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Influence of disorder on the signature of the pseudogap and multigap
superconducting behavior in FeSe
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We investigated several FeSe single crystals grown by two different methods by utilizing experimental
techniques, namely, resistivity, magnetoresistance, specific heat, scanning tunneling microscopy, and spec-
troscopy. The residual resistivity ratio (RRR) shows systematic differences between samples grown by chemical
vapor transport and flux vapor transport, indicating variance in the amount of scattering centers. Although the
superconducting transition temperature 7, is not directly related to RRR, our study evidences subtle differences in
the features of an incipient ordering mode related to a depletion of density of states at the Fermi level. For instance,
the onset temperature of anisotropic spin fluctuations at 7* & 75 K, and the temperature of the opening up of a
partial gap in the density of states at 7** &~ 30 K, are not discernible in the samples with lower RRR. Further,
we show that the functional dependence of the electronic specific heat below 2 K, which allows us to determine
the nodal features as well as the small superconducting gap, differs significantly in crystals grown by these two
different methods. Our investigation suggests that some of the controversies about the driving mechanism for the
superconducting gap or its structure and symmetry are related to minute differences in the crystals arising due to

the growth techniques used and the total amount of scattering centers present in the sample.

DOI: 10.1103/PhysRevB.97.094503

I. INTRODUCTION

The binary compound FeSe [1] belonging to the family
of Fe-based superconductors is a fascinating material. Unlike
the Fe-pnictide superconductors, FeSe displays an orbital-
dependent electron correlation [2]. As a result, the experimen-
tally obtained band structure close to the Fermi level from the
angle-resolved photoemission spectroscopy (ARPES) [3-5]
and quantum oscillation [4,6] experiments strongly deviates
from that calculated using the density functional theory (DFT)
[7]. At temperature 7y ~ 87 K, FeSe undergoes a symmetry
breaking of the fourfold rotation axis with the space group
changing from P4/nmm to Cmme (former notation Cmma),
which is not accompanied by long-range magnetic order [8].
The deviation in the interatomic Fe-Fe distances along a
and b axes due to the orthorhombic distortion is found to be
less than 0.5%, and hence, it is generally believed that the
transition is not driven by an instability of the lattice, i.e., a
soft phonon mode. Instead, the primary order parameter of
the phase transition is considered to be of electronic (nematic)
origin [9] related to either electronic spin [10], orbital [11],
or charge [12] degrees of freedom. The suggestions include
exotic order parameters such as antiferroquadrupolar order
[13], stripe quadrupolar order [14], and collective modes such
as a Pomeranchuk instability [12,15] of the Fermi surface.
Although at ambient pressures the nematic phase transition
is not followed by a long-range magnetic order, application
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of hydrostatic pressure less than 2 GPa seems to induce an
elusive, low-moment spin-density-wave (SDW) order [16-21].
Further, the hydrostatic pressure suppresses the nematic phase
[20-22] but enhances the superconducting transition tem-
perature 7. from 8.5 K at ambient pressure to 37 K at
an optimal pressure of 6 GPa [23-26], suggesting that the
factors enhancing the stability of the nematic phase reduce
the superconducting coupling.

Nonetheless, even a decade after the discovery of supercon-
ductivity in FeSe [1], several aspects of its electronic properties
even at ambient pressure, both in the nematic as well as in
the superconducting state, still remain unsettled. An early
transmission electron microscopy (TEM) study performed by
McQueen et al. indicated that the crystal symmetry below 20 K
is likely lower than that of the Cmme space group [8]. Although
the authors did not determine the low-temperature structure,
they proposed two possible scenarios which involved a unidi-
rectional distortion in the interatomic Fe—Fe distances either
along the a or b axis. These symmetry-reducing distortions
can lead to a reconstruction of the Fermi surface. In our earlier
work, we identified an incipient ordering mode which gave rise
to a suppression of the density of states (DOS) in the tunneling
spectra obtained by a scanning tunneling microscope (STM),
and was associated to the Fe—Fe distortion [27]. The opening of
the partial gap was also identified from the validity of Kohler’s
scaling of magnetoresistance below 30 K. Alternatively, Kasa-
hara et al. [28] reported an observation of a pseudogap at 20 K
based on anomalies found in thermal conductivity and Hall
effect measurements and interpreted it as originating from pre-
formed Cooper pairs akin to the case of high-T, cuprate super-
conductors. In some STM measurements, the suppression of
the DOS was not detected at all [29,30]. Thus, both the presence
of the pseudogap as well as its origin require to be clarified.

©2018 American Physical Society
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Further, questions such as how many different superconducting
gaps are present [31-39], whether the gaps contain accidental
nodes [31,36—40], and does the order parameter of supercon-
ductivity change sign between the hole and electron pockets
[30,41-43], are all controversially discussed in literature.

In order to check whether some of these controversies can
be traced back to the minuscule differences in the samples, we
prepared single crystals of FeSe by two different methods, first
by chemical vapor transport (CVT) using AlCl; [44,45], and
second by the more popular flux-vapor transport (flux-VT) us-
ing a eutectic mixture of KCI and AICl; [46,47]. The amount of
scattering centers in the samples was quantified by the residual
resistivity ratio, RRR. We show the following: (i) In addition
to disorder, internal local strain in the crystal can influence
the value of T, determined through resistivity measurement.
(i1) From the behavior of Kohler’s scaling, two temperature
scales are identified, 7* ~ 75 K and T** ~ 30 K. The T**
scale is, as also shown by scanning tunneling spectroscopy
(STS) measurements, linked to a pseudogap feature. If the
disorder is large, signatures of anisotropic scattering, i.e.,
features representing 7* and T**, can be smeared and even
lost. (iii) The temperature dependence of the electronic part
of the specific heat shows a significant difference in samples
grown by these two techniques.

II. EXPERIMENTAL

We investigated a total of eight different FeSe samples, five
of them grown by CVT (C1-C5) and three by the flux-VT
method. Among the CVT-grown samples, three were used
for transport measurements and the remaining two samples
(C4,C5) were used exclusively for the STM measurements
along with one of the flux-VT samples.

A. Single-crystal growth by chemical vapor transport

The single crystals grown by CVT have been used in all
our previous studies comprised of transport, specific-heat, and
STM investigations [27,39,43—45]. In this method, a quartz
ampoule of 10 cm in length and 2 cm in diameter was heated
and evacuated before inserting 1 g of 1:1 FeSe powder and
20 mg of AlCl;. The latter procedure was conducted inside an
argon-filled glove box. The evacuated and sealed ampoules
containing the starting materials were inserted horizontally
inside a two-zone furnace with a temperature gradient from
T, =400°C to T, = 300°C. A typical growth was carried
out for 2-3 months. Finally, the ampoule was quenched
in water. The crystals harvested from the cold end of the
ampoule were thoroughly washed with ethanol several times
to remove traces of AlClsz, dried under vacuum, and stored
in an argon-filled glove box. The typical sizes of the crystals
obtained by this method were 400 x 200 x 20 um? and of
tetragonal morphology, as can be seen in the inset of Fig. 1.
In order to obtain larger single crystals (e.g., for specific-heat
measurements) the growth had to be extended for up to 612
months.

