PHYSICAL REVIEW MATERIALS 3, 054410 (2019)

Interface ferromagnetism and anomalous Hall effect
of CdO/ferromagnetic-insulator heterostructures

Yang Ma,"? Yu Yun,"? Yuehui Li,"* Wenyu Xing,"? Yunyan Yao,?> Ranran Cai,"? Yangyang Chen,"? Yuan Ji,'?
Peng Gao,-%3 Xin-Cheng Xie, 24> and Wei Han'-2-"

International Center for Quantum Materials, School of Physics, Peking University, Beijing 100871, People’s Republic of China

2Collaborative Innovation Center of Quantum Matter, Beijing 100871, People’s Republic of China
3Electron Microscopy Laboratory, School of Physics, Peking University, Beijing 100871, People’s Republic of China
4CAS Center for Excellence in Topological Quantum Computation, University of Chinese Academy of Sciences,
Beijing 100190, People’s Republic of China

3Beijing Academy of Quantum Information Sciences, Beijing 100193, People’s Republic of China

® (Received 13 December 2018; revised manuscript received 22 April 2019; published 22 May 2019)

The experimental observation of quantum anomalous Hall effect (QAHE) in magnetic topological insulators
has stimulated enormous interest in condensed-matter physics and materials science. For the purpose of realizing
high-temperature QAHE, several material candidates have been proposed, among which the interface states
in the CdO/ferromagnetic insulator heterostructures are particularly interesting and favorable for technological
applications. Here, we report the experimental observation of the interfacial ferromagnetism and anomalous
Hall effect in the Fe;0,/CdO/Fe;0, heterostructures grown via oxide molecular-beam epitaxy. Systematical
variation of the CdO thickness reveals the interface ferromagnetism as the major cause for the observed planar
magnetoresistance and anomalous Hall effect. Our results might pave the way to engineer oxide interface states
for the exploration of QAHE towards exotic quantum-physical phenomena and potential applications.
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I. INTRODUCTION

The adding of quantum anomalous Hall effect (QAHE)
to the Hall family has stimulated enormous interest in the
field of condensed-matter physics and material science [1-3].
The experimental observation of QAHE without any magnetic
field has been achieved in a magnetic topological insulator
(TD) Cr-doped and V-doped (Bi, Sb),;Te; thin films grown
by molecular-beam epitaxy at low temperature [4-9]. The
QAHE states hold a variety of exotic quantum phenomena, in-
cluding topological magnetoelectric effect [10—12], magnetic
monopoles [13], chiral Majorana fermion modes [14], etc. To
fulfill these potentials towards technological applications, one
of the major challenges is to increase the critical tempera-
ture of QAHE with quantized Hall resistance, which is still
~1K to date [7,15,16]. For the purpose of robust and high-
temperature QAHE, a large variety of material candidates
has been proposed and/or experimentally studied, including
n-p Co-doped magnetic TIs [17], magnetic proximitized TIs
[18-21], graphene/ferromagnetic insulator heterostructures
[22,23], oxide interfaces [24,25], as well as magnetic silicene
and single-layer tin [26-28], etc. Among all these candi-
dates, the oxide interface states in CdO/ferromagnetic insu-
lator (FI) heterostructures are particularly interesting since
the interface is protected by two oxide layers leading to the
robustness of QAHE [24]. Both the topological properties and
the proximity-effect-induced ferromagnetism give rise to the
expected QAHE. Thus, the experimental exploration of the

“weihan @pku.edu.cn

2475-9953/2019/3(5)/054410(6)

054410-1

interface ferromagnetism and the electron-transport properties
in CdO/FI heterostructures is emergent.

In this paper, we report the experimental observation of
interface ferromagnetism and anomalous Hall effect (AHE)
in the FI/CAO/FI trilayer heterostructures grown by oxide
molecular-beam epitaxy. The FI layer is made of thin Fe;O4
film instead of EuO as proposed in previous theoretical work
[24], due to the extremely different oxygen partial pressures
needed for the growth of CdO and EuO thin films [29,30]. The
interface ferromagnetism in the Fe;O4/CdO/Fe;0y4 trilayer
heterostructures is characterized via both the AHE and planar
magnetoresistance (MR) measurements. Systematic studies of
the CdO thickness dependence of AHE and planar MR reveal
the most important role of interface ferromagnetism in the
Fe;04/CdO/Fe;04 heterostructures. Furthermore, the major
cause for the observed anomalous Hall resistivity far from the
quantized resistivity has been identified, namely the oxygen
vacancies in the CdO layer, which contribute to the bulk
conducting carriers. The observed interfacial ferromagnetism
fulfills one of the prerequisites for realizing QAHE, while the
topological properties need further studies. Our results could
be important for engineering oxide interface states for the
exploration of QAHE.

