PHYSICAL REVIEW B 103, 214505 (2021)

Enhancement of electron correlations in ion-gated FeSe film by in situ
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In situ Seebeck and Hall measurements on FeSe films are carried out to understand the intrinsic evolution
of the band structure as superconducting critical temperature (7;) is tuned by ionic liquid gating. At the initial
state, the nonmonotonous behavior of Hall and Seebeck curves indicates the multiband feature of FeSe film. As
T. increases via gating, the hole band gradually sinks below the Fermi level. Meanwhile, the Fermi energy of
the electron band reduces while its carrier density increases, indicating that the electron band is flattening as
T, enhances. When 7, reaches the maximum at the final state, only the electron band exists and the effective

electron mass is about 3.4m,.
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I. INTRODUCTION

Ionic liquid gating (ILG) is a powerful technique to induce
and tune superconductivity in transition metal dichalco-
genides [ 1-4], cuprates [5—8], and iron-based superconductors
[9-12]. Among these cases, FeSe has attracted intensive at-
tention because its superconducting critical temperature (7;)
can be widely tuned from 8 K to more than 40 K [9-11],
for which the ILG technique provides an opportunity to un-
derstand the nature of 7, enhancement. Previous studies on
FeSe have shown that there is a close correlation between
T. and the band features [13-16]. However, since the ionic
liquid on the sample surface is a barrier for surface-sensitive
characterization techniques such as angle resolved photoemis-
sion spectroscopy (ARPES), the evolution of Fermi surface
structure in ion-gated FeSe film hasn’t been well studied
yet.

In transport measurement, the Hall coefficient (R ) is com-
monly used to extract the carrier density, which is linked to
the Fermi wave vector in the Drude-Sommerfeld model with
isotropic Fermi surface. Previously, the Hall measurements
had been integrated with ILG technique to reveal the evolution
of carrier density [8,11,12,17]. Seebeck measurement, as a
complementary method, can assist in understanding the band
structure in detail since it is directly related to Fermi energy.
The Seebeck coefficient (S), also known as thermoelectric
power, is a measure of entropy per quasiparticle. In Boltz-
mann theory, the Seebeck coefficient satisfies the function
S = ”23k§T o Here, ¢ is the charge of quasiparticle (—e for
electron and e for hole), kp is the Boltzmann constant, and &
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is the Fermi energy. In cuprates, the reconstructions of Fermi
surface driven by the antiferromagnetic order [18] or charge
density wave [19,20] have been revealed by Seebeck measure-
ment. However, due to the technical complexity, combining
Seebeck measurement with the ILG technique is experimen-
tally challenging [21].

Here, we integrate both Seebeck and Hall measurements
with ILG technique to study the evolution of Fermi surface
structure in FeSe films. Before gating, the initial S/7', as well
as Ry, first reduces and then enhances upon lowering the
temperature, indicating a strong competition between electron
and hole carriers. As T increases with ILG, both S/T and Ry
curves move down and the upturns at low temperatures are
gradually flattened. When T, saturates at the final state, both
S/T and Ry are independent of temperature indicating that the
Fermi surface of the film possesses only the electron pocket at
this temperature range. Then a clear physical picture can be
drawn that the hole band gradually disappears as T, increases.
During this process, the monotonic decrease of S/7 implies
that the Fermi energy of the electron band is reducing, while
the carrier density of the electron band at the final state is
greatly enhanced compared to the initial state. Therefore, it
can be reasonably deduced that the electron band is gradually
flattened as T, increases, which is also supported by its large
effective electron mass at the final state.

II. EXPERIMENTS AND RESULTS

FeSe films with ~200nm in thickness were fabricated
on LiF (001) substrates by pulsed laser deposition method
[22]. Three samples with similar 7,’s and transport properties
were used in our experiments. Sample S1 was patterned into
standard Hall bar and mounted between a heater and a cold

©2021 American Physical Society
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FIG. 1. (a) The schematic diagram of the device for Hall and Seebeck measurements. (b) The temperature dependence of resistance for
three samples (S1-S3). Inset: the first derivative of resistance curves. (c) The field dependent Hall resistivity at different temperatures. (d)
Temperature dependence of S/7T and Ry for sample S1. The dashed line is a guide to the eye.

