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ABSTRACT: Due to a combination of the interplay between electron—
electron correlation (EEC) and spin—orbit coupling, 3d—5d transition-metal
oxide interfaces have been an intriguing platform for the exploration of
emergent quantum phenomena. In this work, we investigate the 3d—S5d
electron coupling by designing SrIrO;/CaMnO; superlattices and studying
their electrical transport behaviors. The [(SrIrO;),/(CaMnO;),],, super-
lattices show a metal-nonmetal crossover (MNC) with the critical
temperature increasing monotonically with decreasing n, until n = 1, a
nonmetallic behavior is observed up to room temperature. Detailed analyses
reveal that the MNC is the consequence of the weak localization modified by
the enhanced EEC in SrIrO; competing with the effective field of spin—
orbital relaxation, with the interfaces with CaMnOj; being introduced to the
superlattices. This study provides a framework for understanding the
microscopic picture of 3d—5d electron coupling.
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B INTRODUCTION

Reconstructions of charge, spin, and orbital states at transition-
metal oxide interfaces give rise to exotic electronic states that
are absent in their bulk counterparts.' > Recently, 3d—5d
heterostructures have attracted considerable attention due to
the coupling between spin—orbit coupling (SOC) and
electron—electron correlation (EEC), in which a variety of
intriguing phenomena have been realized, including a Slater
insulator phase,”” perpendicular magnetic anisotropy,” "’
topological Hall effect,’' ™'* and spin—orbit torque.'>'® For
instance, by variation of the epitaxial strain, a Slater—Mott
crossover has been observed in superlattices of (SrIrO;),/
(SrTiO,),, tuning of chiral magnetic interactions by a change
in the interfacial terminations has been realized in LaMnO;/
SrIrO; (SIO) heterostructures,'’ and a ferromagnetic state
with T, & 100 K could be induced in SIO via charge transfer at
the LaCoO,/SIO interface.'”

As a prototypical 5d oxide, SIO has a relatively weak EEC
(~0.5 eV) and strong SOC (~0.4 eV) in comparison with
common 3d complex oxides.'"™** It is semimetallic”® and
topologically robust, since the combination of SOC and lattice
symmetry generates the protected Dirac nodal line.”* Upon
reduction of the SIO thickness, its transport behavior evolves
from the semimetallic to a correlated insulating state with a
critical thickness (t.) of ~4 unit cells (uc). Such a
dimensionality-driven metal—insulator transition (MIT) in
SIO has been attributed to a gap opening accompanied by the
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formation of a canted antiferromagnetic (AFM) ordering.” By
introduction of a heterointerface with 3d systems, the
dimensionality tailoring and strain engineering of SIO-based
heterostructures also have been shown to be effective ways to
modulate their transport and magnetic properties.””'****” For
instance, superlattices (SLs) of m-uc SIO separated by
monolayers of insulating SrTiO; (STO) were found to be
insulating with m < 3; SLs of (SIO),/(STO), were
demonstrated to be less insulating with increasing compressive
strain, even to the extent of the appearance of metallicity when
(S10),/(STO), SLs were grown on NdGaO; (NGO)
substrates.” The SIO/manganite heterostructures remain a
nonmetal with an SIO thickness of up to 12 uc,'"*” indicating
that 3d electrons at the interface could effectively affect the
band structure of Sd-iridates. In LaMnO,/SIO, 3d—5d
coupling was manifested by the charge transfer from Ir to
Mn,** ™ while another work attributed the coupling effects to
the formation of a Ir—Mn molecular orbital without charge
transfer.”’ The mechanism of 3d—5d electron coupling is still
unresolved. A further investigation of the nature of exotic
behaviors of the SIO-based heterostructures is essential to fully
understand the role of 3d—Sd electron correlation at the
interface.
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Figure 1. (a) Schematic illustration of [I,/M,],, SLs (n = 1, 2). IrO4 and MnOjg octahedra are shown in dark yellow and purple, respectively. (b)
TEM image of [I;/M;]s SL. (c) Mn L-edge XAS of the [I,/M,],, SLs. The XAS of Mn>" is shown for comparison.” (d) X-ray diffraction data of
[I,/M,],, SLs. The first-order satellite peaks from each curve are labeled +1 and —1, respectively.

In this article, we systematically investigate the electrical
transport properties of high-quality [(StIrO;),/(CaMnOs;),],,
SLs (referred to as [I,/M,],,). X-ray absorption spectroscopy
(XAS) results indicate that there is no charge transfer between
Ir and Mn ions across the interface. [I,/M,],, shows
nonmetallic behavior, while SLs with n > 2 exhibit metallic
characteristics at high temperatures with the metal-nonmetal
crossover (MNC) temperature (referred as T,,,) decreasing
monotonically with increasing n. The coupling between
CaMnO; (CMO) 3d electrons and SIO 5d electrons illustrates
Fermi liquid behavior, which is an indicator of EEC. In
addition, detailed analyses of the electrical transport data
indicate that the 3d electrons of CMO can also increase weak
localization of SIO Sd electrons through tuning the effective
fields of spin—orbital relaxation length. Our findings provide an
effective regulation method to tune electron interactions in
3d—5d heterostructures.