II. EXPERIMENTAL

Figure 1(a) illustrates the Fe;04/CdO/Fe;O; trilayer het-
erostructures, where the Fe;Oy is the ferromagnetic insulat-
ing layer with a fixed thickness of 4 unit cells (UC), and
the CdO is the band-insulating layer with thickness varied
to tune the electron-transport and magnetic properties. The

©2019 American Physical Society
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FIG. 1. (a) Schematic of crystalline structures of Fe;0,/CdO/Fe;0, trilayer superlattices. (b)—(e) RHEED patterns of (001)-oriented MgO
substrate, bottom 4-UC Fe;0,4, 15-UC CdO, and top 4-UC Fe;0, films viewed along the MgO crystal’s [100] direction. (f)—(i) High-angle
annular dark field scanning transmission electron microscopy images and EDS of the Fe;0,/CdO (15-UC)/Fe;0,4 heterostructures.

Fe;04/CdO/Fe;Q,4 trilayer heterostructures are grown on
(001)-oriented MgO substrates via an oxide molecular-beam
expitaxy system (MBE-Komponenten GmbH; Octoplus 400)
with a base pressure lower than 5x 107! mbar. Prior to the
growth, the MgO substrates are precleaned by annealing at
600 °C for 2 h. The Fe;0, is grown by evaporating Fe from
a thermal effusion cell (rate: 0.02 A/ s) in diluted ozone gas
(03:~11%) under a pressure of 5.2x10~7 mbar. The CdO
layer is grown by evaporating Cd from a thermal effusion cell
(rate: 0.03 10\/ s) in diluted ozone gas (O3:~18%) under a pres-
sure of 4.3x 107> mbar. During the growth of the heterostruc-
tures, in situ integrated reflective high-energy electron diffrac-
tion (RHEED) is used to monitor the crystalline properties of
each layer. Figures 1(b)—1(e) show the RHEED patterns of the
MgO substrate, the bottom Fe; 04 layer (4 UC), the CdO layer
(15 UC), and the top Fe304 layer (4 UC), respectively, viewed
from the MgO crystal’s [100] direction. Based on the line
cuts of the RHEED images, the strain strengths are estimated
to be 2.33% (compressive), 3.98% (compressive), and 2.33%
(compressive) for the bottom Fe;O04, CdO, and top Fe;Oy,
respectively (Supplemental Material, Fig. S1 and Table S1)
[31]. Prior to moving the Fe;O4/CdO/Fe; Oy trilayer samples
out of the high-vacuum chamber, an ~3-nm MgO thin film is

deposited via e-beam evaporation to avoid degradation during
the characterization.

The interface quality of the Fe;04/CdO/Fe;0;, trilayer
samples is further characterized by scanning transmission
electron microscopy (STEM). The high-angle annular dark-
field images [Figs. 1(f) and 1(g)] are recorded at 300 kV using
an aberration-corrected FEI Titan Themis G2 with spatial
resolutions up to ~60 pm. The sharp interface of the atomi-
cally resolved Z-contrast (Z is atomic number) image does not
exhibit any signature of intermixing of the Cd and Fe atoms
across the interface [Fig. 1(f)]. The sharp interface between
CdO and Fes;O4 layers is further confirmed by the energy-
dispersive x-ray spectroscopy (EDS) via using Bruker Super-
X detectors, as shown in Figs. 1(h) and 1(i). Both RHEED and
STEM characterizations show the good crystalline quality of
the Fe;04/CdO/Fe; 04 trilayer heterostructures.

The magnetization measurement of the Fe;0,/CdO/
Fe;0, trilayer samples is performed in a Magnetic Proper-
ties Measurement System (MPMS; Quantum Design). The
magnetization easy axis is in plane (Supplemental Material,
Fig. S2) [31]. The electron-transport measurement is per-
formed in a Physical Properties Measurement System (PPMS;
Quantum Design).
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FIG. 2. Anomalous Hall measurements of the Fe;0,/CdO/Fe; Oy trilayer heterostructures. (a) Temperature dependence of sheet resistivity
of the 8-UC Fe;0, control sample and the Fe;O0,/CdO (15-UC)/Fe;0, trilayer sample. (b) Schematic of the magnetic exchange interaction
between Cd’s 5s and Fe's 3d electrons at the CdO and Fe;0; interface. (c) Normalized magnetization and the anomalous Hall resistance as a
function of the perpendicular magnetic field measured on the Fe;0,/CdO (15-UC)/Fe;O4 sample at T = 10 K.

