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ABSTRACT

Most of the observed electronic phase separation (EPS) phenomena in complex oxides occur in
systems with chemical doping, and theories have established the strong correlation between EPS and
chemical-doping induced quenched disorder. Recent experiments on fabricated oxide superlattices with
exclusion of chemical disorder also confirmed that the EPS disappears in the clean systems. Thus far, the
existence of EPS in strongly correlated oxides without the presence of chemical doping or chemical
disorder has not been proved. Here, we have built fully chemically ordered hybrid superlattices using
prototypical SrRuOs; and SrTiOs perovskite oxides. Contrary to previous theoretical and experimental
results, we observe an EPS of two magnetic phases with perpendicular and cubic magnetic anisotropies,
indicating the coexisting metallic and insulating phases in the superlattices. Our results provide an
alternative pathway other than the chemical doping to introduce EPS in correlated oxides and strongly

suggest that EPS can exist in clean systems without the need of chemical disorder.



Electronic phase separation (EPS) in complex oxides is often manifested by the competition between
multiple phases with distinct electronic/magnetic properties [1]. This phenomenon is most prominent in
superconducting cuprates and colossal magnetoresistance manganites which typically show the
coexistence of metallic and insulating phases on the micron to nanometer length scales [2,3]. In most cases,
EPS phenomena are induced by chemical doping through ionic replacements, interstitials, or vacancies in
the parent compounds [2-5]. Occasionally, EPS appears in some oxides with no apparent chemical doping,
such as CaFe;Os and LuFe;O4; however, cation nonstoichiometry still exists in these oxides [6,7] such
that they can be viewed as solid solutions of Fe?" and Fe**. The chemical dopants inevitably distribute
randomly in the lattice, leading to a quenched disorder, and the role of such randomness in phase transition
has been one of the main research subjects in condensed matter physics [8,9].

The effects of chemical doping and chemical disorder on EPS in strongly correlated oxides have been
extensively studied. In particular, oxygen doping is an indispensable way for inducing the EPS with
coexisting superconducting and antiferromagnetic insulating phases in La;CuO4 because oxygen dopants
not only provide extra charges, the segregation of excess oxygen also helps compensate the long range
Coulomb repulsion [2,10]. Similar phenomenon also occurs at the interface of LaAlOs3/SrTiO3
heterostructures where the coexistence of superconductivity and magnetic orders has been reported [11-
14]. The selective occupancy of Ti d orbitals at the interface arising from the presence and the non-uniform
distribution of oxygen vacancies is believed to be the origin of the EPS [15]. As for the colossal
magnetoresistance systems where the ferromagnetic metallic and charge-ordered insulating phases coexist,
the chemical dopants modify the Mn-O-Mn bond angle and subsequently tune the bandwidth. The disorder
of the dopants leads to a random electron hoping between nearby Mn ions as well as a random exchange
interaction between the localized spins [3,16], and theories have predicted that the EPS in manganites

would be suppressed if fully chemically ordered structures could be achieved [17-20]. Remarkably, this



prediction was confirmed in recent experiments in which tricolor manganite superlattices (SLs) were
fabricated using a layer-by-layer growth technique to exclude chemical disordering [21,22].

Thus far, the existence of EPS in strongly correlated oxides without the presence of chemical doping
or chemical disorder has not been proved. This new EPS has far-reaching scientific and technological
implications, for example, reducing the power consumption in colossal magnetoresitive devices due to
less electronic scattering by the disorders [22], and achieving an intrinsic coexistence of superconductivity
and magnetism on the same electrons [23]. In this work, we design hybrid SLs (see schematic illustration
in Fig. 1(a)) through a layer-by-layer growth of the prototypical SrRuO3 (SRO) and SrTiO3 (STO)
perovskite oxides. We observe an EPS with two magnetic phases that have perpendicular and cubic
magnetic anisotropies (MAs), respectively. In addition, we show that this phenomenon implies the
coexisting metallic and insulating phases caused by the non-uniform distribution of the metal-oxygen
bond angles. Our work provides an alternative methodology rather than the chemical doping to introduce
EPS in complex oxides. More significantly, it gives a strong evidence that EPS can exist in properly
designed oxide SLs with full chemical ordering.

