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Disorder-robust high-field superconducting phase of FeSe single crystals
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When exposed to high magnetic fields, certain materials manifest an exotic superconducting (SC) phase that

has attracted considerable attention. A proposed explanation for the origin of the high-field SC phase is the
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state. This state is characterized by inhomogeneous superconductiv-
ity, where the Cooper pairs have finite center-of-mass momenta. Recently, the high-field SC phase was observed
in FeSe, and it was deemed to originate from the FFLO state. Here, we synthesize FeSe single crystals with
different levels of disorder. The level of disorder is expressed by the ratio of the mean free path to the coherence
length and ranges between 35 and 1.2. The upper critical field B., was obtained by both resistivity and magnetic
torque measurements over a wide range of temperatures, which went as low as ~0.5 K, and magnetic fields,
which went up to ~38 T along the c axis and in the ab plane. In the high-field region parallel to the ab plane, an
unusual SC phase was confirmed in all the crystals, and the phase was found to be robust against disorder. This
result suggests that the high-field SC phase in FeSe is not a conventional FFLO state.

DOI: 10.1103/PhysRevB.104.L140504

The orbital and Pauli-paramagnetic pair-breaking effects
are two distinct mechanisms for destroying superconductivity
and limiting the maximum upper critical field in type-II su-
perconductors [1,2]. However, triggered by certain conditions,
some unconventional superconductors can easily overcome
the Pauli limitation by forming an exotic superconducting
(SC) phase [3-24]. Among them, an inhomogeneous SC state
occurs when the Pauli pair-breaking effect dominates over
the orbital pair-breaking effect, which was independently pre-
dicted by Fulde and Ferrell [3] and Larkin and Ovchinnikov
[4] (the FFLO state) half a century ago. In the FFLO state,
the Zeeman-split Fermi surfaces could drive the formation of
Cooper pairs with finite center-of-mass momenta, thus realiz-
ing a spatially modulated SC state. The large Maki parameter
o, clean limit (mean free path £ > coherence length &), and
unconventional pairing symmetries [6] could drive a system to
have easier access to the FFLO state. In previous reports, the
FFLO state was suggested to exist in heavy-fermion [5-7], or-
ganic [8-18], and some iron-based superconductors [19-22].
In the heavy-fermion superconductor CeColns, an additional
spin-density wave (SDW) was observed to coexist with SC
[23,24], implying that the high-field SC phase does not simply

“These authors contributed equally to this work.
TCorresponding author: sunyue @phys.aoyama.ac.jp
Corresponding author: xzxing @seu.edu.cn
$Corresponding author: zxshi @seu.edu.cn

2469-9950/2021/104(14)/L140504(6)

L140504-1

originate from the FFLO state. In contrast, in some layered or-
ganic superconductors, the FFLO state was observed without
any magnetic order [8—18].

The target material of this study is the iron chalcogenide
superconductor FeSe [25], which has attracted considerable
interest due to its unique electrical properties, such as a multi-
band structure [26], electronic nematicity [27], extremely
small Fermi energy [21], and a strongly orbital-dependent
pairing mechanism [28]. Recently, a high-field SC phase was
observed in FeSe at temperatures below 2 K and under ap-
plied field close to the upper critical field [19,20]. It has been
suggested that the high-field SC phase may originate from the
FFLO state [19,20].

Since the phase transition from FFLO to the BCS state is
first order, the FFLO state is sensitive to disorder [6,29,30].
Therefore, the disorder effect can be a useful method to clarify
whether the high-field SC phase in FeSe stems from the FFLO
state. In this study, we probed the high-field SC phase in three
FeSe single crystals with a disorder level £/£ ranging from 35
to 1.2. We found that the high-field SC phase exists in all three
crystals and is robust against disorder.

The single crystals of FeSe studied here were synthesized
by the vapor transport method [31,32]. Single crystals with
different amounts of disorder were selected from different
batches. The structure of the FeSe single crystals was char-
acterized by x-ray diffraction (XRD) with Cu Ko radiation.
The crystal composition was determined by energy-dispersive
x-ray spectroscopy (EDX). The temperature dependence of
the resistivity up to 9 T was measured using a physical
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FIG. 1. Temperature dependences of the resistivity at zero field at temperatures (a) in the range 0-300 K and (b) below 16 K for three
selected FeSe single crystals with different amounts of disorder. The dashed lines correspond to the power-law fitting po(T) = py + AT".
(c) Temperature dependence of magnetic susceptibility x measured under 5 Oe field along the ¢ axis. (d) Residual resistivity py dependence of
the ratio of the mean free path £ to the coherence length &,,. The inset displays the p, dependence of £ (left axis) and &,, (right axis). (e) The
single-crystal XRD patterns for the three selected FeSe single crystals. Enlarged diffraction peaks of (f) (003) and (g) (103).

