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Abstract

®

CrossMark

Electrical transport property is closely related to the dimensionality of carriers’ distribution. In
this work, we succeed in tuning the carriers’ distribution and the Rashba spin—orbit coupling
at LaAlO3/SrTiOs3 interface by varying the oxygen pressure (c-Poy) adopted in crystalline
LaAlO; growth. Measurements of the in-plane anisotropic magnetoresistance and the
conducting-layer thickness indicate that the carriers’ distribution changes from three to two
dimensions with c-Pg; increasing, i.e. the electron confinement gets stronger. Importantly,

by measuring the low-temperature out-of-plane magnetoresistance and analyzing the weak
localization/weak anti-localization, we find that the strength of Rashba spin—orbit coupling
can be enhanced by electron confinement. The electron confinement is a manifestation of
breaking of spatial inversion symmetry. Therefore, our work reveals the intimate relationship
between spatial inversion symmetry breaking and Rashba spin—orbit coupling at the LaAlO3/
SrTiOs interface, and provides a new method to tune the Rashba spin—orbit coupling, which is

valuable in the application of oxide-spintronics.

Keywords: LaAlO3/SrTiO; interface, electron confinement, spin—orbit coupling,

spatial inversion symmetry breaking

(Some figures may appear in colour only in the online journal)

1. Introduction

The quasi-two-dimension electron gas (q-2DEG) formed
between LaAlO3 (LAO) and SrTiO3 (STO) has received tre-
mendous attentions in recent years owing to its superior prop-
erties such as high mobility [1], superconductivity [2] and
ferromagnetism [3]. Remarkably, electrically tunable Rashba
spin—orbital coupling (SOC) is discovered at the interface [4],
providing unlimited possibilities in applications of spintronics
[5, 6] and the exploration of topological phases [7-9].
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The Rashba SOC at the LAO/STO interface is interesting
because of the hierarchy of d-orbitals [8, 10]; it splits the
degenerate dy; and d, orbitals. The strength of Rashba SOC
peaks at the avoided band-crossings [11] and is therefore
affected by the level of band filling (e.g. carrier density),
which can be tuned by an applied electric field [4]. In addi-
tion, the degree of symmetry breaking is another key factor
in regulating the Rashba SOC strength, as the Rashba coeffi-
cient ag = (h/4m*c?)dV(z)/dz depends on the potential gra-
dient dV(z)/dz in the z direction due to the spatial inversion
asymmetry [11, 12]. At the LAO/STO interface, the inver-
sion asymmetry is related to the electron confinement, i.e.
the distribution of carriers across the interface (thickness of

© 2020 IOP Publishing Ltd  Printed in the UK
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Table 1. Growth parameters and transport properties.

c-LAO a-LAO )
sk (cm
Samples T (°C) c-Pg, (mbar) T (°C) a-Po, (mbar) Neo k (cm™2) v-lsTh
A 760 3x107° — — 5.25 x 10"3 1685
B 760 [ x 1073 RT 5% 1077 5.95 x 10" 1212
C 760 5% 1073 RT 3x 1077 5.48 x 1013 1437
D 760 1 %1072 RT 1 x1077 6.30 x 1013 121

conducting layer) [4]. Electron transferred from the top layer
of LAO to the LAO/STO interface layer due to polar discon-
tinuity (Polar Catastrophe model) [13] is one of the origins
of interfacial carriers. However, extra electrons denoted by
oxygen vacancies (OVs) created in STO during the growth
of crystalline LAO (c-LAO) also contribute to the interfacial
conductivity [14, 15]. The lower the c-Pg; during the growth
of the c-LAO, the deeper the diffusion of OVs into STO.
Therefore, the distribution of carriers can be controlled by c-
Po». Electron confinement is strengthened as c-Pg; increases,
which has been supported by previous experiments [1, 15—
18]. Such properties of LAO/STO interface provide a platform
for studying the relationship between symmetry breaking and
the Rashba SOC.

