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High mobility spin-polarized two-dimensional electron gas (2DEG) is crucially important for spin-
tronic applications. Here, we report our investigations on the 2DEG fabricated by spin coating a
LaAlO; layer on a (001) SrTiOj substrate with a La,;351,,3MnO5 buffer layer. When the buffer
layer is below 3 uc, the 2DGE is highly mobile. Corresponding to the layer thicknesses of 0, 1, and
2 uc, the Hall mobilities are ~24000cm?/V s, ~28 000 cm?/V s, and ~59 600cm?/V s at 2K. In
contrast, the 2DEG with a buffer layer of 3 uc shows a relatively low mobility (~3000cm?/V s).
However, an anomalous Hall effect was observed in this 2DEG below 20 K, indicating a long range
ferromagnetic order. This work demonstrates the great potential of the chemical method in gaining
high quality spin-polarized 2DEGs at the LaAlO3/SrTiO; interface. Published by AIP Publishing.
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Two-dimensional electron gas (2DEG) at the LaAlOs/
SrTiO3 (LAO/STO) interface has attracted great attention due
to its unique characteristics like high mobility, low temperature
superconductivity, ferromagnetism, and the coexistence of the
latter two features, which is quite rare in other systems.'™’
Despite intensive investigations, highly mobile and ferromag-
netic 2DEG is still strongly desired to make the 2DEG a candi-
date for next generation spintronic applications.'®

In order to enhance the ferromagnetism at the LAO/STO
interface, interface decoration by a buffer layer of some ferro-
magnetic oxides is adopted, e.g., inserting a 1-uc EuTiO;
layer between LAO and STO has been proved successful for
yielding spin-polarized 2DEG below a temperature of 8§ K, as
evidenced by the appearance of a prominent anomalous Hall
effect (AHE).!”?!?? Other than the LAO/STO interface, a
signature of ferromagnetism was also observed in the
NdGaO;/SrTiO; interface, suggesting that 10K is the highest
temperature for the AHE.*® Inserting a l-uc crystalline
La,Sr;_xMnO; (x=1/3 and 1/8) buffer layer has been found
to greatly enhance the mobility of the 2DEG, but it is
unable to make the interface ferromagnetic. Inserting a thick
La,Sr;_xMnO; buffer layer, which may improve interfacial
ferromagnetism, always makes the interface insulating.
Recently, it was found that when the La,Sr;  MnOj; (x = 1/8)
buffer layer is initially amorphous and crystallized during the
deposition process of the LAO top layer, a spin polarized
interface can be gained.”*

In all of the above reports, the samples are prepared by
pulsed laser deposition (PLD). In our previous report, we
have demonstrated the formation of high quality 2DEGs at
the LAO/STO interfaces using spin coating chemical meth-
ods.?® In this work, we will perform a systematic study on
the effect of the La,Sr;_MnO3 (LSMO, x = 1/3) buffer layer
on the 2DEGs when the top LAO layer is prepared by the
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spin coating chemical methods. We have obtained 2DEGs
with the mobility as high as 59 500 cm?/V s in the presence of
a LSMO buffer layer of 1 or 2 uc and observed signatures of
long-range ferromagnetic order when the buffer layer is 3 uc.

LAO/LSMO/STO samples with a LSMO buffer layer of
0, 1, 2, and 3 uc were grown with the following procedures:
At first, a crystalline LSMO layer was grown on a TiO,-ter-
minated (001)-STO substrate (5 x 5 x 0.5mm>) at 650°C
under the O, pressure of 2.7 x 10~ mbar. The growth pro-
cess was monitored by reflected high energy electron diffrac-
tion (RHEED). The laser pulse fluence was 1.5 J/em?, and
the repetition rate was 1 Hz (wavelength =248 nm). After
deposition, the sample was cooled to room temperature at a
rate of 10°C/min without changing the deposition oxygen
pressure. Later on, the LAO film was grown by the spin coat-
ing chemical methods following the procedures below: A
droplet of the precursor, 0.01 mole solution of lanthanum
nitrate hydrate La(NO3);°9H,0, aluminum nitrate nano-
hydrate AI(NO3);°9H,0, N,N-dimethylformamide (DMF),
polyvinylpyrrolidone (PVP), and deionized water, was
dripped on a STO substrate and was spread smoothly by first
spinning at 300rpm for 15s following by a spinning at
7000 rpm for 60s. The film thus obtained was subsequently
annealed in air for 3h at 450 °C to crystalize the LAO film
and then at 700 °C for 10 min in a high vacuum atmosphere
of 10*Pa to form a conducting interface. Further details can
be found elsewhere.?

