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Reversible and nonvolatile ferroelectric control of two-dimensional electronic transport properties

of ZrCuSiAs-type copper oxyselenide thin films with a layered structure
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Copper-based ZrCuSiAs-type compounds of LnCuChO (Ln = Bi and lanthanides, Ch = S, Se, Te) with a
layered crystal structure continuously attract worldwide attention in recent years. Although their high-temperature
(T > 300 K) electrical properties have been intensively studied, their low-temperature electronic transport
properties are little known. In this paper, we report the integration of ZrCuSiAs-type copper oxyselenide thin films
of Big.04Pbg 0sCuSeO (BPCSO) with perovskite-type ferroelectric Pb(Mg;,3Nb,/3)03-PbTiO3; (PMN-PT) single
crystals in the form of ferroelectric field effect devices that allow us to control the electronic properties (e.g.,
carrier density, magnetoconductance, dephasing length, etc.) of BPCSO films in a reversible and nonvolatile
manner by polarization switching at room temperature. Combining ferroelectric gating and magnetotransport
measurements with the Hikami-Larkin-Nagaoka theory, we demonstrate two-dimensional (2D) electronic
transport characteristics and weak antilocalization effect as well as strong carrier-density-mediated competition
between weak antilocalization and weak localization in BPCSO films. Our results show that ferroelectric gating
using PMN-PT provides an effective and convenient approach to probe the carrier-density-related 2D electronic
transport properties of ZrCuSiAs-type copper oxyselenide thin films.

DOI: 10.1103/PhysRevMaterials.2.055003

I. INTRODUCTION

The quaternary 1111 phases with a layered crystal structure
of the ZrCuSiAs-type form a broad family of materials in-
cluding iron-based superconductors (e.g., LaFeAsO;_,F,) [1],
optoelectronic chalcogenide semiconductors [e.g., LnCuChO
[2,3], (Ln = lanthanides, Ch =S, Se, Te)], magnetic gap-
less semimetals (e.g., YZng goCop 11 AsO) [4], ferromagnetic
Kondo lattice systems (e.g., CeRuPO) [5], bipolar magnetic
semiconductors (e.g., La(Mn,Zn)AsO) [6], etc., and have been
attracting increasing worldwide interest in recent years. As a
member of this vast family, divalent element-doped BiCuSeO
(BCSO) semiconducting compounds show the highest ther-
moelectric performance (figure of merit ZT~1.4 @ 923 K [7])
among oxygen containing materials and a high flexibility to
element doping (e.g., Ca, Sr, Ba, Pb, S, Te), which modifies
the carrier density and band gap and hence enhances the
electrical conductivity and thermoelectric properties [7—10].
Indeed, the element doping is an effective and convenient
strategy for tuning the carrier density and its related physical
properties of BCSO compounds. This approach, however,
inevitably brings about additional lattice distortion, disorders,
defects, and/or secondary phases, etc., which is discouraging
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from fundamental research perspectives. To better understand
the important role played by the carrier density in this class
of copper oxyselenides, it is necessary to in situ tune and
modulate the carrier density in a reversible and nonvolatile
manner without element doping.

Electric-field-controllable electrostatic tuning of carrier
density offers aunique opportunity to probe the carrier-density-
related physical properties of a variety of functional thin
films [11-17]. Since the volume carrier density of divalent
element-doped BCSO is relatively large (n3p ~ 10 cm™3
[7-9,18], or nap ~ 10 cm~2 for a 10-nm-thick film), it is
a great challenge to tune their carrier density effectively using
the widely used dielectric gate materials such as the SiO,,
Al,O3, HfO,, h-BN, SiN,, and SrTiO3; because the electric-
field-induced areal polarization charges by these gate materials
are not only volatile but also too small (~10'2—10'* cm~2) (see
Ref. [19] for more details). In this context, we note that the per-
ovskite Pb(Mgj,3Nb;/3)03-PbTiO3; (PMN-PT) single crystals
possess excellent ferroelectric properties at room temperature,
which can be exploited for realizing reversible and nonvolatile
tuning of carrier density of films [13,14]. They have a large
nonvolatile remnant polarization of 2P, ~ 50—60 uC/cm?
[13,16], which corresponds to an areal charge density of
~3.1-3.7 x 10'*/cm?. This value is comparable to the carrier
density of divalent element-doped BCSO and at least, one
order of magnitude higher than what could be achieved by
using the above mentioned dielectric gate materials. Moreover,
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FIG. 1. Structure characterization of BPCSO films. (a) Crystal structures of BPCSO and PMN-PT. (b) Schematic illustration of the natural
multiple quantum well structure of the layered BPCSO. (c) Out-of-plane XRD 6-26 scan pattern of a BPCSO(160-nm)/PMN-PT structure.
(d) ¢-scan patterns of the BPCSO(160-nm)/PMN-PT structure. (e) Cross-sectional TEM image of a 160-nm BPCSO film. (f) An enlarged TEM
image taken from (e). (g) Power spectrum of the fast Fourier transform of (e). (h) Cross-sectional TEM image of the ~16-nm BPCSO film.

