504 (2026)

Normalized data

Sk S
Do 3, s
v Lt . /
gosa0sETI | - .
S oI — 1 i/ '
5 N il ] F
IS Br A i@ ] () f)
T S j . . Th
£ THTS P [ Theoys. . | eory S, Theory s,
S ———{ B=0 \ ! analog of B =8T analogof B=8T
02809 10 11 f 1 ——ac IR i —— -AC —— AC
~~e .}'/ / —- R,mean AN /.' —- R,mean || N/ 1 ... 14y
. |
Ll A e T PN — 1T | —K
O-O T T I T T T T I T T T T T T T I T T
0.7 0.8 0.9 1.0 1.1 1.2 13 06 08 10 12 14 16 18 20 04 06 08 10 12 14 16
TIT, TIT, TIT,
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to predictions from theory, we subtracted suitable backgrounds, scaled the data, and shifted them along the vertical axes such that for 7 — 0
or for T around 7, the value is 0, while for 7 > T, all observables are 1. We note that subtracting the background is somewhat ambiguous and

introduces additional errors, yet the qualitative behavior does not change.

different probes have different levels of sensitivity to pairing
fluctuations. Hence, one should consistently interpret 7* as an
approximate crossover temperature.

The Knight shift and the spin-lattice relaxation rate 1/77T
probe the DOS and the integrated DOS squared, respectively,
at an energy scale on the order of the temperature. When
comparing data for the DOS and specific heat from our the-
oretical work [26], we find that the latter typically has a less
pronounced tail above T*. This leads to estimates of 7* from
NMR and uSR being somewhat higher than T7*(SH) (see
Figs. 2 and 3). On the other hand, the resistivity measurements
yield less statistical noise; however, corrections due to fluctua-
tions are larger (compared to 1/7,T) due to additional leading
contributions such as Aslamazov-Larkin terms [27,28]. Be-
cause of these factors, the tail above 7™ is clearly visible, so
T*(R), defined as the temperature at which a deviation from
the background is visible, gives an overestimate of 7*.

We note that our 1/77T data for the x = 0.766(1) sam-
ple fit very well into the systematic behavior of the NMR
data reported for Ba;_,K,Fe,As, with different K-doping
levels [10,29]. However, pairing fluctuations at temperatures

approaching T, have not been reported yet and could easily
be overlooked due to insufficient data-point density, which
shows the importance of detailed measurements. Also, our
systematic transport data indicate that the pairing fluctuations
are most pronounced at the K-doping levels for which the
BTRS state was previously detected by means of ZF-uSR
experiments [2,6]. Specifically, we observed that T*(R) as
determined by resistivity measurements (see Fig. 14 in the
SM [10]) is significantly closer to 7 for reference samples
without BTRS superconductivity [6]. This result is also in line
with the smaller splitting between 7, and T*(uSR) observed
for the sample with x = 0.75(2) [Fig. 3(b)].

V. CONCLUSION

In conclusion, our detailed >As NMR and uSR study
of Ba;_,K,Fe;As,, with x = 0.766(1) and x = 0.75(2), re-
spectively, rules out the presence of magnetic order, which
could be associated with a BTRS state. Instead, we found
a monotonous decrease of 1/T1T below the crossover tem-
perature T*, well above T.2? and T,. The comparison of our
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NMR data with specific-heat, transport, and ;SR Knight-shift
data indicates the presence of pairing fluctuations well above
T, in accordance with the microscopic theory of electron
quadrupling [26].

Further, our theoretical analysis of disorder in a non-
fluctuating two-band sy superconductor cannot simultane-
ously account for a split of 7* and T, and the observed effects
in the NMR and SR data. These effects are a decrease in
1/TiT below T* with a pronounced slope change below T
and a decrease in the ©SR Knight shift already below T*.
From the theory arguments and from a separate analysis of the
two contributions to the NMR spectrum, we can exclude an
inhomogeneous nucleation of superconductivity as the origin
of these features and instead conclude that pairing fluctuations
appear at T* homogeneously across the whole sample volume.

