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Granular metallicity as a minimal normal state for superconductivity
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We report the evolution of electrical transport properties in insulating FeSe films with electron doping induced
by the ionic liquid gating technique. Superconductivity never emerges in the strong insulators with variable-range
hopping behavior but is shown to arise once the resistance of the normal state varies as In(1/7"), indicating
that this behavior corresponds to the minimal conducting character for developing superconductivity. Our work
points toward granular metallicity for the In(1/7") behavior, suggesting that the emergence of superconductivity
requires at least an insulating state containing metallic granules. Moreover, it unravels an electronic segregation
in proximity to superconductor-insulator transition, which calls for a comprehensive understanding of this

segregated phase.

DOI: 10.1103/PhysRevB.104.174511

I. INTRODUCTION

The quantum superconductor-insulator transition (QSIT)
in two-dimensional (2D) systems is believed to be an im-
portant example of a quantum phase transition, which occurs
at zero temperature when the ground state of a system is
altered by varying an external parameter of the Hamiltonian,
such as the magnetic field, the level of disorder, or the car-
rier density [1,2]. In past decades, great efforts have been
made to investigate the quantum criticality at the transition
between insulating and superconducting ground states [3,4].
In most cases, there is a clear horizontal separatrix between
downward and upward resistance-versus-temperature curves,
marking the existence of a well-defined quantum critical point
and enabling one to extract scaling laws associated with the
critical exponents [5]. Actually, most of the tuning parameters
modify not only the superconducting ground state but also
the normal state. However, very few studies focus on the
evolution of normal-state transport properties with the tuning
parameter. There is still no conclusive answer to an important
question, namely, what is the minimal condition on the nature
of the normal state for superconductivity to develop, which is
in particular of vital importance to understand the interplay
between localization and superconductivity [6].

BCS theory requires the existence of a well-defined Fermi
surface for the superconducting instability to take place, but
many materials with a negative temperature coefficient for
resistance in the normal state exhibit superconductivity be-
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low a finite critical temperature (7). In the literature, while
variable-range hopping (VRH)-dominated granular materials
have been claimed to be low-temperature superconductors
[7,8], superconductivity is more often associated with an enig-
matic In(1/7") behavior [9-13].

In order to address this issue, a quasicontinuous tuning of
the normal state is in great demand. However, the conven-
tional approaches, which include changing the film thickness,
applying a magnetic field, chemical doping, or thermal an-
nealing, can introduce several simultaneous effects [14]. For
instance, changing the film thickness alters the level of dis-
order by reducing the mean free path but may also change
the material structure. Magnetic fields inevitably introduce
vortices and the related complex vortex physics. Chemical
doping may change the carrier density and the disorder. And
thermal annealing may involve variation in both morphology
and chemical composition. By contrast, the ionic liquid gating
technique (ILG) varies essentially the carrier density and only
marginally other parameters [15]. More importantly, it en-
ables one to realize a continuous tuning of the carrier doping
by virtue of the electrostatic or electrochemical effects [16],
which is conducive to studying the emergence of supercon-
ductivity in detail [17-19].

Here, we employed ILG to modify the electron doping in
initially insulating FeSe thin films and systematically investi-
gated the evolution of electrical transport properties, seeking
the necessary condition for emergence of superconductivity. It
is found that the insulativity of the samples gradually weakens
with electron doping. For the strong insulators with VRH be-
havior, superconductivity does not develop in our measuring
temperature range. On the contrary, superconducting fluctu-
ations are shown to arise as soon as the resistance at low
temperatures varies as In(1/7"), indicating a minimal condi-
tion on the normal-state conductivity for superconductivity to

©2021 American Physical Society
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FIG. 1. Amount of doped charge versus gating sequence for samples (a) S1 and (b) S2.

develop. We attribute this In(1/7") behavior to granular metal-
licity, which may originate from either structural granularity
or spontaneous electronic segregation.