The surface morphology of the film was measured by
atomic force microscopy (AFM, SPI 3800N, Seiko). The film
thickness was determined by x-ray reflectivity (XRR) con-
ducted using a Bruker diffractometer (D8 Discover with Cu
Ko radiation). Resistive measurements were conducted using
a Quantum-Designed physical property measurement system
(PPMS) with an applied current of 10 uA. The van der Pauw
geometry was adopted for resistive measurements, and ultra-
sonic Al wire bonding was used for electric contacts.

Published by AIP Publishing.
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Figure 1(a) shows the RHEED intensity as a function of
time, recorded in the growth process of LSMO. The clear
oscillation indicates a layer-by-layer growth of the LSMO
film on STO, and the layer thicknesses are ~1, 2, and 3 uc,
respectively. Figure 1(b) presents RHEED patterns of the
bare STO and the LSMO of 3 uc on STO. Sharp reflection
spots indicate the high surface quality of both samples.
Figures 1(c) and 1(d) are the AFM image and line profile of
the LSMO (3 uc)/STO sample, exhibiting regular surface ter-
races with a step height of 0.4 nm and a step width of 270 nm.
The AFM image shown here is taken for the LSMO buffer
layer. It indicates a uniform growth of LSMO on the STO
substrate. Figure 1(e) shows the surface morphology of the
LAO film grown on the LSMO (3 uc)/STO sample. The LAO
top layer looks smooth and has a root mean-squared rough-
ness (RMS) of 1.2nm. Figure 1(f) shows X-ray reflectivity
(XRR) of the sample with the LAO layer, and regular oscilla-
tions indicate the smoothness of the LAO film. Fitting to the
XRR spectrum gives a thickness of approximately ~15nm
for the LAO film.

Figure 2(a) shows the sheet resistance of the 2DEGs at
the LAO/LSMO/STO interfaces. All samples exhibit a
metallic behavior. Compared with 2DEG without the LSMO
buffer layer, fascinatingly, the conduction of 2DEGs at the
LAO/LSMO/STO interfaces is considerably enhanced when
the LSMO layer thickness is 1 and 2 uc. The sheet resistance
at 2K reduces from 2.46 Q/] to 0.66 Q/] and to 0.33Q/]

@ 3¢ iy (b)
sf ’\/ -
> 4OFF ]
é F 7 t2uc:
Sr
T
1]
I
z ]
Ti 20?) 400
ime
(c) (d)
LSMO(3uc)/STO =
4
3 i 5
=
23t
[0
T
& 2}
9
n

: . 0 1000 2000
0 nm 1.23 Steps width (nm)
(e) LAO/LSMO(3uc)/STO () ~[ LAO/LSMO/STO |

Curve Fitting ]
/

7 Data

Intensity (a.u.

2
20 (deg)

0 nm

FIG. 1. (a) RHEED intensity for the deposition of various unit cells of crys-
talline La,Sr; \MnOj3 (x = 1/3) buffer layer. (b) RHEED pattern of the STO
(001) substrate before and after deposition of the LSMO layer with t=3 uc.
(c) and (d) AFM images of STO (001) after deposition of LSMO (3 uc) and
a line profile, respectively. (e) Surface morphology and (d) XRR of LAO/
LSMO (3 uc)/STO (001).
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FIG. 2. (a) Sheet resistance as a function of temperature. (b) Sketch for the
measurement of magneto-resistance and magneto-resistance MR as a func-
tion of sample position with respect to field at 2 K under an applied magnetic
field of 7 T.

as the LSMO layer thickness increases from 0 to 2 uc.
Correspondingly, the Rs(300K)/Rs(2K) ratio, which is a
characterization of the metallicity of the 2DEGs, is as high as
~1948, ~3124, and ~7748. In contrast, the sheet resistance
of LAO/LSMO (3 uc)/STO is significantly increased by the
introduction of LSMO, increasing to 233.20 /] at 2K. The
Rs(300K)/Rs(2K) ratio is ~62. Particularly, a slight resis-
tance upturn appears below 5 K, indicating the occurrence of
the Kondo effect (marked as an arrow). In order to confirm
the nature of the electron gas formed at the interface, we have
performed magneto-resistance measurements at 2 K under an
applied magnetic field of 7 T. Figure 2(b) is the sketch for the
measurement of magneto-resistance and magneto-resistance
magnetoresistance (MR) (%) as a function of sample position
with respect to the field for LAO/LSMO (2 uc)/STO. The
type of MR anisotropy observed here is the typical behavior
of purely 2DEG formed at the interface as described in the lit-
erature.”’ For 2DEG, magnetoresistance (MR) is maximum
for perpendicular magnetic field H and zero for in-plane mag-
netic field H, the same as a rectified sine wave,28 whereas 3D
samples show a sine wave behavior with angular rotation of
the sample position in the magnetic field.?’

