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Two-Dimensional Electron Gases at the Amorphous and
Crystalline SrTiO;/KTaO; Heterointerfaces

Hao Xu, Yulin Gan, Yuchen Zhao, Minghang Li, Xinzhe Hu, Xuanzhuang Chen,
Ruwu Wang, Ying Li,* Jirong Sun, Fengxia Hu, Yunzhong Chen,* and Baogen Shen

The 5d two-dimensional electron gas (2DEG) based on KTaO; (KTO) exhibits a
lot of exotic properties such as stronger spin-orbit coupling (SOC) and higher
superconductivity transition temperature than those of SrTiO3 (STO)-based 3d
2DEGs, whereas it has much lower electron mobility. Herein, the property of the 5d
2DEGs is investigated including the carrier mobility and Rashba SOC by interfacing
both amorphous and crystalline STO with the crystalline KTO. Metallic 2DEGs are
achieved at both interfaces of amorphous and crystalline STO-capped KTO.
Notably, the amorphous STO/KTO heterointerface has a larger carrier concen-
tration and higher Hall mobility than the crystalline STO/KTO counterparts at low
temperatures, which stems from two kinds of carriers. In contrast, the 5d 2DEG
formed at the crystalline interface exhibits much stronger Rashba SOC as revealed
through magnetotransport measurement. The deduced maximum strength of
Rashba SOC and spin-splitting energy are ~8.56 x 10" ' eV m and ~33.52 meV,
respectively. Our results provide new insights on designing on-demand properties

of KTO-based conducting interfaces.

1. Introduction

Designing on-demand functions for nanoscale devices is one of
the major research directions of electronics. In this regard,
controlling the low dimensional electron system, i.e.,
two-dimensional electron gas (2DEG) confined at the interface,
and manipulating the charge and spin of carriers and
their interconversion have great potential for spintronics.
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Complex oxide 2DEG was first found at
the interface of two insulating nonmag-
netic oxides LaAlO; (LAO) and SrTiO;
(STO).™! Different from the 2DEG formed
at traditional semiconductor interfaces
like GaAs/AlGaAs, which are dominated
by s and p-orbital electrons,? the
2DEGs produced at oxide interfaces such
as LaAlO;3/SrTiO; (LAO/STO) are mainly
derived from the strongly correlated 3d
orbital electrons. The unique 2DEGs at

oxide heterointerfaces have attracted
much-renewed attention due to their
particular  properties, such as 2D
superconductivity, [3.41 magnetism,”’sl

metal-insulator transition,”® quantum
Hall effect,””! and tunable Rashba spin-
orbit coupling,!*®'* which arouse attract-
ing huge interest for both fundamental
and applied researches.>'*~*! Revealing
the great potential of oxide interfaces with
strong electron correlations is expected to lead to new concep-
tual physics and applications.

The complex oxide 2DEG has been widely explored since
2004 besides LAO/STO interfaces, such as LaTiOs/STO,!"!
LaVO;/STO,'® NdGaOs/STO, and CaZrOs/STO.'® 1t is
worth noticing that most of the previous works focused on
STO-based 2DEGs, where the electrons come from the Ti 3d
t,g orbitals electrons residing in STO. Apart from SrTiOs,
KTaO; (KTO) is a promising substrate of 5d transition-metal
oxide, which can also produce 2DEGs with characteristics of
5d-orbitals, for example, on the Ar* ions irradiating of KTO sur-
face,!” or at the interface between the LaAlOs,2°722 LavO, 2%
LaTiO3,”" EuO or AlL,O; overlayers and KTa0;.**?% KTO
has the same high permittivity as STO, but its spin-orbit coupling
(SOC) is 20 times stronger than STO.?”*! Different from
STO-based 3d 2DEG, the 5d 2DEG based on KTO exhibits a lot
of exotic properties such as stronger Rashba spin-orbit coupling
and higher superconductivity transition temperature 2%-262%37