II. EXPERIMENTS

The B-FeSe films, S1, S2, and S3, were grown on (001)-
oriented CaF, substrates by pulsed laser deposition system
equipped with a 248-nm KrF excimer laser [20]. The poly-
crystalline targets were prepared by the solid-state reaction
method. The laser repetition rate was 4 Hz and the base
vacuum of deposition chamber was 10~ torr. The film thick-
nesses were typically of several hundred nanometers. For S1,
S2, and S3, the substrate temperatures were 300, 350, and
350°C, respectively; The laser energies were 250, 250, and
350 mJ, respectively. S3 has been annealed under 400°C
for 1 h after deposition. X-ray diffraction (XRD) data were
obtained using a SmartLab diffractometer with a Ge (220)
crystal monochromator. The energy dispersive x-ray spec-
tra (EDX) and microstructure measurements were performed
with a Hitachi SU5000 field-emission scanning electron mi-
croscope (SEM).

The ILG experiments were performed on insulating sam-
ples S1 and S2 using a homemade device [21], which
was mounted on the 3-K platform of the commercial Mon-
tana Instruments cryocooler and allowed simultaneous in
situ resistance and magnetic measurements. The ionic lig-
uid, N, N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium
bis(trifluoromethylsulphonyl)imide, was used as the dielec-
tric, covering the FeSe film and the Au gate electrode. A
Keithley 2400 source meter was used to apply the gate voltage
and monitor the leakage current. The resistance was measured
in a four-terminal configuration with a Keithley 6221 cur-
rent source meter and a Keithley 2182 voltage meter. The in
situ magnetic measurements were performed using a two-coil
mutual inductance technique. A Stanford Research SR830
lock-in amplifier with a reference phase of 90° was used to
apply an alternative current to the drive coil. The current had
a frequency of 50 kHz and an amplitude of 0.2 mA. The same
lock-in amplifier was used to measure the induced voltage in
the pickup coil, V = Vi — iVy, where V, reflects the diamag-
netism of samples and the full width at half maximum of V; is
a measure of the homogeneity of the superconducting state.

A complete gating experiment consists of many sequences,
each of which involves (i) warming up to a target temper-
ature under an appropriate gate voltage. (ii) staying at the
target temperature for a given period of time, and (iii) cooling
down to the base temperature and, meanwhile, measuring the
temperature dependence of the resistance and the magnetic
response. With careful adjustment of the gate voltage, the
gating temperature, and the duration time, we were able to
realize a quasicontinuous electrochemical doping of electron
carriers [22]. The amount of doped charge for each gating
sequence (n), denoted as Q, was estimated as the temporal
integral of the leakage current [23]. The correspondences be-
tween n and Q for S1 and S2 are shown in Fig. 1. Note that
the calculated Q tends to overestimate the actual amount of
carriers injected into the sample since the leakage current is
contributed not only by the doping effect, but also affected
by other factors such as electrochemical reaction and electric
leakage in the system. These effects are more prominent in
S1. In our experiment, the ILG data are not reversible; i.e.,
the sample does not return to the pristine state after the gate
voltage is removed. This indicates that the gating process is
mainly electrochemical rather than purely electrostatic.

III. RESULTS AND DISCUSSIONS
A. Mechanisms of insulativity in FeSe films

Figure 2(a) shows the sheet resistance (R;) versus the
temperature (7)) of two insulating FeSe films, S1 and S2,
and one superconducting film, S3 (7; ~ 8 K). The insulating
behavior in FeSe was attributed to the lattice strain in previous
work [24]. In the present case, this mechanism can be ruled
out since the insulating and superconducting samples show
almost identical XRD patterns as shown in Fig. 2(b). Instead,
the EDX reveals that the atomic ratios of Fe to Se in the
insulating samples are lower than that in the superconducting
sample. Hence, we infer that the insulativity in our FeSe films
originates from Fe vacancies, which is consistent with previ-
ous reports [25,26].

