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Superconductivity (SC) in the Ba-122 family of iron-based compounds can be controlled by aliovalent or isovalent substitutions, applied external pressure, and strain, the combined eﬀects of which
are sometimes studied within the same sample. Most often, the result is limited to a shift of the SC
dome to diﬀerent doping values. In a few cases, the maximum SC transition at optimal doping can
also be enhanced. In this work, we study the combination of charge doping together with isovalent
P substitution and strain, by performing ionic gating experiments on BaFe2 (As0.8 P0.2 )2 ultrathin
films. We show that the polarization of the ionic gate induces modulations to the normal-state
transport properties that can be mainly ascribed to surface charge doping. We demonstrate that
ionic gating can only shift the system away from the optimal conditions, as the SC transition temperature is suppressed both by electron and hole doping. We also observe a broadening of the resistive
transition, which suggests that the SC order parameter is modulated non-homogeneously across the
film thickness, in contrast with earlier reports on charge-doped standard BCS superconductors and
cuprates.

I.

INTRODUCTION

Barium-122 (BaFe2 As2 ) is the parent compound of one
of the most widely studied classes of Fe-based superconductors, thanks to the availability of high-quality single
crystals and thin films. Substitutional doping suppresses
the spin-density-wave phase typical of the parent compound, and promotes the emergence of a superconducting dome [1–6]. Diﬀerent chemical elements can be used
as dopants by partially substituting either Ba, Fe, or As
atoms. In the first case, the Ba reservoir can be doped
by alkali-metal (indirect hole doping [1]) or rare-earth
substitution (indirect electron doping [2]). In the second
case, the FeAs layers are directly doped by, e.g., substituting Fe with Co (direct electron doping [3]) or Ru
(isovalent doping [4, 5]). In the third case, As atoms are
substituted with P atoms (isovalent doping [6]). These
isovalent substitutions strain the crystal structure of the
parent compound, leaving the charge density unaﬀected
(chemical pressure doping [4–6]). All of these methods
lead to the onset of superconductivity (SC).
However, while the isovalency of P and As atoms (or
Ru and Fe atoms) guarantees that the carrier density of
BaFe2 (As,P)2 is left unchanged, alkali-metal and Co substitutions lead to simultaneous charge doping and strain
on the crystal structure, making it impossible to completely disentangle their eﬀects on the SC state. In this
framework, the surface charge doping induced by ionic
gating constitutes an ideal tool to investigate the problem, since it allows tuning the surface carrier density of a
material while reducing distortions to the crystal structure with respect to standard charge doping via chemi-
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cal substitution [7]. Ionic gating exploits the ultra-high
electric field at the interface between a solid and an electrolyte to accumulate surface charge densities in excess
of 1015 cm−2 in the so-called electric double layer (EDL)
[8, 9]. Such large densities allow tuning the electric transport properties even in highly conductive systems, such
as thin films of metals [8, 10] and BCS superconductors
[11–13], or thin flakes of transition-metal dichalcogenides
[9, 14]. Moreover, ionic gating has been proven to be a
very eﬀective tool to explore the phase diagram of Febased superconductors, controlling the magnetic/Mott
phase transition in TlFe1.6 Se2 [15] and the SC transition in FeSe0.5 Te0.5 [16], as well as triggering the development of a high-temperature SC phase in FeSe [17–20]
and FeSe0.8 Te0.2 [21]. Gate-induced lithiation has also
been reported to very eﬀectively tune the phase diagram
of FeSe [22] and (Li,Fe)OHFeSe [23].
In this work we concentrate on ultrathin (∼ 10 nm)
films of optimally P-doped BaFe2 As2 to allow for an eﬃcient gate-tuning of their physical properties despite the
strong electrostatic screening typical of metallic systems.
We employ the ionic gating technique to induce surface
charge doping levels up to ∼ 3.5 × 1014 cm−2 , aiming to
explore the eﬀect of a doping method “orthogonal” to the
isovalent chemical one. Our films show a suppression of
the critical temperature Tc for both positively and negatively induced charge densities. This suggests that the
films optimized for the highest Tc with respect to the isovalent P content and the strain induced by the substrate,
are also intrinsically optimized with respect to the charge
doping. This unexpected result may help to better understand this intriguing class of superconductors and act
as a guide for further fundamental studies.
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II.

