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Microscopic evidence for Fulde-Ferrel-Larkin-Ovchinnikov state and multiband effects in KFe2As2
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The Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state is a superconducting phase characterized by broken
translational symmetry, where Cooper pairs form with nonzero momentum between Zeeman-split Fermi sur-
faces. This state is highly sensitive to band structure and pairing symmetry. In multiband superconductors, the
FFLO state can significantly deviate from its standard form, but experimental verification has remained challeng-
ing. Here, we present 75As nuclear magnetic resonance (NMR) measurements on the multiband superconductor
KFe2As2. In the low-temperature, high-magnetic-field region above the upper critical field Bc2, we observe a
clear increase in the second moment of the NMR spectrum, along with a strong enhancement in the spin-lattice
relaxation rate divided by temperature 1/T1T . These results indicate an emergence of superconducting spin smec-
ticity and Andreev bound states from the spatial modulation of the superconducting gap, providing microscopic
evidence for the FFLO state. The obtained phase diagram reveals a distinct boundary line between the FFLO
and homogenous superconducting states with a low critical temperature of the FFLO state T ∗ ≈ 0.2Tc, which
can be attributed to the multiband effects in KFe2As2. Our results show that the iron-based superconductors are
a good material platform for studying the FFLO state and highlight the importance of the multiband effects on
this exotic phase.

DOI: 10.1103/7hhv-9fq7

Introduction. As the external magnetic field approaches the
Pauli limit field BPauli, the conventional superconducting (SC)
state becomes metastable, giving way to a new superconduct-
ing state with spontaneous translational-symmetry breaking,
which is known as the Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state [1–5], where Cooper pairs are formed with elec-
trons from two Zeeman-split Fermi surfaces. Consequently,
these pairs have a nonzero center-of-mass momentum, result-
ing in a spatially modulated energy gap, a defining feature
that distinguishes the FFLO state from other unconventional
SC states. Despite theoretical predictions of rich physical
phenomena in the FFLO state, direct experimental observation
has been challenging. The FFLO candidates should have a suf-
ficiently large Maki parameter, αM = √

2Borb(0)/BPauli(0) >

1.8, which is a measure of the paramagnetic pair-breaking
strength [6]. Besides this, the appearance of the FFLO state
also requires an extremely small number of disorders in
the sample, as the impurity scattering suppresses its for-
mation [7]. Previous studies using bulk measurements such
as the magnetostriction, ultrasound velocity, and heat ca-
pacity have reported an upturn of the upper critical field
and a transition inside the superconducting phase in heavy
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fermion superconductors [8], low-dimensional organic su-
perconductors [9,10], and transition metal dichalcogenide
superconductors [11,12]. Iron-based superconductors, known
for their quasi-two-dimensional structure, strong Pauli param-
agnetic effect, and multiband nature, are considered an ideal
platform for investigating FFLO physics [13,14]. Previous
transport and specific heat measurements have suggested the
potential presence of an FFLO state in FeSe above the upper
critical field Bc2 [15,16]. However, the observed high-field
superconducting states were found to be insensitive to dis-
orders, which is inconsistent with the characteristics of the
FFLO state [17]. Notably, there is currently no microscopic
experimental evidence supporting the existence of the FFLO
state in iron-based superconductors.

Nuclear magnetic resonance (NMR) can serve as a
powerful tool for investigating the FFLO state in bulk su-
perconductors, directly detecting the superconducting spin
smecticity, a property in analogy with liquid crystal, arising
from the staggered distribution of normal and superconduct-
ing regions, resulting in line splitting or broadening in the
spectrum [18]. Furthermore, nodes in the order parameter
form domain walls due to this staggered distribution, leading
to a phase twist of π in the superconducting phase and local
modification of electronic density of states, creating Andreev
bound states [19,20]. The polarized quasiparticles spatially
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FIG. 1. (a)–(d) Central line of 75As-NMR spectra in the normal state (black color), the homogeneous superconducting state (blue color),
and the FFLO state (red color) with the external magnetic field applied along the ab plane (see the Supplemental Material for all spectra at
various temperatures and fields [42]). f0 (∼24-45 MHz) is the frequency of the center of the shown spectra. Solid lines are guides to the eye.

