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Quasiparticle Nodal Plane in the Fulde-Ferrell-Larkin-Ovchinnikov State of FeSe
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The Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state, characterized by Cooper pairs condensed at finite
momentum, has been a long-sought state that remains unresolved in many classes of fermionic systems,
including superconductors and ultracold atoms. A fascinating aspect of the FFLO state is the emergence of
periodic nodal planes in real space, but its observation is still lacking. Here we investigate the
superconducting order parameter at high magnetic fields H applied perpendicular to the ab plane in a
high-purity single crystal of FeSe. The heat capacity and magnetic torque provide thermodynamic evidence
for a distinct superconducting phase at the low-temperature/high-field corner of the phase diagram. Despite
the bulk superconductivity, spectroscopic-imaging scanning tunneling microscopy performed on the same
crystal demonstrates that the order parameter vanishes at the surface upon entering the high-field phase.
These results provide the first demonstration of a pinned planar node perpendicular to H, which is

consistent with a putative FFLO state.
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Exotic superconductivity with a nontrivial Cooper pair-
ing state has been a central subject in condensed matter
physics. In conventional Bardeen-Cooper-Schrieffer (BCS)
superconductors, superconducting state consists of singlet
pairs with zero center-of-mass momentum (k 1, —k|)). In
contrast, the FFLO state is a novel pairing state, in which
the pair formation occurs between Zeeman-split parts of the
Fermi surface and a new pairing state (k 1, —k + ¢/ ) with
finite center-of-mass momentum ¢ is realized [1,2]. The
appearance of the g vector implies translational symmetry
breaking, in addition to U(1)-gauge symmetry breaking.
As aresult, the order parameter A(r) of condensed fermion
pairs undergoes one-dimensional (1D) spatial modulation,
leading to normal conducting planes (nodal planes), in the
superconducting state [3-5].

In superconductors, the FFLO state can appear when an
external magnetic field H is applied, but the formation of this
state requires stringent conditions; a sufficiently large Maki
parameter, a ratio of the orbital to the Pauli-paramagnetic
limiting upper critical fields @) = V2H/Hix
2(m*/m,)(Ag/er) > 1.5, is a prerequisite, where m, is
the free electron mass, m* is the effective mass, A is the
superconducting gap magnitude at zero field, and & is the
Fermi energy [3]. Promising candidate systems with a
large Maki parameter are layered superconductors in a
parallel field [4,6] and heavy fermion compounds with
large m* [3,7-9]. The former includes several quasi-2D
organic superconductors and the latter includes CeColns.
However, although some features of the field-induced
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superconducting phase have been reported in the above
systems, a key observation of the FFLO state, i.e., the
emergence of the nodal planes in real space in the super-
conducting state is still lacking.

The layered iron-chalcogenide FeSe (7. ~9 K) has
recently stirred great interest as a platform to investigate
various exotic superconducting states [10—12]. FeSe exhib-
its a tetragonal to orthorhombic structural transition at 7'y ~
90 K without magnetic order [13]. Fermi surface consists
of a hole pocket at the zone center and one or two electron
pockets at the zone boundary [11,14-16]. A remarkable
feature is the emergence of high-field superconducting
phases for both Hllab [20-22] and H||c [23,24]. In
particular, for H||ab, a distinct first-order phase transition
deep inside the superconducting phase, which is revealed
by a discontinuous jump of the thermal conductivity, has
been reported [20].

The high-field superconducting phases of FeSe have
been discussed in terms of the FFLO state [20,23]. In FeSe,
the Maki parameter of each band has been determined
microscopically by using spectroscopic-imaging scanning
tunneling microscopy (SI-STM) [23], quantum oscillations
[25], and angle-resolved photoemission spectroscopy [26]
measurements. For the c-axis field, ay, ~ 2.5 and 5 for hole
and electron pocket, respectively [23]. Owing to the
extremely large A,/er and mass enhancement caused by
the electron correlation effect [11,20,23], Maki parameters
in both bands are strikingly enhanced, demonstrating that
FeSe has a strong Pauli pair breaking effect. The FFLO
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state is stabilized when a large area of the spin-up Fermi
surface is connected to the spin-down surface by the ¢
vector. For a 2D system with a cylindrical Fermi surface,
the two Zeeman-split Fermi surfaces touch on a line by a
shift of the g vector in the 2D plane. Thus, in the layered
compounds, the FFLO state with H||q is more favorable
under a parallel field than in a perpendicular field [27].
Therefore, whether the FFLO state is formed for H||c is a
highly nontrivial issue [28,29].

