PHYSICAL REVIEW B 97, 174520 (2018)

Editors’ Suggestion

Anisotropy of the upper critical field and its thickness dependence in superconducting

FeSe electric-double-layer transistors

Junichi Shiogai,* Shojiro Kimura, Satoshi Awaji, Tsutomu Nojima, and Atsushi Tsukazaki
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

® (Received 11 December 2017; revised manuscript received 5 April 2018; published 29 May 2018)

Anisotropy of superconductivity is one of the fundamental physical parameters for understanding layered
iron-based superconductors (IBSs). Here we investigated the anisotropic response of resistive transition as a
function of thickness (d) in iron selenide (FeSe) based electric-double-layer transistors (EDLTs) on SrTiO3, which
exhibit superconducting transition temperatures 7. as high as 40 K below d = 10 nm. According to the analyses
of the in-plane (Hc/z/ ) and out-of-plane (H2}) upper critical fields (H,,) and the magnetic field angle dependence
of the resistance (R;,—6) in ultrathin condition, we found that the anisotropy factor &y = HL/Z/ / Hci2 is 7.4 in the
thin limit of d ~ 1 nm, which is larger than that of bulk IBSs. In addition, we observed the shorter out-of-plane
coherence length & of 0.19 nm compared to the c-axis lattice constant, which implies the confinement of the
order parameter in the one unit cell FeSe. These findings suggest that high-7;. superconductivity in the ultrathin
FeSe-EDLT exhibits an anisotropic three-dimensional (3D) or quasi-two-dimensional (2D) nature rather than the
pure 2D one, leading to the robust superconductivity. Moreover, we carried out the systematic evaluation of the
anisotropic H,, against thickness reduction in the FeSe channel. The in-plane H,, as a function of normalized
temperature 7/7, is almost independent of d until the thin limit condition. On the other hand, the out-of-plane
H, near T /T, ~ 1 decreases with increasing d, resulting in the increase of g at around 7 to 32.0 at the thick
condition of d = 9.3 nm, which is also confirmed by R,—6 measurements. The counterintuitive behavior can be
attributed to the degree of coupling strength between two electron-rich layers possessing a high superconducting
order parameter induced by electrostatic gating at the top interface and charge transfer from SrTiO; substrates
at the bottom interface. Besides a large H3 for d = 9.3 nm exceeding 20 T even at T = 0.87T,, we observe the
decoupling crossover of the two superconducting layers at low temperature, which is a unique feature for the

high-T, FeSe-EDLT on SrTiO;.

DOI: 10.1103/PhysRevB.97.174520

I. INTRODUCTION

Superconducting anisotropy in layered materials [1-12] and
artificial superlattice or heterostructure [13—16] is one of the
most important issues not only for actual applications such as
superconducting wires [17] but also in-depth understanding
of the pairing mechanisms. The class of iron-based supercon-
ductors (IBSs) [18-21] commonly possesses stacking of Fe
square lattice sheets along the crystallographic c-axis direction.
From the crystallographic analogy to the cuprate supercon-
ductors, the quasi-two-dimensional Fermi surface of IBSs
may be closely linked to the high transition temperature (7:)
superconductivity. Nevertheless, unlike strongly anisotropic
superconductivity in cuprates [3—6], the bulk single crystals
of IBSs exhibit nearly isotropic upper critical field (H,,). For
instance, the zero-temperature anisotropy factor (7 = 0) =
HC/2/ oon / Hcé(om) approaches unity in 122-type (Ba,K)Fe,As;
[8] and e(T = 0) ~ 1.2 or 1.8 in 11-type FeSe [9,22].