sink to carry out Hall and Seebeck measurements, as shown
in Fig. 1(a). Electrical transport was measured with a physical
property measurement system and a magnetic field was ap-
plied along the ¢ axis of the sample during the measurement
of Hall resistance. Thermoelectric measurements were per-
formed in a Montana Cryostation system. A thin-film heater
with 1 k€2 was attached to one end of the film to generate heat
current. The other end was glued onto the copper cold plat-
form with Ge varnish. The temperature difference AT (~ 1 K)
was measured by a pair of thermometers. Sample S2 was used
to measure the in situ Seebeck coefficient. The device for
Seebeck measurements under ILG is shown in Fig. 2(a). The
FeSe film covers half of the substrate, and the other half of
the substrate is plated with gold as the gating electrode. Ionic
liquid was dropped onto the substrate to bridge the sample and
the gold electrode. The details of Hall measurements under
ILG on sample S3 can be found in our previous work [8].
Figure 1(b) shows the temperature dependent normalized
resistance [R/R(250 K)] of three FeSe samples (S1-S3). T;.’s
of these three samples are very close to each other, which
are 10.4, 10.3, and 11.9 K, respectively. Here, T, is defined
as the temperature at which the first derivative of the R(T)
curve reaches the maximum as shown in the inset of Fig. 1(b).
Figures 1(c) and 1(d) show the results of transport measure-
ments for sample S1. The Hall resistivity of S1 is proportional
to magnetic field at different temperatures, so the Hall co-

efficient can be calculated by the formula Ry = p,,/B. As
shown in Fig. 1(d), the dependence of Ry on temperature
is consistent with previous results on FeSe film [10,11,23].
The Seebeck measurements are subsequently carried out on
the same sample, and S/7T displays similar behavior with Ry
curve. At low temperatures, the positive signs of Ry and S/T
indicate that hole carriers dominate the transport properties.
As temperature increases, their values change significantly
and undergo sign reversals twice, which implies a complicated
competition between the hole and electron carriers in FeSe
film.

Figure 2(b) shows the temperature dependent resistance
of sample S2 under positive gate bias. With ionic gating,
both the residual resistance ratio and 7, gradually increase.
In general, ILG can induce both electrostatic [1-4] and elec-
trochemical effects [6,8,24,25]. The former is limited by the
Thomas-Fermi screening length, and thus only affects a layer
of a few nanometers close to the sample surface. For the
200-nm-thick FeSe film in this study, the significant change
of normal-state transport properties is beyond the capability
of electrostatic effect. Particularly, the resistance at 200 K in-
creases by ~25%, which cannot be reached even if the surface
layers (a few nanometers) are completely tuned to the insu-
lating state. Therefore, the gating must be a bulk modulation
dominated by electrochemical effect. It has been reported that
water residuals are practically unavoidable in ionic liquid, and
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FIG. 2. (a) The schematic device structure for in situ Seebeck measurement combined with ILG technique. (b) The temperature dependent
resistance with ILG for sample S2. (c) The temperature dependent S/7 with ILG. The arrows point to the minima of S/T curves. The dashed
line represents S/T of sample S1. Inset: The temperature dependent Hall coefficient in ILG for sample S3. The dashed line is a guide to the

eye.

these water molecules dissociate into hydrogen and oxygen
ions [25]. Under a positive gate bias, H" ions diffuse into the
FeSe film and achieve the bulk modulation of the electronic
properties of FeSe [26]. This process has been evidenced by
NMR and magnetization measurements in series of Fe-based
(i.e., 11 and 122 structures) superconductors. We note that
electrochemical etching due to the reaction between the ionic
liquid and the sample can be ignored, since the R(7') curves
do not rise up significantly during gating.

The temperature dependent S/T curves of sample S2 are
obtained at each gating stage [Fig. 2(c)]. The feature of the
initial S/T curve, which is similar to that of sample S1, has
been described above. Here, as T, increases, two features of
the evolution of the S/T curve can be clearly recognized.
One is that the whole curve moves down and the values
of S/T within the entire temperature range become negative
eventually. The other is that the upturn at low temperatures
is suppressed especially in the final state. The temperature
dependent Hall coefficients of sample S3 at the initial and
final states are shown in the inset of Fig. 2(c). Obviously, the
evolution of the Ry (T) curve with 7, is similar to that of S/T
curves.

III. DISCUSSION

The Fermi surface of bulk FeSe consists of hole pockets
around the I' point and electron pockets around the M point
[27,28]. To elaborate on the information of band structure
from Seebeck and Hall measurements, the Boltzmann equa-
tion in the presence of both electron- and hole-type carriers is
considered [29]. In this two-band model, the Hall coefficient
is written as

1 (ujnn — mgne) = (emn)*B>(ny — ne)
e (unnp + pene)* + (pepn)*B2(ny, — ne)?