property measurement system (PPMS, Quantum Design). The
magnetization was measured by a commercial SC quantum
interference device magnetometer (MPMS-XL5, Quantum
Design). The high-field transport and magnetic torque mea-
surements were carried out in a water-cooled magnet with
steady fields up to 38 T at the High Magnetic Field Laboratory
of the Chinese Academy of Sciences by using standard a.c.
lock-in and capacitive cantilever techniques, respectively.
Figure 1(a) shows the zero-field resistivity p(7) for the
three selected FeSe single crystals. As shown in Fig. 1(b), the
SC transition temperatures 7. determined by the zero resis-
tivity are ~9.0 K (sample S1), 8.2 K (sample S2), and 7.1 K
(sample S3). The residual resistivity pg is determined by using
the power-law fitting p(T) = po+AT* (po, A, and « are the
fitting parameters) from normal state data to zero temperature,
as shown by the dashed lines in Fig. 1(b). The obtained pq
are ~2.1 u2 cm (sample S1), 24 u2 cm (sample S2), and
54.2 12 cm (sample S3). The residual resistivity ratio (RRR),
defined as p300x /0, is estimated to be ~207 for sample S1,
~20.3 for sample S2, and ~12.2 for sample S3 (Table I).

A kinklike behavior at T ~ 90 K related to the structural
transition [33] can be seen more clearly in the plot of dp/dT
(see Fig. S1 [34]). The structural transition temperature 7
is found to be slightly suppressed by the disorder, which is
consistent with previous reports [32].

Superconductivity was confirmed by the temperature de-
pendence of the susceptibility measurements, as shown in
Fig. 1(c). The obtained T, which is defined as the deviation
of the zero-field-cooling and field-cooling susceptibilities, is
in good agreement with the resistivity data. The sharp SC
transition width indicates the homogeneous distribution of
disorder.

We estimated the mean free path by assuming that the hole
and electron pockets are compensated perfectly. According
to the expression ¢ = ]#fm [20], where ¢ is the lattice
parameter, N is the number of formula units per unit cell,
kg = 1.07 nm~! [20] is the Fermi wave vector, and pq is
the residual resistivity, € is estimated to be ~164, 14.1, and
6.3 nm for samples S1, S2, and S3, respectively [see the
inset in Fig. 1(d)]. The ratio of the mean free path ¢ to the

TABLEI. Summary of the experimentally derived parameters for samples S1, S2, and S3. T, defined by the onset of resistivity; po, residual
resistivity; RRR, residual resistivity ratio; &, Maki parameter; BS,(0) and B%(0), the estimated upper critical fields along the ¢ axis and in the
ab plane; £, the mean free path; £.(0) and & ,,(0), the coherence length along the ¢ axis and in the ab plane, determined from B¢, (0) and ng 0);
and £/& ,,(0), the ratio of the mean free path ¢ to the coherence length & ,,(0).

I.(K)  po(u€2em)  RRR a BL(0) () BZO)(T)  £(m)  £.0)(m)  £4(0) (nm)  €/Ea(0)
S1 9.0 2.1 207 1.13 15.26 27.21 164 2.6 4.7 35.2
S2 8.2 24 20.3 1.32 14.33 25.28 14.1 2.7 4.8 3.0
S3 7.1 54.2 122 1.48 12.86 2227 6.3 2.9 5.1 1.2
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FIG. 2. Temperature dependence of the resistivity for sample 1 with (a) B || ¢ and (b) B L ¢ under fields from 0 to 9 T. Magnetic field
dependence of the resistivity with B || ¢ and B L ¢ at several temperatures for (c) and (d) sample S1, (e) and (f) sample S2, and (g) and (h)

sample S3.

in-plane coherence length & 4, is presented in the main panel of
Fig. 1(d) and Table 1. The coherence length is estimated from
B, as discussed in the Supplemental Material (see Figs. S4
and S5 [34]). Our results confirm that sample S1 is in the clean
limit with £/&,, > 35. By contrast, considerable amounts of
disorder have been successfully introduced into samples S2
and S3 because £/&;, is reduced to ~3.0 and 1.2, respectively.