The recently discovered high-T, superconductivity in
monolayer FeSe film on SrTiOj3 substrate has received growing
interest for enhanced critical parameters such as T, critical
current density, and critical magnetic field [23,24]. The gap
closing temperature around 65 K and the resistive transition
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temperature around 40 K have been reported [23], both of
which are much higher than the bulk 7, ~ 8 K [21]. Actually,
the electrical transport measurement in high magnetic field
toH has revealed that the transition is strongly anisotropic
with the very large in-plane puoHe > 50 T at T = 10 K [24].
Among such high-7; thin film studies, the FeSe electric-
double-layer transistors (EDLTSs) are a useful system because
of the controllability of the doping degree and thickness in a
single device, which can exclude the sample-to-sample varia-
tion of the qualities of the film itself or/and interface between
film and substrate [25,26]. Although the evolution of high-T;
superconductivity as a function of charge accumulation and
thickness reduction in the FeSe-EDLTs has been reported in
our previous studies [25,26], the anisotropy of superconductiv-
ity in the monolayer FeSe based on 1o H,, measurements and
its variation with thickness have not been clearly addressed
so far. This would lead to deeper understanding of its high-T,
superconductivity in FeSe. In the FeSe-EDLT on SrTiO3 sub-
strate, especially, there are two electron-rich layers at the top
and bottom interfaces, which are coupled through the middle
bulky region with lower 7, than that at the interfaces [26],
indicating a nonmonotonic distribution of local superconduct-
ing order parameter Agc(z) along thickness direction z. Such
a local variation of Agc(z) along the film thickness, distinct
from bulk FeSe, would lead to a peculiar anisotropic response
of superconducting transitions against magnetic field poH.
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In this study, we focus on the anisotropy of woHc in
FeSe-EDLTs by measuring sheet resistance Ry as functions of
temperature, magnetic field, its direction, and film thickness.
Here, the film thickness was varied by electrochemical
etching in the EDLT configuration [25]. We show that the
high-T; superconductivity in FeSe-EDLTs with the thickness
below 10 nm exhibits a larger anisotropy factor than that
in low-7, bulk FeSe. Especially, when the thickness is
reduced down to a monolayer, we extract the out-of-plane
coherence length &, ~ 0.19 nm, which is much shorter than
the c-axis lattice spacing of 0.55 nm. This indicates the
complete confinement of the Cooper pairs in each FeSe
monolayer at low temperature, resulting in the extremely
anisotropic 3D (quasi-2D) superconductivity. We also find
the unexpected increase in the anisotropy factor near 7, with
increasing thickness and the peculiar upturn behavior of
out-of-plane H,, as a function of sample temperature in thick
d ~ 9.3 and 6.3 nm condition. We conclude that such unique
characters in FeSe-EDLT stem from the degree of coupling
strength between the top and bottom superconducting layers,
which becomes strong with decreasing thickness.

II. EXPERIMENTAL DETAILS

The FeSe-EDLT samples were fabricated from two FeSe
films grown on nondoped SrTiOs; (001) insulating substrates
with the initial thickness of 15.0 nm (sample A) and 14.8 nm
(sample B) by pulsed laser deposition. Schematics of sample
geometry and measurement configuration are shown in the top
panel in Fig. 1(a). The indium pads were attached onto the
FeSe film surface to form Ohmic contacts. A platinum plate
was used as a gate electrode. The detailed conditions for film
growth and device fabrication are also described in Ref. [25].
The sheet resistance Ry was measured by the dc four-probe
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FIG. 1. (a) Schematics of measurement configuration in FeSe-
EDLT device (not to scale, left top) and cross section of electron
accumulation (right bottom) from top ionic gating within dgp; and
bottom charge transfer within dcr. (b) Sheet resistance R, as afunction
of temperature T at zero magnetic field under Vg = 5 V. For clarity,
R, isnormalized to the value at 7 = 100 K. The thickness d was tuned
by a series of electrochemical events. Inset: Thickness dependence of
onset T; (T": the intersection of extrapolation lines from normal state
and superconducting transition).

method using an excitation current of 1 A applied along the
(100) crystallographic axis of FeSe. For the electrostatic EDLT
operation, the gate voltage Vg =5 V was applied at sample
temperature T = 220 K, causing the electron accumulation at
the FeSe surface within dgpy. [26] as shown in the bottom panel
in Fig. 1(a). In addition to the dgpy, the charge transfer from
SrTiO; substrate forms an electron-rich layer within dcr at the
bottom interface [26]. To vary the thickness of FeSe, the sample
temperature was increased above 240 K at Vg = 5 V, leading
to the quasi layer-by-layer electrochemical etching. Thickness
of the FeSe films after the sequential etching was estimated
under the assumption that the etching rate was proportional to
temporal integration of the gate leak current consumed during
the etching [25]. The detailed etching scheme and thickness
estimation are described in Ref. [25].

