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PACS T74.25.Dw — Superconductivity phase diagrams

PACS 74.70.-b — Superconducting materials other than cuprates

Abstract — Whether the pressure-induced second high-T¢. superconducting phase (SC-II) is a
universal phenomenon among the intercalated FeSe-derived superconductors deserves further in-
vestigations. Here, we report a high-pressure ac magnetic susceptibility study on the newly synthe-
sized organic-ion-intercalated (CTA)o.3FeSe single crystal, which has a high T, ~ 45K at ambient
pressure. We found that the superconducting transition is quickly suppressed to below 20 K upon
increasing pressure to P. =~ 2 GPa, above which the SC-II phase emerges and its 7. increases gradu-
ally to a maximum of ca. 40 K at 5 GPa. For P > 5 GPa, both Tt and the superconducting volume
decline quickly, presumably due to the collapse of the hybrid structure against the higher pressure.
Nevertheless, our results indeed evidenced the pressure-induced SC-II phase in (CTA)q.3FeSe, in
reminiscent of the situations observed in (Li,Fe)OHFeSe and Lig.36(NHgs),FeaSea. These results
thus demonstrate that pressure-induced SC-II phase should be a universal phenomenon in the
electron-doped intercalated FeSe-based superconductors.

Copyright © 2020 EPLA

Introduction. — Recently, much attention has been
paid to the FeSe-based superconductors due to the unique
electronic structure and the wide range tunability of
the superconducting transition temperature (7t.) within
a simple structural framework. Bulk FeSe has a rela-
tively low T, ~ 8.5K at ambient pressure [1]. Inter-
estingly, its T. can be enhanced substantially to over
40K through electron doping, which has been success-
fully realized via the interlayer intercalation (such as
AxFeg_ySeg (A = K, Rb, N ) [2,3], Lix(NHg)yFCQSGQ [4]7
and (Li,Fe)OHFeSe [5,6]), interface coupling or charge
transfer in monolayer FeSe/SrTiOs [7], surface K dos-
ing on thin films [8,9], or field-effect transistor gate-
voltage regulation [10]. Very recently, much effort has
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been devoted to develop purely organic-ion-intercalated
materials, such as (CTA)g 3FeSe, with much larger inter-
layer distance and enhanced T [11]. Among the FeSe-
derived bulk materials, however, the highest T, achieved
at ambient pressure remains below 50 K, and their T, will
decline or the sample even becomes insulating in the over-
doped regime [12,13].

Given the inhibition to further raising 7. by electron
doping, it is necessity to look for alternative means. The
application of high pressure is always an important ap-
proach. Recent high-pressure studies on several interca-
lated FeSe-based materials, including A,Fes_,Ses (A4 =
K, Rb, ...) [14], Cso.4(NHj),FeSe [15], (Li,Fe) OHFeSe [16]
and Li, (NHs),FesSes [17], have evidenced the emergence
of a second high-T, superconducting phase above a crit-
ical pressure P.. Here, we denoted it as SC-II phase
to distinguish from the ambient-pressure high-T,. SC-I
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phase achieved via electron doping. The highest Tt in
the SC-II phase is usually about 10K higher than that
in the SC-I phase. Especially, we have achieved a record
high 72" ~ 55K in the SC-II of Li, (NHj), FesSes single
crystal with a high electron doping level [17]. More inter-
estingly, we found that the normal state of (Li,Fe)OHFeSe
exhibits a sharp transition from a Fermi-liquid behavior
for SC-I to a non-Fermi-liquid behavior for SC-II phase,
which indicates that these two superconducting phases
might have different pairing symmetry [16]. These results
demonstrated that the application of high pressure can
play a vital role to tune the normal- and superconducting-
state properties of intercalated FeSe-derived materials.