DEVICE FABRICATION

BaFe2 (As1−x Px )2 films were grown by molecular beam
epitaxy (MBE) on MgO substrates at 850◦ C under ultra
high vacuum (base pressure ∼ 10−9 mbar) according to
the procedure described in Ref.24. Vapors of Ba, Fe, and
As were supplied from pure metal sources in Knudsen
cells. P vapors were supplied from a GaP cell, which
was equipped with a Ga trap to obtain an almost pure P
flux. The P vapor pressure was adjusted in order to control the P content x, while a stable growth rate ≃ 1.67
nm min−1 was obtained by controlling the As, Fe and
Ba fluxes [24]. The growth time for the film batch from
which the field-eﬀect devices were fabricated was set to
6 minutes in order to obtain a film thickness ≃ 10 nm
as per the calibrated growth rate. The resulting composition of the thin films was investigated by electron
probe micro-analysis (EPMA), confirming the optimal P
content x = 0.21 and ensuring that no Ga was incorporated during the growth. Note that, in BaFe2 (As,P)2
films epitaxially grown on MgO, the optimal doping value
is shifted to lower P content values [24] with respect to
single-crystals [6]. This is because epitaxial films grown
on MgO substrates develop an in-plane tensile strain that
shifts the SC dome to lower P contents with respect to
single crystals [24].
Subsequently, the structural properties were probed
both via X-ray diﬀraction (XRD) and atomic force microscopy (AFM). Fig.1a shows a representative XRD pattern of our 10 nm-thick, optimally doped films. XRD
measurements were performed by means of a Cu Kα Xray source, and indicate that the thin film grew on the
MgO substrate with a strong orientation along the c axis
even in the presence of a significant lattice mismatch.
The out-of-plane lattice constant c was obtained through
the (002) − (0010) reflections in the out-of-plane θ − 2θ
spectrum. When plotted against the P content determined from EPMA (see Fig.1b), the c lattice parameter
shows excellent agreement with thicker films (∼ 100 nm)
grown via the same method [24]. Fig.1c shows a representative 3 × 3 µm2 AFM topography scan acquired with
a Bruker Innova scanning-probe microscope in tapping
mode. The MBE growth resulted in a granular film, with
well-defined grains having a mean equivalent square size
≃ 0.1 µm and featuring sharp edges between each other.
This is in contrast with thicker (∼ 50 nm) films grown
via the same method, where the grains coalesce in continuous, overlapping terraces with a much larger mean
equivalent square size ≃ 0.4 µm [25]. The surface roughness, estimated via the root mean square height Sq ≃ 1.5
nm, is much smaller than the nominal film thickness.
After being characterized, thin films were patterned in
Hall-bar shape (see Fig.1d) by photolithography and ion
milling (Ar gas, 10−3 mbar, extraction voltage 400 V,
anode current density 1.2 mA cm−2 ); each pair of adjacent voltage contacts defines a channel that is 1 mm long
and 0.3 mm wide. The liquid precursor to the polymer
electrolyte system (PES) was then drop-casted on one of
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the channels in the controlled atmosphere of a dry room
and UV-cured. The resulting geometry is sketched in
Fig.1d, and is chosen to allow for the simultaneous measurement of two diﬀerent channels on the same device:
the active channel, covered by the electrolyte and acting
as the working electrode of the electrochemical cell, and
an ungated reference channel. A gold leaf dipped into
the PES acts as the gate counter electrode.
Our PES of choice consists of a soft, cross-linked polymer matrix with a glass phase transition below 240 K and
containing a solvated salt; the salt ions are not bound to
any specific molecule, increasing the resulting EDL capacitance with respect to standard polymer electrolytes
[8]. The polymeric matrix is composed by a mixture of
BEMA dimethacrylate oligomer, i.e. bisphenol A ethoxylatedimethacrylate (average Mw ∼ 1700 daltons, Sigma
Aldrich) and PEGMA mono methacrylate based reactive diluent, i.e. poly(ethylene glycol) monomethyl ether
monomethacrylate (average Mw ∼ 500 daltons, Sigma
Aldrich) in 7:3 ratio along with 3 wt % of free radical
photo initiator (Darocur 1173, Ciba Specialty Chemicals). 10 wt% of lithium bis(oxalato)borate salt (LiBOB)
was then added as the active source of ions.
Our choice to use LiBOB over more standard
salts, such as lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) or lithium perchlorate (LiClO4 ) was dictated
by its superior chemical and electrochemical stability
[26–28]: compared to standard conductive salts, LiBOB
shows several advantages, including a higher thermal stability and less corrosive hydrolytic decomposition products [26]. Most importantly, however, polarization of
LiBOB-based electrolytes is known to lead to the formation of a stable solid electrolyte interface (SEI) film
at the electrode surface, preventing interactions with potentially aggressive species dissolved in the electrolyte
[26]. Indeed, attempts at using other active salts to gate
BaFe2 (As,P)2 films resulted either in permanent electrochemical modification of the film surface, or outright
etching and dissolution of the film into the electrolyte,
leading to device failure. On the other hand, LiBOBbased electrolyte solutions generally exhibit significantly
suppressed ionic conductivities with respect to more standard active salts [26], as well as poorer performances below room temperature [27]. Further details about the
stability and performance of the LiBOB-based PES can
be found in the Supplemental Material [29].

