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Although the nature of the superconducting state has been intensively studied in FeSe, many fundamental
issues including the pairing symmetry and superconducting fluctuations are still highly controversial. Here, we
report a revised 7’ Se-nuclear magnetic resonance (NMR) study on the superconducting state of ’’Se-enriched
bulk FeSe. Below the superconducting temperature (7;.), by carefully avoiding the rf heating effect, a remarkable
linewidth broadening and obvious reduction of the Knight shift are observed under external magnetic field
along both in-plane and out-of-plane directions, suggesting an intrinsic superconducting nature. These exotic
results unambiguously rule out the possibility of chiral p-wave pairing, and favor a pairing scenario with
the mixing of s* and d wave. A slight decrease of the Knight shift well above T, is also revealed under a
moderated external magnetic field, suggesting exotic superconducting fluctuations beyond phase fluctuations in
the two-dimensional limit. These renewed NMR results provide valuable constraints for the theoretical models

on the exotic superconductivity in FeSe.
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I. INTRODUCTION

Due to strongly electronic correlations and multi-
band/orbital character, iron-based superconductors (IBSCs)
offer an excellent chance to explore the exotic nature of un-
conventional superconductivity [1-6]. In particular, in bulk
FeSe as the simplest IBSC, since a small Fermi energy
(Er) accompanied with a relatively large superconducting
gap A leads to a considerable % with the value of ~0.1
[7,8], the superconducting pairing mechanism may be at the
crossover from Bardeen-Cooper-Schrieffer to Bose-Einstein
condensation (BCS-BEC), which is featured by the preempted
superconducting fluctuations and pseudogaplike behavior
[9—-14]. Moreover, orbital-selective electronic correlations and
superconducting pairings are also revealed in bulk FeSe
[15-18], and the cooperation of electronic nematicity and
spin-orbit interaction could lead to nematic superconductivity
[19-22]. Taking into account all these facts, several uncon-
ventional superconducting pairing mechanisms have already
been proposed, including the mixing of s-wave and d-wave
pairing, the nematic pairing with orbital-selective spin fluc-
tuations, time-reversal-symmetry-breaking (TRSB) nematic
superconductivity, and so on [23-25]. Clarifying the exact
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pairing symmetry would be the first step to pin down the
pairing mechanism and understand the exotic nature of super-
conductivity in bulk FeSe [26].

Although the nature of the superconducting state in bulk
FeSe has been intensively studied, many controversies on the
pairing symmetry and superconducting fluctuations remain
[5,6]. For example, the exact form of the superconducting
gap structure (e.g., the existence of the gap nodes) is still
elusive [27-30]; the thermodynamic evidence for the pre-
empted superconducting fluctuations, the high field induced
Fulde-Ferrell-Larkin-Ovchinnikov state, and the B phase are
still lacking [10-13,31]. In addition, some experimental re-
sults indicate the possible realization of p-wave or TRSB
Cooper pairing in bulk FeSe [19,32,33]. However, the debate
on sample quality (i.e., the amounts of defects and domain
boundaries) makes no conclusion on this issue [5,6,33]. All in
all, more insightful information is needed to shed light on the
above debates.

II. EXPERIMENTAL DETAILS

By utilizing the coupling between the electronic spins
and the nuclear spins, nuclear magnetic resonance (NMR)
provides key information on both local and thermodynamic
properties for superconductivity. Previously, only the remark-
able reduction of the nuclear spin-lattice relaxation rate (T]LT)
below T, is a well-established NMR manifestation for the
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FIG. 1. Nuclear spin-lattice relaxation and NMR spectra measurements on the superconducting transition of bulk FeSe by utilizing
optimized rf pulses. (a) Temperature-dependent Tl% T, is the onset of the decrease of T,LT The inset shows the photograph of the measured
sample. (b),(c) NMR spectra deep inside the superconducting state of the bulk FeSe. The nearly unchanged spectra are incomprehensible as
the missing of the expected Redfield pattern (see Supplemental Material for a detailed analysis).