Figures 3(a)-3(d) present the Hall resistance (Ryy) of the
samples with different LSMO buffer layers, as a function of
magnetic field (H). The Hall resistance is very linear against
the magnetic field when the LSMO layer is 0, 1, and 2 uc in
thickness. This is an indication of only one species of charge
carrier in the 2DEGs. Moreover, the R,y-H slope is nearly
constant with the change of temperature, indicating that the
carrier density is temperature-independent. This is an indica-
tion of high quality 2DEG without charge localization even
at low temperatures.

An obviously different Hall effect is observed for the sam-
ple with a 3-uc-thick buffer layer. As shown in Fig. 3(d), at
high temperature, R, varies linearly with the applied magnetic
field, which is the typical behavior of the normal Hall effect.
However, when the sample is cooled down to 30 K, bending in
the R,,-H curve initiates around // = 0 and becomes even obvi-
ous upon further cooling to 2K. Particularly, strong curve
bending mainly appears in the low-field range (|H| < 2T).
Such a curvature cannot be described by the two-band model
in contrast to the LAO/STO interface.”>*> Although the two-
band model fit looks very well at temperatures 20 K and below
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FIG. 3. (a)—(d) Hall characteristics for samples with various LSMO buffer
layers.

[Fig. 4(a)], a clear deviation from the experimental results can
be observed around zero field when the results are plotted in
the form of dRy; = dR.,/dH [Fig. 4(b)]. We obtained good two
band model fitting only at 30 K. To investigate the non-linear
Hall effect below 20 K, the Hall coefficient defined by the dif-
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FIG. 4. (a) Experimental (thick lines) and calculated (black lines) Hall resis-
tances of the sample for LAO/LSMO (3 uc)/STO (001), obtained at low tem-
peratures. (b) and (c) Differential of R,, with respect to H. Colored lines are
experimental results and black lines are results of two-band model and
extended two-band model fitting. (d) A comparison of the total Hall effect
with R% and RAE depicted as functions of magnetic field at 2K. Thick
black and thin red lines are measured and fitted results, respectively. The
purple line marks the deduced R}/’ and dark cyan corresponds to RY. ()
Anomalous Hall resistance as a function of magnetic field at different tem-
peratures. (f) Anomalous Hall resistance as a function of temperature,
recorded at 7 T. The solid line is a guide to the eye.

consider the holes in the LSMO layer since the latter is insulat-
ing when its thickness is equal to or below 3 uc)

ferential of R,, with respect to H is only reproducible by an Ry = R%; + Rf)l,{E , (D
extended two-band model which includes a normal Hall resis-
tance Rf; and an anomalous Hall resistance RfyHE (we did not where
|
s s
) 1+ (2H? 1+ 3H?
Ry =—- ) 2)
Xy ) 2 2 2 2 2
iy i npy mu; 2
1+ 3H* 1+ 13H? 1+ (2H?* 1+ w3H?
[
which is constrained by magnetic field [Fig. 4(d)]. Here, we can observe the opposite
sign of Rf;’E with the field, i.e., for positive field H, RfyHE is
R.NH =0) =e(nmp; + nap,) (3)  negative similar to LAO/LSMO (1 nm)/STO.?* This sign is
opposite to that obtained for NdGaO;/SrTiO; or LAO/
and EuTiO3/STO where AHE exhibits the same sign as of field
mH H."72" It can be concluded that the opposite sign for RﬁfE is
Rﬁf F=al (kB—T> ) (4)  due to spin polarization in the opposite direction. Figure 4(e)

with L(x) being defined as L(x) = coth(x) — 1>

In these equations, n; and n, are the densities of two spe-
cies of charge carriers, and p; and u, are the corresponding
Hall mobilities. They can be determined by fitting the experi-
mental data to Eq. (1). To fit to nonlinear Hall data, one might
consider more than two electron populations, but it cannot
yield good fit when the anomalous Hall effect appears as
described by Ref. 29 where even ten electron populations can-
not retrace a good fit, particularly, at low fields.

On the basis of data fitting, the two Hall components R%;

and Rf;IE can be determined and displayed as functions of

shows the field-dependent R;‘;’E obtained in the temperature
range from 2K to 20 K. At first glance, R}/’* is considerably
large at low temperatures. It is ~10 Q at 2 K, which is about
10% for the total Hall resistance at 7T. As expected, R/
changes drastically at lower fields but saturates at high fields.
This is the typical feature of AHE. It means a rapid increase
in the magnetization of 2DEG before saturation at high
fields. In Fig. 4(f), we display the saturated R?;IE as a func-
tion of temperature. An AHE signal starts at 20K, develops
rapidly upon further cooling, and saturates below 10 K. The
ultrathin LSMO buffer layer is insulating. Therefore, the
anomalous Hall signal originates mainly from 2DEG of the



071601-4 Khan et al.