The angle dependence measurements in sample A were
carried out using a rotatable sample probe loaded into a
Physical Property Measurement System equipped with a 9-T
superconducting magnet (Quantum Design Co.). The external
magnetic field poH was applied along the direction with the
angle 6 from the normal of the film plane. As illustrated in
Fig. 1(a), & = 0° corresponds to the field direction applied
perpendicular to the film plane (uoH ) and 6 = 90° to that
parallel to the current (uoH,)). For the measurements of
angular dependence, 8 was scanned from 0° to 120° by rotating
the sample stage under the constant magnetic field at 3, 6, and
9 T. The high-field measurements in sample B were performed
using a 25-T cryogen-free superconducting magnet system
at High Field Laboratory for Superconducting Materials at
Institute for Materials Research, Tohoku University [27,28].

III. RESULTS AND DISCUSSION

A. Thickness dependence of the superconducting
transition temperature

Figure 1(b) shows T dependence of the normalized sheet re-
sistance Ry(T)/Rs(100 K) at zero magnetic field for sample A
at different thickness under Vg = 5 V. When d was decreased
below the critical thickness of d ~ 10 nm by electrochemical
etching, the insulating behavior at the initial thick condition
converted a clear superconducting behavior with zero resis-
tance, which is consistent with our previous study [25]. The
inset of Fig. 1(b) shows the onset T, (7" is defined as a black
arrow in the main panel) as a function of d. As illustrated in the
bottom panel of Fig. 1(a), FeSe-EDLT under the positive Vg is
composed of two electron-rich layers at the top (denoted with
the effective thickness dgpr) and at the bottom (denoted with
dcr) and the bulky semimetallic middle layer in between them.
The electron accumulation within each dgpp. and dct occurs
due to electrostatic charge doping at the IL/FeSe interface
and due to the charge transfer at the FeSe/SrTiO; interface,
respectively. Such electron accumulation is closely linked to
the emergence of the high-7; superconductivity [26,29,30].
When the middle layer becomes thin enough to the extent
that the local superconducting order parameters of the two
electron-rich layers are coupled through the proximity effect,
the whole film becomes superconducting with zero resistance.
This scenario for emerging high-T7;. superconductivity has been
discussed with regards to the thickness dependence of Hall
coefficient measurements in our previous work [26].
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FIG. 2. (a), (b) Sheet resistance R; as a function of temperature T
at Vg = 5 V forthe film thickness d ~ 1 nm under the (a) out-of-plane
(noH ) and (b) in-plane (uoH,,) magnetic field, respectively. The
field increases in steps of 0.2 T from zero (black solid line) to 1 T
and in steps of 1 T from 2 to 9 T (purple solid line). Dashed lines
are extrapolation of half resistance curves, 0.5R,(T), in the normal
state which define midpoint superconducting transition temperatures
T.(H). Insets: Enlarged views of Ry(T') in the transition region near 7.
(c) In-plane (open symbols) and out-of-plane (filled symbols) upper
critical field o Hc, of FeSe-EDLT (sample A) for d ~ 1.0 nm. Out-
of-plane o H.,—T. plots follow a linear relation around 7.(0) (black
dashed lines). (d) R as a function of the angle of applied magnetic
fieldat T = T.(0) = 39.0 K under uoH = 3 (orange), 6 (green), and
9 T (blue) in sample A for d ~ 1.0 nm. Inset shows the same trace of
R(0) as a function of reduced magnetic field poHeq (see text).