superconducting transition in bulk FeSe [Fig. 1(a)]. However,
except for the loss of spectral intensity, the usual manifestation
of the superconducting state in NMR spectra is almost ab-
sent in previous '’ Se-NMR investigations including linewidth
broadening and reduction of spin susceptibility [Figs. 1(b)
and 1(c)] [34-36]. In light of the rf-pulse heating effects in
the superconducting state of Sr,RuQOy4 [37,38], it is necessary
to reexamine the NMR experiment in the superconducting
state of the bulk FeSe by carefully excluding the rf-pulse
heating effects. In fact, as shown in Figs. 1(b) and 1(c), the
temperature-independent NMR linewidth across 7, is very
unusual by considering the magnetic field distribution in the
vortex-lattice state (see Supplemental Material for details
[39]; also see Refs. [40—45] therein). Here, by adopting a
sufficiently low-power tf pulse, we have revisited the NMR
spectra in the superconducting state of bulk FeSe down to the
lowest temperature (~0.24 K) in a *He cryostat. Considering
the significant loss of NMR spectral intensity in the super-
conducting state, our main NMR studies are conducted on a
"7Se-enriched (50%) FeSe single crystal. In our experiments,
clear reductions of Knight shift and remarkably skewed broad-
ening of the NMR spectra are observed in the superconducting
state under both in-plane and out-of-plane magnetic fields. In
the following sections of this paper, we will present detailed
experimental data and analysis. Experimental settings and
methods can be found in the Supplemental Material [39].

III. RESULTS AND DISCUSSION

With applying an in-plane magnetic field along the or-
thorhombic crystallographic a(b) axis [H || a(b)], the rf-pulse
heating effect is characterized and presented in Fig. 2(a). The
rf-pulse energy is characterized by the energy of the m pulse
and is denoted as E,, where the 7 pulse energy is % (for
details, see Supplemental Material [39]). Following a typical
rf-pulse heating effect in the spin-singlet pairing supercon-
ducting state [46,47], the NMR spectra measured with smaller
E. move to the lower frequency. When E; is sufficiently small

(<58 wl), the NMR spectra remain unchanged with further
decreasing E,, which suggests that the superconducting state
is no longer affected by the rf-pulse heating effect [37,38].
As shown in Fig. 2(a), the NMR spectra with a strong rf
pulse (E; > 540 wJ) exhibit a clear double-peak structure,
which resembles the splitting due to the formation of nematic
domains in the normal state. With lowering the energy of
the rf pulse, such a double-peak structure is smeared out
by the linewidth broadening effect in the vortex-lattice state.
Fitting with the sum of Lorentzian peak functions, we find
that the intensity ratio of the low- to high-frequency peak
(I; /1) decreases drastically with decreasing E,; . This suggests
a greater suppression of /; in the superconducting state due to
the nematic nature of the superconductivity [48]. Figure 2(b)
presents the intrinsic temperature-dependent NMR spectra
across the superconducting transition; a greater suppression
of I; is also observed with lowering the temperature [48]. We
obtain a reduction of the Knight shift: AK |y ap) = Kin(8 K) —
K;(0.24 K) ~ 0.009% from the fitted peaks in Fig. 2(b),
where Kj, is the Knight shift of the high-frequency peak. As
marked by the dashed lines in Fig. 2(b), the nearly unchanged
splitting of the low- and high-frequency peaks indicates that
nematicity induced anisotropy seems not to be affected by the
developing of superconductivity. These results are consistent
with a recent NMR investigation reported by Vinograd et al.
[49] (presented in the Supplemental Material [39]). Next, we
present our main results of the NMR study with applying
Hlc.

First, as shown in Fig. 3(a), the rf-pulse heating effect
manifests itself as distinct E,-dependent NMR lines. The
NMR line measured under a strong rf pulse is symmetric and
apparently narrower, while for the NMR line that represents
the intrinsic superconducting state, one observes significant
asymmetric broadening and an obvious left shift of the peak
position. This character has also been confirmed in a high-
quality nonenriched sample [39]. As shown in Fig. 3(b), the
temperature-dependent NMR spectra measured with avoiding
rf-pulse heating also reflects a typical behavior of the NMR
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FIG. 2. Characterization of the rf-pulse heating effects and the evolution of the intrinsic NMR spectra in the superconducting state with
H||(b). (a) rf-pulse energy-dependent NMR spectra. The two fitted Lorentzian peaks are shown as the blue and red dashed lines. The black
dashed lines track the peak positions which represent the NMR spectra of the two orthogonal nematic domains. (b) Temperature-dependent

NMR spectra measured with fixed unheated rf-pulse energy.

spectra across a singlet-pairing superconducting transition
[46,47].