localized in the nodes can enhance the spin-lattice relax-
ation rate divided by temperature 1/T1T [21]. However, these
two behaviors have not been simultaneously observed in one
single superconducting material. For instance, previous stud-
ies on CeCoIn5 [22,23], β ′′-(ET)2SF5CH2CF2SO3 [24], and
Sr2RuO4 [25] only reported line splitting or broadening with-
out any anomaly in 1/T1T , while no NMR line anomaly was
reported in κ-(BEDT-TTF)2Cu(NCS)2 [21] and CeCu2Si2

[26]. Therefore, further experimental measurements remain
essential to verify the existence of the FFLO state in general
and especially for investigating multiband effects in the emer-
gent materials.

KFe2As2 is particularly clean compared to other iron-based
superconductors. The residual resistivity ratio of this com-
pound can be even up to 3000 [27]. Experiments have shown
that the upper critical field Bc2 of KFe2As2 is decided by
the Pauli paramagnetic effect with Maki parameter αM ∼ 3
[28,29]. Additionally, its anisotropic Fermi surface and super-
conducting order parameter together favor the formation of
FFLO Cooper pairs [30–33]. Previous magnetic torque and
specific heat measurements have indeed observed the upturn
of the upper critical field at low temperatures and high fields
in KFe2As2 [34]. However, these findings do not explicitly ad-
dress the multiband effect on the FFLO state. Such effect can
broaden the parameter space where FFLO states can form and
affect boundaries between FFLO and homogenous supercon-
ducting (HSC) states [35–39]. Therefore, direct microscopic
experimental investigations are required for the putative state
and for establishing a precise FFLO boundary in KFe2As2.

Methods. In this work, we use 75As-NMR to address
these issues. We found microscopic evidence for a FFLO
state both from NMR spectra and 1/T1T . We established
a concrete boundary between the FFLO and homogeneous

superconducting states, which is different from what is ex-
pected for a single-band superconductor. The single crystal
samples were grown by the self-flux method that is described
in Refs. [40,41]. The superconducting critical temperature
Tc of our sample is 3.8 K from the ac susceptibility mea-
surement [42], which is among the highest reported for this
compound, indicating its high quality [27]. Below T = 1.5 K,
measurements were conducted by using a 3He - 4He dilution
refrigerator. To minimize the heating effects at low temper-
atures, we used a 30-µs-long π/2 pulse. We adopt the same
method as that of Pustogow et al. [43] to test the heat-up effect
induced by rf pulses in the superconducting state. We also
confirmed that the spin-lattice relaxation rate 1/T1 is nearly
frequency independent. Subsequently, all T1 was measured at
the central position of the NMR line. Further details can be
found in Figs. S3 and S12(a) [42]. The external magnetic field
was applied parallel to the ab plane with precise angle con-
trol achieved through a single axis rotator (see Supplemental
Material [42] Fig. S5). The NMR spectra were obtained by
summing the fast Fourier transforms of the spin-echo signals,
while the spin-lattice relaxation rate 1/T1 was measured by
the saturation-recovery method. Field values were calibrated
using the resonance frequency of 63Cu in the copper coil
(63K = 0.235% at low temperatures).

NMR results. Figure 1 presents the central transition line of
the 75As-NMR spectra at various temperature and magnetic
fields. No spectral changes are observed with temperature
down to 0.2 K at B = 4 T nor with any magnetic fields at T =
1.9 K [Figs. 1(a) and 1(b)]. However, at B = 5.3 T, line broad-
ening appears at low temperatures below 0.6 K [Fig. 1(c)].
At T = 0.4 K, line broadening appears within a small field
region 5 T < B < 5.9 T [Fig. 1(d)]. To quantify this broad-
ening, we calculate the square root of the second moment
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FIG. 2. Panels (a) and (c) are the field dependence of (σ2)1/2 of the spectrum and 1/T1T at various temperatures, respectively. Panels
(b) and (d) are the temperature dependence of the second moment of the spectra (σ2)1/2 and 1/T1T at various fields, respectively. The solid
arrows denote a transition from the normal state to the HSC state. The dashed arrows identify a transition from the normal state or the HSC
state to the FFLO state. Dashed lines are guides to the eye.

