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Abstract

Efforts to explain the Hall family of effects led to the nascent theory of topological materials. Materials
exhibiting these properties are of significant theoretical and practical interest, showing potential in in-
dustries like quantum and classical computing, data storage, and power electronics. Quantum anomalous
Hall insulators are a relatively recent addition to this family, describing materials with quantized Hall
resistance without an applied magnetic field. Previous studies predicted that a lanthanum ruthenate/lan-
thanum aluminate sandwich heterostructure will exhibit this effect. We formulate and partially realize a
plan to fabricate such a structure using molecular-beam epitaxy.

1 Introduction

Since the original discovery of the Hall effect by
Edwin Hall in the 19th century, numerous varia-
tions have been proposed to explain increasing ex-
otic phenomena. These include the anomalous Hall
effect, the spin Hall effect, the integer quantum Hall
effect, the fractional quantum Hall effect, and so on.
As experimental efforts yielded novel results, the-
ory advanced in lockstep, most notably through the
development of the theory of topological materials.
Here, ideas from the mathematical field of topol-
ogy are applied to analyze material band structure,
resulting in the first descriptions of the novel phe-
nomena.

The quantum anomalous Hall effect (QAHE) can
be seen as the combination of the anomalous Hall ef-
fect and the quantum Hall effect[4]. The anomalous
Hall effect causes a deviation from the linear rela-
tionship between the magnetic field strength and
Hall conductance as seen in the classical Hall effect.
Despite being the first variant of the Hall effect to be
discovered, the explanation of the effect is involved
and was subjected to intense historical debate[6].
Today, several mechanisms causing the anomalous
Hall effect are known. They are classified into two
types: intrinsic mechanisms, which depend on the

band structure of the pure material, and extrinsic
mechanisms, which result from defects in real world
materials. Together, these effects contribute an ad-
ditional factor to the Hall conductance in certain
materials.

The quantum Hall effect also causes a deviation
from the classical Hall effect relationship, manifest-
ing as a quantized Hall resistance[2]. It occurs under
strong magnetic fields and low temperatures, which
result in highly degenerate energy bands known as
Landau levels. As the magnetic field rises, the Lan-
dau levels move apart and increase in energy until
only a limited number of levels are below the Fermi
energy. Each level contributes a significant num-
ber of carriers to the total carrier count, and as the
Landau levels move up further, the carrier count
drops in steps, with the step size corresponding to
the degeneracy of each level. Since the carrier count
is related to the Hall resistance, the Hall resistance
also drops in steps, resulting in the quantized Hall
resistance. Specifically, the following equation de-
scribes the Hall resistance with the number of re-
maining Landau levels, which matches the values
at each step in the graph plotting Hall resistance
against magnetic field strength as shown in Figure
1.
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Figure 1. Plot of Hall resistance against magnetic
field strength when exhibiting the quantum Hall ef-
fect. The Hall resistance rises in steps correspond-
ing to values of h

e2v
.

Figure 2. Plot of Hall resistance against magnetic
field strength when exhibiting the quantum anoma-
lous Hall effect. The Hall resistance takes values of
± h

e2
, with doublevaluedness showing hysteresis.

Rxy =
h

e2v
, v = 1, 2, 3, · · ·

In the quantum anomalous Hall effect, the two
effects combine, resulting in a quantized hall re-
sistance even without an external magnetic field.
Specifically, the Hall resistance is expected to take
values of ± h

e2
, or about ±25.8kΩ. Figure 2 shows

the relationship between applied magnetic field and
Hall resistance; hysteresis allows the effect to be
symmetric across the transverse axis while still tak-
ing a non-zero value.

Understanding of the effect is relatively recent:
empirical observation of the quantum anomalous
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Figure 3. The lanthanum ruthenate and lan-
thanum aluminate sandwich heterostructure pre-
dicted to exhibit the QAHE. Two monolayers of
pc(111) LRO are sandwiched between a single
monolayer of (111) LAO.

Hall effect was achieved only in 2014 by Nagaosa
et al.[4], and research into its nuances continues to
this day. Of interest to our project are two the-
oretical predictions by Köksal et al. and Guo et
al.[5, 3]. These studies used density functional the-
ory (DFT) to predict that QAHE states will oc-
cur in perovskite sandwich structures. Specifically,
both studies suggest that the QAHE will arise in
a lanthanum ruthenate (LRO) and lanthanum alu-
minate (LAO) sandwich heterostructure, as shown
in Figure 3. The structure consists of two mono-
layers of LRO with one monolayer of LAO on top
and bottom. Each layer must be (111)-oriented
and strained to the neodymium gallate (NGO) sub-
strate. Our primary goal is to realize this structure
and empirically observe the effect.