Importantly, in FeSe, the large Maki parameter for H||c
still fulfills the requirements for the possible FFLO phase
even in this field orientation, providing an excellent plat-
form to tackle the FFLO physics. Here, we performed heat
capacity, magnetic torque, resistivity, and SI-STM mea-
surements on a high-quality single crystal of FeSe for H||c.
All measurements were performed on the same crystal [16].
This is particularly important because T, and H ., slightly
depend on the samples. To reduce the 7. distribution
caused by the inhomogeneity, we selected a tiny crystal
(~30 pg) containing an extremely small amount of impu-
rities. The heat capacity demonstrates a distinct super-
conducting phase at the low-7/high-H corner of the phase
diagram. Despite bulk superconductivity, SI-STM reveals
that the superconducting order parameter vanishes at the
surface upon entering the high-field phase. The combina-
tion of these thermodynamic and spectroscopic results
supports the presence of the FFLO state.

As shown in the inset of Fig. 1(a), C(H)/T grows steeply
up to poH ~ 1 T and then increases gradually up to ~6 T.
Thus, a substantial portion of quasiparticles is already
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FIG. 1. (a) H dependence of the heat capacity C(H)/T between
12 and 17 T at 0.5 K. The orange and blue shades denote the two
different regimes of the C(H)/T below and above H*. The inset
shows C(H)/T for the whole H range from O to 17 T. (b) H
dependence of C(H)/T at different temperatures below
T = 2.0 K. Each curve is vertically shifted for clarity. The red
arrows indicate the kink anomaly at H*. The black arrows show
the mean-field H¢,, above which the C/T becomes H indepen-
dent. Two distinct kinks are observed up to 1 K, but they are not
seen clearly at 1.5 K.

restored at ~1 T, which is consistent with multiband
superconductivity [30]. As depicted in the main panel of
Fig. 1(a), C(H)/T increases nearly linearly with H above
12 T. At ygH* ~ 14 T, C(H)/T exhibits a clear kink and
then increases nearly linearly with a smaller slope above
H*. At yoH ~ 16.4 T, C(H)/T again exhibits a distinct
kink and becomes H independent at higher fields. As
C(H)/T is H independent in the normal state, the kink at
the higher field is attributed to the mean-field upper critical
field H¢,. Thus, the present results provide thermodynamic
evidence for the phase transition at H* well below H¢,. As
shown by the blue shaded region in Fig. 1(a), a substantial
portion of the electrons remain condensed into a super-
conducting state just above H*. We note that recent
measurements of nuclear magnetic resonance (NMR)
report the change of the spin-lattice relaxation rate
1/T,T at H* [31]. As shown by the red and black arrows
in Fig. 1(b), two distinct kinks are observable up to 1 K. At
1.5 K, however, they are not seen clearly, and C(H)/T
values are nearly H independent above ~13 T. The nearly
H-independent C(H)/T at 1.5 K at high H is explained by
the strongly 7T-dependent specific heat jumps at H,,
AC « T(dH¢,/dT)?. This jump structure is observable
at high temperatures, but AC vanishes at very low temper-
atures. A sharp jump is often smeared out by thermal
fluctuations (and inhomogeneity), and consequently, a
broad peak appears just below H¢,. Such a peak structure
has been reported above ~2 K in FeSe [21]. At 1.5 K,
although discernible peak structure is not observed, the
C(H)/T curve appears to be seriously influenced by the
jump anomaly.

Next, we discuss the H-T phase diagram. The irreversi-
bility line separates a vortex-liquid region from a vortex-
solid region with zero resistivity. In the liquid regime,
superconducting phase coherence is lost due to thermal or
quantum fluctuations [32]. We determined the irreversibil-
ity field H;,, by the H dependence of the resistivity and the
magnetic torque [16]. Figure 2 displays the H-T phase
diagram at high fields and low temperatures, showing H*,
H¢,, and Hy,. As shown in Fig. 2, H;;, data determined by
resistivity and torque coincide well with each other. It
should be stressed that H;, locates between H* and H¢,.
This firmly establishes that the long-range superconducting
order survives above H*. Thus the H-T phase diagram
displayed in Fig. 2 indicates the presence of a noticeable
high-field superconducting phase (blue shaded region),
which is distinct from the low-field BCS phase (yellow
shaded region). Although the precise determination of H* is
difficult around 1.5 K, extrapolation suggests that H*
merges with H;, around 1.5 K. As shown in Fig. 1(a),
the field slope of C(H)/T above H* becomes less
steep compared to that below H*. This demonstrates that
the upper critical field is enhanced by the formation of
the high-field phase. Thus the present results provide
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FIG. 2. H-T phase diagram of FeSe for H||c at low temper-
atures. Blue open circles and red squares represent, respectively,
the mean-field upper critical field H¢, and H* that separates low-
and high-field superconducting phases, which are determined by
the C(H)/T curve. The orange square represents H* determined
by SI-STM. Black and green circles show the irreversibility field
H,, determined by resistivity and magnetic torque, respectively.
The FFLO and BCS phases are indicated by blue and yellow
shaded regions, respectively.

thermodynamic evidence for the high-field superconduct-
ing phase.