Moreover, the physical properties of the 5d 2DEGs can also be
tunable by the external stimuli, like electric gating,***" jonic or
light irradiation.**?¢233] 1t has also been indicated that the 5d
2DEG possesses a lower electron mobility than the typical
1000ecm’*V~'s™' at 2K for STO-based 2DEGs.*"?>?°)
Therefore, much more work needs to be done to fully explore
the KTO-based 2DEG and the effect of capping layer as well
as interface engineering on interfacial carriers’ property.
Additionally, the strong Rashba SOC is one of the most attractive
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features in KTO-based 54 2DEG. It is also interesting to
determine the effect of capping layer on the SOC with respect
to spintronic applications.

In this work, we successfully created metallic interfaces of
STO/KTO, by tuning the crystalline state of the STO capping
layer. 2DEGs with distinct carrier types and behaviors were
achieved at both the amorphous and crystalline STO/KTO heter-
ointerfaces, respectively. The most interesting observation is that
the 2DEG at amorphous-STO/KTO (a-STO/KTO) heterogeneous
interface possesses higher carrier concentration and Hall mobil-
ity than that at crystalline-STO/KTO (c-STO/KTO) interface at
low temperatures, which may stem from two kinds of carriers.
In contrast, the 2DEG at ¢-STO/KTO heterointerface exhibits
much stronger Rashba SOC effect.

2. Results and Discussion

Both amorphous and crystalline STO films (a-STO, ¢-STO)
are fabricated on single-crystal (001)-KTO substrates by pulsed
laser deposition (PLD) method, at 25 and 650 °C under limited
vacuum pressures, which are &1 x 10~ mbar at 25°C and
~1 x 10~° mbar at 650 °C, respectively. Previous research shows
no dependence of the interfacial conduction on the pressure in
this range (=1 x 1077 = ~1 x 10~ ° mbar) for KTO-based 2DEG.
Figure 1a illustrates the atomic schematic structures of
a-STO/KTO and ¢-STO/KTO heterointerfaces, given that the lat-
tice mismatch between STO and KTO is 2.1%. The growth of
amorphous and crystalline STO capping films is monitored
insitu by the reflection high energy electron diffraction
(RHEED) as depicted in Figure Slab, Supporting
Information, and the structure is further confirmed by the
XRD patterns. For the sample prepared at room temperature,
only the peaks of KTO single-crystal substrate are detected
(Figure 1b) without any Bragg reflections of STO, confirming
the amorphous structure of STO layer. While clear Bragg
(002) reflections of STO can be observed in ¢-STO/KTO epitaxi-
ally grown at 650 °C (Figure 1d). The thickness of STO upper
films is ~10 nm as deduced by the fitting curves of small-angle
X-ray reflectivity (XRR) (Figure 1c,e). It is found that the rough-
ness of STO capping films will be affected by the polar KTO sur-
face during growth because of oxygen vacancy and volatilization
of potassium, while does not affect the existence of 2DEG
(Figure S1-S3, Supporting Information).

As shown in Figure 2a, the STO/KTO samples are patterned
with Hall Bar (50 pm in width and 500 pm in length) using stan-
dard optical lithography and lift-off techniques 200 nm thick
AlO,, films as the hard mask.’% The temperature dependence
of the sheet resistance (R;) in Figure 2b suggests metallic con-
duction at both a-STO/KTO and c-STO/KTO interfaces over
the temperature range from 2 to 300 K. It is worth noting that
the Ry (300K)/R; (2K) ratio of ¢-STO/KTO is a9, which is
around sixfold lower than that of a-STO/KTO (x56), implying
a better metallic character of the 2DEG at a-STO/KTO.
Notably, in Figure 2c, the nonlinear Hall resistance behavior
is observed for 2DEG at a-STO/KTO from 2 to 30K, where
the linear Hall resistance (R,,-B) at low field is followed by a tran-
sition to nonlinear at high field. By contrast, the Hall resistance
(Ryy-B) displays well linear variation up to 12 T with a negative
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Figure 1. a) The crystal structure of the two STO/KTO heterostructures.
b,d)The XRD 26-w scan around the KTO (002) peak of the two STO/KTO
heterostructures. c,e) Small-angle X-ray reflectivity spectrum of the two
STO films. The thicknesses of the thin films are obtained according to
curve fitting.

slope at the ¢-STO/KTO interface (Figure 2d), indicating only
one single carrier contributing to the 2DEG. The Hall coefficient
changes negligibly with respect to cooling and warming, imply-
ing that the carrier density hardly changes with temperature.