In field-effect experiments, an external electric field can
alter the dielectric property of STO [18], and subsequently,
the carriers’ distribution [19, 20]. Nevertheless, as mentioned
above, because of the high dielectric constant of STO, the
carrier density also changes upon electric gating [4]. This
obscures the carriers-distribution dependence of the Rashba
SOC in field-effect experiments. In this work, we aim to
reveal the intimate relationship between electron confine-
ment and Rashba SOC. The carriers distribution is controlled
by adjusting c-Pq; in the growth of c-LAQO. To eliminate the
effects of band filling, samples are prepared with similar elec-
tron densities by coating an amorphous LAO (a-LAO) layer
[21], as detailed in section 3.1. In section 3.2, the relation of
the electron confinement and c-Pg, is demonstrated quali-
tatively and quantitatively by measurements of the in-plane
anisotropic magnetoresistance (AMR) and orbital effect. In
addition, the Rashba SOC is enhanced upon the strengthening
of the electron confinement, demonstrated in section 3.3, by
examining the out-of-plane magnetoresistance of the sam-
ples and subsequent weak localization (WL)/anti-localization
(WAL) analyses. Our work provides a new method to control
the Rashba SOC at the LAO/STO interface, which may pave
the way for further research.

2. Experiments

Atomically flat single-crystal STO (001, [TiO,]°-terminated)
substrates were obtained by chemical etching and subsequent
annealing [22, 23]. To control the distribution of electrons
across the interface, 3nm c-LAO were grown by pulsed laser
deposition (PLD) (KrF, A = 248 nm) on treated STO substrate
from a single-crystal LAO target under a wide range of c-Pq;.
The high-c-Pg,-grown (=103 mbar) ¢-LAO/STO samples

were insulating. In order to achieve an insulator—metal trans-
ition and control their carrier density, a-LAO (5nm) was pre-
pared on the top of c-LAO/STO samples at room temperature
(RT) under various oxygen pressure (a-Po;) by PLD. The
physical mechanism will be elaborated in section 3.1. The
growth parameters of the selected samples with similar sheet
carrier density are listed in table 1. The laser frequency is 1 Hz
and the energy density of the laser spot is 1 J cm™2.

The surface morphology of ¢-LAO/STO was examined
by atomic force microscopy (AFM). It could be seen from
figure 1 that up to ¢-Poy = 1 x 1072 mbar, the surfaces of c-
LAO films are all atomically flat and show terraces that origi-
nate from the treated STO substrates (not shown); however,
the surface roughness is slightly larger in the samples grown
under higher c-Pg,. Electric and magneto-transport proper-
ties were measured using a Physical Property Measurement
System (PPMS, Quantum Design).

3. Results

3.1. Insulator—-metal transition in high-c-Poz-grown samples

A typical ¢-LAO/STO grown under low c-Poy (3 x 1072
mbar) is metallic from 300 to 2K (see figure 2, sample A).
However, a ¢-LAO/STO grown under high c-Pg; (=1 X 1073
mbar, sample B, C, and D) is insulating which is consistent
with previous experimental results [24-27]. Chen et al [21]
succeeded in realizing insulator—metal transition in insulating
¢-LAO/STO by capping a-LAO. They pointed that the a-LAO
layer works as an electron reservoir (possibly originates from
OVs) which transfers electrons to the interface. Meanwhile,
it was pointed out in several theoretical works that transfer of
electrons donated by OVs at the surface of ¢-LAO to the inter-
face is possible because of the built-in field in ¢c-LAO [28, 29].

Hence, in this work, a-LAO layers are grown on the insu-
lating ¢-LAO/STO samples in reducing environment (a-Pg,
is lower than 1 x 10~° mbar) to introduce OVs at the surface
of ¢-LAO [21, 30]. As expected, insulator—metal transition is
observed among these samples, as shown in figure 2 (sample
B, C, and D). Furthermore, the sheet carrier density 7 in these
a-LAO/c-LAO/STO samples can be tuned by a-Pgy, which
is intuitive in that a-Pq, affects the amount of OVs gener-
ated at the surface of ¢-LAQO, and thus the amount of electron
transferred. On the contrary, the ¢-LAO/STO (110) grown
under high c-Po; is still insulating after capping a-LAO,
which proves that a-LAO does not affect the OVs in the side
of STO. In other words, the effect of covering a-LAO on the
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(b)

Figure 1. AFM images of samples (a) A (c-Poy = 3 x 1073 mbar), (b) B (¢-Poy = 1 x 1073 mbar), (c) C (c-Poz = 5 x 107 mbar),

and (d) D (c-Pop = 1 x 1072 mbar).

thickness of the conducting layer is negligible, which is also
supported by the measurements of the electron confinement
in section 3.2.