III. RESULTS AND DISCUSSION

To probe the interface ferromagnetism of the FI/CdO/FI
trilayer heterostructures predicted by Zhang ez al. [24], we first
perform the AHE measurements on the Fe;O4/CdO/Fe;O4
heterostructures consisting of 15-UC CdO film in a PPMS.
The heterostructures are first fabricated to be Hall bar ge-
ometry (channel width: 100 um; channel length: 1500 pum)
via standard photolithography and etching process in diluted
hydrochloric acid solution. During the transport measure-
ments, a dc current of ~100 #A was applied via Keith-
ley K2400 and the voltages were measured via Keithley
K2002. Figure 2(a) shows the sheet resistance as a func-
tion of the temperature for the Hall bar devices made
on Fe;04/CdO (15-UC)/Fe;0, heterostructures. The much
lower sheet resistivity of Fe;04/CdO (15-UC)/Fe;O4 com-
pared to 8-UC Fe3;Oy4 film (top panel) clearly shows that the
transport properties measured on the heterostructures at low
temperatures (T <= 50K) are purely from the conducting
CdO and the interface states. Figure 2(b) depicts the schematic
of magnetic proximity effect due to exchange interaction
at the interface between CdO and Fe;O4. The overlap of
wave functions between the Cd’s Ss electrons and the spin-
polarized Fe's 3d electrons at the localized e, band gives rise
to the spin splitting of the Cd’s 5s electrons in the conduc-
tion band. Figure 2(c) shows the anomalous Hall resistance
(bottom panel) as a function of the perpendicular magnetic
field at T = 10K after subtracting the linear background
arising from ordinary Hall effect. The same characteristic
magnetic fields for AHE and magnetization (top panel) of
Fe;0,4/CdO (15-UC)/Fe;04 proves that the AHE arises from
interface ferromagnetism due to the interfacial magnetic prox-
imity effect between CdO and Fe;O4 [18,19,32]. The single-
step magnetization switching indicates the ferromagnetic ex-
change coupling between two Fe;O4 layers. Since the CdO
layer is nonmagnetic, where only linear ordinary Hall effect
is observed [28], and the Fe;O4 layers are insulating, the
observed AHE in Fe;04/CdO/Fe;0y structures can only be

(@)

:0)

Aplp (B

| L | L L | L | L | L |
-0.3 02 -01 0.0 01 02 03

(b) B(T)
3 0 T T T T T T T T
L % 10.12
= 251 \
g 2.0 — —40.09 _
S )%
T 151 3
o 40.06 &
a I Q
= 1.0
Q
< T H0.03
0.5
00 i | L | L | L | L | 0
0 10 20 30 40
T (K)
FIG. 3. Planar magnetoresistance measurements of the
Fe;0,4/CdO/Fe;O4 trilayer heterostructures. (a) Planar MR

as a function of in-plane magnetic field measured on the
Fe;0,4/CdO (15-UC)/Fe;O4 sample at 7 = 10K. These two
curves are shifted for clarity. Inset: Measurement geometries. (b)
MR ratio and in-plane magnetic coercive field as a function of
temperature.
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FIG. 4. CdO thickness dependence of the magnetic properties of the Fe;0,/CdO (d-UC)/Fe;0, trilayer heterostructures. (a) Channel
resistivity versus temperature for several typical Fe;O4/CdO/Fe;0; trilayer samples. (b) MR ratio as a function of CdO thickness at 7 = 10 K.
(c) Anomalous Hall resistance as a function of perpendicular magnetic field for Fe;O,/CdO(10- and 20-UC)/Fe;0y trilayer heterostructures.
(d) CdO thickness dependence of anomalous Hall conductivity at 7 = 10 K.

attributed to interface ferromagnetism as a result of magnetic
proximity effect. The anomalous Hall resistivity exhibits little
variation as the temperature changes between 2 and 50 K
(Supplemental Material, Fig. S3) [31].