III.

®

RESULTS

Complete devices were rapidly transferred in the chamber of a Cryomech pulse-tube cryocooler and left to
degas for at least 1 hour in high vacuum (. 10−5 mbar)
to remove any trace of water absorbed by the PES. Fourwire resistance (R) measurements were performed by applying a small DC current of a few µA to the current
contacts of the device with a low-noise Keithley 6221
current source, and measuring the longitudinal voltage
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FIG. 1. (a) XRD spectrum of a ≃ 10 nm thick BaFe2 (As0.79 P0.21 )2 film. (b) Out-of-plane lattice constant c, determined from
XRD, as a function of the P content x. Red circle is obtained from the spectrum in (a). Black down triangles are adapted
from Ref.24. Black dashed line is a guide to the eye. (c) AFM topographic image acquired in tapping mode of the surface of
the same thin film. Root mean square height is Sq ≃ 1.5 nm, much smaller than the nominal film thickness. Scale bar is 1 µm.
(d) Sketch of a BaFe2 (As,P)2 device with the electrical connections required for double-channel four-wire resistance and gating
measurements.

drops Vactive , Vref across the active and reference channels with a Keithley 2182 nanovoltmeter. Common-mode
oﬀsets (such as thermoelectric voltages) were removed
by source-drain current inversion. A preliminary R vs.
T characterization was performed on each device before
PES drop-casting by cooling the sample down to 5 K
and letting it slowly heat up to room temperature via
the small residual thermal leak to the environment; the
R(T ) curves reported in the following were all measured
during the slow, quasi-static heat-up of the sample.
Fig.2a shows the T dependence of the resistivity, ρ(T ),
of one of our 10 nm thick devices, in the absence of the
ionic gate (solid red line). For comparison, we also show
the ρ(T ) data of a 50 nm thick epitaxial film of similar P
content (x = 0.19), grown with the same method (solid
blue line, adapted from Ref.25). With respect to the
thicker film, our device shows strongly enhanced values of
ρ in the entire T range. This mainly stems from its larger
saturating ρ at low T - as marked by its smaller residual
resistivity ratio RRR = ρ(200 K)/ρ(32 K). Moreover, the
SC transition temperature (Fig.2b) is significantly suppressed in the thinner sample (Tc90 is reduced by 7.5 K,
Tc10 by almost 15 K), while the width of the SC transition is enhanced (Tc90 − Tc10 increases from 0.5 K to 8.7
K). Here, Tc10 and Tc90 indicate the T values at which
ρ reaches 10 and 90% of its value in the normal state
ρ(32 K). On the other hand, the Tc of the thicker sam-

ple agrees very well with those of 100 nm thick epitaxial
films of similar composition [24]. This indicates that the
thickness reduction from 50 to 10 nm is responsible for
the suppression and broadening of the resistive
ϭ transition
at optimal doping, which is very likely to occur across the
SC dome as a function of P content (as sketched in the
red shaded band in Fig.2b).
This marked suppression and broadening of the resistive transition with decreasing thickness could be either
an intrinsic feature of Ba-122 thin films, as in the case
of YBa2 Cu3 O7−δ [30, 31], or instead be due to the specific growth conditions of our samples. The first interpretation can be supported by the observation of a suppressed and broadened transition in Ba(Fe,Co)2 As2 /STO
superlattices when the thickness of the Ba-122 layers approaches ∼ 12 nm [32], as well as the absence of SC
in Ba(Fe,Co)2 As2 films less than 3 nm thick [33]. The
second interpretation can instead be associated with the
diﬀerent surface morphology between our 10 nm thick
film and the 50 nm thick film of Ref.25 as evidenced by
AFM: indeed, granular growth of Ba-122 thin films can
strongly suppress and broaden the resistive transition, as
well as strongly increase the low-T resistivity, especially
in presence of in-plane misalignment between the grains
[34]. Moreover, the presence of sharp boundaries between
the grains in the thinner film is likely to locally suppress
the SC order parameter, leading to poor superfluid con-
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FIG. 2. (a) Resistivity, ρ vs. temperature, T , for two
optimally-doped BaFe2 (As,P)2 films of diﬀerent thickness.
The solid red line refers to the 10 nm thick devices fabricated
in this work, the solid blue line to a 50-nm film of comparable P content (x = 0.19) and identical growth process from
ϭRef.25. SC transition temperatures and residual resistivity
ratios RRR = ρ(200 K)/ρ(32 K) are also reported. (b) SC
transition temperatures, Tc , vs. P content x. Red and blue
down (up) triangles refer to Tc90 (Tc10 ) for the 10 and 50 nm
thick films respectively, obtained from the curves shown in
panel (a). Black circles are Tconset , adapted from Ref.24. The
dashed black line is a guide to the eye. The shaded band
sketches the possible broadening of the SC transition in the
thinner films away from optimal doping.