B. Anisotropic H,, in monolayer-thick condition

First, we focus on the nearly monolayer-thick condition
with d ~ 1.0 nm under the gate voltage Vg = 5 V in terms of
the anisotropy in the upper critical field. Figures 2(a) and 2(b)
show R—T curves in sample A around the superconducting
transition at d ~ 1nm under the out-of-plane (uoH,) and
in-plane (o H),) field from O to 9 T. The application of o H
slightly broadens the superconducting transition at about 5 K
within the experimental range of 9 T. On the other hand, the
o H,, makes a much smaller change in the resistive transition,
which is less than 1 K as shown in the insets in Fig. 2(b). The
superconducting transition, surviving with a minor change in
R, even in the magnetic field up to 9 T both along the in-plane
and out-of-plane directions, indicates the robust high-T7 state
in FeSe in the thin limit. Nevertheless, the dramatic difference
in the broadening behavior of R (T) against magnetic field
direction evidences that the high-T; state of the ion-gated FeSe
possesses a highly anisotropic nature.

For a quantitative analysis of the anisotropy in FeSe-EDLT
atd ~ 1.0 nm, we plot the contours of the in-plane and out-of-
plane upper critical fields, ©g Hc/z/ and wg Hclz, inthe wo H versus
T plane in Fig. 2(c). We determined 7.(H ) that corresponds to
the temperature on H.,(T') line by the crossing temperature of
the Ry—T transition curves and half of normal state resistance
as shown in the dashed lines in Figs. 2(a) and 2(b) [4]. Closed

and open symbols in Fig. 2(c) represent woHzs and wo Hc/2/ .
The highly anisotropic behavior with Hc/z/ (T) > Hcé(T) is
observed, in which 1 Hc/2/ (T) sharply rises with almost linear
temperature dependence up to 9 T. We first analyzed the Ho»(T')
data close to T(0) by employing a 3D Ginzburg-Landau (GL)
model, described as

1 _ gl . r
H5(T) = ch(O)[l TC(O)]’ (1
and
H//(T)=H//(O)[1 T ] )
c2 c2 TC(O) ’

with ,uoHclz(O) and ,uoHc/z/ (0) being the out-of-plane and in-
plane upper critical field linearly extrapolated from Hq(T')
around T = T,(0) to zero temperature limit, respectively.
The results for the out-of-plane direction are presented in
the black dashed lines in Fig. 2(c). The obtained values of
MOHCLZ(O) and ,uOHC/Z/(O) are 159 and 1183 T for d ~ 1.0 nm,
respectively. Note that the analysis by the 2D GL model
provided unrealistic parameters where the extracted effective
superconducting thickness was much larger than the sample
thickness d. The corresponding anisotropy factor determined
by the ratio Hc/2/ / HCL2 around T ~ T,(0), &9(T.), obtained from
the 3D GL model, was 7.4. This value is larger than that for the
low-T bulk FeSe ranging from ¢(0) = 1.8 to e(T;) = 5.2 [22].

The anisotropy factor &¢(7.) was evaluated by different
experiments. Figure 2(d) presents angular 8 dependence of
the sheet resistance R (0) at a fixed temperature of 7.(0) under
woH = 3 (blue), 6 (green), and 9 T (orange) for sample A
withd ~ 1.0nm. The Ry(#) exhibits a round dip (not cusplike)
structure around 6 = 90°, which was again consistent with the
anisotropic 3D nature. Along with the 3D GL effective mass
model, it is inferred that Rs(6) at various poH can be scaled
by the reduced magnetic field,

Hoea(9) = H+/cos26 + e~2sin20 | 3)

where & = /mo/map = H/J/H} with m, and my, the ef-
fective mass perpendicular and parallel to the film plane.
When an appropriate ¢ is given, Ry (f) can be scaled by
H,.q(9) as exemplified in cuprate superconductor films [31,32]
and YBa,Cu30, /PrBa,Cu30, superlattices [33]. The inset
in Fig. 2(d) shows the replots of the data of R (9) in the
main panel of Fig. 2(d) against woHq With substitution of
the same ¢o(7,) obtained from Fig. 2(c) for ¢ in Eq. (3).
All three data sets taken under different magnetic fields
of uoH =3, 6, and 9 T superimpose onto a single curve
with a fixed go(T;.) = Hc/z//HClz. This result is consistent with
the 3D GL effective mass model. Based on these analyses
and the H(T) plot, which have not been clearly addressed
so far in the monolayer high-7, FeSe, we can conclude that
the FeSe-EDLT at d ~ 1 nm exhibits an anisotropic 3D super-
conductivity (quasi-2D). Actually, along the 3D GL model, we
can estimate the in-plane and out-of-plane coherence length,

