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Devices of electric double-layer transistors (EDLTSs) with ionic liquid have been employed as an effective way to
dope carriers over a wide range. However, the induced electronic states can hardly survive in the materials after
releasing the gate voltage Vo at temperatures higher than the melting point of the selected ionic liquid. Here
we show that a permanent superconductivity with transition temperature T. of 24 and 15K is realized in single
crystals and polycrystalline samples of HINCI and ZrNCI upon applying proper Vg'’s at different temperatures.
Reversible change between insulating and superconducting states can be obtained by applying positive and nega-
tive Vo at low temperature such as 220 K, whereas Vg ’s applied at 250 K induce the irreversible superconducting
transition. The upper critical field H.2 of the superconducting states obtained at different gating temperatures
shows similar temperature dependence. We propose a reasonable scenario that partial vacancy of ClI ions could
be caused by applying proper Vg’s at slightly higher processing temperatures, which consequently results in a
permanent electron doping in the system. Such a technique shows great potential to systematically tune the bulk
electronic state in the similar two-dimensional systems.

PACS: 74.25.—q, 74.62.Bf, 74.25.fc

Due to the advantage of easy fabrication process,
electric double-layer transistor (EDLT) devices with
liquid dielectric have been widely used to tune the car-
rier density of two-dimensional (2D) materials over a
wide doping range. The carrier doped phase always
shows dramatic change as compared to parent phase
(e.g., metallic state,["”) magnetic reconstruction!’!
and superconducting (SC) transition” 71). As one
of the most complex physics phenomena, EDLT in-
duced SC transition from insulating parent phase has
already become an important topic in condensed mat-
ter research. Previous findings in SrTiOs,[”! ZrNC16-]
and MoS,!"*! provide sufficient information and ideas
on device design and key parameters such as liquid
dielectric and gate voltage V. However, several fun-
damental requirements must be satisfied to achieve
the functional liquid/solid interface.[’] First, mechan-
ical micro-cleavage technique is used to prepare ultra-
thin film with high-quality surface because the carrier
depleting and accumulating can occur mainly on sur-
face. Thus, layered crystals with flat surface are more
favorable to apply EDLT function.[®?-'"] Second, elec-
trodes are patterned on micro-size crystals for electri-
cal transport measurements. Third, as the gate di-
electric, proper types of ionic liquids are chosen for
applying Vo without destroying the sensitive crystal
surface. Most importantly, the induced SC state re-
mains no longer in the system after releasing the Vg at
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temperatures higher than the melting point of the se-
lected liquid dielectric. All these severe requirements
confine the applying of the EDLT method to other
systems.

In recent studies, EDLT devices with liquid di-
electric have turned into a more powerful technique,
which can induce not only the continuous doping of
two types of carriers but also the structure transfor-
mation. The detailed tuning through the charge den-
sity wave (CDW) and superconductivity phase in 1T-
TiSes classified the universality of quantum critical
point (QCP).["'] A tri-state phase transformation was
realized in SrCoQOs 5 by using an electric field to con-
trol the insertion and extraction of oxygen and hy-
drogen ions electrolyzed from H,0.!"?l Upon applying
proper Vg’s, external ions in the dielectric liquid as
well as the density of carriers (electrons or holes) in
the crystal can be effectively controlled to tune the
electronic states. Furthermore, a dual-gate configured
device composed of an ionic liquid top gate and a di-
electric back gate provides a novel idea on electrostatic
control of quantum phases as observed in monolayer
WS, flakes.['”]

As reported in previous studies, upon the interca-
lation of alkali, alkaline-earth and rare-earth metals,
electron doped metal nitride halides MNX (M: Ti,
Zr, Hf; X: Cl, Br, I) show bulk superconductivity with
relatively high T, values, 18 K in a-TiNCL!'"l 26 and
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15.5K for B-HINCI['"~ 5] and ZrNCL,['! respectively.
In this study, we carry out detailed experimental stud-
ies on layered metal nitride chloride MNCI (M: Hf
and Zr) with applying Vg’s on submillimeter-scale
crystals and polycrystalline samples as shown in Fig. 1.
Permanent superconductivity behaviors with T, = 24
and 15 K are realized on HINCI and ZrNCl as applying
Vi’s at 250 K, whereas a reversible insulating-SC tran-
sition is observed with applying Vg’s at 220 K. Such
unusual behaviors strongly suggest a different mech-
anism as compared to the normal electrical-double-
layer state induced by the gating process. It appears
that the electric field induced partial vacancy of Cl
could be responsible for the permanent superconduc-
tivity observed in the layered metal nitride chlorides.