The hybrid SLs were epitaxially grown on (001)-oriented STO substrates using pulsed laser deposition
(PLD) assisted by the in situ monitoring of reflective high-energy electron diffraction (RHEED) patterns.
Specifically, (SRO)1/(STO)1/(SRO)1/(STO); (referred to as 1/1/1/3) is the combination of (SRO)1(STO):
(1/1) and (SRO)1/(STO); (1/3) SLs as schematically illustrated in Fig. 1(a). Similarly,
(SRO)1/(STO)2/(SRO)1/(STO); (referred to as 1/2/1/3) is the combination of (SRO)1/(STO), (1/2) and 1/3
SLs. As seen in Fig. 1(b), both the growth of SRO and STO layers exhibits clear RHEED intensity
oscillations, displaying an excellent layer-by-layer epitaxy and precise single-unit-cell level control. The
total repetition of the supercells is 25 (or 50 SRO monolayers) for both SLs. The x-ray diffraction (XRD)

-20 scans of the SLs are shown in Fig. 1(c) and Supplemental Material Fig. S1 [24]. The SLs exhibit



sharp diffraction peaks corresponding to the supercell structures as designed. The average out-of-plane
lattice constant of a single perovskite layer in the SLs is calculated to be ~3.92 A. The reciprocal space
mappings (RSMs) (Fig. 1(d) and Supplemental Material Fig. S1 [24]) around the (2 0 4), (-204), (02 4),
and (0 -2 4) reflections of STO substrates exhibit the same out-of-plane lattice constants, suggesting that
the SL is coherently strained and has tetragonal structure. The 1/1/1/3 SL also has a smooth surface as
evidenced by the clear step terraces in the atomic force microscope (AFM) image (Fig. 1(e)). All these

characterizations demonstrate the high quality of our SL samples.
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FIG. 1. (a) Schematics of the design of hybrid SLs using the perovskite blocks of pseudo-cubit SRO
and STO unit cells. (b) RHEED intensity oscillations of 1/1/1/3 and 1/2/1/3 SLs. (¢) XRD w-26 scans of

1/1/1/3 SL. The inset shows the x-ray reflectivity (XRR) profile. (d) RSM and (¢) AFM images of 1/1/1/3

SL.



Anisotropic magnetoresistance (AMR) is a magneto-transport counterpart of magnetocrystalline
anisotropy energy (MAE) which has been widely utilized to investigate the magnetic anisotropy (MA) of
magnetic materials [25-28]. The normal AMR effect is caused by the spin-orbit coupling (SOC) that mixes
spin-up and spin-down states [29-31] and the resistance simply depends on the angle between the
magnetization and the electric current, hence a twofold cosine dependence of the AMR is expected [29].
The MAE can also give rise to a remarkable magnetoresistance that depends on the spin orientations with
respect to the crystalline axes, which is caused by the spin-dependent scattering of transport electrons
[25,26,32]. Figure 2 shows the AMR of 1/1/1/3 and 1/2/1/3 SLs measured over a broad temperature (7)
range. The AMR measurement geometry is schematically shown in Supplemental Material Fig. S2 [24].
For convenience, the pseudo-cubic indices of the SLs are used throughout the article. In Figs. 2(a) and
2(b), the magnetic field (H) of 9 T is rotated in the (001) plane and the electric current (/) is driven along
the [110] direction. The 9 T magnetic field is large enough to fully align the electron spins with the field.
It can be clearly seen in these figures that the AMRs of both SLs show a fourfold symmetry at 7=5 K —
30 K. This fourfold symmetry cannot arise from the normal AMR effort and must be attributed to the
MAE symmetry of the SLs.

Figs. 2(c) and 2(d) are the AMRs of 1/1/1/3 and 1/2/1/3 SLs in which the H =9 T field is rotated in
the (100) plane and 7 is driven along the [100] direction. In this measurement geometry, H is always
perpendicular to / so that the normal AMR effect is excluded and only the magnetocrystalline component
of the AMR is detected. Obviously, the AMRs of both SLs do not show the standard fourfold symmetry.
For the 1/1/1/3 SL, at T=5 K and 10 K, an additional AMR with a twofold symmetry overlaps with the
fourfold AMR. With increasing temperature, the fourfold AMR gradually diminishes such that at 7= 20
K and 30 K, the AMR has a nearly standard twofold symmetry. Similarly, for the 1/2/1/3 SL, the AMR at

T'=5 K is in a fourfold symmetry while with increasing temperature, an additional twofold AMR appears.



As a comparison, the AMRs of 1/1 and 1/3 SLs are also measured (see Supplemental Material Fig. S3
[24]) and the pure twofold and fourfold AMRs are observed, respectively. This suggests that the

overlapping of twofold and fourfold AMRs is unique to the 1/1/1/3 and 1/2/1/3 SLs.
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FIG. 2. AMRs of (a) 1/1/1/3 and (b) 1/2/1/3 SLs measured at 7= 5 K, 10 K, 20 K, and 30 K with A
rotated in the (001) plane. The measurements were performed by sweeping H from -45° to 315° (black
curves), and then back to -45° (red curves). The electric current is driven along the [110] direction. a is
the angle between H and the [110] direction. AMRs of (¢) 1/1/1/3 and (d) 1/2/1/3 SLs measured at 7= 5
K, 10K, 20 K, and 30 K with H rotated in the (100) plane. The measurements were performed by sweeping
H from 0° to 360° (black curves), and then back to 0° (red curves). The electric current is driven along the
[100] direction (crystalline a-axis), always perpendicular to H. y is the angle between H and the [001]

direction (crystalline c-axis).