PMN-PT single crystals have pseudocubic perovskite struc-
tures whose lattice parameters a and b (a ~ b ~ ¢ ~ 4.02 A)
are slightly larger than those of the BCSO (a = b = 3.9273 A,
¢ =8.9293 A, space group P4/nmm), making them still suit-
able substrates for the epitaxial growth of BCSO-based films.

Similar to LnCuChO compounds [3,20], the two-
dimensional (2D) layered BCSO can be viewed as natural
multiple quantum wells (NMQWs) built into its layered struc-
ture in which the (Bi,0,)** insulating layers act as inherent
blocking barriers for the carriers’ motion along the ¢ axis,
while the (Cu,Se, )~ layers act as the carrier conducting layers
[Figs. 1(a) and 1(b)]. Many experimental works have shown
that the replacement of a small portion of Bi atoms (~6%) by
Pb atoms significantly enhances the carrier density, electrical
conductivity, and thermoelectric performance because of the
release of hole carriers from the (Bi,0,)** charge reservoir lay-
ers to the (CupSe,)? conducting layers [8]. Therefore, in this
paper, we fabricated Bigg4PbgosCuSeO(BPCSO)/PMN-PT
ferroelectric field effect transistor (FeFET) devices by growing

BPCSO films on ferroelectric PMN-PT (001) single-crystal
substrates. We realized reversible and nonvolatile electric-field
control of the carrier density and related electronic transport
properties of BPSCO films through polarization switching at
room temperature and observed strong anisotropic magneto-
transport behaviors and sharp cusps in the magnetoconduc-
tance versus magnetic field curves within low-field region,
which is a signature of the weak antilocalization (WAL ) effect.
We also found carrier-density-mediated strong competition
between the WAL and the weak localization (WL). Our results
offer a more in-depth understanding of the low-temperature
electronic properties of BCSO-based films, which is rarely
studied and little known as of now.

II. EXPERIMENTAL DETAILS

PMN-PT single crystals with a large size of & 75 mm x
700 mm were grown by the modified Bridgeman technique
at the Shanghai Institute of Ceramics. The crystals were cut
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into small pieces with a size of 5 mm [100] x 5 mm [010] x
0.5 mm [001] and carefully polished to a root-mean-square
roughness less than 1 nm. BPCSO thin films were grown
on one-side polished PMN-PT (001) single-crystal substrates
by pulsed laser deposition (PLD) from a high-purity BPCSO
target prepared by spark plasma sintering for 8§ min under
50 MPa at 700 °C. The target was ablated by a KrF excimer
laser (248 nm) with a pulse energy density of 1.2J/cm? and
a repetition rate of 2 Hz. The film deposition was carried
out under 1-Pa Ar atmosphere and a substrate temperature of
450 °C, followed by in situ annealing for 30 min and cooled to
room temperature at a rate of 5 °C/min.

Structural properties of BPCSO thin films were character-
ized by a high-resolution four-circle Bruker D8 Discover x-ray
diffractometer using CuK,; radiation (A = 1.5406 10\) and a
high-resolution transmission electron microscope (Tecnai G2
F20 S-Twin). The in-plane electronic transport properties of
BPCSO films were measured in the temperature range from
2 to 300 K using a Physical Property Measurement System
(PPMS-9, Quantum Design). Using the conducting BPCSO
film and the Ag film (~100 nm) as the top and bottom
electrodes, respectively, the poling of PMN-PT substrates were
achieved by applying a positive or negative dc voltage of
330 V (~6.6 kV/cm) to the PMN-PT along the thickness
direction. We particularly note here that all electronic transport
measurements were made after the 330-V dc poling voltage had
been turned off.