Within the measuring condition of Fig. 3(a), FeSe is in
the vortex-lattice state [31], and the significant broadening
of the NMR spectra straightforwardly suggests a prominent
inhomogeneity. The same feature has also been observed with
H parallel to Fe-Se-Fe direction as reported by Vinograd et al.

[49]. The apparently skewed distribution with a long high-
frequency tail is reminiscent of the Redfield pattern, which
is produced by the specific local field distribution /;(r) of the
vortices [50]. Previous scanning tunneling microscopy (STM)
measurements observed a hexagonal vortex-lattice structure in
bulk FeSe [51]. Figure 3(d) demonstrates the simulated #; (r),
in which we also adopt a hexagonal vortex-lattice structure
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FIG. 3. Intrinsic NMR characterization on the superconducting transition with H || c. (a) Comparison of the NMR spectra measured with
heated and unheated rf pulse. The dash-dotted lines indicate the peak positions of the heated and unheated spectra. (b) Temperature-dependent
NMR spectra measured with unheated rf-pulse condition. The vertical dashed lines draw the peak-frequency range of the temperature-
dependent NMR spectra. (c) Comparison among T:—T(T), K(T), and w(T). Dashed lines are a guide for the eye. (d) 2D color map of the
simulated /(7). (¢) Comparison among the observed NMR line (blue), the simulated Redfield pattern (red), and the calculated convolution

(shaded area).
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(for details, see Supplemental Material [39]). As shown in
Fig. 3(e), comparing with the measured NMR spectra, broad-
enings contributed by the simulated Redfield pattern are rather
small, e.g., )/77(hlmax — hlmin)lH”c, st ~ 4.2 KHz. Convolut-
ing with the normal-state NMR line, /;(r) could only slightly
change the normal-state NMR line which still deviates from
the skewed broadening of the superconducting-state NMR
line (see details in the Supplemental Material [39]). Note that,
due to the nematic superconductivity, the vortices in FeSe
have an elongated structure: the coherence length along the
longer axis (&) is larger than the shorter one (&) by a factor
of ~2 [51]. In this case, h;(r) should be described by the
anisotropic Ginzburg-Landau equations [52]. Previously, only
a symmetric broadening NMR line shape has been observed
in the underdoped iron-pnictide family with the supercon-
ducting states coexisting with nematic order [53,54]. Whether
or not such a nematic superconductivity in FeSe could take
responsibility for the remarkably skewed broadening is still
elusive. In addition, for bulk FeSe, the above skewed distri-
bution in NMR spectra is also immune to defects since it
exhibits almost the same structure in low- and high-7, samples
[Fig. 3(a) and Fig. S5(d)]. Furthermore, due to the absence of
magnetic ordering, the large skewed distribution was ascribed
to some exotic quasiparticle bound state in a recent NMR
work [49].

In Fig. 3(c) we plot the temperature-dependent linewidth
w(T) and Knight shift K(T') together with the temperature-
dependent ﬁ Recognizing the significant upturn of w(T")
as the result of entering the vortex-lattice state, the onset
temperature can be determined (denoted as 7). As shown in
the middle panel of Fig. 3(c), K(T) begins to decrease slightly
above T, and below T, the decreasing begins to accelerate. In
general, K(T') can be divided into two parts: K(T) = K,(T) +
Korn, where K (T') is the temperature-dependent spin shift and
Kb 1s the temperature-independent orbital shift. For the spin-
singlet superconducting pairing, due to the decline of the spin
susceptibility, a reduction of K(7T') is expected. Meanwhile,
in the mixed state of type-II superconductors, a field- and
temperature-dependent diamagnetic contribution Ky,(H, T)
should be considered [55]. Simulating with the London model
with Gaussian cuts off model as presented in the Supplemen-
tal Material [39], we find that |Kg,| ~ 25 ppm at the lowest
temperature with H = 5T (H||c). It only contributes about
one-third of the total reduction of the Knight shift AK. If we
take Koy ~ 0.26% (H/||c) as obtained in our previous NMR
studies [18], after subtracting Ky, from AK, the reduction of
K (T) (AK|n|c 5 T) at the lowest temperature is ~25% of its
normal-state value. This partial decline of K(T") suggests an
unconventional superconducting pairing with a large amount
of residual density of states (DOS) at Er, e.g., strong Volovik
or paramagnetic depairing effect [31,56].