(b)

Layered crystal
SiOy/Si substrate

()
Tonic /

liquid

Fig.1. (a) Typical dimensions of the HfNCI single crys-
tals used in this study. (b) A real picture of the self-
designed EDLT device with common connecting ports cor-
responding to standard resistance option on PPMS. (c)
Schematic configuration of the EDLT device with ionic
liquid filled between submillimeter-scale single crystal and
Pt foil. The electrical resistance was measured using the
conventional four-probe method with a DC current source
in Iy terminals and voltage sensor between VR terminals.

In our experiment, pristine HINCI] and ZrNCl sin-
gle crystals were grown using the well-established
chemical transport method.['”) Typical crystal size is
300x200x10 pm. The layered crystals were fixed on
a Si0y surface grown on a Si substrate. Normal sil-
ver colloid was used to set Pt electrodes for electri-
cal transport measurements as shown in Fig.1. Lots
of tiny single crystals were pressed into pellets with
thickness of 0.1-0.2 mm, which were used as the poly-
crystalline sample. Two typical ionic liquids, i.e., di-
ethylmethyl (2-methoxyethyl) ammonium bis (triflu-
oromethylsulfonyl) imide (DEME-TFSI) and 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIM-BFy),
were chosen as the gate dielectric. The Vi was applied
and kept for 10-30 min at the processing temperature
T = 220 and 250 K. Compared to conventional field
effect transistors, no drain voltage was applied as ap-
plying positive/negative Vg’s between gate (Pt foil,
+/—) and source (Pt wire, —/+). The applied Vg
was kept as cooling down the system and was released
on the appearance of +0.1nA of leakage current (Ir,)
near 150 K. The electrical resistance was measured us-

ing the conventional four-probe method with the DC
current source as shown in Fig. 1(c), and the temper-
ature dependence of electrical resistance R(T)’s dis-
cussed in the paper were measured in a warming up
process.

The temperature dependence of magnetization on
the same single crystals was measured after complet-
ing the electrical transport measurements. After reap-
plying proper V’s at the corresponding temperatures
(5.5V at 220K and 3.5V at 250K), the system was
warmed up to room temperature, and the same single
crystals were cleaned and transferred to magnetiza-
tion measuring system using an SQUID magnetome-
ter (Quantum Design SQUID VSM). Because of the
unmeasurable mass of single crystals (< 0.1mg), the
slight error was unavoidable due to the weak magneti-
zation signal, which is close to the measurement accu-
racy. However, the SC transitions can still be clearly
determined.
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Fig. 2. Electric field induced permanent superconduc-
tivity with T = 24K in the layered HfNCI single crys-
tals. The Vi’s were applied at 250 K. (a) Temperature
dependence of resistance R(T) at Vig’s from 0 to 5V. (b)
Temperature dependence of magnetization M (T) of the
same single crystal (#1) after completing the R(T") mea-
surements. (c) Temperature dependence of R(T') under
different magnetic fields (uoH =0, 0.5, 1, 2, 3, 5, 7,9T)
with Vg = 3.0 V.

Figure 2(a) shows a series of temperature depen-
dence of resistance R(T')’s measured after applying
different V3's at processing temperature Tg = 250 K.
The R(T) curves line up in two groups: typical in-
sulating R(T) for Vg < 2.5V and metallic R(T') for
Ve > 3V. For the insulating R(T') groups, the abso-
lute value of resistance decreases monotonically with
increasing V(, implying the increase of carrier density
in the system. An apparent insulator-metal transition
with the decrease of resistance in four orders of mag-
nitude occurs between Vg = 2.5 and 3V. The steep
drop around 25K observed in R(T') with Vg > 3V
corresponds to the SC transition, which is also con-
firmed in the temperature dependence of magnetiza-
tion M (T) (Fig.2(b)) and R(T) under magnetic fields
(Fig.2(c)). The transition temperature T, is deter-
mined to be 24 K using the conventional extrapolation
method, and the zero resistance at 22.2K is higher
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than all the reported values for intercalated super-
conductors A,HfNCI with/without cointercalation of
molecules.['”'7 1] The confirmation of T, in M(T)
proves directly the permanent characteristic of the SC