The nonlinear Hall behavior (R,,-B) of the a-STO/KTO 2DEG
reveals that there are two-type charge carriers contributing to the
transport properties.** The mobility and density of the two kinds
of charge carriers are analyzed and deduced by fitting the experi-
mental data Ry, (B), using the two-band model>**>¢!

ny(B) =

nlﬂ% 4 ”1/4% B
1 1+2B 1+ 3B 1)

€ nlﬂ% n ”'1/4% 2 + ”1/4% 4 nlﬂ% ZBZ
1+u2B* 1+ uiB? 1+u2B* 1+ usB?

with the constraint of

1

R(0) = —
(0) e(npy + napy)

2)
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Figure 2. a) Schematic of the standard STO/KTO device with Hall Bar
geometry for transport measurements. b) Temperature dependence of
the sheet resistance for the 2DEGs formed at the two STO/KTO hetero-
interfaces, measured from 2 to 300 K. ) and d) Hall resistance (R,,) of the
2DEGs in a-STO/KTO and ¢-STO/KTO, measured from —12 to 12 T under
different temperatures. The insets are the larger version of (c) and (d).

where n, and n, denote, respectively, the density of the two spe-
cies of charge carriers, and p, u, are the corresponding Hall
mobility. For 2DEG at the a-STO/KTO interface, the temperature
dependence of the two types of carriers’ densities n,, n, are
shown in Figure 3a. As temperatures rise from 2 to 50 K, the
density of carriers decreases from n; ~1.66 x 10" to ~0.72
x 102 em™2 and n, =5.73 x 10" to ~5.71 x 10" cm ™2, and
the mobility of charge carriers changes from u; ~2118 to
~1156 cm® (V s) ! and p, ~496 to ~ 341 cm? (V s)”'. The total
carrier density n, (1, = n, + n,) decreases from ~7.37 x 10"
to &~ 6.45 x 10" cm ™%, mainly affected by carriers of type I
(n1). Above 50K, there is only one species of charge carrier
existing. In total, an 87% enhancement in n, takes place from
n,=39x10%cm™ (300K) to n,=7.3x10%cm % at 2K
Different from the a-STO/KTO interface, the carrier density n.
for the ¢-STO/KTO 2DEG shows temperature independence
(6.1 x 10"* cm™?), and such feature was only observed at the
crystalline LAO/STO interface before.l'! The Hall mobility ()
of 2DEGs is shown in Figure 3b for both a-STO/KTO and
¢-STO/KTO, which exhibits the power law temperature
dependence similar to that at LAO/STO interface, due to the
electron scattering by optical phonons. It is intriguing that the
a-STO/KTO 2DEG has the Hall mobility of 402 cm? (V s)™* at
2K, which is more than three times higher than that
(=122 cm® (V s)7") of ¢-STO/KTO 2DEG.