Actually, there are evident distinctions between the
two insulating samples. For the strongly insulating sample
S1, the resistance monotonically increases with decreasing
temperature and the data between 20 and 100 K can be
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FIG. 2. Electrical transport properties, crystalline structure, and microstructure for samples S1, S2, and S3. (a) Sheet resistance versus
temperature curves. R, at the longtudinal axis is the pair quantum resistance [5]. (b) Out-of-plane XRD patterns. (¢) SEM micrographs.

well fitted by the 2D VRH formula [27], namely, Ry =
Ry exp[(Ty/T)'/3], where Ty is in inverse proportion to the
localization length. For the weakly insulating sample S2, as
the temperature decreases, the resistance first decreases at
high temperatures, reaches a minimum at ~100 K, and then
starts to increase as In(1/7) at lower temperatures. The fits
are shown in Fig. 3. In addition, SEM demonstrates that S1 ex-
hibits some structural granularity with a typical granule size of
~50 nm, while S2 is structurally homogeneous [see Fig. 2(c)].

B. Minimal condition for superconductivity

Figure 4(a) pictures the sheet resistance versus tempera-
ture for gating sequences Nos. 1-13 of sample S1, where
sequence 1 corresponds to the pristine state. The curves are
normalized to the sheet resistance at 250 K. From sequence
1 to sequence 7, the sample remains strongly insulating and
the data below ~100 K could always be well fitted using
R, = Ry exp[(Ty/T)'/?] [see Fig. 4(b)]. The extracted Ty is
found to rapidly decrease with doping [see Fig. 4(d)], pointing
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FIG. 3. (a) Normalized sheet resistance (on a log scale) versus
T~'73 for pristine S1. The dashed line is the linear fitting result.
(b) Sheet resistance R, as a function of temperature 7 (on a log
scale) for pristine S2. The linear regime (dashed line) shows that the
resistance varies as In(1/7).

to a decreasing distance between hopping sites and indicating
a weakening of the insulativity [28]. Intriguingly, for sequence
8 and beyond, a minimum appears in the Rs(T") curves, indi-
cating a metallic behavior at high temperatures. The position
of this minimum is denoted by T, in Fig. 4(d). Simul-
taneously, the resistance at low temperatures ceases to be
VRH-dominated and instead varies as In(1/7) [see Fig. 4(c)].

After a given threshold in the charge injected into the sys-
tem (Q ~ 190 C/mm?), superconductivity appears. In order
to track the appearance of superconductivity, we extracted the
inflexion point at low temperatures (see Appendix A), which
is used to mark the onset of superconducting fluctuations [29].
It is worth mentioning that more methods are needed to ac-
curately determine the onset temperature of superconducting
fluctuations [30-33]. The temperature at the inflexion point,
Tins, is plotted in Fig. 4(d). Note that for gating sequences
8 and 9, there is already a departure from the logarithmic
behavior below 6 K [see Fig. 4(c)]. This tends to indicate
that as soon as VRH behavior yields to In(1/7) behavior and
the resistance minimum appears, the system becomes super-
conducting at low temperatures. In other words, the In(1/7T)
resistance appears as a minimal condition on the normal-state
conductivity for superconductivity to develop.

This In(1/T) behavior seems at first evocative of weak
localization [34,35] but, after inspection, cannot be explained
in this way since (i) the logarithm correction in our data is
too important [the resistance increases as In(1/7") by typically
50 to 100%] and besides, (ii) the correction to conductance
does not follow a logarithm variation as expected for weak
localization (see Fig. 5). As a matter of fact, such a In(1/T)
variation is often encountered in the vicinity of QSIT in high-
T. cuprates [9-11] and in granular low-T; superconductors
[12,13,36]. Accordingly, theories based either on Bose metal
physics [37,38] or on granular metallicity [39,40] have been
developed to account for this In(1/7") behavior. Given that the
pristine S1 is found to be structurally granular [see Fig. 2(c)],
it is tempting to conclude that the In(1/7) behavior results
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FIG. 4. Evolution of electrical transport properties with Q for sample S1. (a) Temperature dependence of the normalized sheet resistance
for gating sequences Nos. 1-13. The inset shows the schematic of the ILG device. (b) Logarithm of the normalized sheet resistance versus
T~'/3 for sequences 1-7. (c) Normalized sheet resistance versus logarithm of T for sequences 8—13. The dashed lines in panels (b) and (c) are
the results of linear fitting. (d) 7y (open stars) extracted from the fit in panel (b), Ty, (Open squares), and Ti,y¢ (open triangles) as a function of
Q. The shading marks the crossover from VRH behavior to In(1/7) resistance, compatible with superconductivity (SC).

