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High mobility quasi two-dimensional electron gas (2DEG) found at the CaZrO3/SrTiO3 nonpolar heterointerface is
attractive and provides a platform for the development of functional devices and nanoelectronics. Here we report that the
carrier density and mobility at low temperature can be tuned by gate voltage at the CaZrO3/SrTiO3 interface. Furthermore,
the magnitude of Rashba spin–orbit interaction can be modulated and increases with the gate voltage. Remarkably, the
diffusion constant and the spin–orbit relaxation time can be strongly tuned by gate voltage. The diffusion constant increases
by a factor of∼ 19.98 and the relaxation time is reduced by a factor of over three orders of magnitude while the gate voltage
is swept from−50 V to 100 V. These findings not only lay a foundation for further understanding the underlying mechanism
of Rashba spin–orbit coupling, but also have great significance in developing various oxide functional devices.
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1. Introduction

Owing to the rapid development of film technology,
a large amount of oxide heterointerfaces among transition
metal oxides (TMOs) have been fabricated intensively, ex-
hibiting a lot of intriguing physical functionalities because
of their unique electronic structure and properties.[1–10] One
typical breakthrough was that the interface between two
ABO3 type perovskite insulators, e.g., LaAlO3 and SrTiO3

(LAO/STO), hosts a high-mobility two-dimensional electron
gas (2DEG).[11] The conductive interface possesses quanti-
ties of fascinating properties such as ferromagnetism,[12–14]

superconductivity,[15,16] and strong Rashba spin–orbit cou-
pling (Rashba-SOC),[17] which results from the interfacial
breaking of inversion symmetry.

Apart from the LAO/STO interface, 2DEGs have also
been found in other STO-based systems.[18–24] In 2015, Chen
et al. created a newly nonpolar interface in 3d strong corre-
lated systems, CaZrO3/SrTiO3 (CZO/STO). The critical thick-
ness of CZO is 6 unit cell for the occurrence of interface con-
duction and it is much attractive via its high electron mobility
more than 6×104 cm2/(V·s) at low temperature, almost three
times of the mobility of 2DEG at the LAO/STO interface.[25]

Meanwhile, Niu et al. tuned the CZO/STO interface by using

external ionic liquids (ILs) gating according to the electrolyte
gate mechanism.[26] Besides, compared to the LAO/STO in-
terface, the CZO/STO interface has a better lattice match and
nonpolar property, which may have critical reference not only
for the investigation of conductive mechanism but also for the
study of diversified novel physical properties, such as Rashba-
SOC, in CZO/STO system.

So far, however, the effect of the external gate voltage
(VG) on the transport properties at the CZO/STO interface has
not yet been systematically studied. In our work, the effects
of VG on the 2DEG transport properties at the CZO/STO in-
terface, including Rashba-SOC, are studied. Our results show
that tunable Rashba-SOC is susceptible to the external VG.

2. Experimental details
CZO films with 22-unit-cells (∼ 8.8 nm) were grown on

(001)-oriented TiO2-terminated STO single-crystal substrates
(5 mm×5 mm×0.5 mm with miscut less than 0.2◦) by pulsed
laser deposition (PLD) at 600 ◦C in an oxygen atmosphere of
∼ 10−4 mbar (1 bar = 105 Pa). During deposition, the repeti-
tion rate of laser pulse was 1 Hz and the fluence was 1.5 J/cm2

(KrF laser, λ = 248 nm). After deposition, the sample was
cooled down to room temperature with a rate of 15 ◦C/min
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without changing the oxygen pressure. The target-substrate
distance was fixed at 5.6 cm.

The electrode contacts were made using Van der Pauw
method by ultrasonic wire bonding (Al wire of 20 µm in diam-
eter). All the transport properties were performed by a phys-
ical property measurement system (PPMS, Quantum Design)
in the temperature range from 2 K to 300 K. The applied cur-
rent for resistance measurements was 10 µA. The VG was ap-
plied to a back gate on the side of STO while the 2DEG was
grounded. The leakage current was lower than 10 nA.