We conducted structure and composition analyses to obtain
further information about the disorder in the three crystals [see
Fig. 1(e)]. Only the (00¢) peaks are observed for all three
crystals, which can be well indexed based on a tetragonal
structure with the P4/nmm space group. The positions of
peaks were found to be slightly shifted to a higher angle from
S1 to S3, which can be seen more clearly in the enlarged view
of (003) peaks shown in Fig. 1(f). To obtain the lattice con-
stant a/b, we measured (103) peaks by scanning the crystal
angle w independently of 26 (the angle between incident and
scattered x rays), as shown in Fig. 1(g). The lattice constants
are estimated to be a = (3.777 & 0.002) A, c= (5.524 +
0.002) A for sample Sl; a=(3.765£0.002) A, c=
(5.521 4 0.002) A for sample S2; and a = (3.76140.002) A,
¢ = (5.519 £ 0.002) A for sample S3. Both a and ¢ decrease
with increasing disorder, indicating lattice shrinkage. The
EDX measurements show that the molar ratio of Fe:Se is
~1:1.005, 1:1.074, and 1:1.087 for samples S1, S2, and S3,
respectively, which indicates that the amount of Fe is less
than the amount of Se and the proportion of Fe decreases
with increasing disorder. The lattice shrinkage and the smaller
amount of Fe suggest that the disorder could be Fe vacan-
cies, which were confirmed by scanning tunneling microscopy
(STM) measurements [35]. Furthermore, the Fe vacancies
were demonstrated to be nonmagnetic disorder [35].

We measured the temperature dependence of resistivity
under fields ranging from 0 to 9 T and the field dependence
of resistivity up to 38 T at several temperatures to probe
the upper critical fields of the three crystals (see Figs. 2 and
S2 [34]). The determinations of B, by the criteria of onset,
50%, and the end point of the SC transition are shown in
Figs. 2(a) and 2(c). B, obtained with different criteria show

similar behavior. In the following, B, determined with the
criterion of 50% of the SC transition is adopted for discussion
since it is less affected by the SC fluctuation and the vortex
motion. However, B., obtained with the criteria of the onset
and end point of the SC transition are presented in Figs. S3
and S8 [34]. Here, we want to emphasize that our conclusion
is not affected by the criteria of B, which will be shown
below. To further confirm the reliability of the obtained B.,,
we also performed the thermodynamic measurements of mag-
netic torque [36,37]. The irreversibility field By, defined as
the onset of the separating field for the up- and down-sweep
torque data (as indicated by arrows in Figs. S7(a)—S7(1) [34)),
is in good agreement with the upper critical field BS™P*™ (see
Figs. S8(a)— S8&(c) [34]).

For B || ¢, the experimental data B, for the three crystals
are well above the predicted upper limit based on the
Werthamer-Helfand-Hohenberg (WHH) theory [1] with Maki
parameter « = 0 and spin orbit interaction & = 0 (shown by
the black lines in Fig. 3) and manifest a concave increase at
T > 4 K but a convex increase at T < 4 K. Similar behavior
has also been observed in other iron-based superconductors
[38,39], which can be well reproduced by the two-band model
(shown by the green lines). For B || ab, the experimental data
B‘Clg fall below the WHH prediction at low temperatures with o
= 0 and A5, = 0, indicating that the spin-paramagnetic effect
cannot be ignored. By considering a finite o (A is kept at 0),
the WHH model can fit Bgé’ well in the temperature range of
T > 2 K. The Maki parameter « extracted from the WHH
fitting is plotted in Fig. S5(e) [34], which is increased with pg
(Table I). The anisotropy y = Bgé’ /B¢, is found to be slightly
increased in crystals with more disorder (see Fig. S5(d) [34]).

Interestingly, at T < 2 K, the experimental data signifi-
cantly deviate from the WHH curves and display an unusual
upturn for all three crystals. This phenomenon was also ob-
served in previous studies and was predicted to originate from
a new high-field SC phase [19,20]. To directly compare the
high-field SC phase for crystals with different amounts of dis-
order, B% normalized by B%¥(0 K) (WHH fitting with finite
«) are shown in Fig. 3(d) (ériterion of 50%) and Fig. S8(d)
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FIG. 3. (a)~(c) Temperature dependences of the upper critical
field B, (T) for the three selected FeSe single crystals. Diamonds
and circles represent the cases with B || ¢ and B L c, respectively.
The two-band model (green lines) and WHH fitting curves (black
lines) are shown for B || ¢ and B L ¢. The WHH model predictions
with o = 0 are also presented for comparison. (d) The upper critical
fields B% obtained with the resistivity reported by Terashima et al.
[40] (open squares), Kasahara et al. [20] (open circles), and Ok
et al. [19] (open diamonds); obtained with the thermal conductivity
reported by Kasahara ef al. (open triangles) [20]; and obtained from
the crystals used in this paper are normalized by BYHH(0 K) for
comparison. The solid lines represent the WHH fitting. The inset
shows an enlarged view of the low-temperature part. The critical
fields obtained with resistivity represent the upper boundary between
the high-field SC phase and the normal state, while the critical fields
obtained with thermal conductivity and the WHH fitting represent
the lower boundary between the high-field SC phase and the BCS
state. The pink shaded area represents the region for the high-field
SC phase.