state after releasing the Vi, which is strongly contrast
to the general EDLT function induced superconduc-
tivity.
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Fig. 3. (a) Temperature dependence of electrical resistance R(T') of HINCI after applying positive, negative and
zero Vg at processing temperature Tg = 250 K. (b) Gate voltage Vg dependence of the induced T (left scale) and
absolute resistance R(30K) and R(50K) (right scale). (b) The XRD pattern of the same layered HfNCI crystal

before and after all R(T) and M (T') measurements.

To dynamically probe the electric field induced
permanent SC state, Vo of —3.5 and 0V was applied
after completing the R(T) measurements with Vg =
5V. As compared to the Ry,—3.5v(7T) in Fig. 3(a), the
onset of T, increases slightly, and the absolute resis-
tance is increased by two orders of magnitude. The
applying of negative Vi and/or long-time relaxation
without Vi at the same temperatures (250K) can
hardly destroy the induced SC state. Note that the
SC transition is reconfirmed in M(T) after several-
week relaxation in the Ar gas filled glove box, sug-
gesting again that the induced SC states remain per-
manently in the material. Figure 3(b) shows the Vg
dependence of T, observed on single crystals #1 and
#3. With increasing Vg from 3 to 5V, near 1K
weakening of T, is confirmed on all selected crystals
with good reproducibility. The Vg dependence of T,
is consistent with the T. depending on doping level
observed on bulk intercalated superconductors such
as Li, M, HfNC1[""] and AFE, M, HfNCLI'"l Meanwhile,
the resistances R(30K) and R(50 K) start to increase
with increasing Vg above 3.5V, which suggests that
optimal Vg for the sheet conductivity occurs around
this area. With increasing Vi, T. decreases mono-
tonically, which suggests a monotonic increase of the
doped carrier density. Both the increase of R and the
decrease of T, at high Vg region imply a developed
scattering at a high doping level.

One of the typical characteristics of the lay-
ered MNCI system is the large interlayer distance,
which allows the intercalation of various metals
with/without molecules.'”'*] The XRD pattern of
the single crystals was measured before and after all
the R(T) and M(T) measurements. As shown in
Fig. 3(c), the [00]] reflection peaks in the XRD pat-
tern show no apparent shift compared to the pristine
single crystal, which could exclude the possibility of
intercalation of large-size ions from liquid dielectric.
Because the crystal surfaces were cleaned after the

electrical transport measurements, the poor intensity
of the reflection peaks could imply that some changes
on crystal surfaces were caused in the gating process.

To clarify the difference between the intrinsic
mechanisms of the present findings on bulk single crys-
tals and the previous studies on atomically flat films
of ZrNCL,[%%! we verify the EDLT function on ZrNCl
with applying Vg at T = 220K (LT) and 250K (HT).
Figures 4(a) and 4(b) show the systematic Rygr(T)
and Rpr(T) behaviors at different Vg'’s. At 220K,
the EDLT induced insulating-SC transition around
15K is in great agreement with the previous results
observed on atomically flat films; the absolute resis-
tance decreases monotonically with increasing V. As
discussed in the following, the applying of negative
Vi and/or long-time relaxation without Vi at 220 K
recovers the system from SC to the insulating-like
state. On the other hand, for Tg = 250K, Ryr(T)
at Vg = —2 and —4V shows no change compared to
Vo = 0V. With increasing positive Vz, absolute re-
sistance decreases monotonically between 0 and 3.5V,
and increases again from 3.5 to 5.5 V. The overall ten-
dency of Ryt (T) reproduces fully the observations on
HINCI discussed previously (Fig.3(b)), strongly im-
plying that the processing temperature at which Vg’s
were applied plays a dominant role in the electric field
induced superconductivity. Note that R(T)’s with the
same Vg applied at 220 and 250 K show intrinsic dif-
ference in both low- and high-V regions.