£(0) and &.(0), using the relations poH5(0) = —2n§:2§(0) and

MOHL-/z/ 0) = m The extracted values of £,,(0) and
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FIG. 3. (a), (b) Sheet resistanceR; as a function of temperature 7 at Vg = 5 V for the film thickness d ~ 9.3 nm under the (a) out-of-plane
toH, and (b) in-plane o H,, magnetic field, respectively. Insets: Enlarged views of Ry(T') in the transition region near 7. (c), (d) The same
traces of (a), (b) for d ~ 6.3 nm. (e) In-plane (open symbols) and out-of-plane (filled symbols) upper critical field H., of FeSe-EDLT (sample

A) for d ~ 9.3 (blue squares), 6.3 (green circles), and 1.0 nm [red triangles, the same data from Fig. 2(c)]. Out-of-plane H.,—

T. plots follow a

linear relation around 7.(0) (black dashed lines). (f), (g) Ry as a function of the angle of applied magnetic field at 7 = 7.(0) under uoH =3
(orange), 6 (green), and 9 T (blue) in sample A for (f) d = 9.3[7.(0) = 29.3 K] and (g) d = 6.3 nm [7.(0) = 38.9 K]. Inset shows the same
trace of Ry(#) as a function of reduced magnetic field po Heq (see text). (h) The slope of the 1 Hcé —T. plotin (e) defined as —7.(0)A ,u,oH 5/AT.

Inset: poH5—

£.(0) are 1.4 and 0.19 nm for FeSe-EDLT at d ~ 1.0 nm. The
value of £.(0) being smaller than the c-axis lattice constant
~0.55 nm means that the order parameter is confined within
the one-monolayer thickness at low temperature, leading to the
robust 3D superconductivity.

As reported in angle-resolved photoemission spectroscopy
(ARPES) [34], the electron-doped monolayer of FeSe with
high T, shows the nearly isotropic Fermi surface with almost
degenerate d,,/d,,, d,;, and d,, orbitals around the M point
and the disappearance of the hole pocket mainly constituted
by the d,.(d,;) orbital at the I" point. Thus, we speculate that
the relative increase in the population of the d,, orbital might
be linked to the increase in anisotropy of FeSe-EDLT in the
thin limit.

C. Anisotropic H., in multilayer-thick condition

Next, we discuss the anisotropic H,, in the multilayer FeSe.
Figures 3(a)-3(d) show Ry — T curvesinsample A atrelatively
thick conditions under poH, and puoH;, from 0 to 9 T [(a), (b)
for d ~ 9.3 nm and (c), (d) for 6.3 nm], respectively. Similarly
with the case of d ~ 1.0 nm presented in Figs. 2(a) and 2(b),
the response of superconducting transition against poH, and
o H), is strongly anisotropic in the relatively thick condition.

The contour plots of pyH, 2 / and woH 2 in the puoH versus
T plane are presented in Fig. 3(e). The blue, green, and
red symbols represent data for d ~ 9.3,6.3, and 1.0 nm [the
same trace with Fig. 2(c)], respectively. For all the thickness

T. plots of FeSe-EDLT (sample B) for d ~ 10 nm (blue filled squares) and 1.0 nm (red filled triangles) measured up to 24 T.

conditions, we observe the highly anisotropic H., with a
linear and sharper rise in MOHc/z/ (T) with decreasing 7. In