2 Methods

2.1 Molecular-Beam Epitaxy

Our chosen method of fabricating the
LaRuO3/LaAlO3 heterostructure is through
molecular-beam epitaxy (MBE). MBE is an estab-
lished method of depositing thin films of materials
and material structures on substrates. It is often
compared to atomic spray painting: constituents of
the target material are heated and allowed to sub-
lime, forming beams of material that deposit onto
the substrate, similarly to how in spray-painting,
beams of atomized paint are formed that deposit
onto a surface.

The versatility of MBE can be attributed to the
countless variables that can be tuned to achieve a
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suitable film. These include the fluxes of each con-
stituent material, the temperature of the substrate,
the set of constituents to use (such as whether to
use the elemental form or an oxide), pressure and
type of oxidizer (oxygen, ozone, or a mix), choice of
substrate, and more. However, the availability of so
many parameters to tune also complicates the pro-
cess of optimizing growth conditions for a particular
film.

2.2 Potential Growth Difficulties

We anticipate that our structure will be especially
challenging to grow due to strain, the higher (111)-
orientation surface energy, compatibility between
LRO and LAO, and the precise monolayer count
needed to realize the QAHE. Firstly, both the LRO
and the LAO layers need to be strained to the
NGO substrate. For LRO this is a compressive
2.03% strain and for LAO this is a tensile 1.78%
strain. High strain causes dislocations and un-
desirable growth patterns like islanding, requiring
finely tuned growth parameters to achieve an ac-
ceptable film. Secondly, the (111)-orientation has
higher surface energy. Surface energy is defined
as the energy required to create a surface and pri-
marily depends on the bonds broken by a surface.
Since the set of bonds broken by different surfaces
differs, the surface energy also differs. Generally,
(111)-oriented surfaces have higher surface energy
than (100)-oriented surfaces for perovskites. Egli-
tis et al. calculated the surface energy for several
perovskites under each orientation and found that
they all follow this trend[1]. As thermal fluctuations
may cause a smooth (111)-oriented surface to re-
orient into lower-energy surface structures, increas-
ing roughness, finely tuned growth parameters are
necessary to obtain optimal growth. Thirdly, the
growth conditions must be compatible with both
LRO and LAO because changing growth conditions
significantly between each layer would make the
growth more challenging. Lastly, a precise mono-
layer count is needed to realize the sandwich struc-
ture accurately and to observe the QAHE. This
would require accurate shutter timing to avoid over
or under exposing the substrate to flux.

2.3 Plan

Because we expect that immediately attempting
to grow the final structure will be challenging due
to the previously mentioned difficulties, we instead
simplified the elements of the final structure, break-
ing it apart into separate steps where we intro-
duce each individual difficulty one-by-one. This ap-
proach simplifies the process of optimizing growth
conditions. Our five-step plan is as follows:

1. Optimize growth of (100) LRO & LAO on lat-
tice matched substrate

2. Grow strained (100) LRO & LAO w/ pc(100)
NGO substrate

3. Move to (111) LRO & LAO on pc(111) NGO
substrate

4. Grow LRO/LAO heterostructures on pc(111)
NGO

5. Finally, grow structure as described and mea-
sure QAHE

After growing each sample and before advancing to
the next step, we plan to characterize and determine
the quality of the sample using X-ray diffraction
(XRD), atomic force microscopy (AFM), reflection
high-energy electron diffraction (RHEED), recipro-
cal space mapping (RSM), and transport measure-
ments.

3 Results and Discussion

3.1 Growth Condition Trends

3.1.1 Lanthanum Aluminate

The LAO growth series is visualized in Figure 4.
The two growth variables we primarily varied to
optimize the film quality are the substrate temper-
ature and the aluminum flux. We observed the fol-
lowing trends as we adjusted the variables. If the
substrate temperature is too high, we observe sur-
face roughening due to thermal rearrangement away
from the high surface energy (111) surface. If the
substrate temperature is too low, we find that our
film becomes amorphous. If the aluminum flux is
too high, we observe unwanted peaks in the XRD
suggesting aluminum content, and if the aluminum
flux is too low, we observe an abnormal RHEED
pattern suggesting excessive lanthanum.
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3.1.2 Lanthanum Ruthenate

Similarly, the LRO growth series is visualized in
Figure 5. We primarily varied the substrate tem-
perature and the ruthenium flux to optimize our
film, and we observed the following trends as we
adjusted the variables. The substrate temperature
relationship is similar: we expect surface roughen-
ing at high substrate temperatures and amorphous
films at low substrate temperature. However, be-
cause lanthanum ruthenate is adsorption controlled,
excessive ruthenium flux does not significantly de-
teriorate the film. At low ruthenium fluxes, we ob-
serve lanthanum oxide and ruthenium vacancies.

