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Discrete Superconducting Phases in FeSe-Derived Superconductors
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A general feature of unconventional superconductors is the existence of a superconducting dome in the
phase diagram. Here we report a series of discrete superconducting phases in the simplest iron-based
superconductor, FeSe thin flakes, by continuously tuning the carrier concentration through the
intercalation of Li and Na ions with a solid ionic gating technique. Such discrete superconducting
phases are robust against the substitution of 20% S for Se, but they are vulnerable to the substitution of
2% Cu for Fe, highlighting the importance of the iron site being intact. The superconducting phase
diagram for FeSe derivatives is given, which is distinct from that of other unconventional super-

conductors.
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The discovery of iron-based superconductors sparked a
huge renaissance in exploring the mystery of unconven-
tional superconductivity [1,2]. For the iron arsenides, there
always exists a superconducting (SC) dome in the phase
diagram, i.e., a continuous increase, maximum, and then
decrease of the transition temperature 7., with charge
carrier doping, applied external pressure, or isovalent
doping [3-6]. Such a SC dome is a common feature shared
by other unconventional superconductors, such as cuprate,
heavy-fermion, and organic superconductors [7].

Iron selenide has recently attracted great interest, since its
T. (= 8 K) can be significantly enhanced by electron doping
and external pressure [8—13], even up to 65 K in monolayer
FeSe/StTi0;, possibly with the assistance of phonons from
the substrate [14—-17]. A robust T, of ~32 K was first
discovered in K, Fe,_,Se,, followed by an occasional obser-
vation of trace superconductivity at 44 K [4,5]. However,
attempts to build a phase diagram have been hampered by the
prevalence of phase separation which arises inevitably from
the high-temperature synthesis routes [3—6]. An alternative
strategy to obtain single-phase samples and avoid phase
separation is to use a low-temperature solvent such as liquid
ammonia or to employ the electrochemical technique, but

0031-9007/18/121(20)/207003(7)

207003-1

drawbacks include limited control over the intercalation of
metals and sample inhomogeneity [4-6,18,19].

The electrostatic gating technique provides precise con-
trol of the doping content and consequently the physical
properties of a material [20]. In previous electrostatic gating
of FeSe flakes, using ionic liquid as the gate dielectric, a
rise in T, was reported at a certain gate voltage due to a
Lifshitz transition, followed by a gradual increase of T,
from ~30 to 48 K [21]. Insulating FeSe thin films were
successfully converted into superconductors with T
increasing to about 40 K [22,23]. However, the charge
accumulation induced by liquid ionic gating is confined to
the very subsurface due to the Thomas-Fermi screening
effect [24], and the doping level is limited due to sample
damage at high gate voltages [21-23].

In this Letter, by using the latest developed solid ionic
gating technique [25], we continuously intercalate Li/Na
into FeSe flakes and construct the entire phase diagram of
metal-intercalated FeSe superconductors. Starting from the
T. = 8 K phase, two subsequent SC phases with 7_.’s of
~36 and ~44 K are observed upon increasing the inter-
calation of Li, and finally the system enters an insulating
state. Similar discrete SC phases are also found in Na,FeSe.
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FIG. 1. (a) Schematic structure of the solid ionic gating device.
From the bottom to the top: Silver back gate layer, finely polished
Li/Na-ion substrate, pure or doped FeSe thin flake, 100 nm SiO,,
and four electrodes. The gate voltage V; is applied at low
temperature (<155 K), where all the ions in the substrate are
frozen in place. (b) Representative optical image of a fabricated
device. Shadow masks are used here to eliminate any contami-
nation from the photoresist or developer. (c) Atomic force micro-
scope (AFM) topographic image of the dashed rectangular area
shown in (b). (d) Cross-sectional profile of the thin flake along the
red line in (c), giving the thickness of the flake t = 17.5 nm, which
corresponds to about 31 FeSe monolayers. The thickness of the
samples used in the present study ranges from 5 to 38 nm.

Considering the continuity of Li/Na intercalation, such
discrete SC phases must be intrinsic and universal for FeSe
derivatives obtained by metal intercalation. We find that
these discrete SC phases are easily destroyed by a small
amount of copper substitution at the iron site, but they are
insensitive to sulfur substitution at the selenium site.
A comprehensive phase diagram of FeSe-derived super-
conductors is obtained in combination with previous sur-
face spectroscopic studies.