To check whether the pressure-induced SC-II phase is
a universal phenomenon among the intercalated FeSe-
based superconductors, we turn to the newly synthe-
sized organic-ion-intercalated (CTA)g sFeSe single crystal,
which has an optimal 7 ~ 45K at ambient pressure. The
preliminary high-pressure measurements in ref. [11] have
shown that its T, decreases to ~40K at 1 GPa. By per-
forming high-pressure ac magnetic susceptibility measure-
ments up to 11 GPa, we indeed observed the reemergence
of SC-II phase at a relatively low P, ~ 2 GPa, similar with
other intercalated FeSe-based superconductors mentioned
above. Our present work thus demonstrate that pressure-
induced SC-II phase should be a universal phenomenon
among the intercalated FeSe-based materials.

Materials and methods. — The samples used in the
present study were synthesized by an electrochemical in-
tercalation method. Details about the sample preparation
and characterizations at ambient pressure can be found
in ref. [11]. Because the sample is very sensitive to air
and becomes loosely packed after intercalation, we mainly
measured the magnetic susceptibility to characterize the
superconducting properties. To protect the sample from
air, we covered the sample with Apizon-N grease in an Ar-
filled glove box before taking out for magnetic susceptibil-
ity measurements. The dc magnetic properties at ambient
pressure was recorded with a commercial MPMS-IIT from
Quantum Design. Temperature dependences of ac mag-
netic susceptibility under various hydrostatic pressures
up to 11 GPa were measured with the mutual inductance
method in the palm cubic anvil cell (CAC) apparatus [18].
The superconducting shielding fraction of the sample was
estimated by comparing with the diamagnetic signal of Pb.
Glycerol was used as the pressure-transmitting medium
for the high-pressure measurements. The pressure values
inside the CAC were calibrated by measuring the charac-
teristic transitions of bismuth (Bi) and lead (Pb) at room
temperature.

Results and discussion. — Figure 1 displays the
temperature dependence of dc magnetization M(T) of
(CTA)g 3sFeSe measured upon warming up under 20 and
5 Oe after zero-field cooled (ZFC) from room temperature.
Two successive drops were observed at about 45K and
32K for M(T') under 20 Oe, while one sharp drop at ~45 K
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Fig. 1: Temperature dependence of dc magnetization measured
under 20 Oe and 5 Oe after zero-field-cooled from room temper-
ature at ambient pressure. Inset shows the crystal structure of
(CTA)o.3FeSe from ref. [11].

was evidenced for M (T) under 50e. These results are
consistent with those reported in the previous report [11].

Figure 2 shows the temperature dependence of ac mag-
netic susceptibility x(7') below 60 K under various hydro-
static pressures up to 11 GPa for (CTA)q 3FeSe. As shown
in fig. 2(a) for P < 4 GPa, the superconducting diamag-
netic signal can be clearly seen from the drop of x(7T)
below T, which is indicated by the down-pointing arrow.
At the first pressure P = 2GPa, TX has shifted signif-
icantly down to ~16K, in line with the previous high-
pressure results [11]. Upon increasing pressure to 3 GPa,
on the other hand, we start to see the drop of x(T') at
a higher TX = 22K, signaling the emergence of SC-II
phase. In addition, the superconducting shielding fraction
also increases from ~38% at 2GPa to ~60% at 3 GPa.
At 4GPa, TX was further enhanced quickly to 36 K and
the superconducting shielding fraction reaches about 75%,
confirming the bulk nature for the observed SC-II phase
under pressure. When we applied more pressure to 5 GPa,
fig. 2(b), the enhancement of T, is quite minute and the
superconducting drop in x(7T") becomes less sharp as com-
pared to 4GPa. As seen in fig. 2(b), further applying
pressure to above 5 GPa causes a gradually decrease of
TX, and more profoundly the quick reduction of the su-
perconducting shielding fraction. Although the onset of
diamagnetic signal appears at a relatively high TX ~ 27K
at 8 GPa, a sharper drop appears below ~6 K. No super-
conducting transition can be defined at 11 GPa.