B. Single-crystal growth by flux vapor transport

The use of a eutectic mixture of KCIl and AICl5 is a fast
and the most popular method of growing FeSe single crystals
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FIG. 1. Normalized resistance as a function of temperature mea-
sured on three different single crystals grown by CVT. The data for
C1 and C2 are from our previous studies published in Refs. [39] and
[27], respectively. Samples have similar values for resistivity ratio but
display different 7. Left top inset: Optical microscopy image of the
single crystals grown by CVT. Right bottom inset: R(7T)/R(300 K)
plot zoomed in to the temperature range 2-30 K.

[46,47]. This method is also known to yield high-quality single
crystals [31,36]. In this case, instead of FeSe powder, Fe and Se
elemental powders were introduced in the molar ratio 1.05:1
together with a eutectic mixture of the transport reagent AlCl3
and flux KCI (molar ratio 2:1) in an evacuated quartz ampoule.
The ratio of total amount of Fe and Se powders to (AlCl;+
KCl) mixture was kept 1:10 in mass. All preparations were
performed inside an argon-filled glove box. The subsequent
steps were very similar to those of the CVT, i.e., the ampoule
containing the mixture was evacuated, sealed, and placed
horizontally inside a two-zone furnace with a temperature
gradient from 7, = 400 °Cto T} = 300 °C. The crystal growth
was carried out for four weeks. Finally, the ampoule was
quenched in water. Crystals were extracted from the cold part of
the ampoule. In contrast to the CVT, the single crystals were
washed several times using deionized water to dissolve the
flux before they were rinsed in ethanol several times. Finally,
crystals were dried under vacuum at room temperature and
stored in an argon-filled glove box.

C. Physical properties

The magnetization M(T) and resistivity p(7) measure-
ments were performed using magnetic as well as physical
property measurement systems (MPMS and PPMS, Quantum
Design), respectively. The resistivity was measured in the ab
plane; for magnetoresistance a magnetic field up to 9 T was
applied parallel to the [001] direction of the single crystal.
The electrical contacts were made using gold wires and silver
paint. The thicknesses of the three CVT crystals Cl1, C2,
and C3 used in the resistivity measurements were 17, 18,
and 20 pum, respectively, and the thicknesses of three flux-VT
crystals, flux-VT1, flux-VT2, and flux-VT3, were 0.21, 0.24,
and 0.3 mm, respectively. The specific heat C,(T,B) was
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measured down to 0.5 K using a thermal relaxation method in a
PPMS. The scanning tunneling microscopy and spectroscopy
measurements were conducted using UHV systems (Omicron
Nanotechnology) at base pressures p <2 x 107 Pa. Two
different systems were used to cover the temperature range
from 0.35 to 30 K. In each system, the samples were cleaved in
situ at 20 K using the so-called post cleave method: A post made
of stainless steel is glued onto the FeSe crystal, which in turn
is mounted on the STM sample plate using a two-component
epoxy (H21D, EPO-TEK) before inserting it into the STM
UHV chamber. Inside the UHV chamber, the sample was
cooled to 20 K using a flow cryostat and the metal post was
knocked off using a manipulator. Subsequently, the sample was
inserted into the STM head kept at base temperature of 4.6 K.
Since FeSe is a layered compound, cleaving easily exposes a
(001) plane with Se termination. The tunneling conductance
dI(V)/dV was measured directly via a lock-in technique. For
the measurements, conventional bias settings were used, i.e.,
positive bias voltages probe the unoccupied states and negative
bias voltages probe occupied states.

III. RESULTS AND DISCUSSION
A. Residual resistance ratio RRR

The amount of scattering centers in a metallic system can
be estimated semiquantitatively by inspecting the value of
the residual resistance ratio (RRR) by taking the ratio of the
resistances at room temperature and at 7 — 0. Since FeSe is
superconducting below 8.5 K, we took the resistance ratios
at temperatures 300 and 15 K, i.e., RRR = R3pk/Risk, to
avoid any uncertainty in the resistance value at T — 0 due to
an extrapolation. However, in the case of FeSe, below Ty, the
value of RRR may be influenced not only by the scattering
centers induced by impurities but also from unavoidable twin
boundaries present in the orthorhombic phase of the crystal
[37,39,48]. In Fig. 1, R(T)/R(300 K) plots of three different
FeSe crystals grown by CVT are presented. Remarkably, down
to 15 K, all three crystals display a similar behavior with RRR
~16.4, indicating that they contain nearly a similar amount
of scattering centers. Nonetheless, the crystals displayed sig-
nificantly different superconducting transition temperatures,
with the value of 7™ (obtained from the transition midpoint)
varying from 12.6 to 9.5 K. However, as our previous reports
[39,44] show, the bulk T, obtained from the heat capacity and
magnetization measurements on these crystals were found to
be 8.5 K. One possible scenario for this discrepancy could be
internal strain locally present in the crystal, which may induce
superconducting percolation paths. Thus, the 7, obtained from
the resistivity measurement in FeSe can be influenced both
by concentration of scattering centers as well as strain in the
crystals.

In Fig. 2(a), images of three single crystals grown
by the flux-VT method are presented. Figure 2(b) shows
R(T)/R(300 K) plots of these three crystals. The RRR values
of these crystals were found to be 10.2 for flux-VT1, 11.4 for
flux-VT2, and 12.8 for flux-VT3. These values are significantly
lower than those measured in the crystals grown by CVT.
The flux-VT method is known [31,32,36,48,49] to produce
single crystals with values of RRR varying from 23 to 5. As
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FIG. 2. (a) Images of three single crystals grown by flux-VT.
(b) Normalized resistance as a function of temperature measured
on three different single crystals grown by flux-VT. In the inset,
R(T)/R(300 K) plot zoomed in to the temperature range 2-30 K
is presented.

pointed out by Knoner er al. [48], in addition to the initial
inherent disorder incorporated in the crystal during the growth
process, cooling the crystals through the structural transition
temperature 75 introduces different twin states in the crystals.
Moreover, the in-plane anisotropy may also contribute to
different behaviors of resistivity measured in the ab plane.
As mentioned above, the 7. of FeSe crystals can be
influenced by both internal strain and disorder. Hence, the 7,
values obtained from the resistivity measurements cannot be
directly correlated with the RRR. Nonetheless, we would like
to point out that among the crystals studied here, the crystal
with the lowest value of RRR showed the lowest 7. (see Table I)
as well as the lowest value of the upper critical field H.,

TABLEI. Comparison of the magnetotransport properties of FeSe
single crystals grown by CVT and flux-VT method. Here, RRR is
residual resistivity ratio, 7 is the temperature of the structural phase
transition, 7* and 7 are the onset temperatures of anisotropic spin
fluctuations and pseudogap, respectively, and 7" is the supercon-
ducting transition temperature obtained from the transition midpoint.

Sample RRR T (K) T* (K) T** (K) T;“i“ (K)
Cl 16.4 88.5 Notmeasured Not measured 9.5
C2 164 885 70 30 10.8
C3 164 88.5 Notmeasured Not measured 12.6
Flux-VT1 10.2 87.2 Notobserved Not observed 8
Flux-VT2 114 875 70 30 9
Flux-VT3 12.8 87.7 70 30 9
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FIG. 3. The temperature dependence of normalized resistance
R(T)/R(300 K) measured in different magnetic fields for (a) C2 taken
fron Ref. [27], and (b)—(d) crystals grown by flux-VT. The magnetic
field was applied parallel to the ¢ axis.