addition, the variation of ,lLoHc/z/ (T') with d is much smaller

as compared with the relation of 1 Hc/z/ o 1/d expected from
the 2D Ginzburg-Landau (GL) theory. This implies that all
the thickness conditions in FeSe-EDLT have an anisotropic
three-dimensional (3D) or quasi-two-dimensional (2D) nature
rather than the pure 2D one. In contrast, for the out-of-plane
measurements, we obtained a clear thickness dependence in
MOH (T). The slope of the MOH (T) around T(0) strongly
depends on thickness and temperature. This indicates that the
average in-plane coherence length, which determines 110 Hz,
is dramatically modified by d reduction near 7.(0). The H(T)
data at around 7.(0) are fitted using Eqs. (1) and (2) as
presented in the black dashed lines in Fig. 3(e). The obtained
values of /JLOHCJQ(O) and MoHc/z/ (0) are 21.4 and 684 T for d ~
9.3nm, and 96.6 and 1063 T for d ~ 6.3 nm, respectively. The
corresponding anisotropy factor £o(7;.) = Hc/z/ /HZ around
T ~ T.(0) was 32.0 and 11.0, respectively, both of which are
larger than that for FeSe-EDLT at d ~ 1.0 mm. The fact that
the obtained anisotropy factors in FeSe-EDLT become smaller
with thickness reduction is contrary to intuitive understanding
of superconductivity in reduced dimension. The origin of the
decrease of g¢(7,) with decreasing d will be discussed later in
relation to Fig. 4.

In order to check the consistency for the counterintuitive d
dependence of anisotropy, we examined the scaling behavior of
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FIG. 4. (a), (b) Thickness dependence of (a) &9(T.) and (b) &,,(0)
(filled squares) and &.(0) (open squares) in FeSe-EDLT (sample A).
(c), (d) Schematic of distribution of superconducting order parameter
Asc(z) for (c) coupled state and (d) decoupled state of FeSe-EDLT
for the thick condition (not to scale).

R(0) for the thick conditions in a similar manner as in Fig. 2(d).
Figures 3(f) and 3(g) present R (9) at T.(0) under uoH =3
(blue), 6 (green), and 9 T (orange) for d ~ 9.3 and 6.3 nm,
respectively. For all the thicknesses, Ry(6) exhibits the similar
round dip structure around 6 = 90° with the case of d ~
1.0nm, which was again consistent with the anisotropic 3D
nature as presented in the g Hc/z/ (T) almost independent of d.
Then Ry () curves d = 9.3 and 6.3 nm are replotted against
H,eq in Eq. (3) using the &¢(7;) = Hc/z/ / HCJQ determined from
Fig. 3(e) for €. As shown in the insets of Figs. 3(f) and 3(g)
for both thicknesses, the data points under different woH
superimpose onto a single curve, meaning the validity of go(7¢)
derived from Hc/z/ /HZ in Fig. 3(e), which decreases with
decreasing d.

When looking to the low-7'/T.(0) and high-uoH, region
of Fig. 3(e), we note the peculiar upturn behavior of HCLZ(T)
for thicker samples (d ~ 9.3 and 6.3 nm), which is distinct
from bulk FeSe and less pronounced for the monolayer-
thick one (d ~ 1.0nm). Due to the upturn, the slope of
woHS(T) curves for three different d, showing the strong
d dependence around T7.(0), seems to approach a similar
value. This can be more visible in the local derivative of
HCJE(T), —T.(0)(ApoHy/AT), as shown in Fig. 3(h). Around
T.(0), the value of —T.(0)(ApoH.o/AT) is larger when d
becomes smaller. With decreasing T /T.(0), these values for
three different d approach a similar value below 0.957,(0). As
a consequence, the coherence length at around 7:.(0) depends
on FeSe thickness, but that at low temperature converges to a
similar value.

The upturn and merging behavior in po H5(T) was reexam-
ined by comparing the data for d ~ 10 nm and 1.0 nm in the
other FeSe-EDLT (sample B) under the higher magnetic field
up to 24 T as shown in the inset of Fig. 3(h). The supercon-
ductivity with zero resistance survives even at 24 T with the
systematic decrease in 7, (H ), only by 24% for the out-of-plane
condition. Similarly to the case of sample A, the 1 HCLZ(T) for
the thick condition d ~ 10 nm exhibits upturn behavior while
that for the ultrathin conditiond ~ 1 nm shows an almost linear

dependence. Following this upturn, we also observe that the
/JLOHCJQ(T) line ford ~ 10 nm merges to the line ford ~ 1.0 nm
in low-temperature region of 7' ~ 0.87,(0).