of the spectra (σ2)1/2 [42], which is a sensitive indicator of
spin polarization [25,26,44]. The results of the calculation
are presented in Figs. 2(a) and 2(b), revealing a clear line
broadening at low temperatures and high magnetic fields, at
T = 0.2 K with 4.8 T < B < 6.1 T, T = 0.4 K with 5 T <

B < 5.9 T, T < 0.6 K at B = 5.3 T, and T < 0.5 K at B =
5.7 T. In these regions, although no decrease in Knight shift
was observed due to the broad central lines [42], ac suscepti-
bility measurements indicate that the NMR line broadening
indeed takes place within the superconducting state, even
when the magnetic field exceeds the Pauli limit field BPauli =
4.8 T [34]. When an external field is applied parallel to the
superconducting layers of KFe2As2, the Josephson vortex
state forms only between these layers and should not affect
the linewidth, consistent with the temperature-independent
behavior of (σ2)1/2 at B = 4 T in the superconducting state
[see Fig. 2(b)]. The enhancement of (σ2)1/2 of the spectrum
occurs only within a magnetic field range of 4.8 T < B <

6.1 T and below T ≈ 0.8 K, suggesting that the emergent line
broadening is unrelated to the vortex state. Instead, it arises
from the superconducting spin smecticity, which is a char-
acteristic feature of the FFLO state, as we elaborate below.
In principle, the line splitting with a two-horn structure, as
observed in Sr2RuO4 [25], should be present [see Fig. S8(a)]
[42]. However, in KFe2As2, only line broadening is observed
due to the relatively larger linewidth of the central line due
to the second-order quadrupolar broadening [see Figs. S8(b)
and S8(c)] [42]. We thus define the critical temperature T ∗ or
magnetic field B∗ of this possible FFLO state as the point at
which the (σ2)1/2 of the spectrum begins to increase.

To gain further insight into the inhomogeneous supercon-
ducting state, we measured the 1/T1T as shown in Figs. 2(c)
and 2(d). At B = 4 T, the temperature dependence of 1/T1 ex-
hibits a rapid decrease with a T 3 variation at low temperatures,
with no Hebel-Slichter coherence peak [42], suggesting the
unconventional nature of the superconductivity. The 1/T1 ∝
T 3 behavior is in contrast to other iron-based superconductors
[45,46], but is consistent with the existence of line nodes in
the gap function as previously observed by the angle-resolved
photoemission spectroscopy (ARPES) [30,33]. A rapid reduc-
tion in 1/T1T is also observed below the upper critical field
Bc2 = 4 T at T = 1.9 K [see Fig. 2(c)]. As the magnetic field
increases, distinct peaks in 1/T1T are observed at 5.3 T and
5.7 T, coinciding with the temperatures at which (σ2)1/2 of the
NMR spectrum begins to increase. Additionally, at T = 0.2 K
and 0.4 K, peaks are also observed in the field variation of
1/T1T , at the magnetic fields where (σ2)1/2 increases [see
Fig. 2(c)]. The correlation between the second moment (σ2)1/2

and the 1/T1T indicates that the emergence of the super-
conducting spin smecticity and Andreev bound states occurs
within the same temperature and high-field region. Our results
provide compelling evidence for the existence of the FFLO
state. Notably, at 5.3 T, there is a decrease in the 1/T1T values
in range T ∗ < T < Tc, suggesting that the sample first transi-
tions into the HSC state before evolving into the FFLO state
as the temperature decreases. In the FFLO state, one would
also anticipate that 1/T1T could be frequency dependent due
to the spin smecticity. We indeed observed a frequency de-
pendence of 1/T1T [see Fig. S12(b)], although rather weak.
Nevertheless, the disparity of 1/T1T between the lowest and
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FIG. 3. Comparison of the temperature dependence of (σ2)1/2

and 1/T1T between θ = 0◦ (blue color) and 1.7◦ (red color) at
B0 = 5.7 T in KFe2As2. The solid arrows represent a transition from
the normal state to the FFLO state. Dashed lines are guides to the
eye.

highest frequency points was within the error margin. The
frequency-dependent behavior of 1/T1T could be smeared out
in KFe2As2, as the NMR spectra merely exhibit line broaden-
ing, instead of the line splitting observed in Sr2RuO4 [25].
It would be interesting to conduct similar measurements on
Sr2RuO4 in the FFLO state in the future. At B = 7.5 T, the
1/T1T data show a slight upturn as the temperature decreases,
which can be attributed to spin fluctuations [47].