[Fig.3(b)].InFig. 3, R(T)/R(300 K) of crystals grown by both
CVT and flux-VT methods measured in magnetic fields up to
9 T are presented. The C2 crystal grown by CVT (Ref. [27])
showed a 7™ ~ 10.8 K, as can be seen in Fig. 3(a). Whereas
flux-VT2 and flux-VT3 samples displayed a 7™ ~ 9 K, the
flux-VT1 sample with the lowest value of RRR among the
samples studied here showed 7™¢ ~ 8 K. Further, in an applied
magnetic field of 9 T, the superconducting transition of sample
flux-VT1 [Fig. 3(b)] is incomplete at 2 K, suggesting that this
crystal also has a lower H,,. In Table I, the values of RRR,
T,, and T™9 obtained from the resistivity measurements are
compiled for comparison.

B. Kohler’s scaling

In an intention to check whether there is a possible sample
dependency in the signature of the incipient ordering mode
previously reported by us in FeSe grown by CVT [27], we
measured the magnetoresistance (MR) of all three flux-VT-
grown crystals. From the scaling behavior of MR known as
Kohler’s rule, it is possible to identify if there is any anisotropic
quasiparticle scattering at some points of the Fermi surface.
According to this rule, if the scattering rates for charge carriers
are equal at all points of the Fermi surface, i.e., if the scattering
rates are isotropic, the MR = [p(H) — p(0)]/p(0) should scale
with magnetic field H as an arbitrary function F[H/p(0)],
regardless of the topology of the Fermi surface. In FeSe, with
imperfect nesting of electron and hole Fermi surfaces, hot spots
and cold parts with short and long lifetimes, respectively, are
expected [50]. The MR measurements [27,51,52] of single-
crystalline FeSe have shown that the Kohler’s rule is violated
at temperatures 7T < Ty, indicating the presence of anisotropic
scattering on the Fermi surface. Surprisingly, however, the
Kohler’s rule becomes valid below T** ~ 30 K [27,51,52],
which suggests an opening up of a partial gap [27,51], possibly
related to a pseudogap formation [28]. In Figs. 4(a)-4(c),
we show the Kohler’s scaling for the flux-VT crystals. The
signature of anisotropic scattering rates and the subsequent
opening of the gap at 7** is absent in the flux-VT1 sample with
the lowest value of RRR. The crystals flux-VT2 and flux-VT3,
although only slightly better in quality than flux-VT1, display
the signs of anisotropic scattering below 7y and a subsequent
recovery of Kohler’s scaling [Figs. 4(b) and 4(c)] below 7**.
The results of the scaling behavior of different samples are
summarized in Table 1. Thus, if the disorder in the crystals
is high, telltale signs of temperature-dependent modifications
of the Fermi surface become smeared and the scattering rate
appears isotropic.

C. Scanning tunneling spectroscopy

In Fig. 5, scanning tunneling spectroscopy conducted on an
FeSe single crystal (sample C4) grown by CVT is presented.
All the spectroscopic measurements were performed on atomi-
cally resolved Se-terminated surfaces. A typical topography of
area4 nm X 4 nm is shown in the inset of Fig. 5(b). The tunnel-
ing spectrum measured at 0.35 K displays a superconducting
gap with coherence peaks appearing at ~2.35 mV. In Ref. [39],
a detailed estimation of the superconducting gap structure can
be found. One of the striking features of these spectra is that
they display an asymmetric background tunneling conductance
with respect to zero bias voltage. This strongly suggests
an uncompensated nature of the occupied and unoccupied
states. With increasing temperature [Figs. 5(b) and 6], the
asymmetry appears even in the coherence peaks. This behavior
indicates that a complete superconducting coherence in all
involved bands is achieved only below about 2 K, which is
consistent with the conclusions drawn from the specific-heat
measurement [39], as discussed below in Sec. IIID.

Now we address spectroscopic features observed at even
higher temperatures, particularly around 7** discussed already
in Sec. IIIB. In our previous publication [27], we reported a
signature of an incipient ordering observed at 7** in scanning
tunneling spectroscopy as a weak suppression of the local
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FIG. 4. Kohler plots in the temperature range 15-120 K for the
crystals grown by the (AlCl;+KCI) method. The scaling behavior is
strongly dependent on the sample quality.

density of states (LDOS) in the tunneling spectra. However,
such a depression in LDOS was not observed in other STM
measurements on FeSe [29,30]. Therefore we decided to
measure the temperature dependence of tunneling conductance

d//dV (arb. units)

d//dV (arb. units)

-30 -20 -10 0 10 20 30
VvV (mV)

FIG. 5. Scanning tunneling spectroscopy measurements per-
formed on crystal C4 grown by CVT: (a) at 0.35 K with modulation
voltage Vj,0a = 0.05 mV, also reported in Ref. [39], and (b) at 2.4 K,
Vimod = 0.3 mV. Insetdisplays atopography on an area of 4 nm x 4 nm.
The tunneling parameters used for the topography measurements
were as follows. The current set point /;, = 100 pA, the bias voltage

dI(V)/dV on two additional FeSe crystals, one grown by
CVT (sample C5) and the other by the flux-VT (sample
flux-VT2) method. These data are presented in Figs. 6(a)
and 6(b), respectively. In the spectra measured at 6 K, the
superconducting gap is visible, including the corresponding
coherence peaks. Besides the asymmetry, a second, more
subtle feature found in dI(V)/dV curves is the continued
suppression of the LDOS (marked by arrows in Fig. 6) even at
temperatures above T, ~ 8.5 K. The feature is more prominent
in the CVT-grown sample. A shallow minimum close to the
Fermi level can be tracked up to 22 K in the CVT-grown
FeSe and up to 15 K in flux-VT2 crystal. Thus, these new
measurements are consistent with our previous report [27].
Further, our tunneling spectra presented in Figs. 6(a) and 6(b)
indicate that the suppression of LDOS at T > T, is pertinent
both to the CVT and flux-VT crystals. In the high-T, cuprates,
which are single-band unconventional superconductors, such a
suppression of the LDOS is attributed to a pseudogap precursor
of the superconducting gap [53]. In addition to our earlier
report [27] of a suppression of the LDOS even well above
T, in FeSe, giant superconducting fluctuations and pseudogap
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FIG. 6. Scanning tunneling spectroscopy measurements per-
formed at different temperatures on FeSe single crystals (a) sample
C5, with tunneling parameters current set point I;, = 800 pA, and
bias voltage V, = 20 mV. (b) Flux-VT2 sample with I, = 500 pA,
and bias voltage V, = 20 mV. The modulation voltage V;,0¢ = 0.1 mV
was used for both measurements.

behavior below T = 20 K has been reported [28] based on
thermal conductivity and Hall effect measurements. Further,
as described above in the section on Kohler’s scaling and in
Refs. [27,51,52], partial opening of the gap has been identified
also by observing the validity of scaling behavior below 7** ~
30 K.