The magnetic hysteresis loops of BPCSO films were mea-
sured using Quantum Design MPMS XL-5 SQUID Magne-
tometer. The polarization-electric field hysteresis loops were
measured using a Precision Multiferroic ferroelectric analyzer
(Radiant Technologies, Inc. USA). The piezoresponse force
microscopy images were measured using the MFP-3D In-
finity atomic force microscope (Oxford Instruments Asylum
Research Inc.).

III. RESULTS AND DISCUSSION

Figure 1(c) shows the XRD 6-20 linear scan pattern of a
thick BPCSO(160-nm)/PMN-PT structure. Except the peaks
from the PMN-PT substrate, only BPCSO (00/) (I =1, 3, 4,
5, 6, 7) diffraction peaks can be observed, indicating that the
BPCSO film is single phase and preferentially oriented along
the ¢ axis. The lattice parameter c is determined to be 8.91
A, slightly smaller than that of the BCSO parent compound.
The full width at half maximum of the rocking curve taken
on the BPCSO (003) diffraction peak exhibits a value of 1°
(see Ref. [19]). XRD ¢ scans were employed to understand
the in-plane lattice arrangement between the BPCSO and the
PMN-PT. As shownin Fig. 1(d), both the ¢-scan peaks taken on
the (102) reflection of the BPCSO film and the (101) reflection
of the PMN-PT substrate exhibit four-fold symmetry with
90° intervals and appear at the same azimuth angles, which
suggests that the BPCSO film is probably epitaxially grown on
the PMN-PT substrate. To further characterize the structural
properties, we performed high-resolution transmission elec-
tron microscopy (HRTEM) measurements. Figure 1(e) shows
across-sectional HRTEM image taken near the interface region
of a thick BPCSO(160-nm)/PMN-PT structure. Unexpectedly,

the image shows that there is a ~8-nm BPCSO interface layer
whose ¢ axis tilts by approximately 55° with respect to the
substrate plane while the remaining part of the film grows
layer by layer along the ¢ axis (see Ref. [19]). The interlayer
distance is approximately 0.89 nm, which matches well with
that of the (001) plane of the BPCSO and is consistent with
that obtained from the XRD result. Figure 1(f) shows an en-
larged HRTEM image whose atomic arrangement is consistent
with the simulation of ZrCuSiAs-type structural model. The
electron diffraction pattern produced by fast Fourier transform
(FFT) of the lattice image shown in Fig. 1(e) coincides with
the simulated diffraction pattern along the [010] zone axis of
the BPCSO (see Ref. [19]). HRTEM images of the ~16-nm
BPCSO film [Fig. 1(h)] also exhibit a ~6-nm interface layer
whose c¢ axis tilts by ~55° with respect to the substrate plane
while the remaining part of the film grows layer by layer along
the ¢ axis.