from granular metallicity, emerging in this case from the
structural inhomogeneities. Such a mild insulator (or more
precisely a granular metal), where metallic granules host-
ing superconductivity are embedded in an insulating matrix,
would therefore constitute the minimal normal state that can
support superconductivity in this system.

C. Proofs of electronic granularity

Interestingly enough, we note that the pristine weakly
insulating sample S2 exhibits both In(1/7") behavior and re-
sistance minimum in qualitative agreement with the resistance
found during sequence 8 of sample S1 (see Fig. 3), which
tends to indicate here also the existence of electronic gran-
ularity in S2, while the system is not structurally granular
as is attested by the SEM image in Fig. 2(c). In order to
deeper explore the behavior of S2, an elaborate ILG experi-
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FIG. 5. Normalized sheet conductance versus logarithm of tem-
perature for gating sequences 8—13 of S1. There is no linear regime
in this plot.

ment was performed. Figure 6(a) shows the sheet resistance
versus temperature for gating sequences 1-25. It is found
that both metallicity and superconductivity of the sample are
enhanced with increasing Q. To depict the evolution of resis-
tance curves, several characteristic temperatures are plotted in
Fig. 6(c), where Ty and T; ur represent the zero-resistance
critical temperature and mean-field critical temperature, re-
spectively. (Definitions of characteristic temperatures can be
found in Appendix A). Remarkably, a Tjs above 20 K is
already seen in sequence 2 (Q ~ 0.2 C/mm?), indicating the
pristine S2 is on the verge of the superconducting state. As a
matter of fact, Ry, the pair quantum resistance, separates se-
quences 1 and 2. This suggests that for sample S2, the In(1/7")
resistance also corresponds to a normal state compatible with
superconductivity.

Figure 6(b) enables us to follow the diamagnetic response
of the sample with gating, measured by the two-coil mutual
inductance technique [41] with sample sandwiched between
two coils [see the schematic in Fig. 6(a)]. The Vi at 5 K,
denoted as VF in Fig. 6(c), is used to estimate the volume
fraction of the superconducting phase. It shows that the
diamagnetic screening becomes stronger and progressively
covers the whole fraction of the sample. For the first few
gating sequences, VF is nearly zero but T; \mp is sizable,
indicating that a well-established superconducting phase
takes place on a very small fraction of the volume. The
well-defined 7. yp in the absence of Ty is in favor of
a granular picture where superconducting granules are
embedded in an insulating background. The following
increase of VF points to growing of superconducting granules
with doping. When VF increases to a sufficient level, T
appears (sequence 16 marked by dotted lines in Fig. 6), which
means that the superconductivity becomes fully percolated.

Furthermore, we tentatively investigated the superconduct-
ing fluctuations for the system before and after percolation.

174511-4



GRANULAR METALLICITY AS A MINIMAL NORMAL ...

PHYSICAL REVIEW B 104, 174511 (2021)

(@) 10 (b)
20
s
2
l N 16
R, -
g
= 5 12
o
z
lonic liquid =
b
7 Coze
0 1 " 1

100 150 250

T(K)

200 300

100

(©

80
60f °© -
) 40

20 . -

100

80 I

VF (%)

w}f . -

20f - g

0 |: 1 1 1

1
10

0.5 1.0 15 2.0
Q (C/mm?)