The transition temperature T, is clearly deter-
mined in low-temperature R(T) as shown in Fig. 4(c).
At Vg = 2.5V, two clear transitions were confirmed
at T.1 and T.o, which are similar to the previous ob-
servations on ZrNCLI! We consider that such a two-
step transition could be caused by the nonhomogene-
ity of the transport channel. The T.; and T, values
determined in R(T) with applying Vi at both 220
and 250K are summarized in Fig.4(d). All the values
of T, display a rather weak Vi dependence. T, de-
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creases monotonically with increasing Vg, showing an
agreement with the carrier doping level dependence of
T, observed on bulk intercalated superconductors,?"!
whereas the previous gating experiments on atomi-
cally flat films of ZrNCI show a different Vg depen-
dence of T..10]
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Fig.4. Intrinsic difference of the superconductivity in-
duced by applying Vg at different processing tempera-
tures. Systematic temperature dependence of resistance
R(T) with applying Vi at 220K (a) and 250K (b). (c)
The T is clearly identified in low-temperature R(T). (d)
The Vg dependence of induced T,; and Tc2 observed in
R(T) with applying Vg at 220 and 250 K.

Negative voltages were applied to probe the differ-
ence between applied Vg’s at 220 and 250K as shown
in Fig.5(a) and 5(b), respectively. Upon applying
Vo = =5V at 220K for several hours after measure-
ments at Vg = +5.5V, Ryr(T) could be restored to
thousands of ohm at low temperatures. Several-day
relaxation without applying Vg at room temperature
could restore R(T") to the insulating state. Although
the continuous recovery from SC to insulating state
is quite time-consuming, the induced electronic state
disappears as releasing the Vg at temperatures higher
than the melting point of the selected liquid dielec-
tric, which is similar to the general EDLT induced
behavior. In contrast, the T induced by applying Vo
at 250 K increases up to ~15.3 K with applying —5V
and/or long-time relaxation without Vg at the same
temperature (250 K). Meanwhile, the absolute value of
Rur(T') shows an increase of more than ten times as
well as the disappearance of the two-step transition.
We conclude that the applying of negative Vg con-
tributes to the relaxation of electronic state induced
as applying Vg at 250 K. The similar behavior was also
observed on HfNCI as shown in Fig. 3(a).

As a double check, temperature dependence of
magnetization M (T) was measured on the same single
crystals of ZrNCl (see the above experimental details).
The single crystals with applying Vg at Tg = 250
and 220 K are named the HT and LT crystals, respec-
tively. As shown in Fig.5(c), M(T') of the HT crys-
tal shows a clear SC transition around 15K, whereas
no transition is confirmed down to 1.8 K for the LT
crystal, implying the permanent superconductivity in

the former case. Such experimental facts are in great
agreement with the observations in HINCI discussed
previously. Furthermore, taking the advantage of the
layered characteristic in the present system, we have
successfully extended the gating function to the poly-
crystalline samples using different types of ionic lig-
uids (DEME-TFSI and EMIM-BF4). The same gating
processing was applied at 250 K on the polycrystalline
samples. As shown in Fig. 5(d), M(T) shows clear SC
transition with 7, = 15.3 K, and the induced SC tran-
sitions are consistent with the bulk superconductivity
observed on intercalated superconductors.
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Fig.5. Reversible and irreversible R(T) with applying

Vi at different temperatures. At T = 220 (a) and 250K
(b), temperature dependence of resistance R(T") shows re-
versible and irreversible insulating-SC transition as apply-
ing negative Vg’s. (¢) Temperature dependence of magne-
tization M (T') of the same single crystal used in R(T") mea-
surements. (d) The EDLT function has been successfully
extended to millimeter-scale polycrystalline samples us-
ing different ionic liquid (DEME-TFSI and EMIM-BFy).
The induced SC transition is confirmed around 15K in the
temperature dependence of magnetization M (7).