We constructed BPCSO/PMN-PT semiconduc-
tor/ferroelectrics devices based on the concept of ferroelectric
field effect. The application of an electric field (E field)
with upward direction to the PMN-PT induces negative
polarization charges on the surface of PMN-PT, which would
attract positive screening charges (i.e., holes) from the BPCSO
films. As a result, the BPCSO film would be depleted from
hole carriers, as schematically illustrated in Fig. 2(a). In
contrast, the application of an E field with downward direction
to the PMN-PT induces positive polarization charges on the
surface of PMN-PT, which would extract negative charges
from the BPCSO film to screen the positive polarization
charges, resulting in an increase in the hole carrier density
in the BPCSO film [Fig. 2(b)]. Figure 2(c) shows the
polarization-electric field hysteresis loop with a remanent
polarization 2P, ~ 51 £C/cm? for the PMN-PT substrate. The
full switching of the polarization direction is also evidenced
by the box-in-box piezoresponse force microscopy images
within the two green boxes, which exhibits uniform and sharp
contrast between the two nonvolatile polarization states. As
a result, we obtained a resistance-electric field hysteresis
loop for the 16-nm BPCSO film upon the application of a
bipolar E field to the PMN-PT [Fig. 2(d)], which indicates the
ferroelectric-field-effect-dominated mechanism and p-type
nature of the charge carriers in the BPCSO film. It is noted that
the resistance is unstable with increasing electric field from 0
to +7kV/cm or from 0 to —7kV /cm, which may related to the
converse piezoelectric effect of the PMN-PT and the defects
in the BPCSO film. With increasing electric fields in-plane
compressive strains would be induced in the PMN-PT due to
the converse piezoelectric effect. The induced strain would be
transferred to the epitaxial BPCSO film, thereby influencing
the strain state and resistance of the BPCSO film. On the other
hand, the defects in the BPCSO film would have an impact
on the screening charges at the interface region, as have been
reported in TiO,_;/PMN-PT structures [13]. The coactions
of these two effects may result in the unstable resistance
behaviors. The high and low resistance state at £ = 0kV/cm
is marked as “R(P;")” and “R(P")” states, which corresponds
to the hole carrier depletion and accumulation states of the
BPCSO film, respectively. As a result of the nonvolatile
interfacial charge effects, the resistance for the positively
polarized P is significantly larger than that for the negatively
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FIG. 2. Electronic transport properties of the 16-nm BPCSO thin film. [(a) and (b)] Schematic illustrations of the modification of hole
carrier density of the BPCSO channel by ferroelectric gating. (c) Polarization-electric field hysteresis loop for the PMN-PT substrate. Inset
shows a box-in-box piezoresponse force microscopy image of the PMN-PT under positively polarized P (inner box) and negatively polarized
P~ (outer box) states. (d) Resistance of the BPCSO film vs bipolar E field applied to the PMN-PT (left axis) and the corresponding dR/dE vs E
(right axis) curve. (¢) Temperature dependence of the resistance of the BPCSO film for the P and P~ states of the PMN-PT, respectively. Inset
shows the temperature dependence of the volume hole carrier density of the BPCSO film for the P;* and P~ states of the PMN-PT, respectively.

polarized P, states in the whole temperature region [Fig. 2(e)].
Hall measurements show that the hole carrier density for the
P state is smaller than that for the P~ state [inset of
Fig. 2(e)]. All these polarization-switching-induced electronic
behaviors are consistent with the ferroelectric field effect.

We adopted two kinds of magnetotransport measurement
geometries [Figs. 3(c) and 3(d)] to probe into the anticipated 2D
electronic transport for such a unique NMQW structure which
has been confirmed by the steplike optical absorption spectra in
LnCuChO (Ln = La, Pr, Nd; Ch = S, Se) [3,20] compounds
that have the same layered structure as that of the BPCSO.
For the relatively thicker 40-, 120-, and 160-nm BPCSO
films, positive magnetoresistance (MR) with a paraboliclike
shape is observed for T =2, 5, 10, 20, 30 K, regardless
of the polarization states of PMN-PT and the directions of
the magnetic field B (see Ref. [19]). While for the thinnest
16 nm BPCSO film, rather complicated MR behaviors are
observed (see Ref. [19]), which will be discussed in detail in
the following sections. It is noteworthy that the MR versus
B curves for T = 2K show dips at B =0T for all films
(16, 40, 120, 160 nm). This is a signature of WAL effect
which usually occurs in 2D electron transport systems and
manifests itself as a dip in the magnetoresistance or a sharp
cusp in the magnetoconductance change AG g 1), AG 1) =
Gp.ry — Go.r) and G = 1/R, within low-field region [21-
23]. Hereafter, we mainly focus on the effects of the direction
and strength of magnetic field as well as the polarization states
of the PMN-PT on the magnetotransport behaviors and WAL
effect of the thinnest 16 nm BPSCO film.