nectivity and weak-link SC behavior [35, 36]. The thicker
films, on the other hand, would be more robust against
these issues since their thickness is large enough for the
grains to coalesce in quasi-continuous terraces [25]. Additionally, the transport properties of thicker films would
be less sensitive to the partial surface oxidation which
is unavoidable when BaFe2 As2 films are removed from
high vacuum [37]. While we cannot rule out a contribution from the first mechanism, we deem that this second

interpretation is more likely to account for the behavior
of our films.
Even if ultrathin films display a broadened SC transition, minimizing sample thickness is necessary to eﬀectively tune the physical properties of any metallic system via the electric field eﬀect. This is due to the very
eﬃcient electrostatic screening associated to their large
carrier density, which confines any perturbation to few
atomic layers from the surface even in the presence of
the large electric fields typical of the ionic gating technique [38]. Minimizing the sample thickness is even more
necessary in the case of superconducting films, where any
field-induced modification of Tc becomes suppressed with
increasing film thickness due to the proximity to the unperturbed bulk [13, 39].
After this preliminary characterization, we modulated
the charge doping in two diﬀerent devices, which were
fabricated from 10 nm thick BaFe2 (As0.8 P0.2 )2 films
grown in the same batch to ensure full consistency between the measurements. Charge doping was induced by
applying, at T = 290 K, a gate voltage VG between the
negative current contact and the gate counter electrode.
This temperature was chosen to minimize the chances
of electrochemical interactions, while avoiding an excessive reduction in the ionic conductivity of the LiBOB
salt due to its well-known poor performance at lower
temperatures [27]. Both the application of VG and the
measurement of the gate current IG flowing through the
electrolyte were performed with a Keithley 2410 source
measure unit (SMU).
Fig.3 shows a typical response of the active channel to a
step-like application and removal of a chosen value of VG .
We always applied, and removed, VG in a step-like fashion (Fig.3a) to allow for double-step chronocoulometry
(DSCC): this is a well-established electrochemical technique that allows a reliable determination of the amount
of charge induced at the surface of the active channel
due to the build-up of the EDL [8, 12, 13, 40]. Fig.3b
shows the recorded IG flowing through the electrolyte
(solid black line). The dashed red lines represent instead the fit to the experimental data in the charge and
discharge processes, obtained within the DSCC model.
The total amount of accumulated charge, ∆n2D , as determined by DSCC for both processes is also indicated.
In the following, ∆n2D > 0 (< 0) will refer to electron
accumulation (electron depletion). Fig.3c shows the response of the sheet resistance Rs , which, in the case of
electron doping, consists in a reduction. It is immediately apparent that the electrolyte is characterized by
very long transient times (on the order of tens of minϭ
utes), both for the charge and the discharge of the EDL
capacitor, as can be observed also in the very slow vanishing of IG when plotted in semilogarithmic scale (see inset
to Fig.3b). The sizeable values of ∆n2D ∼ 1014 cm−2 , together with the very long transient times, might suggest
that the observed charge doping requires mechanisms beyond the electrostatic polarization of the electric double
layer. However, an estimation of the Debye length λD for
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conclude that the dominant contribution to charge doping in our devices is likely electrostatic, while contributions from electrochemical eﬀects are, if present, below
our detection limit. Additional details concerning the
gate charging dynamics, as well as the results of linear
sweep/cyclic voltammetry, EIS and X-ray photoelectron
spectroscopy (XPS) experiments, can be found in the
Supplemental Material [29].
Further insight into the interplay between charge doping and gate-induced modulation of the electric transport properties can be obtained from the scaling behavior of the variation of Rs with the induced charge density
∆n2D . For single-band metallic films of thickness t, and
assuming that the eﬀective mass and scattering lifetime
of the charge carriers remain unperturbed, a trivial freeelectron calculation gives [8, 10]:



FIG. 3. Gate voltage VG (a), gate current IG (b) and active
channel sheet resistance Rs (c) vs. time for typical step-like
application and removal of VG at T = 290 K. Panel (b) includes also the fits to the gate current (dashed red lines) according to the DSCC models, and the resulting estimations
of the induced charge density per unit surface ∆n2D . Inset
to panel (b) shows the same data of the first 50 min of (b) in
semilogarithmic scale.

our PES composition [29, 41–43] gives λD ≈ 0.1 nm, indicating that the EDL can be described by the compact
layer approximation and its capacitance ∼ 10 µF cm−2
[29, 41–44], is large enough to account for the measured values of ∆n2D . Furthermore, the ionic conductivity of our LiBOB-based PES, as determined by electrochemical impedance spectroscopy (EIS) [45], is small
(. 10−7 Ω−1 cm−1 ) [29]. This in turn results in an expected gate relaxation time τG ∼ 10 min [29] according
to the model presented in Ref.46, and comparable to the
transients exhibited by our devices. Therefore, we can

(1)

where n3D,0 is the unperturbed carrier density per unit
volume. That is, when the only eﬀect of the application
of VG is the accumulation/depletion of charge carriers,
∆R/R′ should be scaling linearly with the induced charge
density ∆n2D , with a sign that depends on whether the
unperturbed charge carriers are electrons or holes.
Fig.4 shows that, for both electron and hole doping,
the experimentally measured ∆R/R′ is indeed a linear
function of ∆n2D and thus consistent with a gating behavior dominated by charge doping. Here, vertical and
horizontal error bars are determined by comparing the
values of ∆R and ∆n2D between the application and removal of a given VG value, as showcased in Fig.3. Since
BeFe2 (As,P)2 is a multiband system, we expect contributions to ∆R coming from electronic and holonic bands
to have opposite sign and, thus, to partially cancel each
other out. Since we observe the overall slope of the linear
behavior to be finite and negative, we conclude that the
conductivity of the system is dominated by quasiparticles
carrying a negative charge. As we show in the inset to
Fig.4, both the sign and the magnitude of the modulations are comparable with previous results obtained via
electrostatic gating on other metallic thin films [8, 10–13]
and are thus consistent with a modulation of the density
of charge carriers in the system.
On the other hand, this linear scaling of ∆R/R′ on
∆n2D exhibits a clear asymmetry between electron and
hole doping, with the former being significantly more effective in tuning the conductivity in the system. This
asymmetry between electron and hole doping was not observed in ion-gated metallic thin films [8, 10]. It has however been reported when very surface-sensitive materials
are ion-gated, such as black phosphorus [47], and singlelayer [48] and few-layer [49, 50] graphene, where it has
been found consistent with a starkly diﬀerent eﬃciency
between cations and anions in introducing extra scattering centers during the build-up of the EDL. Indeed, by
dropping the assumption of a constant quasiparticle scattering lifetime, the same free-electron calculation of Eq.1
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FIG. 4. Normalized resistance variation, ∆R/R′ , vs. induced
charge density, ∆n2D , at T = 290 K. Hollow and filled circles
refer to measurements obtained on two diﬀerent samples from
the same growth batch. Dashed lines are linear fits to the
experimental data. Inset: dependence of ∆R/R′ × t, where t
is the film thickness, on ∆n2D , for diﬀerent metallic materials.
Blue diamonds refer to Au thin films (adapted from Ref.8),
violet pentagons to Ag thin films and green hexagons to Cu
thin films (adapted from Ref.10). Black circles are the same
data shown in the main figure.

gives:
∆n2D τ (∆n2D )
∆R
=−
·
R′
n3D,0 · t
τ (0)

(2)

where τ (∆n2D ) and τ (0) are the doping-dependent and
unperturbed quasiparticle scattering lifetimes respectively. According to this interpretation, the scaling
shown in Fig.4 indicates that τ |∆n2D <0 < τ |∆n2D >0 , i.e.
the BOB− anions (or the SEI formed during the electrolyte polarization with VG < 0) are more eﬀective than
the Li+ cations in introducing extra scattering centers at
the surface of our devices.
We now discuss some possible sources of doping beyond
pure electrostatic polarization of the EDL. A first source
is specific adsorption, where ions in the electrolyte move
beyond their solvation shell and come into direct contact
with the electrode surface [41]; we observed possible hints
to this behavior in cyclic voltammetry tests at large positive VG [29]. A second source is ion intercalation in the
bulk of the film, which could be promoted by the layered
structure of BaFe2 As2 . Intercalation by the BOB− anion
can be easily ruled out, since its large size would lead to
device failure due to delamination of the layered structure
[51]. The Li+ cation would not encounter this issue: however, bulk intercalation in EDL transistors is usually activated above certain threshold values of the gate electric