Figures 4(a)—4(h) summarize the results of field-dependent
NMR measurements. Two characteristic temperatures can be
extracted from these plots. As indicated by the dashed lines in
Figs. 4(a)—4(c) and 4(e)-4(g), apparent reductions of Knight
shift and linewidth broadenings can be detected below T,
under the external magnetic field H < 10 T. This feature is
absent when H is raised up to 12 T. As indicated by the
arrows in Figs. 4(a)-4(d), at the measuring magnetic fields,

there is another slight decrease of K(7') below a characteristic
temperature (denoted as 7,), which is much higher than 7.
Such a behavior is beyond a standard BCS paradigm. FeSe, as
a three-dimensional (3D) superconductor, vortex-liquid state
only occupies a narrow region in the H-T phase diagram
[Fig. 4(1)], and only plays a minor role in NMR experiments.
This preempted decrease of the Knight shift is more likely
a pseudogap behavior, and similar features have been ob-
served by several experiments in FeSe and its derived systems
[11,13,14]. As mentioned above, T; is the onset temperature of
the static vortex-lattice state. The fading away of 7, indicates
that H = 12 T is very close to the upper critical field (H,,)
of the studied enriched sample [28]. In contrast, as rooted
in the BCS-BEC crossover regime, the pseudogaplike behav-
ior should be related to the locally preformed Cooper pairs
[5,6,11,13,14], which could exist far above 7;. Accordingly,
comparing with T, T, is less affected by the external magnetic
field, and these two can separate from each other at mod-
erate magnetic fields [13]. As shown in Fig. 4(i), based on
previous thermodynamic measurements and the 7.(H ), T,,(H )
observed in this study, we depict a renewed H-T phase dia-
gram to illustrate the superconducting property of bulk FeSe.
In spite of a large uncertainty in the determination of 7,(H ), a
novel superconducting-fluctuation region between 7.(H) and
T,(H) is clearly revealed. These results are consistent with
previous spin-lattice relaxation and thermodynamic charac-
terizations [11-13]. Therefore, the pseudogaplike behavior is
also evidenced by our revised NMR spectral measurements at
moderate magnetic fields. In Fig. 4(h), taking H, = 12 T, a
good scaling relation between the Knight shift K(H) and the
specific heat coefficients y (H) in the field range of 5-12 T is
obtained. Previously, several experiments suggested a nodal
superconducting gap structure [27,28]. To diagnose this pro-
posal, we conduct Knight-shift measurements at sufficiently
low fields to check the expected K(H) o +/H/H., relation
[56]. However, the poor signal to noise ratio of the NMR
spectra (< 1.5 T) hinders us to make a reliable analysis on this
issue. Nevertheless, there is a large amount of residual K; in
the mixed state of superconducting FeSe at high fields.

The superconducting gap structure of bulk FeSe is a hotly
debated issue. Since the anisotropic superconducting gap on
the Fermi pocket around the I point can be well fitted by a
p-wave gap function with Ap ~ |A,cos(6)|, the possibility
of p-wave pairing was proposed by only considering previous
NMR results [19]. Now, by considering the revised NMR
results on the Knight shift in the superconducting state, the
chiral p-wave pairing with the d vector pinned along the
crystallographic axis or easily reoriented under an external
field can be unambiguously ruled out [38]. In fact, within the
spin-fluctuation-mediated pairing scenario, IBSCs can hardly
possess a p-wave gap symmetry, while s*- or d-wave pairing
is favored [5,23-25,33]. In bulk FeSe, due to the absence
of magnetism and the coexistence of (;r, 0) and (;r, ) spin
fluctuations, the preempted nematic order parameter @pem ~
% enables a linear coupling between the comparable s-
and d-wave pairing channels [5,23,57], where ng_ and ng_ are
the occupation number of the d,; and d,, orbitals. This could
yield a complex mixing of s- and d-wave pairing symmetry
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FIG. 4. NMR evidence for exotic superconducting fluctuations above 7.. (a)—(d) K(T") under several external magnetic fields. The insets
of (b)—(d) are the zoom-in views of the region around the onset temperature of the slight decline of K(T'). (e)—(h) w(7") under several external
magnetic fields. (i) A sketch of the superconducting phase diagram of bulk FeSe. The black dashed line and the blue solid line are adapted from
Ref. [31]. Note: These data are scaled to match our sample, whose zero field 7, ~ 7.2 K and zero temperature H., ~ 12 T. As indicated by the
red dotted line, extrapolating the experimental data to the zero-field limit yields 7.(0) ~ T,(0), which is consistent with the missing pseudogap
in the STM/STS and angle-resolved photoemission spectroscopy measurements at zero field [10,19]. The gradient background color indicates
a crossover character of the phase diagram. (j) Scaling relation between K (H ) and y (H ) (reproduced from Ref. [28]) at 0.5 K. Error bars in (i)
are defined as the temperature interval of the data around the declining point of K(T').