For a FFLO state in quasi-two-dimensional superconduc-
tors, it should be sensitive to the field orientation [48]. The
FFLO state can be significantly suppressed when the magnetic
field deviates from being parallel to the superconducting
layers, leading to the competition with the Abrikosov vortex
state that forms within the superconducting layer. Upon
rotating the sample by 1.7◦, we indeed found that (σ2)1/2

of the spectra becomes temperature independent and the
peak in 1/T1T disappears, as shown in Figs. 3(a) and 3(b),
respectively. These results show that the observed high-field
state is indeed highly sensitive to the angle between the
external field and the ab plane, consistent with previous
specific heat measurements [34].

Phase diagram and discussions. We summarize our ex-
perimental findings in the phase diagram presented in Fig. 4.
Comments on two characteristic features found in this study
are in order. First, the transition field from HSC to FFLO state
decreases as temperature decreases. The decreasing transition
field from HSC to FFLO state with decreasing temperature
suggests that the FFLO state may be more readily formed at
lower temperatures. We ascribe this phenomenon to interband

FIG. 4. Obtained phase diagram. The light blue and dark blue
squares represent the superconducting critical temperature Tc and
the upper critical field Bc2 obtained from the ac susceptibility
measurements [42]. The orange circle is the onset field B∗ and tem-
perature T ∗ determined based on the increase of (σ2)1/2 and 1/T1T .
HSC and FFLO denote the homogeneous superconducting state and
the Fulde-Ferrell-Larkin-Ovchinnikov state, respectively.

coupling in KFe2As2 as elaborated below. Because of the fi-
nite center-of-mass momenta of the Cooper pairs, the stability
of the FFLO state strongly depends on the Fermi surface struc-
ture and the pairing anisotropy [36]. Recent ARPES studies
have demonstrated the presence of multiple Fermi surfaces
with different anisotropies in KFe2As2 [33]. The α and γ

Fermi surface is nearly isotropic. The superconducting gap on
the α Fermi surface is also nearly isotropic and it is nearly
zero on the γ Fermi surface. In contrast, the β and ε Fermi
surfaces display anisotropy, with a line-nodal superconducting
gap which can facilitate the FFLO formation. Additionally,
ARPES measurements also suggested that the normal state
of the ε band features a very flat band, which can enhance
the stabilization of the FFLO state through nesting [9,38].
Therefore, the observed FFLO pairing in KFe2As2 can be
mainly ascribed to the two anisotropic Fermi surfaces. Now,
previous numerical calculations have shown that the FFLO
state can be stabilized even in the lower field region due to
interband coupling between an active band and a passive band
where a gap is negligibly small [36]. In the present case, the
superconducting gap in the γ band is much smaller than that
in the other bands [33], so that the theory of Ref. [36] can
apply. Namely, coupling between the γ and other bands can
result in a decrease in the lower critical field of the FFLO state
at low temperatures and establishes an ascending boundary
line between the FFLO state and HSC state as observed in the
phase diagram of KFe2As2.