D. Specific heat

In the following, we discuss the signature of multigap
superconducting behavior found in the temperature depen-
dence of specific-heat C,(T) measurements of FeSe. In

T
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L] =0T
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¥ normal state specific heat
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FIG. 7. Specific heat divided by temperature, C,,/ T vs T?, mea-
sured in zero and a magnetic field of 9 T for FeSe flux-VT3. The solid
line represents the normal-state specific heat C,(T'). The inset shows
C,(T) of the same sample.

addition to the jump of C,(T) at T, ~ 8.5 K, a small hump
was observed at T ~ 1.5 K [39,54,55]. This type of feature
typically appears in multigap superconductors such as MgB,
and Lu,Fe;Sis [56,57]. Alternatively, in FeSe, this hump was
also interpreted as originating from a spin-density-wave order
below 1.5 K [49]. In general, C,,(T') at T — 0 is one of the
powerful methods to investigate whether the superconducting
gap structure contains nodes. In the case of a fully gapped
(s—wave) superconductors, C,(T') follows an activated tem-
perature dependence, exp(—A/T) at T < T, [58]. In nodal
superconductors, on the other hand, low-energy excitations
remain finite at 7 — 0, and C,(T') is expected to follow a linear
or quadratic behavior, depending on the topology of nodes [58].
In the case of FeSe, such an analysis of C,(T) at T — 0
may be hampered due to a multigap behavior. Moreover, if
the feature related to the small gap is smeared due to disorder,
the low-temperature C,(7) might mimic a nodal behavior, as
we show below.

The specific heat C,(T, B) of FeSe sample flux-VT3 was
measured with the magnetic field B applied parallel to the
[001] direction of the single crystal. The zero-field C,/T
vs T? plot between 0.35 and 15 K is presented in Fig. 7.
The data displays a A-like transition at 7. = 8.32(1) K. In
Fig. 8, the excess electronic specific-heat contribution in the
superconducting state, C(T")/ T, is plotted as a function of
reduced temperature. §C(T') was calculated by subtracting the
specific-heat contribution in the normal state, C,(T), from
the total specific heat: §C(T) = C,(T,B = 0) — C,,(T). The
C, below 10 K was obtained by C,(T) = y, T + C1o(T),
where y, T is the normal electronic contribution and C(T) =
B3T> + BsT> represents the phonon contribution. A fit to
C,(T,0T)/T inthe temperature range 9-13 Kyields y,, = 5.61
mJ/mol K2, 83 = 0.342 mJ/mol K*, and 85 = 1.67 x 107*
mJ/mol K®. The Debye temperature 6y calculated from S;
is 225 K. The inset in Fig. 8(a) illustrates the satisfaction
of entropy conservation AS = fOT"(SC /T)dT, justifying the
validity of the parameters used to fit C,(7T"). The normalized
specific-heat jump at 7., AC/y,T,, is estimated to be 1.80,
which is slightly larger than the weak-coupling value 1.43 of
BCS theory [59].
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FIG. 8. The excess electronic specific-heat contribution in the
superconducting state C(7")/ T as a function of reduced temperature
T/T, for a flux-VT3 sample with fittings (a) an extended s-wave
and (b) a d-wave model. The inset shows the entropy conservation
required for a second-order phase transition.

For the sake of scrutinizing the superconducting order
parameter, the excess electronic specific-heat contribution in
the superconducting state SC(T)/ T was fitted to the one-band
BCS equation [59]. The fitting procedure followed here was
very similar to that described in our previous publication
on superconducting gap structure obtained for FeSe grown
by CVT reported in Ref. [39]. The data were fitted with
two different models, an extended s-wave gap A(T,0) =
ASS(T)(I + « cos 49) [Fig. 8(a)] and a d-wave gap Ay(T,0) =
A%(T)cos 26 [Fig. 8(b)]. Here, & and 6 represent the gap
anisotropy and polar angle, respectively. For the extended
s-wave model, the best fit was found for the values Ags =
1.33 meV and o = 0.65. For the d-wave model, a best fit
was obtained forA2 = 2.05 meV. As can be seen in Fig. 8(b),
the single-gap d-wave model is sufficient to represent the
8C(T)/T data better at low temperatures.

In Fig. 9, 8C(T)/ T data of FeSe grown by CVT published
in Ref. [39] is presented for comparison. In addition to a
jump at T, a broad shoulder below 2 K was observed in
8C(T)/T. This feature is also reported for FeSe crystals in
Refs. [49,54,55], which is not present in the §C(T")/ T data of
the flux-VT3 sample. The solid line in Fig. 9 was obtained by
fitting a two-band BCS model; a detailed description of the
fitting procedure can be found in Ref. [39]. In addition to an
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X
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£
=
E
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S
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FIG. 9. The excess electronic specific-heat contribution in the
superconducting state SC(T")/ T as a function of reduced temperature
T/ T, for aCVT-grown FeSe sample. For the fitting, a two-band model
with an s-wave and an extended s-wave gap was used [39]. The inset
shows the entropy conservation required for a second-order phase
transition.

extended s-wave model, a small isotropic gap was found to be
necessary to describe the shoulder in §C(T)/T found below
2 K. As mentioned above, the FeSe single crystals grown by
CVT typically showed an RRR of 16.4, which is significantly
higher than that of our flux-VT3 sample. The signature of the
smaller superconducting gap [39,54,55] in the §C(T')/ T data
of the flux-VT3 sample is likely smeared by the scattering
produced by impurities. Hence, the low-temperature electronic
specific heat of the flux-VT3 sample emulates the behavior
expected for nodal superconductors.

E. Discussion

FeSe displays a reduction of the rotation symmetry from
fourfold (C4) to twofold (C,) at Ty =~ 87 K as a result of a
change of crystal structure from a tetragonal to orthorhombic
phase [8]. The order parameter driving this transition is be-
lieved to be of an electronic origin [9]. Upon further decreasing
the temperature, anomalies were identified at temperatures
T*~ 75-70 K and T** =~ 30-20 K. The temperature 7T*
was detected in magnetic susceptibility [27], magnetoresis-
tance [27], Hall effect [27,31], and 1/ T} T relaxation time mea-
sured in nuclear magnetic resonance (NMR) experiments [26].
Since all these techniques require a magnetic field for measure-
ments, the measured properties very likely manifest a response
of the underlying electronic spin. Therefore, 7* can be con-
sidered as an onset temperature of enhanced anisotropic spin
fluctuations, which induce momentum-dependent anisotropy
in the scattering rates over the Fermi surface. This is also
reminiscent of the behavior found in non-Fermi liquids.
However, the physical mechanism occurring at 7** is much
less straightforward. At this temperature, scattering rates over
the Fermi surface become once again isotropic, as depicted
by the validity of Kohler’s rule [27,51,52] below T**, see
Fig. 4. The Hall coefficient, thermal conductivity, and scanning
tunneling spectroscopy measurements indicate a suppression
of electronic DOS [27,28]. The symmetry is likely lower than
that described by the Cmme space group [8]. At these low
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temperatures, a one-dimensional bond-order-wave has also
been suggested by an ARPES experiment [60]. All these
anomalies in the physical properties indicate a precursor state
occurring at 7**, which sets the stage for a strongly anisotropic
superconducting gap below ~8.5 K. Whether this precursor
state competes with, or promotes, superconductivity is an open
question to be investigated.