In order to eliminate the effects of the carrier density on the
Rashba SOC, various-c-Pg,-grown (corresponding to various
thickness of conducting layer) samples with the same level
of sheet carrier density ng (controlled by the capping a-LAO
layers with various a-Pgy) are selected in this study. The inset
in figure 2 shows the transverse resistance R, measurements
at 2 K. The sheet carrier density ng and carrier mobility s were
evaluated and are presented in table 1. At 2K, the mobility
decreases with the growth of c¢-Pg;. The mobility of sample
D is much lower (only 121cm? V="' s71), which is considered
to be due to the enhanced WL caused by a strong electron
confinement, as will be discussed in the Discussion section.

3.2. Electron confinement

To further confirm the strengthening of the electron confine-
ment by increasing the c-Pq,, the in-plane AMR is first com-
pared among samples grown under various c-Pg,. Here, AMR
is defined as

R(H.6) — R(H,0)

AMR =
R(H,0)

x 100%,

where @ is the angle between the direction of the magnetic
field and the current (figure 3(a)). The in-plane resistance is R
(H), [R (H)] when the magnetic field is perpendicular (par-
allel) to the current.

The in-plane AMR for sample A, B, C and D are shown
in figure 3(b). Measurements are performed at 2K with a

e sample A == sample B

15 sample C sample D

Sheet Resistance (k/0)

0 50

150
T(K)

250

" 1 1 1
100 200 300

Figure 2. Temperature-dependent sheet resistance of sample
A, B, C, and D from 300 to 2K. Inset: transverse resistance R,,
measurements of various samples at 2 K.

magnetic field of 9 T. For sample A and B, the oscillation
period of R(0) is twofold and R (H), > R (H);. However,
the tendency is reversed with R(H), < R(H)j in sample D.
The in-plane AMR of sample C is similar to that of sample
D, showing R (H), < R (H); but with small additional peaks
being exhibited at § = 90° and 270°. Flekser et al [16] and
Annadi et al [17] had already established the relationship
between the dimension of electron distribution and the fea-
ture of in-plane AMR: when the electron distribution is three-
dimensional (3D), the orbital effect lengthens the transport
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Figure 3. (a) Schematic of AMR measurement, where the direction of magnetic field H is parallel to the interface and the angle 6 between
the magnetic field direction H and current / is varied. When H L I, the electrons are scattered (orange circle) due to Lorentz forces
perpendicular to the plane, which lengthens the transport path of electron (i.e. orbital effect). In the contrast, when H || Z, electrons are not
affected by Lorentz forces during transport. (b) In-plane AMR in a 9 T field at 2K of sample A, B, C and D. (c) Out-of-plane (solid circle)
and in-plane (open circle) MR | of sample A, B, C and D at 100K. (d) Relationship between the thickness of the conducting layer and the

c-Poy of c-LAO at 100K.

path of electron, leading to R (H); > R (H)| (elaborated in
the caption of figure 3(a)); however, when the electron dis-
tribution is close to two-dimensional (2D), the orbital effect
is suppressed because of the reduced thickness of conducting
layer. Therefore, it can be inferred clearly from figure 3(b) that
there is a crossover of electron distribution from 3D to 2D as
we increase the c-Pgy in the growth of ¢-LAO.

Quantitatively, the thickness of interfacial conducting layer
could be estimated by comparing the in-plane and out-of-
plane orbital effect [19]:

MRJ_,in-plane _ < g > g
MRL,oul—of—plane l '

where d is the thickness of conducting layer, / = —-— and
e kFRs

MR — RBI=R()

ORERS 100%. Based on this method, our group

had previously succeeded in determining the temperature
dependence of the conducting layer thickness of LAO/STO
[20]. It should be noted that at low temperatures, quantum
effects such as Rashba SOC or magnetism will appear at this
interface and obscure the orbital effect, therefore we employ
this method by measuring MR at 100K instead. In figure 3(c),
the MR s are all positive at 100 K, indicating the dominance of
the orbital effect and validating the feasibility of this method.
By calculating the ratio of in-plane MR, and out-of-plane
MR at 9 T, the conducting layer thickness is measured to
decreased monotonously from approximately 14 nm in sample
A to 1.18 nm in sample D, as shown in figure 3(d). This result
is consistent with the observations in the in-plane AMR mea-
surements, and confirms quantitatively our conclusion that an
increase in c-Po; in the growth of ¢-LAO strengthens the elec-
tron confinement. Although the conducting layer thickness is
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Figure 4. (a) Out-of-plane MR | of sample A, B, C and D at 2 K. (b) MF fittings of the out-of-plane MR ; of sample B, C and D at 2K. (¢)
Relation of 7, and 7, showing 7, o 7-;11. The dotted line is linear fitting.

obtained by measuring the orbital effect at 100K, according
to our previous work [20], this should be true at lower temper-
ature as well.