It is worth mentioning that a similar pseudogaplike behav-
ior [30,31] and BTRS superconductivity [32] were reported
recently as well for the Fe(Se,S,Te) system. This calls for
investigations into whether an electron-quadrupling state may
also exist at certain doping levels in this system. A promising
direction is to search for quartic states in low-dimensional
systems and monolayers of BTRS superconductors, in which
the fluctuations are enhanced by reduced dimensionality. In
particular, a pseudogap temperature exceeding twice the resis-
tive T, was reported in single-layer FeSe/SrTiOs [33]. Another
realization of the quadrupling phase is expected on the 1 x
1 potassium-terminated surface of KFe;As, [S5]. STM data
indicate that this surface is a two-dimensional (2D) supercon-
ductor with broken time-reversal symmetry. Further studies
are needed to investigate the temperature range of pairing
fluctuations and to search for a quadrupling phase in this novel
2D superconductor.

ACKNOWLEDGMENTS

We thank B. Mehlhorn for his contribution to the NMR
measurements and S. Findeisen for technical support with
the NMR instrumentation. The computations were enabled by
resources provided by the National Academic Infrastructure
for Supercomputing in Sweden (NAISS), partially funded
by the Swedish Research Council through Grant Agreement
No. NAISS 2023/3-11. A.T. was supported by the Knut and
Alice Wallenberg Foundation via the Wallenberg Center for
Quantum Technology (WACQT). This work was partially
performed at the Swiss Muon Source (SuS), PSI, Villigen.
E.B. was supported by Swedish Research Council Grant No.
2022-04763, by Olle Engkvists Stiftelse, and partially by
the Wallenberg Initiative Materials Science for Sustainability
(WISE) funded by the Knut and Alice Wallenberg Founda-
tion. A.S. acknowledges support from the Swedish Research
Council (VR) through Grant No. 2025-07901. Y.L. and V.G.
are supported by NSFC Grants No. 1237040280 and No.
1231101283. We acknowledge support from the Deutsche
Forschungsgemeinschaft (DFG) through SFB 1143 (Project
No. 247310070) and the Wiirzburg-Dresden Cluster of Excel-
lence on Complexity, Topology, and Dynamics in Quantum
Matter—ctd.qmat (EXC 2147, Project No. 390858490), as well
as the support of the HLD at HZDR, a member of the Euro-
pean Magnetic Field Laboratory (EMFL).

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] V. Grinenko, P. Materne, R. Sarkar, H. Luetkens, K. Kihou,
C. H. Lee, S. Akhmadaliev, D. V. Efremov, S.-L. Drechsler,
and H.-H. Klauss, Superconductivity with broken time-reversal
symmetry in ion-irradiated Bag,7Ko73Fe;A; single crystals,
Phys. Rev. B 95, 214511 (2017).

[2] V. Grinenko, R. Sarkar, K. Kihou, C. H. Lee, 1. Morozov,
S. Aswartham, B. Biichner, P. Chekhonin, W. Skrotzki, K.
Nenkov, R. Hiihne, K. Nielsch, S. L. Drechsler, V. L. Vadimov,
M. A. Silaev, P. Volkov, I. Eremin, H. Luetkens, and H. H.
Klauss, Superconductivity with broken time-reversal symme-
try inside a superconducting s-wave state, Nat. Phys. 16, 789
(2020).

[3] Y. Iguchi, R. Shi, K. Kihou, C. Lee, M. Barkman, A. Benfenati,
V. Grinenko, E. Babaev, and K. Moler, Superconducting vor-
tices carrying a temperature-dependent fraction of the flux
quantum, Science 380, 1244 (2023).