To investigate how the superconductivity varies upon
entering the high-field phase, we performed SI-STM at
~90 mK in a wide field range. Figures 3(a)-3(d) display
zero-energy tunneling conductance dI(E,r)/dV images at
various H, representing spatial distributions of the local
density of states (LDOS) at the Fermi energy. Here, I(E,r)
is the tunneling current at energy E and position r and V
denotes the sample bias voltage. At 8 T, vortices are imaged
as high LDOS regions where the superconducting order is
locally suppressed. Each vortex is elliptical due to the
nematicity [33-35] [Fig. 3(a)]. At 13 T, although individual
vortices are obscured, vortex-related LDOS inhomogeneity
remains [Fig. 3(b)], meaning that superconductivity is still
maintained. At 15 T, the LDOS becomes uniform except
for the quasiparticle interference patterns near defects
[Fig. 3(c)], which are also seen in the normal state
[Fig. 3(d)]. The absence of vortices at 15 T indicates that
the superconducting order diminishes at the surface even
below bulk H¢,, presumably at H*. To verify the relation
between H* and the disappearance of superconductivity at
the surface, we repeated the spectroscopic scan every 0.5 T
and quantified the vortex-related signals by separating them
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FIG. 3.

(a)—~(d) dI(E = 0 meV,r)/dV images at various H at T ~ 90 mK. Blue and red arrows denote a, and by, respectively, which

are the primitive vectors of the Fe lattice. We adopt the coordinate system |ag.| < |bg.|. Black scale bars represent 20 nm. (e)—(h)
Fourier-transformed dI(E, r)/dV /[I(E,r)/V] images at —1.5 meV. g, and ¢, are scattering vectors parallel to ag, and bg,, respectively.
(1)-(k) Difference images between Fourier-transformed dI(E,r)/dV /[I(E,r)/V] below HS, and the one taken at 16.5 T > HS,. () H
dependence of the integrated intensity of the superconductivity-related signals.

257001-3



PHYSICAL REVIEW LETTERS 127, 257001 (2021)

from the normal-state quasiparticle interference signals
in Fourier space. Fourier-transformed spectroscopic
images dI(E,r)/dV/[I(E,r)/V] at —1.5 meV are shown in
Figs. 3(e)-3(h). The vortex-related signals appear along ¢,
near q;, = 0, whereas the normal-state quasiparticle inter-
ference generates spots along g, [36]. The signals along ¢,
are confined below the superconducting-gap energy
and are particle-hole symmetric [16], corroborating their
superconducting origin. We evaluated the vortex-related
intensity by subtracting the Fourier-transformed dI(E,r)/
dV/[I(E,r)/V] in the normal state (16.5 T) from the ones
taken below H¢, [Figs. 3(i)-3(k)], followed by the inte-
gration over |E| < 6 meV. The resultant integrated inten-
sity [Fig. 3(1)] vanishes at around 14.5 T with a distinct
kink. We conclude that this field corresponds to H* because
it lies on an extrapolation of the H* from high temperatures
(filled orange square in Fig. 2).

The most striking feature is that the superconducting
signal detected by SI-STM vanishes above H* [Fig. 3(1)],
whereas C(H)/T indicates that ~5% of electrons remain
condensed in the superconducting state at H* [Fig. 1(a)].
These contrasting observations cannot be accounted for by
the multiband effect but can be naturally explained by the
formation of the planar node at the top surface of the ab
plane. Indeed, this is an expected fingerprint of the FFLO
state, which has been suggested to be realized in FeSe at
high fields. We point out that the formation of some sort of
magnetic or charge orders would not be the origin of the
field-induced superconducting phase. The torque and NMR
measurements [31] show no evidence of the magnetic
order. The formation of charge order is unlikely because
LDOS images above H* [Figs. 3(c), 3(d), 3(g), and 3(h)]
show no discernible features other than the quasiparticle
interference patterns associated with the normal-state band
structure.