FeSe,  FeSegsgo(1)S020(1)>  Feo.os(1)Cupoz(1ySe,  and
Feg05(1)Cugo4(1)Se  were mechanically exfoliated by
Scotch Tape and transferred to lithium-based substrate
Lij; . ,Al(Ti, Ge),_,Si,P;_,0;, and sodium-based sub-
strate Najg 47r; {Mg;,S1,PO;, [26]. Transport measure-
ments were carried out in a physical properties
measurement system (PPMS, Quantum Design) equipped
with a Keithley 2400 source meter (with rms noise about
20 pA) to apply the gate voltage, and a lock-in amplifier
(SR830) to measure its resistance. Density functional
theory (DFT) calculations employed the projector aug-
mented wave (PAW) method encoded in the Vienna
ab initio simulation package (VASP). Detailed descriptions
can be found in the Supplemental Material [27].

Figure 1(a) shows the configuration of the fabricated
solid ionic gating device. A single FeSe thin flake with a
thickness of 5-38 nm (9—68 monolayers) is sandwiched
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FIG. 2. (a) Resistance of the Li-intercalated FeSe flake
(17.5 nm) as a function of temperature. This panel covers the
underdoped regime with the normal-state resistance monotoni-
cally decreasing upon gating. Colored dashed lines highlight
transition temperatures where the 7',.’s (in this work, we use 79™¢
as T,) of several curves coincide. Ty, Ty, and T .3 are SC phases
at 8, 36, and 44 K, respectively. (b) Resistance of another 10 nm
FeSe flake in the overdoped regime with its normal-state
resistance gradually increasing upon gating. (c¢) and (d) Color
contour plots of the derivatives of the R — T curves in (a) and (b).
We rescaled the curves in (b) at 80 K before differentiating to see
the SC transitions more clearly.

between the solid ionic substrate and a SiO, layer, as shown
in Figs. 1(b) and 1(c). We use 100 nm SiO, to insulate the
electrodes from the substrate to avoid metal accumulation
underneath the electrodes. This insulating layer is crucial to
accurately determining the content of the intercalated
metals. A window is left open on the SiO, layer to pattern
the silver electrodes. When a back gate voltage, Vg =4V,
is applied at low temperature (usually below 155 K), all the
lithium or sodium ions in the substrate are still frozen in
place. Upon slowly heating the device above 165 K, these
ions become mobile and are driven into the sample by the
electric field. The ionic mobility is monitored by the leakage
current; see Fig. S1 in the Supplemental Material [27].

We first examine the lightly doped region of Li, FeSe. By
carefully choosing the gating temperature and integrating
leakage current, the lithium content x can be tuned with a
precision of 1% (see the Supplemental Material [27]). A
single FeSe flake with a thickness of 17.5 nm [31 mono-
layers, shown in Fig. 1(d)] is used, and the resistance as a
function of temperature upon gating is plotted in Fig. 2(a).
Strikingly, a SC transition with 7., &~ 36 K appears abruptly
with negligible changes in the normal-state resistance,
coexisting with the SC transition at 7., = 8 K (the bulk
T. of FeSe). The transition at 8 K is then quickly suppressed,
and the normal-state resistance continuously decreases upon
increasing the doping level by the intercalation of Li.
Meanwhile, the new SC transition remains at 36 K, but it
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becomes sharper and sharper. Upon further increasing the Li
content, another SC transition at 7'.; = 44 K sets in, coex-
isting with the 36 K phase. The 36 K SC phase is then
suppressed until only the 44 K SC phase remains. As shown
in Fig. 2(b), the normal-state resistance increases upon
further gating, and the SC phase at 44 K gradually disappears
until the sample eventually enters an insulating phase. The
observation of an insulating phase gives a strong evidence of
bulk intercalation, since the dopants must diffuse all the way
across the sample to the electrodes. Otherwise, the surviving
SC phase on that side of the sample would short-circuit the
electrodes. Since the gating process is very time consuming,
the results shown in Fig. 2(b) are obtained for another 10-nm-
thick sample.

To distinguish these SC phases, we compute the deriv-
atives dR/dT of each R — T curve and plot the results as
color contours in Figs. 2(c) and 2(d). The Li/Fe-ratio
dependence of T'. shows steplike behavior throughout the
entire accessible doping range. The T, phase emerges at a
very low doping content (x = 0.025), and it is replaced by
the 44 K phase at x = 0.17. These results demonstrate that
the SC phases in Li,FeSe are discrete rather than a
continuous dome as observed in iron arsenides and other
unconventional superconductors.