D. Thickness dependence of anisotropic factor

Figures 4(a) and 4(b) summarize the thickness dependence
of the anisotropy factor &¢(7;) and in-plane and out-of-plane
coherence length &,,(0) and &.(0) for sample A, where €y(T¢)
and &,,(0) show a positive correlation. The value of &,,(0)
becomes smaller with reducing d from 3.9 nm (d ~ 9.3 nm)
to 1.4 nm (d ~ 1.0nm), while that of £.(0) exhibits little
dependence on d with 0.14-0.19 nm. Therefore, the difference
in &,,(0) causes the increase in ¢y(7;) with d. The previous
study in FeSe-EDLT on SrTiO; has revealed that the high-T,
superconductivity in FeSe-EDLT appears when the top and
bottom electron accumulation layers couple through the middle
bulk region at 7.(0) [26]. Thus, we speculate the change of
&,p(0) and go(T,) with d is driven by the weak superconductivity
in the middle bulky layer, resulting from the nonmonotonic
spatial variation of superconducting order parameter Agc(z)
in the FeSe channel. As reported in the previous study, the
effective thicknesses of two electron accumulation layers, dgpp
and dcr, were estimated to be about 3 and 4 nm, respectively
[26], meaning that below d = 7 nm a rather uniform super-
conducting channel is formed in the FeSe-EDLT driven by
strong coupling between these layers. When Agc(z) is weakly
coupled along the z direction in the thick FeSe condition near
zero magnetic field and 7.(0) as shown in the schematic in
Fig. 4(c), the weak Agc at the hole-rich bulky layer can work to
enlarge the average in-plane coherence length &,,. This leads
to the decrease in the slope in /L()HCJE(T) around 7.(0) [the
black dashed lines in Fig. 3(e)] and so the increase in £y(7;) for
thicker condition. Atlow T under the large w1 H , on the other
hand, both of &,, and & at the top and bottom layers shrink,
leading to the reduction of the coupling between them as shown
in Fig. 4(d). Here, we note that dgpy. and dct can take different
values. In this situation, the experimentally evaluated &, is
governed solely by these two layers with the strong Agc, which
behave as decoupled superconducting planes. The emergence
of decoupled layers, which results in similar superconducting
properties as that for the monolayer FeSe sheet, can explain
the coincidence of the slope of HCLZ(T) for the thick condition
with that for the monolayer condition (d ~ 1.0nm) at low 7.
Thus, the upturn in Hcé(T) for the thick condition observed
at low T can be the crossover phenomenon from the coupled
state in Fig. 4(c) to the decoupled state in Fig. 4(d) between
the top and bottom layers.

IV. CONCLUSIONS

We have performed an investigation of anisotropy of the up-
per critical field poH,; in the FeSe-EDLT on SrTiO;3 substrate
through transport measurements. For the whole FeSe thick-
ness, robust superconductivity with high 7. and significant
anisotropy in FeSe has been firmly detected. We determine the
H., — T phase diagram, the in-plane and out-of-plane coher-
ence lengths, and the anisotropy factor, none of which has been
explicitly discussed so far. The large but finite anisotropy factor
eo(T) with an out-of-plane coherence length shorter than the
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interlayer spacing of FeSe indicates that the FeSe-EDLT has an
anisotropic three-dimensional (3D) or quasi-two dimensional
(2D) nature rather than the pure 2D one even in the thin limit,
which may be an origin of the robust superconductivity in the
monolayer FeSe. In addition, we found that the out-of-plane
H,, strongly depends on thickness while the in-plane H.,
shows little thickness dependence. Especially, the out-of-plane
H(T) exhibits anomalous upturn behavior with decreasing
T, which becomes more pronounced with increasing d. We
ascribed such peculiar T and d dependence to the crossover
phenomenon from the coupled state to the decoupled one
between the top and the bottom electron accumulation lay-
ers possessing a large superconducting order parameter Agc
though the bulky middle region with a small Agc. Our findings

that anisotropic superconducting properties of FeSe-EDLT
stem from a peculiar distribution of the superconducting order
parameter likely provide important knowledge for the device
application based on the high-T;, FeSe thin film or EDLT.
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