We note that the vanishing of the superconducting order
parameter at the surface is highly unlikely to be caused by
the crystal inhomogeneity. First, we confirmed that the
superconducting-gap spectra are reproducible from cleave
to cleave, which guarantees the homogeneity of our crystal
[16]. Second, any signature of degradation was not detected
at the surface investigated in this work [16]. Third, the heat
capacity for a crystal (81 ug) obtained from the same batch
was reported to exhibit a very sharp superconducting
transition [37]. Since we used a smaller crystal (~30 ug)
in the present study, the inhomogeneity is expected to be
even smaller.

There are two possible scenarios of the FFLO state for
H||c, in which H is applied parallel to the quasi-2D
cylindrical Fermi surface. In the first scenario, the Fermi
surface is assumed to be purely 2D. In this case, an FFLO
state, in which the g vector in the ab plane connects the
Zeeman split Fermi surface sheets, is stabilized [Fig. 4(a)].
The order parameter oscillates perpendicular to H,
and periodic nodal planes appear parallel to the vortices

[Fig. 4(b)]. This state corresponds to the FFLO state
involving Cooper pairs with higher-order Landau levels
of index n > 1 [3,27-29]. However, we can exclude this
scenario because the superconducting order parameter
remains finite in some regions of the ab plane, which is
inconsistent with the uniform suppression of superconduc-
tivity at the top surface. In the second scenario, warping of
the cylindrical Fermi surface along the ¢ axis is assumed to
be important. In this scenario, the FFLO state of the lowest
Landau level (n = 0), in which the g vector parallel to the ¢
axis connects the warped regime of the Zeeman split Fermi
surface sheets, is stabilized [Fig. 4(c)] [29]. The order
parameter oscillates along the ¢ axis as A(z) « sin(gz), and
the periodic planar nodes appear perpendicular to the
vortices [Fig. 4(d)]. To place the FFLO nodal planes, it
is natural to consider that one nodal plane is pinned at the
top surface of the ab plane, which is energetically favored.
This situation can account for the experimental observa-
tions. We note that as the vortices are heavily overlapped
near H*, inhomogeneity of the quasiparticle distribution is
largely suppressed. Above H*, the system becomes more
homogeneous due to additional quasiparticle excitations
caused by the planar node formation. This is consistent
with the recent NMR results, which suggest a homo-
geneous electronic structure above H* [31].

Next, we consider the influence of nematicity on the
FFLO formation. The Fermi surface of FeSe consists of
hole cylinders around the zone center and compensating
electron cylinders around the zone corner [Fig. Sl(a)].
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FIG. 4. (a) Electron pairing with (k 1, —k 4+ ¢/,) in a purely 2D
Fermi surface. For the higher order FFLO state with n > 0, the g
vector orients perpendicular to H. (b) Schematic illustration of
the superconducting order parameter A in real space for an n > 0
FFLO state. (c) Electron pairing with (k 1, —k + ¢/) in a quasi-
2D warped Fermi surface. The g vector orients along the direction
of H. (d) Schematic illustration of the superconducting order
parameter A for the n = 0 FFLO state. The oscillations of the
order parameter and the periodic planar nodes appear along the
direction of H.
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The superconducting gap function is highly anisotropic
within the ab plane, as shown by the elongated vortices
[Fig. 3(a)]. It has been reported that the gap function has
nodes or deep minima along the long axis of the elliptical
hole pocket [Fig. S1(b)]. It has been pointed out that the
pairing interaction is strongly orbital dependent and the d,,
orbital in the hole pocket plays an important role for the
superconductivity [38]. Moreover, the d,, orbital has larger
weights on the flattened parts of the Fermi surface than the
other portion [16]. Therefore, it is likely that these parts of
the Fermi surface with d,, character play an essential role
for the FFLO state not only for H|[ab [20] but also H||c.
The phase boundary between the BCS and FFLO states is
nearly T independent for H||ab, whereas it increases as the
temperature is lowered for H||c. This may be caused by
the orbital pair-breaking effect, which is relatively more
important for H||c.

In summary, we provide thermodynamic evidence for a
distinct field-induced superconducting phase at the low-7/
high-H corner of the phase diagram in FeSe for H]|c.
Remarkably, despite bulk superconductivity, SI-STM
reveals that the superconducting order parameter vanishes
at the surface upon entering the high-field phase. These
results imply that the planar node induced perpendicular to
H is pinned at the surface, which is consistent with those
expected for the putative FFLO state. Emergent high-field
phases for both field directions are perhaps the most
prominent features in the BCS-BEC crossover supercon-
ductor of FeSe, which would provide an unprecedented
platform of the long-sought FFLO state.
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