The previously reported 44 K phase was acquired by
lithium intercalation with the assistance of organic mole-
cules such as NH; [10,11,35]. The Li content in
Lig.6(1)(ND2) (1) (ND3)g g1y Fe,Se, was  determined by
refining the neutron powder diffraction pattern [35]. To
determine whether our 7.3 = 44 K phase is the same SC
phase observed previously, we need to compare the Li
content in them. During the gating process, the observation
of two SC transitions suggests the coexistence of two SC
phases. Once the SC transition at 7'.; = 8 K disappears, the
SC transition at T, = 36 K becomes sharper upon further
gating. We assume that only one single SC phase exists in
the system when the transition at 36 K is sharpest. The
same assumption is made for the 7,3 = 44 K phase. Based
on this assumption, two repeatedly conducted experiments
on different samples give x = 0.18 for the T, =36 K
phase and x = 0.35 for the T .; = 44 K phase by integrat-
ing the leakage current. The Li content in the SC phase with
T.3 =44 K, Ligeo1)Fe,Se,, is consistent with that of
Lig6(1)(ND2)g (1) (ND3)g 51 FexSey [35].

The successful realization of in situ tuning three SC
phases in one device provides an ideal platform to inves-
tigate the evolution of their physical properties with doping.
In the Supplemental Material, we present a systematic
study of the anisotropic H,., of Li,FeSe [36]. The H, of
Li,FeSe shows a pronounced anisotropy upon increasing
the Li content, which is distinct from the reported isotropic
H_, in FeAs-based superconductors [39] and the weak
anisotropy of H, in K,Fe,_,Se, [40], and even larger than
those in (Lij 3Fey,)OHFeSe and Li, (NHj3), Fe,Se, [41,42].

By using the DFT calculation, we show that the combined
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FIG. 3. (a) and (b) Resistance of Na-intercalated FeSe flakes as
a function of temperature, similar to those of Fig. 2. The sample
thicknesses are (a) 18 nm and (b) 8.5 nm. Vertical broken lines
highlight transition temperatures where the 7.’s of different
curves coincide. T, is observed throughout the entire doping
region before the sample goes into the insulating phase. (c) and
(d) Color contour plots of the derivatives of the R — T curves in
(a) and rescaled in (b).

effects of Lifshitz transition, bandwidth narrowing and
Se-Se interlayer coupling may be the driving force.

To examine whether the discrete SC phases are universal
in other metal-intercalated FeSe, we carry out the experi-
ment on a Na-based ionic substrate. As shown in Fig. 3,
analogous with Li FeSe, there is a series of discrete SC
transitions in Na,FeSe at 7., =8 K, T, =37 K, and
T.; =43 K. The observed 37 and 43 K SC phases in
Na,FeSe are consistent with the previously reported two
SC phases with 7, ~37 and 42 K in ammonia-free and
ammonia-rich Na,(NHj3),FeSe [43], and T ~ 32 and 45 K
in (NH;),Na,FeSe by changing the nominal Na content
[44]. Our results suggest that the Na content determines the
T, of Na,FeSe, in agreement with Ref. [44]. This is in line
with a recent theoretical calculation which shows that
the 7. is mainly determined by carrier concentration in
intercalated FeSe [45]. The observation of discrete super-
conducting phases in both Li,FeSe and Na, FeSe demon-
strates that the absence of a continuous superconducting
dome is intrinsic and universal in metal-intercalated FeSe.

To check the robustness of this phase discreteness, we
introduce disorder at the Se and Fe sites in FeSe. The
substitution of S for Se has been proven to induce both
disorder and chemical pressure, while the substitution of
Cu for Fe introduces a negligible amount of electron
doping, and most prominently, disorder [46,47]. The
T,.’s of FeSe( Sy, and Fej93CugnSe used here are 5 K
and <2 K, respectively (see Fig. S3 in the Supplemental
Material [27]), which agree well with the literature and
confirm that Cu substitution has a much stronger effect
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FIG. 4. (a) and (b) The gating dependence of R — T curves for
FeSe( Sy, (34 nm thick) and Fe(o3CugnSe (21.5 nm thick).
(c) and (d) Their respective dR/dT color contour plots. Note that
the 7", of Li,Fe(Seq 3Sq») may not necessarily correspond to 7',
in Li,FeSe. The inset in (b) expands the SC onset region.