3.2 Selected Samples

From our growth series, we selected the following
set of notable samples:

3.2.1 LAO36

Sample LAO36 represents our best lanthanum alu-
minate sample strained on pc(111) NGO. It was
grown at 600 °C with a stoichiometric aluminum
to lanthanum flux ratio. Figure 6a shows the XRD
scan; the sharp film peaks at the expected locations
suggest good film quality. AFM imaging also shows
low surface roughness with an RMS of 0.2nm, as
indicated in Figure 6c. Finally, the RSM scan in 6b
confirms that the film is strained to the substrate.

3.2.2 LRO34

Sample LRO34 represents our best lanthanum
ruthenate sample grown on the lattice-matched
pc(100) STO substrate. It was grown at substrate
temperatures between 700 °C and 800 °C. The XRD
scan in Figure 7a again suggests a good film due
to sharp peaks at the expected locations. AFM
imaging shown in Figure 7b indicates low surface
roughness with an RMS of 0.25nm, although it is
spotty. Finally, the RHEED images in Figure 7c
shows the presence of spots on an arc, as expected,
and Kikuchi lines, suggesting a crystalline film.

3.2.3 LRO39

Sample LRO39 represents our best lanthanum
ruthenate sample strained on pc(100) NGO. It was
grown at the substrate temperature of 700 °C. The
XRD scan shown in Figure 8a suggests a good film

and the RSM scan in Figure 8b confirms that the
film is strained to the substrate. However, there are
unexpected spots in the RHEED images in Figure
8c, suggesting that more progress is necessary.

3.2.4 LRO29/LAO35

Lastly, sample LRO29/LAO35 represents an early
attempt at growing the LRO-on-LAO heterostruc-
ture. The LAO portion was grown with similar pa-
rameters as LAO36, and the LRO portion used the
substrate temperature of 600 °C. The XRD scan
shown in Figure 9a shows the LAO film peaks dis-
tinctly, but the LRO peaks are shifted away from
their expected locations, potentially due to strain or
non-stoichiometric phase. The AFM image shown
in Figure 9b also indicates higher surface roughness
with an RMS of 0.4nm.

4 Conclusions and Future Work

We created and particularly realized a plan to fab-
ricate the lanthanum ruthenate/lanthanum alumi-
nate sandwich heterostructure that is predicted to
exbibit the quantum anomalous Hall effect. No-
tably, we tuned growth conditions for high quality
lanthanum aluminate (111)-oriented films strained
on pc(111) neodymium gallate, as well as lan-
thanum ruthenate (100)-oriented films strained on
pc(100) neodymium gallate.

Our next steps are to continue with the remaining
steps of our plan, namely finishing the optimization
of strained pc(100) LRO, optimizing pc(111) LRO,
growing the LRO-on-LAO heterostructure, and fi-
nally creating the original QAHE structure. To
measure the QAHE on the final structure, we plan
to fabricate a Hall bar pattern on our sample us-
ing the procedure described by Rodenbach et al.[7],
working with a collaborator to perform microfabri-
cation.
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Appendix A Additional Figures

Figure 4. Scatter plot showing the LAO series of growths. Each point indicates a single growth with a
particular substrate, substrate temperature, and aluminum source temperature.
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Figure 5. Scatter plot showing the LRO series of growths. Each point indicates a single growth with a
particular substrate, substrate temperature, and ruthenium EEIS/QCM2 value corresponding to relative
flux.
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Figure 6. Characterization of sample LAO36. (a) XRD scan of the sample with film and substrate
peaks labeled. (b) RSM scan of the sample with film and substrate peaks labeled. (c) AFM image of the
sample showing a smooth film with an RMS value of 0.2nm.
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Figure 7. Characterization of sample LRO34. (a) XRD scan of the sample with film and substrate
peaks labeled. (b) AFM image of the sample showing a smooth film with an RMS value of 0.25nm. (c)
RHEED images of sample showing expected spots and Kikuchi lines.
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Figure 8. Characterization of sample LRO39. (a) XRD scan of the sample with film and substrate
peaks labeled. (b) RSM scan of the sample with film and substrate peaks labeled. (c) RHEED images of
sample showing unexpected spots.

Figure 9. Characterization of sample LRO29/LAO35. (a) XRD scan of the sample with film and
substrate peaks labeled. The LAO peaks are located at the expected positions but the LRO peaks may
be shifted due to non-stoichiometric phase. (b) AFM image of the sample showing a rougher film with
an RMS value of 0.4nm.
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