[4] Q. Z. Zhou, B. R. Chen, B. K. Xiang, I. Timoshuk, J. Garaud,
Y. Li, K. Y. Liang, Q. S. He, Z. J. Li, P. H. Zhang, K. Z. Yao,
H. X. Yao, E. Babaev, V. Grinenko, and Y. H. Wang, Observa-
tion of single-quantum vortex splitting in the Ba,_,K,Fe,As;
superconductor, arXiv:2408.05902.

[51 Y. Zheng, Q. Hu, X. Yu, H. Ji, I. Timoshuk, J. Garaud, H.
Xu, Y. Li, Y. Gao, X. Lu, V. Grinenko, E. Babaev, N. F. Q.

Yuan, R. Wu, B. Lv, C.-M. Yim, and H. Ding, Observation of
quantum vortex core fractionalization and skyrmion formation
in a superconductor, Science 393, 80 (2026).

V. Grinenko et al., State with spontaneously broken time-

reversal symmetry above the superconducting phase transition,

Nat. Phys. 17, 1254 (2021).

L. Shipulin, N. Stegani, I. Maccari, K. Kihou, C.-H. Lee, Q. Hu,

Y. Zheng, F. Yang, Y. Li, C.-M. Yim, R. Hiihne, H.-H. Klauss,

M. Putti, F. Caglieris, E. Babaev, and V. Grinenko, Calorimet-

ric evidence for two phase transitions in Ba;_,K,Fe,As, with

fermion pairing and quadrupling states, Nat. Commun. 14, 6734

(2023).

[8] C. Halcrow, I. Shipulin, F. Caglieris, Y. Li, J. Wosnitza, H.-H.
Klauss, S. Zherlitsyn, V. Grinenko, and E. Babaev, Probing
electron quadrupling order through ultrasound, npj Quantum
Mater. 10, 107 (2025).

[9] J. Garaud and E. Babaev, Effective model and magnetic proper-
ties of the resistive electron quadrupling state, Phys. Rev. Lett.
129, 087602 (2022).

[10] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/928z-jgcx for information about sample characteriza-
tion and additional NMR and uSR data, which includes Refs.
[5,34-36].

[6

[

[7

—

134504-7


https://doi.org/10.1103/PhysRevB.95.214511
https://doi.org/10.1038/s41567-020-0886-9
https://doi.org/10.1126/science.abp9979
https://arxiv.org/abs/2408.05902
https://doi.org/10.1126/science.ads0189
https://doi.org/10.1038/s41567-021-01350-9
https://doi.org/10.1038/s41467-023-42459-0
https://doi.org/10.1038/s41535-025-00819-7
https://doi.org/10.1103/PhysRevLett.129.087602
http://link.aps.org/supplemental/10.1103/928z-jgcx

FLORIAN BARTL et al.

PHYSICAL REVIEW B 114, 134504 (2026)

[11] K. Kihou, T. Saito, K. Fujita, S. Ishida, M. Nakajima, K.
Horigane, H. Fukazawa, Y. Kohori, S.-I. Uchida, J. Akimitsu,
A. Iyo, C.-H. Lee, and H. Eisaki, Single-crystal growth of
Ba,_,K,Fe,As, by KAs self-flux method, J. Phys. Soc. Jpn. 85,
034718 (2016).

[12] A. Suter and B. M. Wojek, MUSRFIT: A free platform-
independent framework for #SR data analysis, Phys. Procedia
30, 69 (2012).

[13] H. Fukazawa, K. Hirayama, K. Kondo, T. Yamazaki, Y. Kohori,
N. Takeshita, K. Miyazawa, H. Kito, H. Eisaki, and A. Iyo, > As
NMR study of the ternary iron arsenide BaFe,As,, J. Phys. Soc.
Jpn. 77, 093706 (2008).

[14] K. Kitagawa, N. Katayama, K. Ohgushi, M. Yoshida, and
M. Takigawa, Commensurate itinerant antiferromagnetism in
BaFe,As,: > As-NMR studies on a self-flux grown single crys-
tal, J. Phys. Soc. Jpn. 77, 114709 (2008).