A ~ A; + e Aycos(20) and may lead to a decoupling be-
tween nematicity and superconductivity [23]. Such a scenario
is supported by our observation: ., remains unchanged
deep in the superconducting state in stark contrast with the
case in Ba(Fe;_,Co,),As; [58]. Combined with the sign-
change character of ¢pen, at the hole and electron pocket, it was
proposed that o could probably deviate from O or 7 through an
Ising-type phase transition to maximize the superconducting

condensation energy at sufficiently low temperatures in bulk
FeSe [25]. Experimental evidences for this transition, e.g.,
an anomaly in y(T) at ~1 K, is still under debate [28,59].
Theoretically, the appearance of a nonzero imaginary part
in ¢® means a TRSB superconducting state (s + id-wave
pairing), which holds the existence of a spontaneous local
field in the region controlled by domain boundaries and de-
fects [6,32,60]. However, within our experimental resolution
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(w ~ 8 KHz ~ 10 Oe), there is no abrupt broadening associ-
ated with the emergence of the TRSB superconducting state,
suggesting that if any, an accompanied local field of the
putative TRSB state should be rather small [60]. Thus, the
existence of a TRSB state is still elusive. Regardless of this
issue, note that nodal positions in a mixed s*- and d-wave
gap structure are determined by details of the mixture rather
than restricted by symmetry [5]. Controversial conclusions on
the gap nodes of bulk FeSe among different spectroscopic
or thermodynamic measurements support this idea, since the
gap structure of mixed pairing sensitively depends on sample
quality [17,28,33]. In our NMR spectral measurements, the
incomplete decline of K, and the good scaling relation be-
tween K(H) and y (H) probably reflect a prominent Volovik
effect that manifests in an s*- or d-wave pairing supercon-
ducting state [56]. Therefore, the mixing-pairing scenario is a
promising candidate [23]. With further NMR investigations,
the details of the gap structure, e.g., the weight of s*- and
d-wave pairing, could be determined.

The physics due to the BCS-BEC crossover may also en-
rich the phase diagram of superconductivity in bulk FeSe,
e.g., the existence of locally preformed Cooper pairs [8—14].
Straightforward consequences of such a BEC behavior are
the pseudogap in DOS and the anomaly in specific heat
above T, [5,10,61-63]. However, these features are miss-
ing in scanning tunneling spectroscopy and thermodynamic
measurements [10,31]. One possible reason is the fixing of
chemical potential due to the electron-hole compensation in
the multiband system bulk FeSe [5,10,61,62]. Nevertheless,
in this study, the slight decline of the local spin susceptibility
above T, signals the existence of preformed Cooper pairs at
moderate fields. In fact, unlike the enhanced thermal fluctu-
ations in quasi-two-dimensional superconductors, the locally

preformed Cooper pairs in the 3D-superconductor bulk FeSe
may possess novel pairing fluctuations and open a spin gap to
diminish K; far above T, especially in the strong BEC limit
[11,13,64]. In addition, in view of the absence of magnetic
order, the observed skewed distribution of the NMR spectra in
the vortex-lattice state may also be originated from the physics
related to the BCS-BEC crossover [49].

IV. CONCLUSION

In conclusion, we successfully obtain intrinsic 7’Se NMR
spectra in the superconducting state of bulk FeSe with mag-
netic field along both in-plane and out-of-plane directions. We
find obvious reductions of the Knight shift along all direc-
tions in the superconducting state, which is consistent with
a mixed s*- and d-wave pairing scenario. Moreover, a slight
decline of the Knight shift is already observed far above T,
under a moderate magnetic field, suggesting a pseudogaplike
behavior due to exotic superconducting fluctuations. All these
renewed NMR results provide valuable hints and constraints
for elucidating the exotic superconductivity in bulk FeSe and
its derived systems.
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