15 20 25 30 35
T(K)

40

FIG. 6. Evolution of electrical transport properties and diamagnetic responses with Q for sample S2. (a) Temperature dependence of sheet
resistance for gating sequences 1-25. The inset shows the schematic of the homemade device. R, separates upward and downward curves at
low temperatures. (b) The induced voltage in the pickup coil as a function of T for sequences 1-25. V, and V; are the real and imaginary
components of the pickup voltage, respectively. (c) Tin (open triangles), Ti,s (open squares), 7. mr (Open stars), Ty (open diamonds), and VF
(solid circles) as a function of Q, where the VF for sequence 7 is defined as [V (n) — Vi (1)]/Vx(25) at 5 K. The dotted lines correspond to

sequence 16.

We extracted the sheet pararesistance AG; ! for sequences 10
(before percolation) and 25 (after percolation), where AG
is the sheet paraconductance. The details are described in
Appendix B. As shown in Fig. 7, there are indeed a clear 0D
Aslamasov-Larkin (AL) [42] regime before percolation and
a 2D AL regime after percolation, with a possible 0D/2D
crossover in the latter case, which could be reminiscent of
electronic inhomogeneities (see the schematics in Fig. 7).
These findings additionally point toward the existence of elec-
tronic granularity in S2 [36]. Note that more methods than dc
resistivity measurement are needed to quantitatively describe
the superconducting fluctuations [43].
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In addition, it is worth mentioning that all the resistance-
versus-temperature curves intersect at ~164 K in Fig. 6(a)
for S2. Such a crossing point was systematically observed in
our gating experiments on different samples (see Appendix C)
and was already reported in previous work [19,44]. Here, we
suggest a possible explanation based on doping-induced inter-
change between two types of carriers. We assume that there
are two types of carriers whose densities, n; and n;, contain a
part that varies linearly with Q, with respective coefficients A
and B. Then there will exist a crossing point located at the
temperature 7* for which A/B = —t(T*)m; /7 (T*)msy,
where T and m represent the relaxation time and the effective
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FIG. 7. Sheet pararesistance AG; ! as a function of T for (a) sequence 10 (before percolation) and (b) sequence 25 (after percolation) of
sample S2. The red and green solid lines are the fitting results with the 0D [AG_ "o (T — T, 0p)*] and 2D (AG]' « T — T 5p) AL formulas,
respectively, where T; op and T; »p are fluctuational critical temperatures [36]. The insets display schematics of the spatial distribution of the
electronic states close to T, where the metallic granules (yellow) hosting superconducting fluctuations (red dashed lines) are embedded in an
insulating matrix (blue) before percolation and in a weak insulator (or a bad metal, light blue) after percolation. The presence of the OD regime
in the latter case illustrates the persistence of the electronic inhomogeneities.
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mass, respectively. Additional details are described in
Appendix C. The negative A/B is a strong indication that dop-
ing acts in an opposite way on the two types of carriers. The
question of whether these two types of carriers are separated
in real space (segregation) or in k-space (corresponding to
different pockets of the Fermi surface) cannot be elucidated
at this point. Of course it is tempting here to relate these two
types of carriers to the granularity of the electronic system. In
this case, doping on this segregated electronic system changes
the balance between the insulating region and the metallic
granules hosting superconductivity, in favor of the latter. As
a result, the superconducting granules grow while the insulat-
ing region shrinks with doping, which is consistent with the
picture shown in the insets of Fig. 7.

All above analyses point to electronic granularity in
pristine S2, implying that the In(1/7) behavior also stems
from the granular metallicity. In view of its homogeneous
structure [see Fig. 2(c)], we attribute this granularity to
an electronic phase segregation. The question remains of
whether this segregation is a genuine property of the metallic
phase itself or whether it is due to the proximity of an
inhomogeneous superconducting phase, which can emerge
from homogeneously disordered films [36,45,46]. Besides, it
is to be noted that more recently, the In(1/7T) resistance has
been associated experimentally with the presence of charge
density waves in cuprates [29,47], which is also a form of
electronic segregation.