To discuss the difference of superconductivity in-
duced by applying Vg at 220 and 250K, we show
the systematic results of R(T') (Fig.6(a) and 6(b)),
R(H) (Fig.6(c)) and a summarized H-T phase dia-
gram (Fig.6(d)). R(T) was measured in the config-
uration of H L I || ab. The metallic feature was
observed by applying Vg of 5V at 220K and 2.5V
at 250K, which show the similar T, value of 15K.
Thus, the response to magnetic fields was studied on
these two similar SC states. With applying magnetic
fields up to 3T, the SC transition temperature T, de-
creases monotonically. A higher magnetic field (>3 T)
leads to a constant resistance without apparent depen-
dence on temperature or magnetic field. Meanwhile,
as shown in Fig. 6(c), the isothermal field dependence
R(H) at 2K shows that zero resistance remains in
fields less than 0.7 T, which is followed by a wide up-
turn between 0.7 and 3T and a flat resistance above
3T. Except for the difference on the absolute value of
resistance, the overall tendencies of R(T) and R(H)
show no obvious difference between the two SC states
induced at T = 220 and 250 K. The upper critical
field H.o was estimated using the R(T) in different
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magnetic fields. The determined H.y values are sum-
marized in Fig. 6(d), in which the H.y values reported
in the previous studies are plotted together.[%2’] Ob-
viously, the H.o estimated in the present study shows
no difference in SC states induced by applying Vg at
220 and 250 K, which are in great agreement with the
previous finding observed on atomically flat films of
ZrNCLIY]

I
-40
2K
S
- 20 ~
——220K 5.0V &
——250K 2.5V
(c)
= T — P FETEA L | - | - | - 1 40
0 5 10 15 20 0 2 4 6 8
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. - e 220K 50V
sk« - 250K 2.5V -
s ~® Bulk LiggZiNCl |
6k o T® 260K 45V thin film
r .
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o .
. \
2wy . -
; 0 ey (@]
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Temperature (K)

Temperature (K)

Fig. 6. Temperature dependence of resistance R(T) of
ZrNCl under magnetic fields as applying Vo = 5V at
Ta = 220 (a) and Vg = 2.5V at 250K (b), respectively.
(c) Isothermal field dependence of resistance R(H) at 2K.
(d) He2(T) with H L I || ab estimated from R(T') un-
der magnetic fields, which are compared to the previous
findings on ZrNCI.[20:6]

Here we attempt to discuss the mechanism of the

electric field induced permanent superconductivity on
layered MNCI (M: Hf and Zr). The electrochemical
window (EW) is a key parameter depending on tem-
perature. Based on the previous studies using DEME-
TFSLI021 £5V is allowed at 220 K. With increas-
ing temperature up to 250K, the EW decreases and
the ionic liquid could be destroyed by the Vi as high
as 5 V. The decomposition of the ionic liquid leads
to some kind of ions/atoms with small ionic/atomic
sizes, which could be intercalated in the layered crys-
tals, consequently a permanent SC state forms from
the intercalation effect on bulk crystals. However, this
possible process is contradictory with the experimen-
tal fact such as the irreversible insulating-SC transi-
tion with applying negative V. In general, electric
field induced intercalation could be recovered upon
applying reverse Vg as observed in recent studies on
field-driven proton injection.['”??! On the other hand,
no apparent anomaly was found in the Iy—t curve
as applying Vg of 5V at 250 K. Furthermore, lots of
studies have reported that the EW of DEME-TFSI
at room temperature is between +3 and —3.['>*] The
EW increases with decreasing temperature so that the
EW of DEME-TFSI at 250K should be between 3
and 5V. Note that R(T) with Vg as small as 2.5V
applied at 220 and 250 K shows semiconductor-like
(Fig.4(a)) and metallic (Fig.4(b)) temperature de-
pendences with difference of nearly two orders of mag-
nitude in absolute resistance. Such results have high
reproducibility and can hardly be considered as sam-
ple dependence.
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Reversible phase transformation obtained by

applying positive (a) and negative Vi (b) at 220 K. Irreversible phase transformation occurs as applying positive (c)
and negative Vg (d) at higher temperatures such as 250K. (e) The structure model with electric field induced Cl
vacancies. (f) The diamagnetism corresponding to SC transition observed in M(T') of a polycrystalline sample.