on the superconductivity of FeSe. Figure 4(a) shows the
resistance as a function of temperature during the gating
process for FeSe;sSj,. The first SC transition at 7T
becomes broader, and the onset 7. gradually increases
from 5 K to about 11 K, and then abruptly increases to
T., = 30 K. No higher T, phase is observed upon further
gating. The T. phase is completely destroyed by the
substitution of S for Se. These two discrete SC phases are
clearly visible in the derivative in Fig. 4(c), which rules out
the possible origin of nematic inducing discrete SC phases,
as the nematic order in FeSe is completely suppressed by
20% S doping. As shown in Fig. 4(b), starting from a non-
SC (T, < 2 K) Fe( 9gCuyq o, Se thin flake, the superconduc-
tivity emerges upon gating, and the onset 7., shown in the
inset, gradually increases to 23 K. The quasicontinuous
evolution of 7. in Li,(Fey3Cug,)Se can be seen more
clearly in Fig. 4(d), although two vague kinks are still
visible at about 10 and 16 K. Further increasing the Cu
content to 4% leads to a smooth increment of 7, without
any kink, as shown in Fig. S4 in the Supplemental Material
[27]. This demonstrates that the substitution of Cu for Fe
not only suppresses superconductivity in FeSe, but also
leads to a continuous change of T'.. in Li,FeSe, washing out
the steps between the SC phases.

It is now possible to discuss the phase diagram of FeSe-
derived superconductors in detail. The Fermi surface (FS)
of bulk FeSe (T, = 8 K) consists of both electron and hole
pockets [48]. However, in FeSe-derived superconductors
with a higher 7', such as K,Fe,_,Se,, (Lij gFe;,)OHFeSe,
and monolayer FeSe/STO, only electron pockets at the
Brillouin zone corner have been observed [15,16,49,50].
A clear evolution of FS topology can be seen in surface
K-dosed FeSe films, where the hole pocket at the Brillouin
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FIG. 5. Phase diagram of FeSe-derived superconductors. The
red lines denote the discrete SC phases of metal-intercalated FeSe
superconductors, as represented by Li,FeSe. The different Fermi
surface topologies of pristine and doped FeSe are superimposed.
The yellow area on the right represents the insulating phase in the
heavily overdoped region.

center shrinks to zero upon increasing the potassium
dosage, leaving the Fermi surface with only electron
pockets at the M point [13]. This Lifshitz transition of
the FS topology is sketched in Fig. 5. In the recent
electrostatic gating study on high-quality FeSe thin flakes,
a steep T, increase was observed around the Lifshitz
transition [21]. Above this transition, the increase of T,
becomes more gradual and appears dome shaped [21],
in agreement with the absence of a second Lifshitz
transition and an enlarged electron Fermi surface at the
M point upon further electron doping, as illustrated in
Fig. 5. The sudden growth of 7', from 8 K to above 30 K
could be caused either by a Lifshitz transition (i.e., a sudden
change in the Fermi surface topology) or by an abrupt
change in the pairing strength. Some mechanisms such
as interpocket pairing between electron pockets [51]
and orbital-selective pairing [52] were suggested for the
higher-7'. phase.

Aside from surface doping, extensive studies focusing
on the metal-intercalated FeSe superconductors failed to
depict phase diagram with carrier doping. Based on our
present study, the phase diagram of metal-intercalated
FeSe, represented by Li,FeSe, is plotted as the red lines
in Fig. 5. This solves the puzzle of the observation of
only certain 7,’s for all the previously reported metal-
intercalated FeSe superconductors [10,18,19], as well as a
series of metal-intercalated superconductors containing
organic molecules, AR Fe,Se, (A = intercalation metals,
R = organic molecule) even when intentionally varying
the initial doping content [53]. Furthermore, our Fe- and
Se-substitution experiments demonstrate that this intrinsic
discreteness is easily destroyed by disorder on the Fe site.
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This behavior is similarly observed for cuprates, where a
few-percent disorder on the copper site has a huge effect on
the physical properties, including the superconductivity.

Our experiments constitute direct evidence of a discrete
superconducting phase diagram as a function of carrier
concentration in FeSe derivatives, which is clearly distinct
from all other observations on unconventional supercon-
ductors [3]. In the electrostatic gating process using ionic
liquids, the large cations from the electrolyte accumulate at
the surface of FeSe, only doping electrons into the subsur-
face of FeSe [21]. Dosing potassium on the surface of FeSe
thin film dopes electrons into the surface layer of FeSe too
[54-56]. All these surface methods are different from the
intercalation of Li and Na into the system driven by electric
field, which induces carriers into the bulk of the system
continuously. In the discrete SC phase diagram we report in
Fig. 5, the transition between the different SC phases
should be a first-order phase transition, which is very
sensitive to disorder, possibly turning into a second-order
transition. This may explain why the substitution of Cu for
Fe not only suppresses superconductivity, but also leads to
a continuous phase diagram. These results offer an insight
into the mechanism of superconductivity in FeSe-derived
superconductors.
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