IV. CONCLUSIONS

In summary, through ILG experiments on two different
insulating FeSe films, we successfully established the
existence of a minimal condition on the conductivity of
normal-state supporting superconductivity, corresponding
to In(1/T) resistance. It is presumably related to granular
metallicity, which results in the first sample from preexisting
structural granularity and in the second sample from
electronic segregation. This work tends to question whether
superconductivity is really able to develop from a truly
insulating normal state and to establish that it requires at least

(a)

57}

T T

sequence 10

an insulating state containing metallic granules. It should be
emphasized that such correlation between In(1/7T) behavior
of the normal-state resistance and superconductivity also
exists in low-T; superconductors [12] and seems to be present
as well in some high-T. cuprates [48]. This subsequently
raises the question of the universality of this relationship. In
addition, it has been revealed that the electronic segregation
mechanism may make QSIT unconventional [48], which calls
for a more comprehensive theory on this granular electronic
state and its interplay with superconductivity.
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APPENDIX A: DEFINITIONS OF CHARACTERISTIC
TEMPERATURES

Figure 8 shows the definitions of characteristic tempera-
tures. Tiy¢ is defined as the inflexion point of the R (T') curve
above the onset temperature of superconductivity. 7, mp is
defined as the intersection of the tangent at midheight of the
superconducting transition with the 7' axis.

(b)

T T T

[ sequence 25

0.9}

R, (kQ)

0.0
35

50

FIG. 8. (a) Zoom-in of the R (T ) curve for sequence 10 of S2. The arrow indicates the position of 7;,s. The solid line shows the tangent at
the inflexion point. (b) Zoom-in of the R (T) curve for sequence 25 of S2. The arrow indicates the position of T; mr. The solid line shows the

tangent at midheight of the transition.
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APPENDIX B: EXTRACTION OF
SHEET PARARESISTANCE

As shown in Fig. 9, the normal-state sheet resistances R}
was extrapolated from the experimental data using the fitting
law R{ = AT? + BIn(1/T) + C, with parameters A = 0.05
and 0.25, B = —2196.87 and —5279.91, and C = 9005.51
and 10481.37 for sequences 10 and 25, respectively. In Fig. 7
of the text, the sheet pararesistance is defined as AG_ 1=
(Gs — G“:)’1 = (1/Rs — 1/R;‘)’1. Given the fact that the nor-
mal state is extrapolated at low temperatures, it is not possible
to perform a reliable quantitative fit of the amplitude of the
pararesistance. However, since the normal state does not con-
tain any divergence at T, the value of the critical exponents
(consistent with either 2D or 0D AL fluctuations) is on the
contrary highly reliable. For sequence 10, the fitting parameter
T:.0op is 18.9 K. For sequence 25, T; op and T >p are 40.2 and
38.1 K, respectively.

APPENDIX C: EXPLANATION OF CROSSING POINT

Figure 6(a) shows that for S2 which is initially insulat-
ing, the R (T') curves with different Q intersect at ~164 K.
Such a crossing phenomenon could be repeated by gating
a superconducting sample with a metallic normal state (see
Fig. 10). Here, we provide an explanation of the crossing
point based on Q-induced interchange between two types of
carriers. It is assumed that the electronic system consists of
two components with densities n; and n,, which vary linearly
with Q, i.e.,

n(Q) =AQ +ny, n(Q)=BQ+ny (CH

where A, B, njg, and ny are constants. Besides, the conduc-
tivity o has the Drude form, i.e.,

o(Q, T) = m(Q)e’n(T)/mi + m(Q)’ro(T)/my.  (C2)

Then

o(Q,T) = [Ar/(T)/my + Bro(T)/my] Q€

+ [0t (T)/my + nyota(T)/myle*.  (C3)
A crossing point located at the temperature 7" means that
90(Q,T)/3Q|r- = 0. (c4)
Thus,
A/B = —0(T")my [t (T*)my. (C5)

The negative A/B implies that doping acts in an opposite way
on the two types of carriers.

100 150 200 250 300

T(K)

0 50

FIG. 10. Temperature dependence of resistance for different
gating sequences (1-17). The pristine sample (sequence 1) is a su-
perconductor with a metallic normal state. The arrow indicates the
crossing point.
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