[15] M.-H. Julien, H. Mayaffre, M. Horvati¢, C. Berthier, X. D.
Zhang, W. Wu, G. F. Chen, N. L. Wang, and J. L. Luo, Ho-
mogeneous vs. inhomogeneous coexistence of magnetic order
and superconductivity probed by NMR in Co- and K-doped iron
pnictides, Europhys. Lett. 87, 37001 (2009).

[16] J. Korringa, Nuclear magnetic relaxation and resonance line
shift in metals, Physica 16, 601 (1950).

[17] H.-J. Grafe, D. Paar, G. Lang, N. J. Curro, G. Behr, J.
Werner, J. Hamann-Borrero, C. Hess, N. Leps, R. Klingeler,
and B. Biichner, ”As NMR studies of superconducting
LaFeAsOgFy 1, Phys. Rev. Lett. 101, 047003 (2008).

[18] Y. Nakai, K. Ishida, Y. Kamihara, M. Hirano, and H. Hosono,
Evolution from itinerant antiferromagnet to unconventional su-
perconductor with fluorine doping in LaFeAs(O,_,F,) revealed
by As and *’La nuclear magnetic resonance, J. Phys. Soc.
Jpn. 77, 073701 (2008).

[19] F. Ning, K. Ahilan, T. Imai, A. S. Sefat, R. Jin, M. A. McGuire,
B. C. Sales, and D. Mandrus, Co and ”As NMR investiga-
tion of electron-doped high 7; superconductor BaFe; sCog,As;
(T =22 K), J. Phys. Soc. Jpn. 77, 103705 (2008).

[20] S. W. Zhang, L. Ma, Y. D. Hou, J. Zhang, T.-L. Xia, G. F.
Chen, J. P. Hu, G. M. Luke, and W. Yu, ”As NMR study of
single crystals of the heavily overdoped pnictide superconduc-
tors Ba;_,K,Fe,As, (x = 0.7 and 1), Phys. Rev. B 81, 012503
(2010).

[21] G. Zhang, F. Martelli, and S. Torquato, The structure factor of
primes, J. Phys. A 51, 115001 (2018).

[22] P. Carretta and G. Prando, Iron-based superconductors: Tales
from the nuclei, Riv. Nuovo Cimento 43, 1 (2020).

[23] H. Matsuki, R. Khasanov, J. A. Krieger, T. J. Hicken, K. Yuchi,
J. S. Bobowski, G. Mattoni, A. Ikeda, R. Okuma, H. Luetkens,
and Y. Maeno, Muon Knight shift as a precise probe of the
superconducting symmetry of Sr,RuQOy4, Phys. Rev. Lett. 136,
066001 (2026).

[24] V. Grinenko, R. Sarkar, P. Materne, S. Kamusella, A.
Yamamshita, Y. Takano, Y. Sun, T. Tamegai, D. V. Efremov,

S.-L. Drechsler, J.-C. Orain, T. Goko, R. Scheuermann,
H. Luetkens, and H.-H. Klauss, Low-temperature breakdown
of antiferromagnetic quantum critical behavior in FeSe, Phys.
Rev. B 97, 201102(R) (2018).

[25] D. Parker, O. V. Dolgov, M. M. Korshunov, A. A. Golubov, and
I. I. Mazin, Extended s, scenario for the nuclear spin-lattice
relaxation rate in superconducting pnictides, Phys. Rev. B 78,
134524 (2008).

[26] A. Samoilenka and E. Babaev, Microscopic theory of elec-
tron quadrupling condensates, Phys. Rev. Res. 8, 013139
(2026).

[27] L. Aslamasov and A. Larkin, The influence of fluctuation pair-
ing of electrons on the conductivity of normal metal, Phys. Lett.
A 26,238 (1968).