(criterion of the end point) [34]. The upper critical fields B%
obtained with the resistivity reported by Terashima et al. (open
squares) [40], Kasahara et al. (open circles) [20], and Ok et al.
(open diamonds) [19]; obtained with the thermal conductivity
reported by Kasahara et al. (open triangles) [20]; and obtained
with the heat capacity reported by Hardy er al. [41] [open
pentagons, only shown in Fig. S8(d) since the vortex melting
temperature corresponds to B3 "™ ] are also incorporated for
comparison. According to the previous reports, the critical
fields obtained with resistivity and torque measurements rep-
resent the upper boundary between the high-field SC phase
and the normal state, while the critical fields obtained with
thermal conductivity represent the lower boundary between
the high-field SC phase and the BCS state. The lower bound-
ary estimated with thermal conductivity is roughly consistent
with that obtained from the WHH fitting. Crystals used in
different reports are supposed to contain different amounts

of disorder. Obviously, the upturn behavior was observed in
ng for all the crystals. Furthermore, the enhancements of ng
above the lower boundary, i.e., the region for the high-field SC
phase (marked by the pink shading), and the tricritical point
of the normal, BCS, and high-field SC phase (indicated by
the arrow) for different crystals are almost identical, which
can be seen more clearly in the inset of Fig. 3(d) and in
Fig. S8(d) [34].

For a conventional s-wave superconductor, the FFLO state
is well known to be very sensitive to nonmagnetic disorder,
which exists only in crystals in the clean limit [6,29,30]. On
the other hand, it has been proposed using the theoretical
calculation that the FFLO state could be less susceptible to
disorder in an unconventional superconductor, such as the
disordered s-wave superconductors [42] or d-wave supercon-
ductors [43,44]. In this case, the order parameter is changed in
the FFLO state, and the phase diagram is quite different from
the conventional one [45,46]. FeSe is well accepted to have
the sign-reversed sy pairing, with nodes or gap minima in
multigaps [28]. The unique pairing mechanism may also make
FeSe less susceptible to disorder, similar to the case of d-wave
superconductors. Therefore, although the high-field SC state
in FeSe is found to be robust to disorder, we cannot simply
exclude the possibility of the FFLO state. Theoretical study
of the disorder effect on the FFLO state in a superconductor
with sy pairing is required to solve this issue, although the
phase transition from the BCS to FFLO state in 54 pairing has
been theoretically predicted to be first order [47].

Another possible origin of the high-field SC phase is the
coexistence of the SDW order, which is triggered by the nest-
ing effect around the nodal position of the SC gap [48]. The
SDW order has been discussed as another possible mechanism
for the high-field SC phase in the heavy-fermion superconduc-
tor CeColns besides the FFLO state [23,48,49]. A theoretical
calculation proposed that the SDW order close to B¢ is a
direct result of the strong spin-paramagnetic pair-breaking
effect and nodal gap structure [50]. In FeSe, the gap nodes
or deep minima in both the electron-type € band with a small
gap size and the hole-type o band with a large gap size
have already been confirmed [21,28,51], which makes the
field-induced SDW order possible. Such SDW order coex-
isting with superconductivity should be sensitive to the gap
structure. If the nodes or gap minima are smeared out, such a
SDW order will disappear spontaneously. Our previous work
observed that the nodes or gap minima in the small € gap
can be smeared out by disorder [52]. However, the nodes or
gap minima in the large o gap should be more robust against
disorder because the V-shaped spectrum was observed in the
STM measurements in the FeSe crystals with a high level
of S doping [53]. Since the high-field SC phase in FeSe is
observed only at fields close to B.,, it should be attributed to
the larger o gap. Therefore, our observation of the disorder-
robust behavior is not contradictory to the SDW order induced
in the high-field SC phase. Further efforts, such as nuclear
magnetic resonance and neutron diffraction measurements,
are required to clarify the origin of the high-field SC phase
in FeSe. Nevertheless, our observations suggest that FeSe
provides an intriguing platform to study the interplay between
multiple phases such as superconductivity, nematicity, and the
SDW or FFLO state.
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To conclude, we studied the upper critical fields of FeSe
single crystals with different amounts of disorder. A high-field
SC phase was observed in all the crystals, and it was found
to be robust against disorder. These results suggest that the
high-field SC state in FeSe is related to a disorder-robust
order, which may provide new clues to understand the exotic
properties of FeSe.
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