field and associated with a sudden increase in disorder
[51–53], and we would therefore expect it to lead to large
deviations from the linear scaling of ∆R/R′ with ∆n2D
that we instead observe in Fig.4. Additionally, while intercalation can be readily obtained in materials of the
11 family of Fe-based compounds [22, 23], it is strongly
hindered in the 122 family by the presence of the positively charged, alkaline-earth charge reservoirs: namely,
the Sr-122 parent compound is known to be prone to intercalation while the Ba-122 one is not [54], possibly due
to the smaller spacing between the layers in the latter.
In general, alkali metals (in particular K) can penetrate
in the Ba-122 structure only when they substitute Ba
atoms, leading to the well-known SC dome induced by
indirect hole doping [1]. XPS analysis we carried out
in large-area films (see Supplemental Material for details
[29]) also does not reveal significant Li+ incorporation in
the lattice, whether at the surface or in the bulk, and
is consistent with the literature [37, 55, 56]. Overall, we
deem the chance of significant Li+ intercalation in the
lattice to be unlikely.
A third source of charge doping beyond pure electrostatic polarization could arise from reversible distortions
of the crystal lattice such as field-induced displacements
of the Ba2+ charge reservoirs from their equilibrium positions, a mechanism similar to the one recently proposed to account for the long relaxation times of iongated ZrNCl [57]. Permanent deintercalation of the Ba2+
charge reservoirs can be ruled out owing to the insensitivity of the Ba XPS spectrum to the gating process [29].
Finally, a fourth source could arise from field-assisted
protonation of the lattice, a mechanism which has been
reported in the cases of SrCoO3 [58] and SrTiO3 [59] due
to electrolysis of residual water traces in the gate electrolyte; while our voltammetry tests [29] do not reveal
peaks clearly attributable to water hydrolysis, a quantitative investigation of this contribution to charge doping
requires in operando characterization of the film XRD
pattern and goes beyond the scope of the present paper.
Overall, we can safely conclude that these contributions to charge doping are likely secondary with respect
to the electrostatic polarization of the EDL, as evidenced
by the excellent linear scaling of ∆R/R′ with ∆n2D in
the transport experiments, combined with the dedicated
linear-sweep/cyclic voltammetry and XPS characterizations we discuss in the Supplemental Material [29].
We now focus on how ionic gating can tune the SC
ϭ
transition of BaFe2 (As,P)2 thin films. We thus consider
several R vs. T curves for diﬀerent values of ∆n2D , for
T ≤ 30 K, and determine their corresponding Tc10 , Tc50 ,
and Tc90 : this has the added advantage of allowing us
to quantify any gate-induced broadening of the SC transition. For each threshold, we then define the Tc shift
measured during the i-th thermal cycle as the diﬀerence
between the Tc of the active and reference channels:
δTc (∆n2D )|i = Tc,act (∆n2D )|i − Tc,ref |i .

(3)

In general, δTc (∆n2D = 0) ̸= 0 due to sample inhomo-
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(4)

Fig.5a shows the eﬀect of diﬀerent charge doping values
on the R vs. T curve, close to the midpoint of the SC
transition. On the vertical scale, R(T ) is normalized by
its value at 30 K, i.e. R(T )/R(30 K). On the horizontal
scale, T is referenced to Tc50 in the reference channel, i.e.
[T − Tcref ]∆n2D − [Tcactive − Tcref ]0 [13].
Both electron and hole doping result in ∆Tc < 0, with
electron doping leading to stronger Tc suppression at
comparable doping levels. Furthermore, most of these Tc
shifts are reversible, i.e. they disappear upon heating up
the devices to 290 K, setting VG = 0 V and waiting for a
suitably long time. Due to the slow ion dynamics associated to the LiBOB-based PES, this could require several
tens of minutes. In the very few cases where complete reversibility was not observed, the original δTc (∆n2D = 0)
could anyway be recovered by removing the PES and
rinsing the device in ethanol. These results are again
consistent with the tuning of Tc mainly occurring via electrostatic charge doping [8, 13]. If more complex electrochemical interactions do give some contributions, these
do not lead to a permanent modification of the SC properties of the films, as evidenced also by the XPS analysis
of the gated film surface [29]: as such, we tentatively ascribe these occurrences of incomplete reversible behavior
either to long-term trapping of charged ions in the SEI
formed by LiBOB decomposition at the sample surface
[26], or to a metastable distortion of the crystal lattice
induced by the gate electric field [57].
In Fig.5b we summarize all the reversible ∆Tc values as
a function of ∆n2D for the two devices, using the Tc90 , Tc50
and Tc10 criteria. Any variation of the charge doping with
respect to the pristine value results in a reduction of Tc .
Interestingly, the foot of the SC transition, Tc10 , is much
more sensitive to doping than the onset, Tc90 , resulting
in a broadening of the resistive transition for increasing
charge doping. This behavior is starkly diﬀerent from
earlier observations in thin films of the standard electronphonon superconductor NbN [12, 13] and the high-Tc superconductor YBa2 Cu3 O7−δ [60], where the SC transition was rigidly shifted as a function of surface charge
doping. Such a rigid shift is the fingerprint of a homogeneous modification of the SC state in the thin film [13],
while spatially-dependent modulations to the SC order
parameter can lead to significant broadening [61]. Therefore, the observation of a doping-induced broadening of
the resistive transition suggests that the gate-induced
surface charge doping gives rise to an inhomogeneous
perturbation of the SC order parameter across the film