3. Results and discussion

To bring out the potential aspects of our 2DEG, a sys-
tematic investigation on gating effect is desirable. Figure 1(a)
shows the schematic device structure. Figure 1(b) shows
the sheet resistance (Rs) for the sample under different gate
voltages at 2 K, Rs decreases from ∼ 19579.35 Ω/� to ∼
979.29 Ω/� as VG sweeps from −50 V to 100 V, reduced by

a factor of 20. Figure 1(c) shows the Hall resistance measured
at 2 K under different gate voltages from 0 to 9 T. All Rxy–B
curves are well linear, signifying that there is only one species
of charge carriers in the 2DEG. The collapse of the Rxy–B
curve with the increase of VG identifies the increase of the car-
rier density (ns). According to the formula, ns = −1/RHe,
(e is the charge of an electron), ns is obtained. Actually, the
tuning ability can be estimated as δn2D = ε0εrVG/t, where
ε0 is the vacuum permittivity, εr and t are the dielectric con-
stant and the thickness of a dielectric material respectively.[27]

Therefore, the required gate voltage is independent of CZO
thickness. Figure 1(d) illustrates the carrier density as a func-
tion of the gate voltage. With the VG ranging from −50 V
to 100 V, the ns at 2 K increases from ∼ 1.17× 1013 cm−2

to ∼ 1.80× 1013 cm−2. Based on the data in Figs. 1(b) and
1(d), Hall mobility (µ) can be worked out. As charge carriers
are accumulated, as shown in Fig. 1(e), the gate voltage tunes
the mobility from ∼ 27.29 cm2/(V·s) to ∼ 354.56 cm2/(V·s),
increased by a factor of 13.
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Fig. 1. (a) A schematic device structure. (b) Sheet resistance as a function of the gate voltages from −50 V to 100 V at a fixed temperature of 2 K. (c)
Gating effect on Hall resistance measured at 2 K. (d) and (e) Carrier density and Hall mobility as functions of the gate voltages, obtained at 2 K.

Another problem to be addressed is the gating effect
of quantum interference, which is a unique characteristic of
2DEG. After gating 2DEG to the preset state, we measured
the sheet resistance in the perpendicular magnetic field. Fig-
ure 2(a) shows the magnetoresistance (MR) at a fixed tempera-
ture of 2 K, defined by MR = [Rs(B)−Rs(B = 0)]/Rs(B = 0),
as a function of magnetic field (B⊥interface) by applying var-
ious gate voltages. Two features can be identified from the
data in Fig. 2(a). The first one is the occurrence of a sharp
minimum at B = 0 in all MR–B curves, which is a fingerprint
of weak antilocalization owing to the Rashba-SOC. When the
applied magnetic field is high enough, MR grows smoothly,
which is the classical orbital effect of the magnetic field. Sec-

ondly, for VG = 0 and negative values, MR first grows and then
decreases, i.e. the weak antilocalization and weak localization
become weakened, respectively.

It can be obviously seen in Fig. 2(b) that ∆σ/σ0 changes
significantly under different gate voltages. ∆σ/σ0 is defined
by ∆σ(B)/σ0 = [σ(B)−σ(B = 0)]/(e2/πh), where σ(B) is
the magnetoconductance at a magnetic field, and σ0 = e2/πh
is the quantum conductance. In order to better understand
the Rashba-SOC of the 2DEG at the CZO/STO interface, we
carried out the detailed analysis of the magnetoconductance,
which is a typical characteristic of weak antilocalization due
to Rashba-like SOC. The first order correction to the conduc-
tance ∆σ is based on the Maekawa–Fukuyama (MF) equation
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while ignoring the effect of Zeeman splitting,[28,29]
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In Eq. (1), ψ(x) is digamma function described as ψ(x) =
ln(x) + ψ(1/2 + 1/x). Bel, Bin, Bso represent the effective
fields related with elastic scattering time (τel), inelastic scat-
tering time (τin) and spin–orbit relaxation time (τso), by the
expressions Bn = h̄/(4eDτn), n = el, in, and so, respectively.

The last term is the Kohler term and gives a description of or-
bital MR. D = v2

Fτel/2 is the electronic diffusion constant in
2D systems, where τel = m∗µ/e, m∗ is the effective electron
mass, vF = h̄kF/m∗ is the Fermi velocity, kF = (2πns)

1/2 is
the electron wave vector at Fermi energy, ns is the carrier den-
sity of 2DEG. As reported by angle-resolved photoemission
spectroscopy,[30] the light and heavy masses was assigned to
be ml = 0.7me and mh = 15me (me is the free-electron mass)
for the dxy and dxz/yz subbands, respectively. Here, we take
m∗ = (ml ·mh)

1/2 ≈ 3.2me, as Joshua et al.[31] did in the treat-
ment for the combined density of states of 2DEG by using the
geometric mean of the effective masses. Thus, the diffusion
constant can be derived as D = π h̄2nsµ/m∗e . D as a function
of VG is plotted in Fig. 2(c).
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Fig. 2. (a) Magnetoresistance as a function of the perpendicular magnetic field, measured under different gate voltages at a fixed temperature of 2 K. (b)
∆σ/σ0 as a function of B (B⊥interface) at various different voltages at T = 2 K. The solid curves are fitting to Eq. (1). (c) The gate tunable diffusion
constant D estimated at 2 K. Panels (d) and (e) show Bin, Bso, and τin, τso as a function of VG between −50 V and 100 V, respectively. Bin, Bso are
extracted from the fitting curves of the original data.