Ry = (M

and the S/T is described by

E _ nzk]%, /’Lhnh/gjhr - /’Lene/‘g;" )
T 3e Wnln + fene

where 81’,} (&5), in (i), and ny, (n,) stand for the Fermi energy,
the mobility, and the carrier density of hole (electron), respec-
tively. Since the Hall resistivity is proportional to magnetic
field in the whole temperature range [Fig. 1(c)], the square
term of the magnetic field can be ignored and Eq. (1) is
simplified as

1 (uin, — uln,)
Ry = —————3. 3)
e (nnp + Helte)

The dependence of S/T and Ry on temperature are
determined by the competition between electron and hole
carriers. As a result, these two curves display similar be-
havior as shown in Fig. 1(d). At the high temperature
region, the positive S/T and Ry indicate that the hole
carriers dominate the transport properties. With decreas-
ing temperature, the monotonous decrease of S/7 and Ry
suggest the contribution of electron carriers grows faster
than hole carriers. However, the tendency of both curves
changes at a specific temperature which is denoted as Tj
(the location of the minimum). The S/7 and Ry curves
display an upturn behavior below this temperature, indi-
cating that the contribution of hole carriers increases in
transport.

The nonmonotonic behaviors in Hall and Seebeck mea-
surements are inherent in the pristine FeSe compound. No
matter whether for single crystal, thin film, or chemically
doped FeSe, the minima of S/7 and Ry appear in the range
100-150 K [11,21,30,31]. The extreme points in the tempera-
ture dependence of Seebeck and Hall coefficient curves have
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been thoroughly studied in cuprates [18,19,32,33], which are
attributed to the Fermi surface reconstruction resulting from
the formation of charge density wave or antiferromagnetic
order. In analogy, there seems to be a change of Fermi surface
structure in the FeSe compound occurring at 7, below which
the scattering mechanism changes. 7; at the initial state is
equal to 135 K, which locates at the temperature region where
the nematic order in FeSe system emerges [28,34—36]. The
nematic order, which is always intertwined with structure
transition and band splitting, can induce significant changes
in band structure and consequently lead to the complex be-
havior of S/T. For single crystals, a “kink” anomaly occurs
in the R(T) curves [37-39]. Although this kink behavior
is not observed in FeSe films [10,11,23], the band splitting
is still present [40]. Moreover, the in-plane angular magne-
toresistance of FeSe film shows a twofold symmetry at low
temperatures [41]. Thus, it is likely that the nematic order is
present in the film and results in the change of Fermi surface
structure at 7.

During gating, the upturn behavior is gradually suppressed
and the values of S/T change from positive to negative
[Fig. 2(c)]. At the final state, both S/T and Ry curves are
almost temperature independent. This behavior is a typical
feature of single band, which can be understood from Eqgs. (2)
and (3) in the case that the hole carrier density reduces to
zero. Then, the Fermi energy of this electron band can be

estimated to be 84.4 meV by the formula S/T = -~ k L
Such a result is consistent with the ARPES results of K- dosed
FeSe [15] in which only the electron pocket around the M
point is detected. Hence, it is reasonable to conclude that
the hole band sinks below the Fermi level gradually with
gating. In order to quantitatively characterize this process,
AS/T = §/T (60 K) — S/T (T;) is used to describe the weight
of hole carriers in transport at low temperatures. As shown in
Fig. 3(a), the AS/T decreases gradually with gating. When
AS/T = 0, the hole pocket disappears, suggestive of a Lif-
shitz transition.

In addition to the upturn behavior, the value of the Seebeck
coefficient at 7 also shows a correlation with gating. The
large negative S(7;) has been detected in FeSe thin film, which
is attributed to a large effective electron mass (m*) of elec-
tron carriers [21]. In our ILG experiments, growing |S(7%)|
is unambiguously observed. For single band systems, S/T
is inversely proportional to ¢r according to the Boltzmann
equation, while for multiband systems it is more complicated
since it can be affected by the relative weight of the electron
and hole band. As aforementioned, with ionic gating the hole
bands gradually disappear and the carrier density of electron
increases by an order of magnitude, which means that the
transport is dominated by the electron band. Particularly, for
the bottom two S/T curves in Fig. 2(c), the upturn behaviors
have almost been suppressed, i.e., the hole band has vanished,
but the last curve shows significantly higher |S/T'| compared
to the second-to-last one. The increase of |S/T'| suggests the
Fermi energy of the electron band decreases with electron
doping. To describe the structure of electron bands, Fig. 3(a)
displays the evolution of the Fermi energy calculated from
S/T (T) during the gating process. With the enhancement
of T, the Fermi energy gradually decreases and is about
84.4 meV when T, saturates.
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FIG. 3. (a) With gating process, T, is gradually saturated as
AS/T is suppressed to zero. The corresponding Fermi energy calcu-
lated from S/T (T}) is negatively correlated with 7. At final state, the
Fermi energy of electron band is equal to 84.4 meV. (b) The evolution
of band structure with gating process.