As for oxide 2DEG, the linear-to-nonlinear Hall resistance
behavior means the occurrence of Lifshitz transition. When
the carrier density exceeds the Lifshitz transition point, SOC
decreases rapidly. In Figure 2c,d, the Hall resistance of
a-STO/KTO 2DEG is nonlinear while that of ¢-STO/KTO
2DEG is linear at 2 K. Therefore, we conclude that the Lifshitz
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transition point ng in the STO/KTO 2DEG system is between
6.1 x 10" and 7.37 x 10> cm 2. The carrier density n, of
¢-STO/KTO at 2K closes to the Lifshitz transition point, so
¢-STO/KTO 2DEG shows strong the Rashba SOC effect, and
the carrier density ng of a-STO/KTO at 2 K is much higher than
the Lifshitz transition point, so its Rashba SOC is very weak. In
contrast, we have retested the electrical transport properties of
2DEG in a-STO/KTO sample after 3 months, and we found its
carrier density n, decreases to 2.7 x 10 cm™* at 2K
(See Figure S4, Supporting Information), which is far less than
the Lifshitz transition point. Thus, the Hall resistance becomes
linear and the Rashba SOC is very weak, which further prove that
the conclusion is correct. Figure 3c,d shows the magnetoresis-
tance (MR) with respect to magnetic field for the 54 2DEGs from
2 to 30K, where MR is defined as [R(B) — R(0)]/R(0).*®
Notably, at low temperatures, the MR-B curves of the
¢-STO/KTO 2DEG exhibit a clear cusp around B =0, which is
the typical feature of weak antilocalization (WAL) of 2DEG, as
for amorphous, its magnetic resistance is strongly modified by
the dual carriers of 2DEG, which makes the WAL signal hardly
to be identified. With the temperature increasing, the cusp
around B =0 becomes broad and gradually disappears for that
the WAL effect is weakening. Here, the WAL originates from
the quantum interference of the coherent electronic waves in
the WAL system with Rashba SOC, where the SOC suppresses
quantum backscattering-induced WAL, leading to the prominent
WAL!""%] Based on the literatures,'®%®! we employ the
Maekawa-Fukuyama (MF) theory to analyze the WAL of c-
STO/KTO 2DEG at the normal state and quantitatively derive
the spin-orbit term By, Three characteristic magnetic fields
[B, = h/(4eDzy), k =, 1, so] are introduced to characterize B-
dependent quantum correction of three scattering processes,*®
where, 7., 7;, and 7, are the elastic scattering time, the inelastic
scattering time, and the spin-orbit scattering time, respectively.
D = v, /2 is the diffusion constant given by the Drude model.
On the basis of the MF formula, the relationship of the first-order
quantum correction of WAL and the classical magnetoconduc-
tance is analyzed, and the correction to the total magnetoconduc-
tance can be expressed as”

Ao'xx(B) _ 1 Be + Bso 1 Bi + Bso
G YLt )tvet s
1 /1 B +2B,\ 1 (1 B
+2"’(2Jr B 27278 ©)

7|:1n<Bi+Bso> +11n<Bi+ZBS°>:| 7Ak axx(O) B2
B.+B,) 2 B; G, 1+CB
Here, the y(x) is the digamma function. The parameters A;
and C from the last term describe the classical magnetoconduc-
tance, and G, = ¢?/zh is a universal value of conductance. As
shown in Figure 4a, the fitting curves of normalized magneto-
conductance fit well with the experimental data according to
the Maekawa-Fukuyama theory for 2DEG in ¢-STO/KTO.
Figure 4b demonstrates the deduced SOC characteristic filed
By, as the functions of temperature, which decreases from
~1.07 to 0.45T as temperature rises. The strength of the
Rashba SOC is related to the fitted inverse spin relaxation length
gso through ay = #3q,, /2m*, where the ag is Rashba coefficient,
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Figure 3. a,b) The corresponding carrier density (1, ny, n,, and nc) and Hall mobility (p1, p2, pa, and ) for each species of charge carriers in the a-STO/KTO
and c-STO/KTO 2DEGs, as functions of temperature. ¢,d) The magnetoresistance (MR) of a-STO/KTO and c¢-STO/KTO 2DEGs at low temperatures.
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Figure 4. a) The fitting of normalized magnetoconductance according to the Maekawa—Fukuyama theory for 2DEGs in c-STO/KTO. b) The deduced SOC
characteristic field Bso as functions of temperature. c) The deduced spin splitting energy Aso and the strength of Rashba coefficient ay as the function of

carrier density for ¢-STO/KTO 2DEGs.