The fourfold AMR observed in both the (001) and (100) planes suggests a cubic MA with eightfold
[111] easy axes and the twofold AMR observed in the (100) plane can be attributed to a perpendicular
MA with [001] easy axis [33]. Nevertheless, a twofold AMR could also arise from the anisotropic
suppression of weak localization in two-dimensional systems in the absence of spin-orbit-coupled scatters
or magnetism. This effect predicts a negative magnetoresistance that is largest when H is perpendicular to
the film surface [34,35]. To further confirm the origin of the AMR, we examine the magnetic properties
of the SLs using a superconducting quantum interference device (SQUID) magnetometer. Figs. 3(a) and
3(b) show the H dependent magnetizations (M) of 1/1/1/3 and 1/2/1/3 SLs measured along the [001] and
[111] directions at 7= 5 K and 30 K. Both SLs show clear magnetic orders with saturation magnetizations
over 0.3 pug/Ru and saturation fields less than 5 T at 7= 5 K. The Curie temperatures (7¢) are around 60
K for both SLs (see Supplemental Material Fig. S4 [24]). For the 1/1/1/3 SL, the [001] direction is closer
to the magnetic easy axis whereas for the 1/2/1/3 SL, the [111] direction is closer to the easy axis. These
observations are qualitatively in agreement with the AMR data considering that the twofold AMR is more
prominent in the 1/1/1/3 SL. Moreover, the twofold AMR associated with weak localization is only
prominent at temperatures above 7c, as confirmed by the AMR measurement of 1/3 SL at 7= 100 K and
150 K (see Supplemental Material Fig. S5 [24]). Below T¢, the weak localization contributions would be
strongly suppressed due to the existence of magnetic ordering [34]. Generally, it can be concluded from
the combined AMR and SQUID measurements that the 1/1/1/3 and 1/2/1/3 hybrid SLs exhibit a
coexistence of perpendicular and cubic MAs while the 1/1 and 1/3 SLs show the pure perpendicular and
cubic MAs, respectively.

To elucidate the origin of the coexistence of perpendicular and cubic MAs, we measure the resistivity

(p) and Hall coefficients (Ru) of 1/1, 1/1/1/3, 1/2/1/3, and 1/3 SLs, and the results are shown in Figs. 3(c)



and 3(d). Ru is obtained by fitting the linear slope of the Hall resistance of the SLs (see Supplemental
Material Fig. S6 [24]). For the 1/1 SL, the resistivity decreases with increasing temperature but above 7'=
120 K, it shows a mild increase. The Ry is negative and shows weak temperature dependence, indicating
a well-defined metallic behavior. With the insertion of STO layers, the resistivity gradually increases and
the 1/1/1/3, 1/2/1/3, and 1/3 SLs all show insulating behaviors. In addition, the Ry of 1/3 SL increases
sharply and is positive below 7' = 20 K. There is a sign change at higher temperature, which is typical for
a p-type semiconductor. In contrast, for the 1/1/1/3 and 1/2/1/3 SLs the carriers are primarily electrons
while the Ru decreases sharply below approximately the same temperature as that of the 1/3 SL.
Furthermore, the temperature dependent evolution of the Ry is in good agreement with that of the AMR.
The perpendicular MA is commonly seen in SRO heterostructures with itinerant ferromagnetism [36,37],
but the cubic MA in SRO-based heterostructures is very rare and has only been reported in the insulating
(SRO)1/(STO)x SLs in our previous work [33]. Considering that the 1/1 and 1/3 SLs have only the
perpendicular and cubic Mas, respectively, and the EPS usually requires the coexistence of multiple
electronic phases, the coexistence of metallic and insulating phases in the 1/1/1/3 and 1/2/1/3 SLs is the
natural explanation for the observed AMR and Ru. The temperature dependence of the Ry of 1/1/1/3 and
1/2/1/3 SLs can be explained within the same scenario that the Ry of the metallic phase has weak
temperature dependence and an additional p-type semiconducting phase leads to the sharp decrease of the

Rubelow 7= 20 K.
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FIG. 3. Magnetic-field dependent magnetizations measured at 7= 5 K and 30 K along the [001] and
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coefficients of 1/1, 1/1/1/3, 1/2/1/3, and 1/3 SLs. The inset in panel (d) displays the Hall coefficient of the

To reveal how the coexistence of metallic and insulating phases emerges, we have performed the
detailed atomically resolved cross-sectional aberration-corrected scanning transmission electron
microscopy (STEM) measurement on the 1/1/1/3 SL, as shown in Figure 4 and Supplemental Material
Fig. S7 [24]. Clear interfaces between SRO and STO are visible in the high-angle annular dark-field
(HAADF) STEM images taken at different sites of the SL (see Fig. 4(b) and Supplemental Material Fig.