As a consequence of the underlying C, symmetry of the
electronic system, the superconductivity in FeSe is quasi-one-
dimensional, i.e., the superconducting gap structure displays
a strong anisotropy, which was first identified through an
analysis of excess electronic specific heat [34]. A strong
anisotropy in the superconducting gaps has also been con-
firmed in a momentum-resolved Bogoliubov quasiparticle
interference (BQPI) experiment [30]. These experiments also
showed two anisotropic superconducting gaps, nearly of
equal magnitude, residing on a hole band at the I' point
and an electron band at the M point. An orbital-selective
Cooper pairing in FeSe has been proposed to explain the
gap anisotropy [30]. Further, experiments such as phase-
resolved BQPI imaging [30] and observation of nonmagnetic
impurity-induced bound states in the tunneling spectra [43]
indicated that the order parameter is changing sign between
the hole and electron bands. However, bulk measurements
such as specific heat [34,39,54,55], thermal conductivity [36],
and penetration depth [37] experiments found indications
of a smaller gap of magnitude 0.2-0.6 meV. Since these
bulk measurements are not momentum resolved, the location
of the smaller gap is yet to be identified. Recent specific-
heat measurement even suggested three superconducting

gaps [55]. It is likely that some of the bands are elusive to
certain types of spectroscopic measurements [30].

IV. CONCLUSIONS

We have shown by using resistivity, magnetoresistance,
scanning tunneling spectroscopy, and specific-heat measure-
ments on multiple samples, also grown by different techniques,
that some of the physical properties controversially discussed
in literature might be related to the quality of the samples. That
is, if the residual resistivity ratio of the sample is lower, which
in our study holds for the flux-grown specimens, subtle features
representing a suppression of the density of states commencing
at T** ~20-30 K and the smaller superconducting gap may be
lost due to scatterings induced by disorder. Identifying those
features which are strongly sample-quality dependent will
therefore clearly contribute to a clarification of the mechanism
of superconductivity in FeSe.

Note added. Recently we found a paper published on the
arXiv which also identifies the temperature scales 7* and 7**
using muon spin rotation («SR) experiments [61].

ACKNOWLEDGMENTS

We thank S.-L. Drechsler and U. K. RoBler for fas-
cinating discussions. Financial support from the Deutsche
Forschungsgemeinschaft (DFG) within the Schwerpunktpro-
gramm SPP1458 is gratefully acknowledged. L.J. thanks the
Alexander von Humboldt Foundation for financial support.

[1] E-C. Hsu, J.-Y. Luo, K.-W. Yeh, T.-K. Chen, T.-W. Huang, P. M.
Wu, Y.-C. Lee, Y.-L. Huang, Y.-Y. Chu, D.-C. Yan, and M.-K.
Wu, Proc. Natl. Acad. Sci. USA 105, 14262 (2008).

[2] M. Aichhorn, S. Biermann, T. Miyake, A. Georges, and M.
Imada, Phys. Rev. B 82, 064504 (2010).

[3] J.Maletz, V. B. Zabolotnyy, D. V. Evtushinsky, S. Thirupathaiah,
A. U. B. Wolter, L. Harnagea, A. N. Yaresko, A. N. Vasiliev,
D. A. Chareev, A. E. Béhmer, F. Hardy, T. Wolf, C. Meingast,
E. D. L. Rienks, B. Biichner, and S. V. Borisenko, Phys. Rev. B
89, 220506(R) (2014).

[4] M. D. Watson, T. K. Kim, A. A. Haghighirad, N. R. Davies,
A. McCollam, A. Narayanan, S. F. Blake, Y. L. Chen, S.
Ghannadzadeh, A. J. Schofield, M. Hoesch, C. Meingast, T.
Wolf, and A. I. Coldea, Phys. Rev. B 91, 155106 (2015).

[5] D. V. Evtushinsky, M. Aichhorn, Y. Sassa, Z.-H. Liu, J. Maletz,
T. Wolf, A. N. Yaresko, S. Biermann, S. V. Borisenko, and B.
Buchner, arXiv:1612.02313.

[6] T. Terashima, N. Kikugawa, A. Kiswandhi, E.-S. Choi, J. S.
Brooks, S. Kasahara, T. Watashige, H. Ikeda, T. Shibauchi, Y.
Matsuda, T. Wolf, A. E. Bohmer, F. Hardy, C. Meingast, H. V.
Lohneysen, M.-T. Suzuki, R. Arita, and S. Uji, Phys. Rev. B 90,
144517 (2014).

[7] A. Subedi, L. Zhang, D. J. Singh, and M. H. Du, Phys. Rev. B
78, 134514 (2008).

[8] T. M. McQueen, A. J. Williams, P. W. Stephens, J. Tao, Y. Zhu,
V. Ksenofontov, F. Casper, C. Felser, and R. J. Cava, Phys. Rev.
Lett. 103, 057002 (2009).

[9] R. M. Fernandes, A. V. Chubukov, and J. Schmalian, Nat. Phys.
10, 97 (2014).

[10] Q. Wang, Y. Shen, B. Pan, Y. Hao, M. Ma, F. Zhou, P. Steffens,
K. Schmalzl, T. R. Forrest, M. Abdel-Hafiez, X. Chen, D. A.
Chareev, A. N. Vasiliev, P. Bourges, Y. Sidis, H. Cao, and J.
Zhao, Nat. Mater. 15, 159 (2016).

[11] S.-H. Baek, D. V. Efremov, J. M. Ok, J. S. Kim, J. van den Brink,
and B. Biichner, Nat. Mater. 14, 210 (2014).

[12] P. Massat, D. Farina, 1. Paul, S. Karlsson, P. Strobel, P. Toule-
monde, M.-A. Méasson, M. Cazayous, A. Sacuto, S. Kasahara,
T. Shibauchi, Y. Matsuda, and Y. Gallais, Proc. Natl. Acad. Sci.
USA 113, 9177 (2016).

[13] R. Yu and Q. Si, Phys. Rev. Lett. 115, 116401 (2015).

[14] W.-L. Zhang, S.-F. Wu, S. Kasahara, T. Shibauchi, Y. Matsuda,
and G. Blumberg, arXiv:1710.09892.

[15] A.Klein, S. Lederer, D. Chowdhury, E. Berg, and A. Chubukov,
arXiv:1711.03984.

[16] M. Bendele, A. Amato, K. Conder, M. Elender, H. Keller,
H.-H. Klauss, H. Luetkens, E. Pomjakushina, A. Raselli, and
R. Khasanov, Phys. Rev. Lett. 104, 087003 (2010).

[17] M. Bendele, A. Ichsanow, Yu. Pashkevich, L. Keller, Th.
Strissle, A. Gusev, E. Pomjakushina, K. Conder, R. Khasanov,
and H. Keller, Phys. Rev. B 85, 064517 (2012).

[18] T. Terashima, N. Kikugawa, S. Kasahara, T. Watashige, T.
Shibauchi, Y. Matsuda, T. Wolf, A. E. Bohmer, F. Hardy, C.
Meingast, H. V. Lohneysen, and S. Uji, J. Phys. Soc. Jpn. 84,
063701 (2015).