Secondly, we found a low critical temperature T ∗ ≈ 0.2Tc

of the FFLO state. For the heavy fermion and organic su-
perconductors, the T ∗/Tc ratio is larger than 0.4 in possible
FFLO states [8–10], where the Maki parameter is typi-
cally very large, implying that the orbital pair breaking is
usually negligible. For instance, in CeCu2Si2 and κ-(BEDT-
TTF)2Cu(NCS)2, the Maki parameter αM is ∼10 [49] and ∼8
[50], in which the T ∗/Tc ratio is even close to 0.6. It has been
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shown that orbital effects are detrimental to the formation
of the FFLO state [4]; the FFLO region will shrink due to
the orbital effect, leading to a lower critical temperature. For
KFe2As2, the Maki parameter is only ∼3, which is indeed
much smaller than that of the heavy fermion and organic
superconductors. Therefore, one possible explanation is that
the orbital pair breaking cannot be ignored in KFe2As2. We
note that an upturn in Bc2(T ) also appears at a relatively low
temperature (T ∗ ≈ 0.2Tc) in FeSe [15], where αM is found
to be similar to KFe2As2 as ∼5 (2.5) for the electron (hole)
pocket. Therefore, it is possible that both compounds have a
significant orbital pair breaking, resulting in the occurrence
of low critical temperature T ∗. Additionally, considering that
KFe2As2 is the multiband superconductor, the band structure
may also be a factor influencing the critical temperature T ∗.
The numerical calculations have shown that the electrons from
the isotropic Fermi surface can strongly reduce the stability of
the FFLO state and decreases its region in the phase diagram
due to the quantum band geometric effects [38]. Indeed, the
α and γ Fermi surfaces are nearly isotropic [33] in KFe2As2,
which might play a role.

Our result is different from the previous transport mea-
surements [34] (see Fig. S9 [42]). Some comments are in
order. Previous transport measurements suggested that the
FFLO state appears below T ∗ ≈ 1.5 K. However, our studies
indicate that the FFLO state actually emerges at a lower tem-
perature of T ∗ ≈ 0.8 K even at B ≈ 5.3 T, coinciding with an
upturn in the upper critical field. The presence of impurities
in the sample is known to influence the appearance of the
FFLO state, typically resulting in its occurrence at lower tem-
peratures with higher impurity levels. However, our sample
exhibits a higher Tc than previously studied samples [34,42],
which is an indication of fewer impurities. It is unlikely that
this difference can be attributed to impurity effects. We be-
lieve that the discrepancy arises with the large uncertainty
in determined T ∗ from the specific heat results [34]. Finally,
it is worth noting that, while the Tc of previously studied
samples was found to be lower than ours [34], the temperature
dependence of the upper critical magnetic field at B > 4 T is
consistent with our findings [42], suggesting that the observed
FFLO state seems surprisingly robust against impurities. This
behavior seems to contradict the presence of the FFLO state
at high fields [9]. However, as already mentioned above, the
isotropic superconducting gap on the α Fermi surface should
contribute less to forming the FFLO state in KFe2As2, while
the anisotropic gaps on β and γ Fermi surfaces might play
a more significant role. Previous research has suggested the
presence of interstitial Fe in KFe2As2 [27,51], which serves as
the magnetic impurity. Therefore, it is plausible that although

magnetic impurities affect the isotropic superconducting gap
and result in reduced Tc at zero field, they may have minimal
effect on the anisotropic superconducting gap and thus do
not influence the presence of the FFLO state. For the fully
opened gap with no sign-changing order parameter, the mag-
netic impurity is a pair breaker and breaks the time-reversal
symmetry [52]. For the anisotropic superconducting gaps on β

and γ Fermi surfaces, it is possible that the interband coupling
makes them have more tolerance with magnetic impurities
[53]. Further investigation is still required to study the impact
of magnetic impurities on the FFLO state in KFe2As2 through
the microscopic research on locally induced impurity states.

Summary. In summary, we have preformed low-
temperature and high-field 75As-NMR measurements on
the multiband iron-based superconductor KFe2As2. A
clear increase of the second moment of the spectrum, as
well as a notable peak in the 1/T1T , are observed in the
same low-temperature and high-field region, implying the
emergence of superconducting spin smecticity and Andreev
bound states due to the staggered distribution of normal
and superconducting regions, which provides compelling
microscopic evidence for the existence of the FFLO state. The
obtained phase diagram reveals two unique characteristics: a
distinct boundary line between the FFLO and HSC states and
a low FFLO critical temperature T ∗ ≈ 0.2Tc. These features
can be attributed to the multiband effects. Our results offers
new insights into the intrinsic properties and microscopic
mechanisms underlying FFLO states.
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