We present the measured MR of the 16-nm BPCSO film
(see Ref. [19]) in the form of quantized AG(e*/h) where
e and h are the unit of electric charge and Planck constant,
respectively. Figures 3(a), 3(b), 3(e), and 3(f) show AG as a
function of B for both polarization states of the PMN-PT, as
measured at different fixed temperatures. For the P state,
when the direction of B is perpendicular to the ab plane of
the film (B L ab) [Fig. 3(a)], AG is negative and shows sharp
cusps in the low-field region (-1 T < B < 1T)for T =2, 5,
10, 20, 30 K, which is a characteristic feature of WAL effect
and may originate from the spin-orbital coupling (SOC) in the
(Cu,Se,)* layers [20,24]. Note that similar AG behaviors due
to the WAL effect have been observed in a number of material
systems, such as topological insulators [21], transition metal
dichalcogenides [23], quantum well structures [25], and quan-
tum dots [26]. In higher magnetic fields (e.g., B > 2.4 T for
T = 2K), AG increases with increasing B (dAG/dB > 0).
As aresult, the sign of d AG /d B changes from negative to pos-
itive, implying a magnetic-field-driven crossover from WAL to
WL. Furthermore, with increasing temperature from 2 to 30 K,
the magnitude of the negative AG is significantly reduced and
disappears for 7 = 50 and 100 K, indicating a suppression
of the WAL effect with increasing temperature. Namely, the
BPCSO film evolves from WAL dominated magnetoconduc-
tance at T = 2K to WL dominated magnetoconductance at
higher temperatures, a phenomenon similar to that observed in
GaAs quantum dots [26], GaAs/In,Ga;_,As/GaAs quantum
wells [27], Al,Ga;_,N/GaN 2D electron gas [28], and n-InSb
thin films [29].
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FIG. 3. Magnetoconductance change, AG, as a function of magnetic field B for the 16-nm BPCSO film. [(a), (b), (e), and (f)] AG of the
BPCSO film for the Pj and P states of the PMN-PT and different directions of the magnetic field, as measured at 7 = 2, 5, 10, 20, 30, 50, and
100 K, respectively. [(c) and (d)] Schematic illustrations of the measurement geometries with the direction of the magnetic field perpendicular
and parallel to the film plane. (g) A phenomenological picture to understand the anisotropic magnetotransport behaviors.

As the polarization state is switched from P~ to P*
[Fig. 3(b)], the low-field AG is still negative at low tem-
peratures (T =2, 5, 10, 20, 30 K) and positive at higher
temperatures (7 = 50, 100 K). However, the cusps of AG are
not as sharp as that for the P~ state. Particularly, the negative
cusps almost disappear for 7 = 20 and 30 K. This polarization-
switching-induced weakening of WAL effect indicates that a
higher carrier density favors WAL while a lower carrier density
favors WL, similar to that observed in the GaAs/AlGaAs
2D electron gas [22]. When the direction of B is parallel
to the ab plane (B || ab) [Figs. 3(e) and 3(f)], similar AG
behaviors are observed excepted that the sharpness of the cusps
are remarkably reduced, as compared with the situation for
B L ab, suggesting significantly weakened quantum interfer-
ence correction to the conductance. All these magnetotransport
behaviors suggest strong competition between WAL and WL,
which is closely related to the direction and strength of
magnetic field as well as the polarization states of PMN-PT.

These anisotropic magnetotransport behaviors in the low-
field region could be qualitatively understood using the phe-
nomenological picture illustrated in Fig. 3(g). As is known, the
WAL results from the destructive quantum interference of elec-
tron waves when electrons are scattered in two time-reversed

paths in the presence of significant SOC while the WL results
from the constructive quantum interference in the absence of
significant SOC [30,31]. For the BPCSO with 2D electron
transport characteristics, it is assumed that the angle between
the time-reversed path 7 and the film plane is 6. When B L ab
(or B || ab), the effective components of T is the T’ (or T"),
which is the perpendicular projection of T onto the ab (or bc)
plane, because the phase factor (8 = e¢®/h) depends on the
effective magnetic flux & that passes through the loop T'[31], as
schematically illustrated in Fig. 3(g). In 2D limit (i.e., 8 = 0°),
WAL would be the strongest when B L ab and disappears
when B || ab, which indeed has been observed in 2D electron
gas (e.g., Al,Ga;_,N/AIN/GaN) [32] and 1D nanowires (e.g.,
InAs nanowires) [33]. For the present 16-nm BPCSO film the
observed low-field anisotropic magnetoconductance suggests
the 2D electronic transport characteristics. The appearance of
WAL effect for B || ab could be ascribed to the presence of
the titled interface layer, as observed in the HRTEM image
[Fig. 1(h)], which would result in the effective component 7”.