094503-8


https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1103/PhysRevB.82.064504
https://doi.org/10.1103/PhysRevB.82.064504
https://doi.org/10.1103/PhysRevB.82.064504
https://doi.org/10.1103/PhysRevB.82.064504
https://doi.org/10.1103/PhysRevB.89.220506
https://doi.org/10.1103/PhysRevB.89.220506
https://doi.org/10.1103/PhysRevB.89.220506
https://doi.org/10.1103/PhysRevB.89.220506
https://doi.org/10.1103/PhysRevB.91.155106
https://doi.org/10.1103/PhysRevB.91.155106
https://doi.org/10.1103/PhysRevB.91.155106
https://doi.org/10.1103/PhysRevB.91.155106
http://arxiv.org/abs/arXiv:1612.02313
https://doi.org/10.1103/PhysRevB.90.144517
https://doi.org/10.1103/PhysRevB.90.144517
https://doi.org/10.1103/PhysRevB.90.144517
https://doi.org/10.1103/PhysRevB.90.144517
https://doi.org/10.1103/PhysRevB.78.134514
https://doi.org/10.1103/PhysRevB.78.134514
https://doi.org/10.1103/PhysRevB.78.134514
https://doi.org/10.1103/PhysRevB.78.134514
https://doi.org/10.1103/PhysRevLett.103.057002
https://doi.org/10.1103/PhysRevLett.103.057002
https://doi.org/10.1103/PhysRevLett.103.057002
https://doi.org/10.1103/PhysRevLett.103.057002
https://doi.org/10.1038/nphys2877
https://doi.org/10.1038/nphys2877
https://doi.org/10.1038/nphys2877
https://doi.org/10.1038/nphys2877
https://doi.org/10.1038/nmat4492
https://doi.org/10.1038/nmat4492
https://doi.org/10.1038/nmat4492
https://doi.org/10.1038/nmat4492
https://doi.org/10.1038/nmat4138
https://doi.org/10.1038/nmat4138
https://doi.org/10.1038/nmat4138
https://doi.org/10.1038/nmat4138
https://doi.org/10.1073/pnas.1606562113
https://doi.org/10.1073/pnas.1606562113
https://doi.org/10.1073/pnas.1606562113
https://doi.org/10.1073/pnas.1606562113
https://doi.org/10.1103/PhysRevLett.115.116401
https://doi.org/10.1103/PhysRevLett.115.116401
https://doi.org/10.1103/PhysRevLett.115.116401
https://doi.org/10.1103/PhysRevLett.115.116401
http://arxiv.org/abs/arXiv:1710.09892
http://arxiv.org/abs/arXiv:1711.03984
https://doi.org/10.1103/PhysRevLett.104.087003
https://doi.org/10.1103/PhysRevLett.104.087003
https://doi.org/10.1103/PhysRevLett.104.087003
https://doi.org/10.1103/PhysRevLett.104.087003
https://doi.org/10.1103/PhysRevB.85.064517
https://doi.org/10.1103/PhysRevB.85.064517
https://doi.org/10.1103/PhysRevB.85.064517
https://doi.org/10.1103/PhysRevB.85.064517
https://doi.org/10.7566/JPSJ.84.063701
https://doi.org/10.7566/JPSJ.84.063701
https://doi.org/10.7566/JPSJ.84.063701
https://doi.org/10.7566/JPSJ.84.063701

INFLUENCE OF DISORDER ON THE SIGNATURE OF THE ...

PHYSICAL REVIEW B 97, 094503 (2018)

[19] T. Terashima, N. Kikugawa, A. Kiswandhi, D. Graf, E.-S. Choi,
J. S. Brooks, S. Kasahara, T. Watashige, Y. Matsuda, T.
Shibauchi, T. Wolf, A. E. Bohmer, F. Hardy, C. Meingast, H.
V. Lohneysen, and S. Uji, Phys. Rev. B 93, 094505 (2016).

[20] J. P. Sun, K. Matsuura, G. Z. Ye, Y. Mizukami, M. Shimozawa,
K. Matsubayashi, M. Yamashita, T. Watashige, S. Kasahara, Y.
Matsuda, J.-Q. Yan, B. C. Sales, Y. Uwatoko, J.-G. Cheng, and
T. Shibauchi, Nat. Commun. 7, 12146 (2016).

[21] P. S. Wang, S. S. Sun, Y. Cui, W. H. Song, T. R. Li, R. Yu, H.
Lei, and W. Yu, Phys. Rev. Lett. 117, 237001 (2016).

[22] K. Kothapalli, A. E. Bohmer, W. T. Jayasekara, B. G. Ueland, P.
Das, A. Sapkota, V. Taufour, Y. Xiao, E. Alp, S. L. Bud’ko, P. C.
Canfield, A. Kreyssig, and A. I. Goldman, Nat. Commun. 7,
12728 (2016).

[23] Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi, and Y.
Takano, Appl. Phys. Lett. 93, 152505 (2008).

[24] S. Medvedev, T. M. McQueen, 1. A. Troyan, T. Palasyuk, M. L.
Eremets, R. J. Cava, S. Naghavi, F. Casper, V. Ksenofontov, G.
Wortmann, and C. Felser, Nat. Mater. 8, 630 (2009).

[25] S. Margadonna, Y. Takabayashi, Y. Ohishi, Y. Mizuguchi,
Y. Takano, T. Kagayama, T. Nakagawa, M. Takata, and K.
Prassides, Phys. Rev. B 80, 064506 (2009).

[26] T. Imai, K. Ahilan, F. L. Ning, T. M. McQueen, and R. J. Cava,
Phys. Rev. Lett. 102, 177005 (2009).

[27] S.RoBler, C. Koz, L. Jiao, U. K. RoBler, F. Steglich, U. Schwarz,
and S. Wirth, Phys. Rev. B 92, 060505(R) (2015).

[28] S.Kasahara, T. Yamashita, A. Shi, R. Kobayashi, Y. Shimoyama,
T. Watashige, K. Ishida, T. Terashima, T. Wolf, F. Hardy, C.
Meingast, H. V. Lohneysen, A. Levchenko, T. Shibauchi, and Y.
Matsuda, Nat. Commun. 7, 12843 (2016).

[29] C.-L. Song, Y.-L. Wang, P. Cheng, Y.-P. Jiang, W. Li, T. Zhang,
Z.Li, K. He, L. Wang, J.-F. Jia, H.-H. Hung, C. Wu, X. Ma, X.
Chen, and Q.-K. Xue, Science 332, 1410 (2011).

[30] P. O. Sprau, A. Kostin, A. Kreisel, A. E. Bohmer, V. Taufour,
P. C. Canfield, S. Mukherjee, P. J. Hirschfeld, B. M. Andersen,
and J. C. Séamus Davis, Science 357, 75 (2017).

[31] S. Kasahara, T. Watashige, T. Hanaguri, Y. Kohsaka, T.
Yamashita, Y. Shimoyama, Y. Mizukami, R. Endo, H. Ikeda,
K. Aoyama, T. Terashima, S. Uji, T. Wolff, H. V. Lohneysen,
T. Shibauchi, and Y. Matsuda, Proc. Natl. Acad. Sci. USA 111,
16309 (2014).