5 7 5 .

∆Tc (∆n2D ) = δTc (∆n2D ) − δTc (0).
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geneity, and Tc,ref |i ̸= Tc,ref |j due to slight diﬀerences
in the heating rate between diﬀerent measurements, or
imperfect thermal contact between the sample and the
thermometer. Using a “diﬀerential measurement” of Tc
on two channels of the same device sidesteps both issues
[12, 13]. The doping-dependent Tc shift is then defined
as:
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FIG. 5. (a) Normalized resistance R(T )/R(30 K) of the active channel, vs. referenced temperature [T − Tcref ]∆n2D −
[Tcactive − Tcref ]0 , in the vicinity of Tc50 . Left panel shows
electron depletion (hole doping), right panel electron accumulation (electron doping). (b) Tc shift, ∆Tc , vs. induced
charge density, ∆n2D , calculated for Tc90 (red down triangles),
Tc50 (green circles), and Tc10 (blue up triangles). Hollow and
filled symbols refer to measurements obtained on two diﬀerent
samples from the same growth batch.

thickness, consistent with the very small out-of-plane coherence length of BaFe2 (As,P)2 (ξc (0) ≃ 11 ÷ 15 Å) [62].
We also note that, for comparable doping levels, the
broadening is significantly more pronounced for electron
rather than hole doping, suggesting a diﬀerent length
scale over which the SC order parameter is suppressed
in the two cases. Owing to the small value of ξc (0),
this perturbation likely follows the charge doping profile
across the film thickness, suggesting a diﬀerent spatial dependence of hole and electron doping in the out-of-plane
direction, and independently of whether the charge doping is induced by electrostatic gating or electrochemical
modification of the surface. In the former case, the asym-
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metry in the broadening could be ascribed to a diﬀerent
electrostatic screening length between electron and hole
induction, similar to the case of gated MoS2 [63].
In principle, a further contribution to the broadening
of the resistive transition may also arise from a gateinduced increase in disorder. This may occur due to
the introduction of extra scattering centers via the accumulation of ions at the film surface, an issue which is
well-documented across a wide range of diﬀerent materials [47–50, 64–68]. However, in this case we expect this
contribution to be negligible, since the width of the resistive transition of BaFe2 (As,P)2 is known to be very robust against the introduction of extrinsic disorder, both
in the case of single-crystals [69] and epitaxial thin films
[25, 70]. More importantly, the scaling of ∆R/R′ with
∆n2D in the normal state indicates that disorder is more
eﬃciently introduced by hole doping with respect to electron doping: therefore, if the broadening of the resistive
transition was dominated by gate-induced disorder, one
should observe a larger broadening upon hole doping and
a smaller broadening upon electron doping. Since the opposite behavior is observed instead, we conclude that the
contribution to the broadening caused by gate-induced
disorder, if present, is minor with respect to the one introduced by the spatially-dependent modulation of the
SC order parameter along the c axis.

IV.