As for the density of electrons, two-band fitting for the field
dependence of both transverse and longitudinal resistivities
[42] suggests that the electron density of pristine FeSe film
(S3) is about 9.5 x 10'> ecm~3 at 60 K, as shown in Table I.
At final state this value reaches 2.1 x 10! cm™ calculated
by the Hall coefficient, implying the significant increase of
electron density during gating. Thus, the large increase of
electron density yet with decreased Fermi energy of electron
band points to a flat band scenario. Based on the Sommer-

feld theory [43], the Fermi energy in 2D system satisfies as

& = 7 (2””9 and the m* of the electron at final state is calcu-

lated to be 3.4m,. Here, ng is the surface carrier density. The
large effective electron mass also strongly supports the flat
band picture. In addition, more transport parameters could be
calculated by a combination of Hall and Seebeck coefficients,
which are also shown in Table I.

Now, a relatively complete picture for the evolution of
band structure has been established in ion-gated FeSe as
summarized in Fig. 3(b). With increasing T, the changes of
the band structure include two parts: one is that the hole
band at the I" point sinks below the Fermi level, correspond-
ing to the Lifshitz transition; the other is that the electron
correlation increases, manifesting as the flattening of the
electron band at the M point. The Lifshitz transition accom-
panying a sudden jump of 7. from 8 to 30 K in the FeSe
compound has been reported in previous ILG and ARPES
experiments [11,14], therefore the change of Fermi surface
topology is considered to be the reason for the dramatic in-
crease of 7. In our study, however, the continuous changes
in T., S/T(T;), and Ry indicate that the electron correlation
is also intimately correlated with the enhancement of T..
As shown in Fig. 3(a), T, first increases dramatically while
the Fermi energy changes strongly, and it tends to saturate
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TABLE I. Transport parameters of pristine and gated FeSe at 60 K.

n, 1y, He Moy m* kr vp T l
T. (K) (em™) (em™) (m*/V's) (m*/V's) (m,) (m™") (m/s) (s) (nm)
~11K 9.5 x 10¥ 1.1 x 1072 1.2 x 1072 1.2 x 1072
~39K 2.1 x 10% 2.0 x 1073 34 2.7 x 10° 9.2 x 10* 3.9 x 1074 3.6

as the Fermi energy saturates. This synchronized behavior
provides support for an electron-correlation-mediated super-
conducting mechanism. The flat band is also observed in other
electron-doped FeSe films by ARPES measurements [13,15].
For Na-dosed FeSe, the effective mass increases to 2.7m,,
when T, is 20 K. And for K-dosed FeSe, the effective mass
is 4m, for the superconducting state with a 7. of 40 K. The
surface-doped K ions induce local electric field, which limits
the hopping between Fe atoms and narrows the bandwidth
[44]. The HY ions injected by ionic liquid may play a similar
role to the K ions and lead to the enhancement of electron
correlations. Recently, spin fluctuations have been revealed
by inelastic neutron scattering in FeSe [45-47]. A spin res-
onance develops in the superconducting state [47], giving
strong evidence for a spin-fluctuation-mediated superconduct-
ing pairing mechanism. In this scenario, the superconducting
pairing amplitude is determined by the strength of electron
correlations [48,49]. Nevertheless, it should be noted that
for a multiband system like FeSe, ionic gating inevitably
affects both the carrier concentration and the band structure.
Therefore, it is difficult to disentangle the relative importance
of increasing electron density and reduced bandwidth on 7,
from transport measurements. Further studies are required to
conclusively determine the specific role of increasing elec-
tron density on superconductivity in FeSe besides electron
correlation.

In summary, we have combined an ILG technique with
electrical and thermal transport measurements to study FeSe
thin films. The evolution of Fermi surface structure has been
revealed in FeSe thin film under the ILG. As the T, of the
film is continuously enhanced from 10 to 40 K, the hole band
gradually sinks below the Fermi surface and the electron band
flattens. The in situ measurements break the limit of ILG and
provide a controllable method to study the material properties,
which is worthy of being extended to other research.
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