[32] J. K. Dong, T. Y. Guan, S. Y. Zhou, X. Qiu, L. Ding, C. Zhang, U.
Patel, Z. L. Xiao, and S. Y. Li, Phys. Rev. B 80, 024518 (2009).

[33] R. Khasanov, M. Bendele, A. Amato, K. Conder, H. Keller,
H.-H. Klauss, H. Luetkens, and E. Pomjakushina, Phys. Rev.
Lett. 104, 087004 (2010).

[34] J.-Y. Lin, Y. S. Hsieh, D. A. Chareev, A. N. Vasiliev, Y. Parsons,
and H. D. Yang, Phys. Rev. B 84, 220507(R) (2011).

[35] M. Abdel-Hafiez, J. Ge, A. N. Vasiliev, D. A. Chareev, J. Van
de Vondel, V. V. Moshchalkov, and A. V. Silhanek, Phys. Rev.
B 88, 174512 (2013).

[36] P. Bourgeois-Hope, S. Chi, D. A. Bonn, R. Liang, W. N. Hardy,
T. Wolf, C. Meingast, N. Doiron-Leyraud, and L. Taillefer, Phys.
Rev. Lett. 117, 097003 (2016).

[37] S. Teknowijoyo, K. Cho, M. A. Tanatar, J. Gonzales, A. E.
Bohmer, O. Cavani, V. Mishra, P. J. Hirschfeld, S. L. Bud’ko, P.
C. Canfield, and R. Prozorov, Phys. Rev. B 94, 064521 (2016).

[38] M. Li, N. R. Lee-Hone, S. Chi, R. Liang, W. N. Hardy, D. A.
Bonn, E. Girt, and D. M. Broun, New J. Phys. 18, 082001 (2016).

[39] L. Jiao, C.-L. Huang, S. RoBler, C. Koz, U. K. RoBler, U.
Schwarz, and S. Wirth, Sci. Rep. 7, 44024 (2017).

[40] T.Hashimoto, Y.Ota, H. Q. Yamamoto, Y. Suzuki, T. Shimojima,
S. Watanabe, C. Chen, S. Kasahara, Y. Matsuda, T. Shibauchi,
K. Okazaki, and S. Shin, Nat. Commun. 9, 282 (2018).

[41] 1. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du, Phys.
Rev. Lett. 101, 057003 (2008).

[42] H. Kontani and S. Onari, Phys. Rev. Lett. 104, 157001 (2010).

[43] L. Jiao, S. RoBler, C. Koz, U. Schwarz, D. Kasinathan, U. K.
RoBler, and S. Wirth, Phys. Rev. B 96, 094504 (2017).

[44] C. Koz, M. Schmidt, H. Borrmann, U. Burkhardt, S. Ro8ler,
W. Carrillo-Cabrera, W. Schnelle, U. Schwarz, and Y. Grin,
Z. Anorg. Allg. Chem. 640, 1600 (2014).

[45] S.RoBler, C. Koz, S. Wirth, and U. Schwarz, Phys. Status Solidi
B 254, 1600149 (2017).

[46] D. Chareev, E. Osadchii, T. Kuzmicheva, J.-Y. Lin, S.
Kuzmichev, O. Volkovad, and A. Vasiliev, Cryst. Eng. Commun.
15, 1989 (2013).

[47] A. E. Bohmer, F. Hardy, F. Eilers, D. Ernst, P. Adelmann, P.
Schweiss, T. Wolf, and C. Meingast, Phys. Rev. B 87, 180505(R)
(2013).

[48] S. Knoner, D. Zielke, S. Kohler, B. Wolf, Th. Wolf, L. Wang, A.
Bohmer, C. Meingast, and M. Lang, Phys. Rev. B 91, 174510
(2015).

[49] G.- Yu Chen, X. Zhu, H. Yang, and H.-H. Wen, Phys. Rev. B 96,
064524 (2017).

[50] M. Breitkreiz, P. M. R. Brydon, and C. Timm, Phys. Rev. B 89,
245106 (2014).

[51] Y. Sun, S. Pyon, and T. Tamegai, Phys. Rev. B 93, 104502
(2016).

[52] T. Terashima, N. Kikugawa, S. Kasahara, T. Watashige, Y.
Matsuda, T. Shibauchi, and S. Uji, Phys. Rev. B 93, 180503(R)
(2016).

[53] C.Renner, B. Revaz, J.-Y. Genoud, K. Kadowaki, and @. Fischer,
Phys. Rev. Lett. 80, 149 (1998).

[54] Y. Sun, A. Park, S. Pyon, T. Tamegai, and H. Kitamura, Phys.
Rev. B 96, 140505(R) (2017).

[55] Y. Sun, S. Kittaka, S. Nakamura, T. Sakakibara, K. Irie, T.
Nomoto, K. Machida, J. Chen, and T. Tamegai, Phys. Rev. B
96, 220505(R) (2017).

[56] F. Bouquet, R. A. Fisher, N. E. Phillips, D. G. Hinks, and J. D.
Jorgensen, Phys. Rev. Lett. 87, 047001 (2001).

[57] Y. Nakajima, T. Nakagawa, T. Tamegai, and H. Harima, Phys.
Rev. Lett. 100, 157001 (2008).

[58] Y. Matsuda, K. Izawa, and I. Vekter, J. Phys.: Condens. Matter
18, R705 (20006).

[59] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108,
1175 (1957).

[60] M. D. Watson, T. K. Kim, L. C. Rhodes, M. Eschrig, M. Hoesch,
A. A.Haghighirad, and A. I. Coldea, Phys. Rev. B 94,201107(R)
(2016).

[61] 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, arXiv:1801.02556.