To quantitatively understand the low-field WAL and
anisotropic magnetotransport with 2D characteristics, we in-
voke the Hikami-Larkin-Nagaoka (HLN) model which has
been successfully used to characterize the WAI effect in 2D
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FIG. 4. HLN fitting of the low-field magnetoconductance of the 16-nm BPCSO film. (a) AG as a function of the magnetic field B for the
Pt and P states of the PMN-PT and B L ab plane of the BPCSO film. (b) AG as a function of the magnetic field B for the P," and P~ states

of the PMN-PT and B || ab. The black solid lines are the fitting results.

electron transport systems [21]. We fitted the AG data to the
HLN expression [34],

2 B.+ B B
AG — ae ¥ + Bso + Bs
22k B
3 (3Bso+3Bs+ B 2Bs + B;

f( )+ (222

where « is a prefactor, f(x) = In(x) — ¥(1/2 + x), ¢ is the
digamma function. B, By, Bs, and B; are the characteristic
fields for elastic scattering, spin-orbit, magnetic spin-flip, and
inelastic scattering, respectively. The characteristic field B,
(n = e, s0, s, 1) is related with the characteristic length ¢,, and
time 7, through the equation B, = 1i/(4et?) = h/(4eD7,),
where /i and D are the reduced Planck constant and diffusion
constant, respectively. Since the BPCSO film is a nonmagnetic
semiconductor (see Ref. [19]), it is reasonable that there is
no magnetic spin-flip scattering, resulting in By = 0. Hall
measurements show that the elastic mean free path for hole
carriers ({,) is rather smaller (£, < 1nm, see Ref. [19]), result-
ing in a large B, (>41 T) according to B, = i/ (4e£§). Under
such a circumstance [i.e., By =0, Bo >41T,and B< 12T
(fitting region)], the contribution of f (M) to AG is very
weak (see Supplemental Material [19]) and could be neglected
during the fitting process. Note that the inelastic and magnetic
spin-flip scatterings contribute to quantum dephasing, resulting
in the dephasing rate 7, I = ri;] + 215;' , and dephasing field
By =l/(4eDt1y) = B; + 2B;. Similar to the way that was
employed to fit the AG of the layered Nb3SiTeg single crystals
[35], the classical orbital MR (o B?) due to the Lorentz force
is also considered during the fitting. As shown in Figs. 4(a)

1
2 B 2 B

and 4(b), AG at five fixed temperatures (T = 2, 5, 10, 20, and
30 K) for both the P" and P~ states of the PMN-PT can be
quite well fitted using Eq. (1) in the low-field region (1.2 T <
B < 1.2 T) whether B is perpendicular [Fig. 4(a)] or parallel
[Fig. 4(b)] to the ab plane of the BPCSO. The dephasing
field By is extracted from the fitting to further understand the
anisotropic electronic properties.

Figure 5(a) shows the temperature dependence of By, for
both the P* and P states of the PMN-PT. Whether B L ab
or B || ab, By for both polarization states increases with in-
creasing temperature, suggesting stronger inelastic scattering
at higher temperatures. A noticeable anisotropy of B, can be
observed once the direction of the magnetic field changes from
B 1 abtoB || ab. For B || ab, the temperature-dependent B
shows almost no difference between the Pt and the P, states.
However, for B Lab, B, show appreciable difference between
the P" and the P states at high temperatures (7' > 30 K).
Using the phenomenological picture shown in Fig. 3(g), these
phenomena can be reasonably understood. Since the BPCSO
film has a 2D electronic transport characteristic, a stronger
phase coherence of charge carriers is expected in the ab plane
with respect to that in the bc plane because 7" in the ab plane
is pretty larger than 7" in the bc plane. As a result, a smaller
By, or a larger phase coherence length £, would be obtained for
B L ab. Thisis indeed consistent with the experimental results
shown in Figs. 5(a) and 5(b) where both B, and £, show strong
anisotropy. Further, £, shows a crossover around 6 K between
the P and the P states, implying a competition between the
electron-electron scattering dominated dephasing mechanism
(T < 6 K) and the electron-phonon scattering dominated
dephasing mechanism (7 > 6 K). The dephasing rate 7, L
which controls the magnitude and temperature dependence
of the quantum interference effect, can be described by the
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FIG. 5. Fitting parameters of the low-field magnetoconductance for the 16-nm BPCSO film. (a) Temperature dependence of the dephasing
field By for the P" and P states of the PMN-PT when B L ab and B || ab. (b) Temperature dependence of the dephasing length £, for the
Pt and P states of the PMN-PT when B L ab and B || ab. (c) Fitting of Edjz using Eq. (4) for the P," and P states of the PMN-PT when