3.3. Enhancement of Rashba SOC

The out-of-plane MR is measured at 2K to investigate the
effect of the electron confinement on the strength of Rashba
SOC (figure 4(a)). Essential differences can be seen in
figure 4(a): for sample A with the thickest conducting layer,
the out-of-plane MR is positive and is a square function of
the magnetic field (solid line of sample A in figure 4(a)), indi-
cating the dominance of orbital effect and negligible WL or
WAL [19]; as the thickness of the conducting layer decreases,
cusps appear at low fields in out-of-plane MR | of sample B
and C (figure 4(a)), indicating the appearance of WAL [4]; for
sample D, with the thinnest conducting layer, WAL exists at
low field as well and, in addition, the out-of-plane MR ; turns
negative at high field.

The WL stems from constructive interference of two time-
reversed electron-diffusion paths and enhances the backscat-
tering of diffusive conduction electrons, manifesting itself as
positive correction to the resistance. A perpendicular magn-
etic field would alter the phase of electron path and destroy
the constructive interference, resulting in negative MR [31].
If SOC exists, the two time-reversed electron-diffusion paths
will interfere each other destructively, leading to negative cor-
rection to the resistance (WAL). In this case, if a perpendicular

magnetic field is applied, the alignment of spins will change
so that the destructive interference is no longer satisfied,
resulting in positive MR [31].

The appearances of WAL in sample B, C, and D indicate
firmly that the strength of the Rashba SOC is enhanced com-
pared to sample A. To illustrate this more quantitatively, we
fit the out-of-plane MR ;s by the Maekawa—Fukuyama (MF)
formula [32]:

Ao . (1 Bel) 3 (1 Bin+Bso) 1 (1 Bin)
EIA A VRS AU RS T A LA TR

(B tBe) Ly (BatBey o O)p
Be| 2 B;, . g0 .

Here,oy = €2 /mh is the quantum of conductance with
e the elementary charge and 4 the Plank constant. v is the
digamma function. B, Bj, and By, are the effective fields
related to elastic relaxation time 7, inelastic relaxation time
Tin and spin—orbit relaxation time 7y, respectively. We add
an approximate B’ term with Ay the Kohler coefficient to
account for the orbital magnetoconductance due to Lorentz
force; however Ay is zero of sample D, further indicating that
the orbital effect is suppressed because of electron confine-
ment. The fitting reproduces the results of out-of-plane MR |
well, as indicated by solid lines in figure 4(b). Although the
original WL/WAL theory considered only a single conduction
band, it has been demonstrated that the single-band WL/WAL
theory is also valid for multiband systems [33—-35] and has
been successfully applied to LAO/STO system [36, 37]. Note
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Table 2. Results of MF fitting.

Samples By, (T) Bi, (T) Le (nm) Lin (nm) Ly, (nm) Eg(meV)
A 0 0 — — — —
B 0.25 0.017 59.93 98.02 25.68 8.53
C 0.44 0.02 16.58 90.80 19.36 10.9
D 0.62 0.16 8.79 32.10 16.31 13.8
sample A to D. As c¢-Pq, increases, the electron distribution
06l i—— D: 1 x 10” mbar -m- B, approaches 2D. Consequently, the electrons are more strongly
\: S -A-B, 015 confined to the interface and suffer from the spatial inversion
\ RN asymmetry, which is a crucial factor in Rashba SOC [11, 12].
N .
04} \ AN
—~ N 40.10 . .
= AN ﬁ . £ 4. Discussion
o \ N S
Q N Ci5x10°mbar Q ) )
N \ 5 The out-of-plane MR | of sample D turns negative at high fields
02F ‘ /) a3t miart g g figure 4(a)). This is atypical b LAO/STO
\ I B: 1% 10° mbars (. gure 4(a)). This is atypica eca}lse fit O, a nega-
\ \ N \ tive out-of-plane MR usually exists in low-carrier-density
- } - s . samples (usually lower than 10'3 cm™2, [4]). However, as
0.0 =& 40.00 shown in table 2 and figure 5, the inelastic field Bj, of sample

0 2 4 6 8 10 12
Conducting-layer thickness at 100 K (nm)

14

Figure 5. Conducting layer dependence of the strength of Rashba
SOC and WL. Dashed lines serves as guides for eyes. The sample
name and c-Pq; used in the growth ¢-LAO are indicated. Note that
the conducting layer dependence is measured at 100 K.

that the out-of-plane MR | of sample A cannot be fitted by the
MF formula, demonstrating again that it is dominated by the
orbital effect and WL/WAL is negligible.