STO interface underneath LSMO. Generally, asymmetric scat-
tering of charge carriers from magnetic centers contributes to
AHE in ferromagnetic materials. The presence of AHE in our
sample provides evidences for the presence of long range fer-
romagnetic orders and spin polarization in LSMO buffered
2DEGs. Compared to other systems such as NdGaO5/SrTiO5
and LAO/EuTiO+/STO where AHE appears below 10K,'"*!
the ordering temperature in our 2DEG is obviously high
(20K)."72! As for the 1-uc and 2-uc-thick buffer layers, they
are too thin to produce any sizable effect on AHE, which is
consistent with the conclusion of the previous report.'”

Figure 5(a) shows variations in carrier density with tem-
perature for different samples. From 0 to 3 uc, the carrier den-
sity is correspondingly ~1.0 x 10" cm ™2, ~4.0 x 10" cm ™2,
4.1 x 1014cm72, and ~1.5 x 10"*cm ™2 at 300K. It is obvi-
ously higher for the 1-uc- and 2-uc-thick samples than for the
0 and 3-uc-thick samples. The decrease in carrier density for
the 3-uc-LSMO-buffered 2DEG is expectable since the LSMO
layer has blocked the charge transfer from LAO to STO. The
low carrier density in un-buffered 2DEG could be ascribed to
the unsatisfactory interface state.

With the decrease in temperature, carrier density displays
a slow decrease especially for the 0 and the 3-uc-LSMO
2DEGs, indicating a gradual freezing of the mobile carriers.
When temperature is lower than 30K, the Hall effect of the 3-
uc 2DEG has to be described by the two band model, i.e., a
second species of charge carrier emerges, and its density (1)
experiences a rapid growth when cooled from 30K down to
10K. According to Fig. 5(a), n, is ~6.25 x 10" cm ™2 at 30K
and ~1.8x 10”%cm ™2 at 2K, showing a more than 3-fold
increment. Compared with n,, n; is much larger. It is generally
on the order of ~5.68 x 10'*cm™? even at low temperatures.
Corresponding to the rapid increase in n,, fascinatingly, n,
shows an obvious decrease by a value much larger than the
increment in 7,. Presumably, the rapid freezing of n; and the
appearance of n, have a relation that is still not clear at
present.

Figure 5(b) shows the mobility for the samples with vari-
ous buffer layers, as a function of temperature. Corresponding
to the LSMO thickness of 0, 1, and 2 uc, the mobility is ~8,
~7, and ~6 cm?/V s at 300K and it is ~28 000, ~24 000, and
~59600cm*/V s at 2K. By introducing the LSMO buffer
layer of 2 uc, we have promoted the mobility to nearly 6 x 10*
cm?/V s. This value is comparable with the highest mobility
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FIG. 5. (a) Carrier density and (b) mobility of carriers with temperature for
LAO/LSMO/STO (001) with various thicknesses of the LSMO buffer layer.
In (a) and (b), two kinds of populations for LSMO ~3 uc are obtained from
data fits to Hall characteristics, which leads to two different mobilities.
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reported until now.'” However, the 3-uc sample exhibits a dif-
ferent behavior. The mobility of the majority charge carrier is
very low, p; ~ 397 cm?/V s at 2K, though it shares the same
temperature dependence with other three samples. It is possible
that interlayer diffusion has taken place between LSMO and
STO, slowing down the charge carriers. Presumably, it is this
interlayer diffusion that establishes the magnetic order in
2DEG. An interesting observation is the temperature indepen-
dence of the mobility of the minority charge carriers. As
shown in Fig. 5(b), u, is nearly constant in the temperature
range from 30K down to 2 K. It means that the effect of pho-
non scattering and the change in permittivity of STO is weak
on the species of charge carriers. Moreover, i, is much larger
than 1, as high as 2050 cm?/V s at 2K. Normally, these fast
and slow charge carriers are dyz/dzx and dxy electrons.
Compared with the dy,/dzx electrons, the dyy electrons popu-
late near the interface and thus suffer from strong interfacial
scattering. Since n; is much greater than n,, the ferromagnetic
order in the 2DEG may be mediated by the first species of
charge carriers. Of course, further investigations in this aspect
are required.

In summary, high mobility spin-polarized two-
dimensional electron gas (2DEG) is fabricated by spin
coating a LaAlO; layer on a (001) SrTiO5 substrate with a
Lay/3Sr;3 MnOj buffer layer. A highly mobile 2DEG is
obtained when the buffer layer is below 3 uc. However, an
anomalous Hall effect was observed in this 2DEG below 20K,
indicating a long range ferromagnetic order. Anisotropic
magneto-resistance measurements provide confirmation for the
formation of the 2DEG at the interface. This work demonstrates
the great potential of the chemical method in gaining high qual-
ity spin-polarized 2DEGs at the LaAlO5/SrTiO; interface.
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