Figure 3 shows the temperature-pressure phase di-
agram of (CTA)psFeSe based on the above ac mag-
netic susceptibility measurements. The magnitude of
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Fig. 2: The ac magnetic susceptibility 47y (7T") measured under
different hydrostatic pressures: (a) from 2 to 4 GPa, (b) from
5 to 11 GPa. The superconducting transition TXs are marked
by arrows.

the x(7) is also superimposed on the phase diagram
to illustrate the evolution of the superconducting
shield fraction under pressure. The T-P phase dia-
gram depicts explicitly the initial suppression of SC-I
phase followed by the re-emergence of SC-II phase
above 2GPa with a dome-shaped T.(P) centered at
~5GPa. The reemergence of SC-II phase under pres-
sure is similar with other intercalated FeSe-based ma-
terials such as AxFey_,Ses [14], Csg.4(NHgz),FeSe [15],
(Liy_,Fe,)OHFeSe [16] and Li,(NHgs),FeaSeqs [17], thus
pointing to a universal phenomenon in this class of ma-
terials. However, some differences are also noteworthy.
For example, the critical pressure P. ~ 2 GPa is nearly
identical to that of Li,(NHs),FesSes, but the SC-II phase
exists in a much narrower pressure range. In addition,
the highest T, ~ 38K in the SC-II phase is lower than
that at ambient pressure. Such an instability of the SC-II
phase against pressure and the relatively low T, of SC-II
achievable under pressure is most likely associated with
the quite weak bonding nature within the hybrid struc-
ture of (CTA)g 3FeSe. The electrochemically intercalated
(CTA)™ molecular species are so weakly bonded with
the FeSe layers so that they might be squeezed out at
P > 4 GPa. Such a scenario is consistent with the quick re-
duction of superconducting shielding fraction above 4 GPa
as seen in fig. 2(b).

Auy

P (GPa)

Fig. 3: Pressure dependence of the superconducting transition
temperatures Tcs and a contour color plot of the superconduct-
ing shielding fraction for the (CTA)q.sFeSe single crystal.

As mentioned above, the high-T., SC-I phase in
(CTA)p.sFeSe is achieved via electron doping by interca-
lating organic-ion-(CTA™) in between the FeSe layers [11].
The interlayer distance is as large as ~14.5A, thus en-
hancing its two-dimensional character. Although the weak
bonding nature of (CTA)* with FeSe layers renders a rel-
atively narrower SC-II phase with a lower T, the present
work provides further positive evidences in support of
pressure-induced SC-II phase as a universal phenomenon
in the intercalated FeSe-based superconductors. Based on
the previous high-pressure XRD on (Li,Fe)OHFeSe [16],
the structural transition has been ruled out as the pos-
sible origin for the pressure-induced SC-II phase. Here,
we have tried our best to measure the high-pressure syn-
chrotron x-ray powder diffraction on (CTA) 3FeSe, but
our attempt was hampered by the fact that the sample is
very sensitive to air during the sample preparation, and
we believe that the structure transition is unlikely to occur
at such a low pressure of 2 GPa in (CTA) sFeSe.

Although the pressure-induced SC-II phase seems to be
a universal phenomenon among these FeSe-intercalated
systems, the optimal T, and the critical pressure for the
emergent SC-II phase depends on the specific characters
of each system, including the initial doping level, the in-
terlayer bonding strength, structural stability, etc. For ex-
ample, in comparison with (Li; _,Fe,)OHFeSe, the higher
doping level of Lig 36(NHs),FeaSes leads to a higher op-
timal 7., but the weaker interlayer interaction results
in a lower critical pressure for the emergence of SC-II
phase [16,17]. For the present case of (CTA)g 3FeSe, the
doping level is the highest, but the interlayer strength and
the structural stability are the weakest among these three
systems. These factors give rise to the specific phase dia-
gram shown in fig. 3.
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Fig. 4: T. as a function of (a) inter-FeSe-layer distance d
and (b) electron doping level in parent FeSe and intercalated
FeSe-based superconductors. The dashed and colored lines
in (a) and (b) are guides to the eyes. Data are taken from
refs. [2,5,6,9,11,15,16].