S7(a) [24]), suggesting a good chemical ordering of Ru and Ti atoms across the SL. The positions of the



oxygen and metal atom columns are extracted from the annular bright-field (ABF) STEM image (Fig.
4(b)) (see Supplemental Material Fig. S8 [24] for details). We then map the out-of-plane metal-oxygen
bond angle Ov.o-m (as indicated in Fig. 4(a), M = Ru and Ti) as a function of oxygen positions, see Fig.
4(c). The statistics of Om-o-m 1s summarized in Fig. 4(d). It shows that Gu.o-m has quite a wide dispersion
from 156° to 180°. Such a large &wv.o-m dispersion is unusual, unprecedented in most transition-metal
perovskite-oxide heterostructures [38-41]. It is known that bulk STO has no out-of-plane oxygen
octahedral tilt [42,43], while bulk SRO has a fru-0-ru around 168° [38]. Compared to the 1/1 and 1/3 SLs,
the supercell of the 1/1/1/3 SL is intrinsically asymmetric from the perspective of the SRO layers.
Combined with the abrupt discontinuity between the tilts of TiOs and RuOs octahedra, the interfacial
asymmetry will greatly enhance the structural instability. Thus, the non-uniform distribution of Om-0-m can
be the result of the unique asymmetric structures of the hybrid SLs.

The bandwidth and conductivity of the SL are determined by the electron hopping between adjacent
SRO monolayers [33]. Moreover, the STO layer thickness and the metal-oxygen bond angle fm-o-m are
the main parameters to control the hopping amplitude. We have shown in our previous first-principles
calculation that smaller 6v.o-m will suppress the interlayer electron hopping, leading to a metal-to-insulator
transition in the 1/3 SL [33]. Moreover, an earlier calculation reveals a transition from a ferromagnetic
metal to an antiferromagnetic insulator triggered by the increased octahedra tilting in the 1/1 SL [41].
Therefore, the EPS of the 1/1/1/3 SL can be related to the non-uniform distribution of the metal-oxygen
bond angles that a large fuv.o-m leads to a metallic phase with a perpendicular MA while a small Om-0-m
leads to an insulating phase with a cubic MA (schematically illustrated in Fig. 4(a)). In addition, we have
prepared a reference sample of 1/1/1/3 SL that has a larger chemical disorder and its AMR at 7=5 K
shows a fourfold symmetry (see Supplemental Material Fig. S9 [24]), indicating that increased chemical

disorder caused by Ru and Ti intermixing will suppress the EPS in the SL.
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In summary, we have obtained full chemical ordering by fabricating high-quality hybrid SLs of the
prototypical SRO and STO perovskite oxides using the layer-by-layer growth technique. In striking
contrast to the previous theoretical and experimental studies in transition-metal oxides where chemical
disorder is required to seed the EPS, we have demonstrated the presence of EPS into two magnetic phases
with perpendicular and cubic MAs in the fully chemically ordered hybrid SLs. We further elucidate that
the observed EPS can be attributed to the coexisting metallic and insulating phases arising from the large
distribution of the metal-oxygen bond angles. Such EPS share many resemblances with that of the
manganites where itinerant ferromagnetism and antiferromagnetism reside in the metallic and insulating
phases, respectively. In the SRO/STO hybrid SLs, it can be ascertained that the metallic phase is

12



ferromagnetic while the magnetic ground state of the insulating phase remains elusive as both
ferromagnetism [33] and antiferromagnetism [41,44] were proposed theoretically. The observation of
clear hysteresis loops of the anomalous Hall resistivity of the 1/3 SL (Supplemental Material Fig. S6 [24])
indicates that the insulating phase is at least a weak ferromagnet. The identification of these two magnetic
phases in the hybrid SLs is challenging, and fortunately they have dramatically different MAs which
serves as the signature of the EPS. Our work gives a strong evidence to one of the widely discussed topics
in strongly correlated oxides that EPS can exist in clean systems without the need of chemical disorder.
Besides, our results provide another methodology other than chemical doping to introduce EPS in complex

oxides, which may help to unlock new functionalities.
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