According to the results of the solid fitting curves in
Fig. 2(b), parameters (Bel, Bin, Bso) were obtained from the ex-
perimental results for the range of gate voltages from −50 V
to 100 V. As shown in Fig. 2(d), Bso and Bin are well tuned by
VG. Bso is the magnetic field related to the Rashba-SOC and it
reflects on the SOC strength of 2DEG at CZO/STO interface.
With the VG increases, Bso increases from 0.112 T to 6.35 T.
In other words, the strength of Rashba-SOC becomes stronger.
Bin decreases from 0.19 T to 0.0605 T. The values of Bso are in
the same range as the ones reported previously for other STO-
based 2DEGs.[32–35] For negative gate voltages, Bin is larger
than Bso while at VG ≥ 0 V, Bso is larger than Bin and increases
monotonously with VG.

Similarly, the data of τin and τso with VG are also extracted
on the basis of the fitting curves in Fig. 2(e). With the VG in-

creases, τin ranges from 36.41 ps to 5.72 ps, τso ranges from
61.76 ps to 0.054 ps, reduced by a factor of over three or-
ders of magnitude. Rashba-SOC is dominant in this system.
Furthermore, with VG increases from −50 V to 100 V, the dif-
fusion coefficient D increases by 19.98 times, while D of the
LAO/STO interface 2DEG changes by only 2.5 times in the
same gate voltage range.[32] Therefore, the effective regula-
tion on τso we observed results not only from the strong de-
pendence of Bso on the gate voltage, but also from the strong
dependence of D on the gate voltage.

Owing to the interfacial breaking of inversion symme-
try, there is a potential gradient at the surface and interface,
and electron SOC leads to band splitting, resulting in spin-
momentum locking and spin-chirality opposite band structure
(i.e. Rashba-SOC effect).[36] Rashba-SOC always exists in 2D
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systems such as LAO/STO,[11] CZO/STO,[25] LaVO3/STO,[9]

and even amorphous LAO/STO, etc.[37,38] Its effect is ex-
pressed by the Bychkov–Rashba term HR = αR (k× x̂) ·σ ,[39]

where σ are Pauli matrices, k is the wave vector, x is a unit
vector along the electric filed direction, and αR is the Rashba
parameter which measures the strength of the Rashba-SOC.
Vaz et al. determined αR from the response of bilinear mag-
netoresistance in 2DEG at the LAO/STO interface.[40] They
derived the dependence between VG and αR, and showed that
αR increases monotonically with VG and reaches maximum at
120 V.

At the CZO/STO heterointerface, we have demonstrated
a gate-tunable Rashba-SOC (see Fig. 2(d)), which originates
from the interfacial breaking of inversion symmetry. In fact,
as shown in Fig. 3(a), the spin relaxation time τso is propor-
tional to the inverse of the elastic scattering time (τ−1

el ) over
the gate voltage range from −50 V to 100 V, a clear signa-
ture of the D’Yakonov–Perel (DP) mechanism characteristic of
the Rashba spin–orbit interaction.[41] Based on the DP mecha-
nism, according to the formula, αR = (eh̄3Bso)

1/2/m∗, we can
obtain the αR value with Bso, and the obtained αR value in-
creases from 0.31 meV·nm to 2.33 meV·nm with increase of
VG (see Fig. 3(b)). Therefore, by applying different VG, the
strength of 2DEG Rashba-SOC can be efficiently controlled.
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Furthermore, the corresponding Rashba spin splitting en-

ergy ∆so = 2kFαR (note that kF is related to ns, which is de-
termined by Hall measurements, see the section below) is
also determined, which ranges from 0.53 meV to 4.95 meV
(Fig. 3(b)). As can be seen clearly in Fig. 3(b), the strength of
Rashba-SOC at CZO/STO interface could be enhanced when
applying positive VG and becomes weakened when apply-
ing negative VG. In a word, compared with the LAO/STO
interface,[32] tunable Rashba spin–orbit coupling shows the
similar gate dependence at the CZO/STO interface.