The main results of fitting are listed in table 2. By, Bj, can
be directly extracted from the fitting, B is estimated from
Hall mobility B = e/2u>h*k?. The phase coherent length
Li, and the spin relaxation length Ly, can be calculated as
Linso = \/h/4eBinso, where is the reduced Planck constant.
The mean free path L is estimated in the free-electron model:
Ly = 3D/vg, with D = V%Tel /2 the diffusion constant and
vg = hkp/m* the Fermi velocity. kg = \/27n, is the Fermi
vector in two dimensions. We set m* = 3m, [38], where
me is the free electron mass. 7¢ = \/m*?/(2ehk>Be) and
To = m*? [ (2ehk*74Bs,) [37]. In the WL/WAL framework,
the coherent backscattering takes place when L. < Lj,, which
is satisfied by our fitting results of each samples. It can be seen
from figure 4(c) that the spin relaxation satisfies D yakonov—
Perel’ (DP) mechanism, i.e. 75, &< Te,_l [39]. On the contrary,
plotting 7y, versus 7, will result in a negative slope (figure
4(c)), excluding the Elliot—Yafet spin-relaxation mechanism
[40]. In the DP mechanism, the spin splitting energy due to
Rashba SOC can be calculated as Ey, = i/ \/TsoTel [36, 41].

The By, as a function of conducting layer thickness is
shown in figure 5. By, increases from 0.25 to 0.62 T as the
thickness of conducting layer decreases. Meanwhile, L,
decreases from 25.68 to 16.31 nm and E, increases from 8.53
to 13.8 meV (table 2). Note that the carrier densities in these
samples are similar, which suggests that the enhancement of
Rashba SOC is due to the enhancement of electron confine-
ment when the c-Po; in the growth ¢-LAO increases from

D is approximately eight times larger than sample A, which
means that the negative out-of-plane MR is attributed to the
enhancement of WL in sample D. The strengthening of WL
by electron confinement is a natural consequence because the
WL is stronger in 2D than in 3D [42]. This is also supported
by the significantly reduced mobility of sample D (table 1).
Meanwhile, the result of WL/WAL analysis is consistent with
that of in-plane AMR: the disappearance of peaks at § = 90°
and 270° in figure 3(a) corresponds to the zero Kohler coef-
ficient Ay, indicating the vanishing orbital effect in sample D
with more confined electrons.

Other possible origin of the observed negative out-of-plane
MR is magnetism, which is often observed at LAO/STO [3,
43] or LAO/Fe-doped STO [44, 45]. As the electron distribu-
tion approaches 2D, more and more electrons tend to reside at
the interface layer and the portion of partially filled d-orbitals
increases. Because that the d-electron possesses a magnetic
moment, magnetism (Kondo effect [43] or ferromagnetism [3,
46-48]) may also play a role.

5. Conclusion

In summary, LAO/STO heterostructures were grown in a
wide range of c-Pqp, in order to investigate the effect of elec-
tron confinement on the Rashba SOC. By covering a-LAO,
we realized an insulator—metal transition in the high-c-Pg;-
grown samples and regulated their sheet carrier densities to
similar levels. Evaluating the strength of electron confine-
ment in these samples by measuring the in-plane AMR and
orbital effect, a crossover of the electron distribution from
3D to 2D was observed as c-Po, increases from 3 x 107>
to 1 x 1072 mbar. In the study of the out-of-plane MR |, the
Rashba SOC is enhanced with decreasing the thickness of
conducting layer, despite the similarity of carrier densities of
the selected samples. We proposed that it is the strengthened
electron confinement that aggravates the spatial inversion
asymmetry, to which the electrons are subjected in transport,
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that leads to the enhancement of Rashba SOC. Our work
demonstrates the possibility in tuning the Rashba SOC at the
LAO/STO heterostructure by varying the dimensionality of
electron distribution, which is meaningful in the application
of oxide-spintronics.
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