B 1L abandB || ab.

following expression for nonmagnetic semiconductors [36],

1

- —1 -1 -1
T =T T Tpe—eT Tpepn )

where 7, ! is the finite zero temperature dephasing rate,
T, l_e and 7, i_ph represent the dephasing rate caused by
inelastic electron-electron and electron-phonon scatterings,
respectively. Given that both of the inelastic scatterings from
the electron-electron and electron-phonon interactions yield a
power law term in the temperature dependence of dephasing

rate, the total dephasing rate can be rewritten as [35,36],
r¢_1 =1, +al P~ 4 pT e, 3)

where aTfe- and bT " are the contributions from inelas-
tic electron-electron and electron-phonon scatterings, respec-
tively. Since %/ (4e£,zl) = h/(4eDrt,) and it is quite difficult to
obtain the diffusion constant D of the 16 nm BPCSO film,
Eq. (3) is thus expressed in the form of 6;2 through the
following equation:

t,> = A+ BT <+ CT ™, 4)

where A, B, and C are prefactors that are related to the diffusion
constant D. Typically, the electron-electron scattering domi-
nates the low temperature dephasing for 1D and 2D systems,
with the exponent P,_, &~ 2/3 and 1 for 1D and 2D systems
[36], respectively. In contrast, the electron-phonon scattering
dominates the dephasing for 3D systems, but contributes much
less at lower dimensions, with the exponent P,_p, varying
from 2 to 4 for all dimensions [36]. Using P,_, =1 and
P._pn = 3.5, we obtain good fitting of E;z to Eq. (4) [Fig. 5(¢)]
and summarize the fitting parameters in Table 1. The weight

of electron-electron interaction (or equivalently, the prefactor
B) is approximately four orders of magnitude larger than that
of the electron-phonon interaction (the prefactor C), implying
that the electron-electron interaction plays the dominant role
at low temperatures (few degrees Kelvin). For example, for
the B L ab and P state, the calculated values of BT % and
CTPm at T = 6K are 2.56 x 10~* and 0.60 x 10~* nm~2,
respectively. The contribution from the latter is only 23.4% of
that from the former. We note that the polarization switching
from P;" and P~ (or from P and P;") has significant impact
on the prefactors B and C, which highlights the advantage of
using ferroelectric gating to study the relative importance of
carrier density on the electron-electron and electron-phonon
interactions in reduced dimensions.

IV. SUMMARY

In summary, we report the fabrication of ZrCuSiAs-type
copper oxyselenide thin films on ferroelectric PMN-PT single
crystals to form ferroelectric field effect devices in which
the carrier density, resistance, magnetoconductance, coherence
length of carriers, and the dephasing rate and dephasing field
of the films could be reversibly manipulated in a nonvolatile
manner by the polarization switching at room temperature.
Systematical magnetic field direction, polarization state, and
temperature dependent magnetotransport measurements reveal
strong competition between the weak antilocalization and
weak localization and support the 2D electronic transport
properties of the BPCSO film at low temperatures. Based on the
quantum interference, a phenomenological picture is adopted
to understand the anisotropic low-field magnetoconductance.

TABLE I. Parameters of electron-electron scattering and electron-phonon scattering obtained from the fitting of 6;2 using Eq. (4). AA,AB,
and AC are the difference of the values of parameters A, B, and C by the polarization reversal.

A (107*nm™?) B (1073 nm—2K™) C (10 nm—2K™3)
B 1 ab Pr+ 1.851 1.044 4.701
P~ 1.980 0.427 11.340
AA,AB, AC -0.129 0.617 -6.639
B | ab Pt 5.734 7.799 9.415
pP- 3.465 11.890 2.009
AAAB, AC 2.269 —4.091 7.406
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Our results not only offer an in-depth understanding of the
low-temperature electronic properties of BCSO-based com-
pounds but also provide a promising step toward exploring
thermoelectric/ferroelectric hybrid devices and a simple and
straightforward approach to realize reversible and nonvolatile
tuning of electronic properties of ZrCuSiAs-type copper oxy-
selenide thin films.
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