In order to shed some light on the pressure-induced
SC-IT phase, we plotted the T, values of the parent FeSe
and other intercalated FeSe-based superconductors [2,5,6,
9,11,15,16] as a function of the electron doping level and
the inter-FeSe-layer distance d in fig. 4(a), (b). It has been
well established that the electron doping plays an impor-
tant role in raising the 7, of the FeSe-based superconduct-
ing materials at ambient pressure. As shown in fig. 4(a), Tt
first increases quickly with increasing the electron doping
and then keeps nearly constant upon further electron dop-
ing in the FeSe intercalated systems. As such, the heavily
electron-doped (CTA)g 3FeSe reaches an almost optimal
T. ~ 45K as other intercalated FeSe-derived materials.
A similar trend is also observed for T, vs. d in fig. 4(b)
at ambient pressure, even though the d spacing is much
enlarged in (CTA)( 3FeSe.

As seen in fig. 4(b), the application of high pressure on
the intercalated FeSe materials that reduces d monotoni-
cally produces a V-shaped T,(d), which indicates that the
inter-FeSe-layer distance is not a vital factor governing the
reemergence of the SC-II phase. Alternatively, the actual
electron doping level or the electron carrier density near

Fermi level that can be altered abruptly via the Fermi
surface reconstruction or a Lifshitz transition might be a
common factor responsible for this universal phenomenon.
For both (Li;_,Fe,)OHFeSe and Lig 36(NHs), FeaSes, the
emergence of SC-II phase was found to be accompa-
nied with a concomitant enhancement of electron car-
rier density according to the Hall effect measurements.
In addition, the observation of nearly parallel scaling be-
haviors between 7. and the carrier density in the SC-II
phase implies a common origin in these materials [16,17].
We have argued that the compression of the FeSe planes
may result in a sudden Fermi-surface reconstruction or a
Lifshitz transition that leads to a larger Fermi-surface vol-
ume and thus enhanced carrier densities. This argument
is consistent with the appearance of SC-II phase at ambi-
ent pressure in the heavily K-dosed FeSe ultrathin films,
in which a Lifshitz transition associated with the emer-
gence of an electron pocket at the I' point of the Brillouin
zone center has been seen directly by the in situ ARPES
measurements [8,9].

Theoretical investigations on AgFes_,Ses [19] and
FeS [20] have proposed that the superconducting order
parameters in the SC-T and SC-II phases should have dis-
tinct pairing symmetries associated with a Lifshitz tran-
sition.  Although it is quite challenging to determine
the pairing symmetry of the SC-II phase under high
pressures, further investigations are needed in order to
understand such an intriguing phenomenon. In partic-
ular, the study on pressure-induced SC-II phase might
shed light on some other unconventional superconduct-
ing systems showing the double superconducting domes,
such as heavy-fermion superconductor CeCusSiy [21] and
LaFeAsOq_,(H/F), [22-24].

Conclusions. — In summary, we have performed ac
magnetic susceptibility measurements on the newly syn-
thesized (CTA)g 3FeSe single crystal with cubic anvil cell
apparatus under hydrostatic pressures up to 11 GPa. We
found that the application of high pressure first suppresses
the SC-I phase and then induces a second high-T. SC-
II phase above P. =~ 2 GPa, in reminiscent of the situa-
tions seen in other interacted FeSe-based materials such
as (Li,Fe)OHFeSe and Lij 36(NHs),FesSes. However, the
highest T in the SC-II phase is limited to ca. 40K at
5 GPa, above which both T, and the superconducting vol-
ume decrease quickly, presumably due to the collapse of
the intercalated framework. Nevertheless, the observation
of pressure-induced reemergence of SC-IT in (CTA)q 3FeSe
demonstrates once again that it should be a universal phe-
nomenon in the electron-doped intercalated FeSe-based
superconductors presumably associated with a Fermi sur-
face reconstruction under pressure.
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