[28] A. Larkin and A. Varlamov, Theory of Fluctuations in Su-
perconductors, International Series of Monographs on Physics
(Oxford University Press, Oxford, 2005), Vol. 127.

[29] M. Hirano, Y. Yamada, T. Saito, R. Nagashima, T. Konishi,
T. Toriyama, Y. Ohta, H. Fukazawa, Y. Kohori, Y. Furukawa,
K. Kihou, C.-H. Lee, A. Iyo, and H. FEisaki, Potential
antiferromagnetic fluctuations in hole-doped iron-pnictide su-
perconductor Ba;_,K,Fe,As, studied by °As nuclear mag-
netic resonance measurement, J. Phys. Soc. Jpn. 81, 054704
(2012).

[30] A. Shi, T. Arai, S. Kitagawa, T. Yamanaka, K. Ishida, A. E.
Bohmer, C. Meingast, T. Wolf, M. Hirata, and T. Sasaki, Pseu-
dogap behavior of the nuclear spin—lattice relaxation rate in
FeSe probed by 7’Se-NMR, J. Phys. Soc. Jpn. 87, 013704
(2018).

[31] 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, NMR evidence
for universal pseudogap behavior in quasi-two-dimensional
FeSe-based superconductors, Chin. Phys. Lett. 39, 127401
(2022).

[32] K. Matsuura et al., Two superconducting states with broken
time-reversal symmetry in FeSe;_,S,, Proc. Natl. Acad. Sci.
USA 120, 2208276120 (2023).

[33] 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, Incoherent Cooper pairing and pseudogap behav-
ior in single-layer FeSe/SrTiOs;, Phys. Rev. X 11, 021054
(2021).

[34] K. Ahilan, F. L. Ning, T. Imai, A. S. Sefat, R. Jin, M. A.
McGuire, B. C. Sales, and D. Mandrus, '°’F NMR investigation
of the iron pnictide superconductor LaFeAs g9Fo 11, Phys. Rev.
B 78, 100501(R) (2008).

[35] H. Choi, I. Vinograd, C. Chaffey, and N. J. Curro, Inverse
Laplace transformation analysis of stretched exponential relax-
ation, J. Magn. Reson. 331, 107050 (2021).

[36] K. Ishida, Y. Nakai, S. Kitagawa, and T. Iye, NMR stud-
ies on iron-pnictide superconductors: LaFeAs(O,_.F,) and
BaFe;(As;_P,),, C. R. Phys. 12, 515 (2011).

134504-8


https://doi.org/10.7566/JPSJ.85.034718
https://doi.org/10.1016/j.phpro.2012.04.042
https://doi.org/10.1143/JPSJ.77.093706
https://doi.org/10.1143/JPSJ.77.114709
https://doi.org/10.1209/0295-5075/87/37001
https://doi.org/10.1016/0031-8914(50)90105-4
https://doi.org/10.1103/PhysRevLett.101.047003
https://doi.org/10.1143/JPSJ.77.073701
https://doi.org/10.1143/JPSJ.77.103705
https://doi.org/10.1103/PhysRevB.81.012503
https://doi.org/10.1088/1751-8121/aaa52a
https://doi.org/10.1007/s40766-019-0001-1
https://doi.org/10.1103/sgcz-9rc7
https://doi.org/10.1103/PhysRevB.97.201102
https://doi.org/10.1103/PhysRevB.78.134524
https://doi.org/10.1103/bm6w-z2lf
https://doi.org/10.1016/0375-9601(68)90623-3
https://doi.org/10.1143/JPSJ.81.054704
https://doi.org/10.7566/JPSJ.87.013704
https://doi.org/10.1088/0256-307X/39/12/127401
https://doi.org/10.1073/pnas.2208276120
https://doi.org/10.1103/PhysRevX.11.021054
https://doi.org/10.1103/PhysRevB.78.100501
https://doi.org/10.1016/j.jmr.2021.107050
https://doi.org/10.1016/j.crhy.2011.04.004