DISCUSSION

Earlier works combined substitutional doping and applied pressure in order to control the SC state in the Ba122 family. In many of these works, the type and amount
of chemical substitution were fixed for each sample, while
the external physical pressure was employed as a quasicontinuous knob to control the SC properties in-situ. Applying an external pressure to Co- [71], K- [72, 73] and
P-doped [74] bulk samples resulted in a Tc enhancement
only in the underdoped regime, while optimally and overdoped samples featured a Tc suppression. That is, the
external pressure “shifted” the SC dome to lower doping values. The very same behavior was also observed
when direct electron doping and chemical pressure were
combined in co-doped Ba(Fe1−y Coy )2 (As1−x Px )2 samples [76]. A pressure-driven enhancement of Tc across
almost the entire phase diagram was only reported for
the aliovalent substitution of Ba with La, which provides
indirect electron doping to the FeAs layers [75].
In this context, the charge doping induced by ionic
gating could potentially be considered somewhat akin to
indirect doping via substitution of the charge-reservoir
atoms – i.e., the dopants do not directly substitute the Fe
atoms in the FeAs layers. Hence, at the optimal chemical pressure achieved via isovalent P substitution, one
may hypothetically expect (i) Tc to be suppressed by
hole doping (∆n2D < 0), similarly to the aliovalent K
substitution; (ii) Tc to be enhanced by electron doping
(∆n2D > 0), similarly to the aliovalent La substitution.

On the other hand, it is important to note that physical
and chemical pressure – while they do have a very similar
eﬀect on the SC properties of Ba-122 [74] – are not completely equivalent. Namely, P substitution is known to
introduce a sizable uniaxial component [74] and results in
a starkly diﬀerent dependence of the Fe-As bond length
on P content with respect to applied physical pressure
[76]. As such, it is not obvious that the interplay between
indirect electron doping and pressure would be the same
for physical and chemical pressure.
Indeed, our results show that ion-gate-induced electron
doping, P-induced chemical pressure and the substrateinduced strain interact in a qualitatively similar way to
direct electron doping and applied pressure (physical or
chemical). That is, the chosen P content ≃ 0.2 (combined
with the substrate-induced tensile strain) already optimizes SC, and any further change to the carrier density
brings the system away from these optimized conditions.
Further experiments on underdoped BaFe2 (As,P)2 films
will be required to assess whether ionic gating is able to
enhance SC in the underdoped regime, or if the suppression of SC extends to the entire phase diagram.
Furthermore, our results make clear how – unlike in the
cases of FeSe [17–19] and FeSe1−x Tex [16, 21] – the charge
doping provided by ionic gating has a negligible impact
on the SC state with respect to the diﬀerent types of substitutional doping [1–3, 6] and applied pressure [78]. This
finding confirms that, in the Ba-122 family, SC is much
more strongly tied to modifications of the crystal structure than to the carrier density in the system [76, 77].
We note, however, that the real eﬀectiveness of charge
doping in modulating the Tc of our samples may actually
be underestimated in these experiments. This is because,
in the absence of bulk electrochemical intercalation, perturbations to the electronic structure of metallic systems
are confined within few atomic layers even at the largest
applied electric fields [38]. Hence, proximity eﬀect between the perturbed surface layer and the bulk strongly
hampers any Tc modulation [13, 39]. Thus, either further
experiments on thinner films (1-2 unit cells at most), or a
full theoretical treatment of proximity eﬀect in ion-gated
BaFe2 (As,P)2 thin films, will be required to elucidate the
issue in this class of compounds.

V.

CONCLUSIONS

In summary, we performed ionic gating measurements on ultrathin (10 nm) films of optimally-doped
BaFe2 (As,P)2 grown on MgO substrates via molecular
beam epitaxy. We controlled the charge doping at the
film surface by employing an optimized polymer electrolyte designed to reduce undesirable electrochemical interactions with the sample. The resulting modulations to
the resistivity were found to be compatible with a tuning
of the charge doping with a dominant electrostatic contribution, and with a scaling on the induced charge density
consistent with an asymmetric eﬃciency as surface scat-
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tering centers between cations and anions. At low temperatures, the SC transition temperature was suppressed
both upon electron and hole doping, indicating that SC
is fully optimized by P substitution and any further deviation from this optimal condition via ionic gating is
detrimental to the SC state. Additionally, we showed
that the gate-induced charge doping leads to a broadening of the resistive transition. This indicates that, unlike
in the case of thin films of standard BCS superconductors, gate-induced modulations to the SC order parameter in Ba-122 may not be uniform across the entire film
thickness. Our results provide valuable insights in the
optimization of the SC transition temperature in the 122
family of iron-based superconductors by means of charge
doping, laying a foundation for more advanced studies.
Among these, we consider especially interesting the as-

sessment of the eﬀects of the gate-induced charge doping
on the SC properties of underdoped films and the investigation of contributions to the gating mechanism in
this class of materials beyond pure charge doping, such
as field-induced distortions of the crystal lattice and protonation; these could be achieved by a combination of
ab initio calculations and direct probing of the crystal
structure via X-ray diﬀraction measurements performed
in operando.
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