094503-9


https://doi.org/10.1103/PhysRevB.93.094505
https://doi.org/10.1103/PhysRevB.93.094505
https://doi.org/10.1103/PhysRevB.93.094505
https://doi.org/10.1103/PhysRevB.93.094505
https://doi.org/10.1038/ncomms12146
https://doi.org/10.1038/ncomms12146
https://doi.org/10.1038/ncomms12146
https://doi.org/10.1038/ncomms12146
https://doi.org/10.1103/PhysRevLett.117.237001
https://doi.org/10.1103/PhysRevLett.117.237001
https://doi.org/10.1103/PhysRevLett.117.237001
https://doi.org/10.1103/PhysRevLett.117.237001
https://doi.org/10.1038/ncomms12728
https://doi.org/10.1038/ncomms12728
https://doi.org/10.1038/ncomms12728
https://doi.org/10.1038/ncomms12728
https://doi.org/10.1063/1.3000616
https://doi.org/10.1063/1.3000616
https://doi.org/10.1063/1.3000616
https://doi.org/10.1063/1.3000616
https://doi.org/10.1038/nmat2491
https://doi.org/10.1038/nmat2491
https://doi.org/10.1038/nmat2491
https://doi.org/10.1038/nmat2491
https://doi.org/10.1103/PhysRevB.80.064506
https://doi.org/10.1103/PhysRevB.80.064506
https://doi.org/10.1103/PhysRevB.80.064506
https://doi.org/10.1103/PhysRevB.80.064506
https://doi.org/10.1103/PhysRevLett.102.177005
https://doi.org/10.1103/PhysRevLett.102.177005
https://doi.org/10.1103/PhysRevLett.102.177005
https://doi.org/10.1103/PhysRevLett.102.177005
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1103/PhysRevB.92.060505
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1038/ncomms12843
https://doi.org/10.1126/science.1202226
https://doi.org/10.1126/science.1202226
https://doi.org/10.1126/science.1202226
https://doi.org/10.1126/science.1202226
https://doi.org/10.1126/science.aal1575
https://doi.org/10.1126/science.aal1575
https://doi.org/10.1126/science.aal1575
https://doi.org/10.1126/science.aal1575
https://doi.org/10.1073/pnas.1413477111
https://doi.org/10.1073/pnas.1413477111
https://doi.org/10.1073/pnas.1413477111
https://doi.org/10.1073/pnas.1413477111
https://doi.org/10.1103/PhysRevB.80.024518
https://doi.org/10.1103/PhysRevB.80.024518
https://doi.org/10.1103/PhysRevB.80.024518
https://doi.org/10.1103/PhysRevB.80.024518
https://doi.org/10.1103/PhysRevLett.104.087004
https://doi.org/10.1103/PhysRevLett.104.087004
https://doi.org/10.1103/PhysRevLett.104.087004
https://doi.org/10.1103/PhysRevLett.104.087004
https://doi.org/10.1103/PhysRevB.84.220507
https://doi.org/10.1103/PhysRevB.84.220507
https://doi.org/10.1103/PhysRevB.84.220507
https://doi.org/10.1103/PhysRevB.84.220507
https://doi.org/10.1103/PhysRevB.88.174512
https://doi.org/10.1103/PhysRevB.88.174512
https://doi.org/10.1103/PhysRevB.88.174512
https://doi.org/10.1103/PhysRevB.88.174512
https://doi.org/10.1103/PhysRevLett.117.097003
https://doi.org/10.1103/PhysRevLett.117.097003
https://doi.org/10.1103/PhysRevLett.117.097003
https://doi.org/10.1103/PhysRevLett.117.097003
https://doi.org/10.1103/PhysRevB.94.064521
https://doi.org/10.1103/PhysRevB.94.064521
https://doi.org/10.1103/PhysRevB.94.064521
https://doi.org/10.1103/PhysRevB.94.064521
https://doi.org/10.1088/1367-2630/18/8/082001
https://doi.org/10.1088/1367-2630/18/8/082001
https://doi.org/10.1088/1367-2630/18/8/082001
https://doi.org/10.1088/1367-2630/18/8/082001
https://doi.org/10.1038/srep44024
https://doi.org/10.1038/srep44024
https://doi.org/10.1038/srep44024
https://doi.org/10.1038/srep44024
https://doi.org/10.1038/s41467-017-02739-y
https://doi.org/10.1038/s41467-017-02739-y
https://doi.org/10.1038/s41467-017-02739-y
https://doi.org/10.1038/s41467-017-02739-y
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.101.057003
https://doi.org/10.1103/PhysRevLett.104.157001
https://doi.org/10.1103/PhysRevLett.104.157001
https://doi.org/10.1103/PhysRevLett.104.157001
https://doi.org/10.1103/PhysRevLett.104.157001
https://doi.org/10.1103/PhysRevB.96.094504
https://doi.org/10.1103/PhysRevB.96.094504
https://doi.org/10.1103/PhysRevB.96.094504
https://doi.org/10.1103/PhysRevB.96.094504
https://doi.org/10.1002/zaac.201300670
https://doi.org/10.1002/zaac.201300670
https://doi.org/10.1002/zaac.201300670
https://doi.org/10.1002/zaac.201300670
https://doi.org/10.1002/pssb.201600149
https://doi.org/10.1002/pssb.201600149
https://doi.org/10.1002/pssb.201600149
https://doi.org/10.1002/pssb.201600149
https://doi.org/10.1039/c2ce26857d
https://doi.org/10.1039/c2ce26857d
https://doi.org/10.1039/c2ce26857d
https://doi.org/10.1039/c2ce26857d
https://doi.org/10.1103/PhysRevB.87.180505
https://doi.org/10.1103/PhysRevB.87.180505
https://doi.org/10.1103/PhysRevB.87.180505
https://doi.org/10.1103/PhysRevB.87.180505
https://doi.org/10.1103/PhysRevB.91.174510
https://doi.org/10.1103/PhysRevB.91.174510
https://doi.org/10.1103/PhysRevB.91.174510
https://doi.org/10.1103/PhysRevB.91.174510
https://doi.org/10.1103/PhysRevB.96.064524
https://doi.org/10.1103/PhysRevB.96.064524
https://doi.org/10.1103/PhysRevB.96.064524
https://doi.org/10.1103/PhysRevB.96.064524
https://doi.org/10.1103/PhysRevB.89.245106
https://doi.org/10.1103/PhysRevB.89.245106
https://doi.org/10.1103/PhysRevB.89.245106
https://doi.org/10.1103/PhysRevB.89.245106
https://doi.org/10.1103/PhysRevB.93.104502
https://doi.org/10.1103/PhysRevB.93.104502
https://doi.org/10.1103/PhysRevB.93.104502
https://doi.org/10.1103/PhysRevB.93.104502
https://doi.org/10.1103/PhysRevB.93.180503
https://doi.org/10.1103/PhysRevB.93.180503
https://doi.org/10.1103/PhysRevB.93.180503
https://doi.org/10.1103/PhysRevB.93.180503
https://doi.org/10.1103/PhysRevLett.80.149
https://doi.org/10.1103/PhysRevLett.80.149
https://doi.org/10.1103/PhysRevLett.80.149
https://doi.org/10.1103/PhysRevLett.80.149
https://doi.org/10.1103/PhysRevB.96.140505
https://doi.org/10.1103/PhysRevB.96.140505
https://doi.org/10.1103/PhysRevB.96.140505
https://doi.org/10.1103/PhysRevB.96.140505
https://doi.org/10.1103/PhysRevB.96.220505
https://doi.org/10.1103/PhysRevB.96.220505
https://doi.org/10.1103/PhysRevB.96.220505
https://doi.org/10.1103/PhysRevB.96.220505
https://doi.org/10.1103/PhysRevLett.87.047001
https://doi.org/10.1103/PhysRevLett.87.047001
https://doi.org/10.1103/PhysRevLett.87.047001
https://doi.org/10.1103/PhysRevLett.87.047001
https://doi.org/10.1103/PhysRevLett.100.157001
https://doi.org/10.1103/PhysRevLett.100.157001
https://doi.org/10.1103/PhysRevLett.100.157001
https://doi.org/10.1103/PhysRevLett.100.157001
https://doi.org/10.1088/0953-8984/18/44/R01
https://doi.org/10.1088/0953-8984/18/44/R01
https://doi.org/10.1088/0953-8984/18/44/R01
https://doi.org/10.1088/0953-8984/18/44/R01
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRevB.94.201107
https://doi.org/10.1103/PhysRevB.94.201107
https://doi.org/10.1103/PhysRevB.94.201107
https://doi.org/10.1103/PhysRevB.94.201107
http://arxiv.org/abs/arXiv:1801.02556