To further probe the interface ferromagnetism of the
Fe;04/CdO (15-UC)/Fe;04 heterostructures, we measure
the planar magnetoresistance (MR) on the Hall bar device
with the magnetic field in the sample’s plane. As shown
in Fig. 3(a), the MR curves as a function of in-plane
magnetic field that is perpendicular to the current direc-
tion (blue curves) clearly exhibit two MR maxima with a
MR ratio (Ap/pp—g) of 2.5x107* at the in-plane coercive
magnetic fields (Bpeac). A hysteresis feature of the planar
MR is observed, supporting the induced ferromagnetism at
Fe;0,4/CdO interfaces due to magnetic exchange interaction.
As the in-plane magnetic field is swept parallel to the dc cur-
rent, similar results (red curves) are observed. The comparable
hysteretic MR maxima observed in these two measurement
geometries could be associated with the extra scatterings
for the conducting electrons in the presence of ferromag-
netic domain walls around the in-plane coercive magnetic
fields. These planar MR results are similar to previously
reported magnetic TI induced by proximity effect with EuS, a
ferromagnetic insulator [18]. The temperature dependence

of the MR ratio [Fig. 3(b)] further rules out the origin of
the observed AHE and MR due to any charges trapped in
Fe;Qy. If there are charges trapped in the Fe;O, layer, the
planar MR is expected to increase for increasing tempera-
ture since the conductance in Fe;Q, increases at elevated
temperatures.

Next, we systematically vary the CdO layer thick-
ness to study its effect on the interface ferromagnetism.
Figure 4(a) shows the temperature dependence of channel
resistivity, and a semiconducting-behavior is observed for all
these four samples [see Supplemental Material, Fig. S4 for
the Fe;O4/CdO (15-UC)/Fe;O4 sample] [31]. The thickness
dependence of the channel resistivity and the carrier density
are shown in Supplemental Material, Fig. S5 [31]. As the CdO
thickness increases from 6 to 15 UC, the MR ratio (Ap/pp—o)
of the Fe;0,/CdO/Fe; 04 heterostructures quickly decreases
from ~7.4x 1073 to ~2.2x10~* [Fig. 4(b) and Supplemental
Material, Fig. S6] [31]. Figure 4(c) shows anomalous Hall
resistance curves as a function of perpendicular magnetic
field measured on the Fe;04/CdO (10-UC, 20-UC)/Fe;0q4
heterostructures. A smaller anomalous Hall resistance is
observed on Fe;04/CdO (20-UC)/Fe;0,4 heterostructures
compared to Fe;04/CdO (10-UC)/Fe;04 heterostructures.
Figure 4(d) shows the CdO thickness dependence of the
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anomalous Hall conductivity to quantitatively investigate the
role of interface ferromagnetism for the AHE. Since the
magnetized interfaces and nonmagnetic bulk CdO channel are
effectively in parallel connection, more current flows through
nonmagnetic bulk channel for thicker CdO samples, which
will reduce total AHE. The decrease of AHE conductivity
upon increasing CdO thickness further supports that the ob-
served AHE is due to interfacial ferromagnetism.

It is noted that the anomalous Hall resistivity measured
in the Fe304/CdO/Fe;0, heterostructures is several orders
smaller compared to the QAHE with quantized resistivity [4].
We believe that the major cause is the current shunting effect
due to bulk conducting states in the CdO layer associated
with oxygen vacancies [29,33]. To minimize the population of
oxygen vacancies, we have grown the samples by lowering the
Cd evaporation rates in the same diluted ozone environment
during the growth and postannealing in oxygen environment
after the growth. The postannealing is performed at the tem-
perature of 300 °C to avoid the deformation of Fe;O4 to
Fe,03. Despite intensive effort, only a slight increase of the
anomalous Hall resistivity is observed with a slight decrease
of the carrier density (Supplemental Material, Fig. S7) [31].
This result could be associated with the easy formation of
oxygen vacancies in CdO thin films, as reported in previous
studies [29,33]. Nevertheless, the observation of AHE and
planar MR in Fe;0,/CdO/Fe;04 heterostructures identifies
the interface ferromagnetism, which is a major step to explore
oxide interface for robust high-temperature QAHE. Using ad-
vanced growth techniques, i.e., oxide molecular-beam epitaxy
with a pure ozone source (O3 : 100%) [34], oxygen-vacancy-

free CdO thin films could be achieved towards robust high-
temperature QAHE.

IV. CONCLUSION

In summary, we have grown the Fe;04/CdO/Fe;04 het-
erostructures via oxide molecular-beam epitaxy and observed
the interface ferromagnetism and anomalous Hall effect on the
Fe;04/CdO/Fe;04 heterostructures. The observed interfacial
ferromagnetism is a major step to explore oxide interface for
robust high-temperature QAHE, while the topological prop-
erties need further studies. One major obstacle to identify the
topological properties is related to the bulk conduction arising
from the oxygen vacancies in CdO layer. Continuously im-
proving the quality of CdO layer to achieve oxygen-vacancy-
free CdO thin films is needed to experimentally probe the
topological properties predicted by Zhang et al. [24]. Our
experimental results could pave the way for engineering oxide
interface states for the exploration of QAHE towards exotic
quantum-physical phenomena and potential applications.
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