4. Conclusion
In summary, we demonstrate that Rashba-SOC of 2DEG

at the nonpolar CZO/STO interface are well tuned by external
VG. Bso increases from 0.112 T to 6.35 T with the increase
of VG from −50 V to 100 V. Moreover, the mobility also in-
creases from ∼ 27.29 cm2/(V·s) to ∼ 354.56 cm2/(V·s). More
importantly, D increases by a factor of ∼ 19.98 and τso can
be strongly tuned which is reduced by a factor of over three
orders of magnitude. Our results facilitate the development
of more complex oxides heterointerfaces and provide new op-
portunities for designing electronic applications in traditional
semiconductor devices.

Acknowledgement
Project supported by the National Natural Science Foun-

dation of China (Grants Nos. 92065110, 11974048, and
12074334).

References
[1] Wang Y X 2009 Chin. Phys. Lett. 26 016801
[2] Chen X L, Chen L, Zhou Z X and Zhao Y 2018 Acta Phys. Sin. 67

118401 (in Chinese)
[3] Panahi N, Hosseinnejad M T, Shirazi M and Ghoranneviss M 2016

Chin. Phys. Lett. 33 066802
[4] Shen S C, Hong Y P, Li C J, Xue H X, Wang X X and Nie J C 2016

Chin. Phys. B 25 076802
[5] Chakhalian J, Freeland J W, Millis A J, Panagopoulos C and Rondinelli

J M 2014 Rev. Mod. Phys. 86 1189
[6] Wei S Y, Wang Z G and Yang Z X 2007 Chin. Phys. Lett. 24 800
[7] Moetakef P, Williams J R, Ouellette D G, Kajdos A P, GoldhaberGor-

don D, Allen S J and Stemmer S 2012 Phys. Rev. X 2 021014
[8] Wang F N, Li J C, Zhang X M, Liu H Z, Liu J, Wang C L, Zhao M L,

Su W B and Mei L M 2017 Chin. Phys. B 26 037101
[9] Wang F N, Li J C, Li Y, Zhang X M, Wang X J, Chen Y F, Liu J, Wang

C L, Zhao M L and Mei L M 2019 Chin. Phys. B 28 047101
[10] Moetakef P, Cain T A, Ouellette D G, Zhang J Y, Klenov D O, Janotti

A, Van de Walle C G, Rajan S, Allen S J and Stemmer S 2011 Appl.
Phys. Lett. 99 232116

[11] Ohtomo A and Hwang H Y 2004 Nature 427 423
[12] Dikin D A, Mehta M, Bark C W, Folkman C M, Eom C B and Chan-

drasekhar V 2011 Phys. Rev. Lett. 107 056802
[13] Bert J A, Kalisky B, Bell C, Kim M, Hikita Y, Hwang H Y and Moler

K A 2011 Nat. Phys. 7 767
[14] Reyren N, Gariglio S, Caviglia A D, Jaccard D, Schneider T and

Triscone J M 2009 Appl. Phys. Lett. 94 112506
[15] Reyren N, Thiel S, Caviglia A D, Kourkoutis L F, Hammerl G, Richter
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Codda M, Marré D, Cantoni C, Gazquez J, Varela M, Pennycook S J
and Miletto Granozio F 2010 Appl. Phys. Lett. 97 152111

[21] Shibuya K, Ohnishi T, Lippmaa M and Oshima M 2007 Appl. Phys.
Lett. 91 232106

[22] Lee S W, Liu Y, Heo J and Gordon R G 2012 Nano Lett. 12 4775
[23] Kim J S, Seo S S A, Chisholm M F, Kremer R K, Habermeier H U,

Keimer B and Lee H N 2010 Phys. Rev. B 82 201407
[24] Li. D F, Wang Y and Dai J Y 2011 Appl. Phys. Lett. 98 122108
[25] Chen Y, Trier F, Kasama T, Christensen D V, Bovet N, Balogh Z I, Li

H, Thyden K T S, Zhang W, Yazdi S, Norby P, Pryds N and Linderoth
S 2015 Nano Lett. 15 1849

[26] Niu W, Chen Y D, Gan Y L, Zhang Y, Zhang X Q, Yuan X, Cao Z, Liu
W Q, Xu Y B, Zhang R, Pryds N, Chen Y Z, Pu Y and Wang X F 2019
Appl. Phys. Lett. 115 061601

[27] Chen Z, Liu Y, Zhang H, Liu Z R, Tian H, Sun Y Q, Zhang M, Zhou Y,
Sun J R and Xie Y W 2021 Science 372 721

[28] Hurand S, Jouan A, Feuillet-Palma C, Singh G, Biscaras J, Lesne E,
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