and the m* is the effective mass of the electrons,** which is 0.36
me for KTO 5d 2DEG,* much less than that of STO.'”) The spin

relaxation length g, can be calculated using g, = (Dzy,) 2.%%
The spin-orbit effective field B, is defined as By, = #/4eDr,.
Thus, the strength of the Rashba SOC ay can be obtained as

\/eh? By,

~——2, where the By, can be extracted by the MR curves
fitting. The spin-splitting energy is given by Ay, = 2agkg, in
which the kg is the Fermi wave vector, and ky = v/2zng.""
Figure 4c summarizes the spin splitting energy Aso and
Rashba coefficient ay as a function of the carrier density, dem-
onstrating that the maximum Ago and ag are ~33.52meV and
~8.56 x 10712 eV m, respectively. The spin split energy is com-
parable to that of the amorphous-LAO/KTO and GAO/KTO het-
erostructure,”>**! but larger than that of STO-based 2DEG as
expected [101140-42]

ar =
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3. Conclusion

In conclusion, we have created two types of metallic oxide inter-
faces by interfacing both amorphous and crystalline STO capping
layers with the polar substrate KTO. Metallic 54 2DEGs are
achieved in both cases. Notably, the amorphous STO/KTO het-
erointerface possesses larger carrier concentration and higher
Hall mobility than that in the crystalline STO/KTO counterparts
at low temperatures. There are two types of carriers in the 2DEG
of a-STO/KTO below 50K, and the same phenomena are
observed at the a-LaAlO3/KTO interface. The band structure
of KTO surface is similar to the LAO/STO case with the parabolic
dispersion relation, in which the Rashba splitting results in the
shift of d,./d,. bands. In this scenario, the mobile electrons will
first occupy the low-level d,, states near KTO surface, and then fill
into the d,./d,, orbitals when the carrier density increases and

(4 of 6) © 2023 Wiley-VCH GmbH
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Fermi energy approaches a threshold value, generating two
different carriers in the a-STO/KTO. The 2DEG formed at
crystalline STO/KTO heterointerface is relatively stable with
the carrier of a single kind, and exhibits strong Rashba spin-orbit
coupling effect at low temperatures, in which the maximum
spin-orbit characteristic magnetic field By, and spin splitting
energy Aso can be up to ~1.07 T and ~33.52 meV, respectively.
It is noticed that defects like oxygen vacancies and potassium
vacancies would have serious impacts on the polar KTO surface
and the complex interface during high-temperature growth
(Figure S2 and S3, Supporting Information), which could influ-
ence the high-quality of the 2DEGs that originate mainly from
the oxygen vacancies in KTO surface, and thus the mobility of
carriers is much different for samples grown at different temper-
atures. Our work presents important information on the design
of the physical properties of the KTaOs-based 5d 2DEG.

4. Experimental Section

Both amorphous and crystalline STO films were fabricated on
single-crystal (001)-KTO substrates (5 x 5 x 0.5mm?) in pulsed laser
deposition (PLD) system with a 248-nm KrF excimer laser (1.5)cm 2,
2 Hz), while varying the temperature at 25 and 650 °C under limited vac-
uum pressure, respectively. Samples are furnace-cooled to room temper-
ature at on-site oxygen pressure after deposition. The surface morphology
of the film was analyzed by atomic force microscopy (AFM, Bruker
MultiMode8) at the ambient conditions. The crystal structure and
thickness (=10nm) of the films were determined by X-ray diffraction
and X-ray reflectivity, respectively (Bruker D8 Discover, Cu Ka radiation).
Magnetotransport measurements were performed on Hall Bar samples by
quantum-design physical property measurement system (PPMS) with
temperature from 2 to 300 K and magnetic field up to 12T. Ultrasonic
bonded Al wire of 20 pm in diameter was used as electrode contact.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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