Based on all experimental facts obtained in the
present study, we propose a reasonable scenario inter-
preting the difference between applying Vs at 220 and

250K. Upon applying Vi at 220K (Fig. 7(a)), short-
range movement of partial C1'~ ions could be induced
by the positive Vg, leading to a local electron doping
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in the system. The applying of reverse Vi and/or pro-
longed relaxation can almost push back the Cl ions to
the initial positions (Fig.7(b)). This is consistent to
the electric field induced SC transition and restored in-
sulating state (Fig.5(a)). The conventional EDLT ef-
fect can also explain the reversible insulating-SC tran-
sition observed at 220 K. On the other hand, for apply-
ing Vi at 250 K, partial C1'~ ions could get enough en-
ergy to escape from the crystal surface (Fig. 7(c)). The
boiling temperature of Cly is near 240 K. The possible
formation of Cly can provide extra electrons, which
results in a permanent electron doping to the system.
The silver particles around the electrodes may assist
this chemical process. Correspondingly, the reverse
Vi contributes to the improvement of the homogene-
ity more than pushing back the Cl ions to the system
(Fig.7(d)). Thus, the permanent superconductivity
observed in the present study could be caused by the
partial vacancy of CI as observed in the deintercala-
tion experiments on bulk MNCI crystals.*] The gat-
ing process with high Vg near the EW limit at 250 K
could be responsible for the irreversible chemical re-
action such as the vacancy formation of Cl. The sim-
ilar process was previously observed on VOs films. A
considerable suppression of metal-insulator transition
was caused by electric field-induced oxygen vacancy
formation.[*”] Furthermore, it was reported that the
VO films were seriously damaged by applying the low
Va (2V) at room temperature for several hours.*]
As discussed above, for both HINCI and ZrNClI,
reverse Vg results in the increase of T, and absolute
resistance R(T) (Figs.3(a) and 5(b)), which can also
be interpreted by the proposed model. The poor ho-
mogeneity of the transport channel is caused by the
random deintercalation of Cl. Upon applying negative
Vi’s and/or long-time relaxation at high temperature
without Vg, the local high density of Cl vacancies
may turn into relatively uniform low density of va-
cancies, which is equal to the change from local high
doping level to uniform low carrier density. Corre-
spondingly, the T. increases with the decreasing car-
rier density, which is consistent with the observations
on bulk superconductors.!'”) In the meantime, the lo-
cal strong scattering turns into a relatively uniform
weak scattering, which is responsible for the increase
of absolute R(T). We consider that such a process is
a dynamic relaxation especially under negative Vg’s.
Upon optimization of all variable parameters in
the gating process, we have obtained a clear and per-
manent SC states in HINCI as shown in Fig. 7(f). As
already mentioned before, the EDLT induced SC state
occurs mainly on crystal surface, and has poor homo-
geneity. Thus, partial deintercalation of Cl occurs ran-
domly on the crystal surfaces, which is also evidenced
by the absent color change of the crystals after pro-
cessing EDLT function. The vacancy with a relative
uniform distribution could result in a primary phase
of HINCI,_, (Fig.7(e)). As shown in Fig.7(f), SC
transition at 24 K is confirmed in M (T), which is con-
sistent with the results on single crystals (Fig.2(b))

and bulk deintercalated samples.[*] The strong mag-
netization signal obtained on a thick polycrystalline
sample of HfNCI strongly supports that the electric-
field-driven deintercalation is not limited by the re-
quirements for EDLT devices.

In summary, we unfold a connection between tra-
ditional solid-state synthesis and electric field in-
duced chemical reaction on layered MNCI (M : Hf
and Zr) crystals. Compared to the strongly bonded
honeycomb-like double [MN] layers, the interaction
between chlorine and [MN] layers is relatively weak.
Upon applying positive and negative Vg at low tem-
perature such as 220K, system shows a reversible
change between insulating and SC states, whereas the
EDLT function applied at 250K results in the irre-
versible SC transition with T, = 24 and 15 K on HINCI1
and ZrNClI, respectively. Such findings imply that the
electric field induced partial vacancy of Cl ions could
be responsible for the permanent superconductivity.
The discovery of such an electrochemical mechanism
of permanent superconductivity will shed light on tun-
ing bulk electronic states in similar 2D systems using
EDLT devices.
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