B EXPERIMENTAL METHODS

A series of [(StIrO;),/(CaMnOQ,),],, SLs (referred to as [I,/M,],,
where I denotes SrIrO; and M denotes CaMnO;) were grown by
pulsed laser deposition (PLD) on NdGaO; (110) (referred as NGO
(110)) substrates (KrF excimer laser, 1 = 248 nm). The growth was
monitored by in situ reflective high-energy electron diffraction
(RHEED), and the thickness was determined by counting the
number of RHEED oscillations. The laser fluence and repetition rate
were set as 1.5 J/em® and 2 Hz, respectively. The oxygen partial
pressure was optimized at 10 Pa, and the growth temperature was 670
°C. To avoid possible degradation of the samples in the atmosphere,
amorphous STO capping layers were deposited at room temperature
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after growth. X-ray diffraction (XRD) was carried out using a Rigaku
SmartLab (9 kW) X-ray diffractometer with a Ge (220) X2 crystal
monochromator. The Mn L-edge XAS measurements in total
fluorescence mode were performed at beamline BLOSUIA of the
Shanghai Synchrotron Radiation Facility. For scanning transmission
electron microscopy (STEM) image acquisition, the cross-sectional
STEM specimens were thinned to less than ~30 um first by using
mechanical polishing and then by performing argon ion milling. The
ion-beam milling was carried out using a PIPS instrument (Model
691, Gatan Inc.) with an accelerating voltage of 3.5 kV until a hole
was made. Low-voltage milling was performed with an accelerating
voltage of 0.3 kV to remove the surface amorphous layer and to
minimize damage. High-resolution high-angle annular dark-field
(HAADF) images were recorded at 300 kV using an aberration-
corrected FEI Titan Themis G2 instrument with a convergence
semiangle for imaging of 30 mrad and collection semiangles of 39 to
200 mrad. The electrical transport properties were revealed by the a
Quantum Design Physical Property Measurement System (PPMS)
using a Van der Pauw geometry.

B RESULTS AND DISCUSSION

Paramagnetic and semimetallic SIO has an orthorhombic
structure with the pseudocubic lattice parameter a,. = 3.96 A
(pc denotes pseudocubic).”> CaMnO; (CMO) is an
antiferromagnetic insulator with space group Pbnm and the
pseudocubic lattice parameter a,. = 3.73 A’ NGO (110) was
chosen as the substrate for growing [I,/M,],, SLs because its
lattice constant (a,. = 3.858 A) is between SIO and CMO. In
the current work, [I,/M,],, SLs with n = 1-24 and the layer
repetition m were designed to create a total thickness of m X
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Figure 2. (a) Temperature-dependent ratio of R(T) and R(300 K) (RRR) of the [I,/M,],, SLs. The T, value of each sample is marked by
arrows. The inset shows the T, value as a function of n. The [I,/M, ], sample represents nonmetallic behavior at room temperature (indicated
by a black arrow). The black dashed line is a guide for the eye. (b) Temperature-dependent resistivity of [I,/M,],, SLs. The black dashed curves
show fitting results using p = p, + AT for each SL (curves have been offset for easier viewing). The inset shows the relationship between ¢ and n.

The black dashed line is a guide for the eye.

2n = 48 uc (24-uc SIO and 24-uc CMO, Figure 1a). Figure 1b
displays the HAADF-STEM image of [I;/M;]; along the
[110],. direction. The layer-by-layer growth (see SI-I in the
Supporting Information) leads to an atomically sharp interface
between the NGO substrate and SIO with negligible
intermixing between CMO and SIO. Figure 1d displays the
high-resolution XRD 20— pattern of the SLs. Zeroth-order
superlattice peaks, which is close to the NGO (110) substrate
peak, are observed for all SLs. In addition, the Kiessig fringes
and clear first-order satellite peaks indicate the sharp interfaces
and the high crystalline quality of the SLs. The in situ RHEED
patterns and X-ray reflectivity (XRR) results also show the
high quality of [I,/M,,],, samples (SI-Ib,c). Also, the reciprocal
space mapping (RSM) of [I,;/M, ], SL (SI-1d) indicates that it
is coherently strained to the NGO substrate. Since all of the
SLs have similar thicknesses (~48 uc) and the only variation is
the change of period, the RSM result indicates that all SLs are
in the same strain state.

We further investigated the possible charge transfer across
the SIO/CMO interface by XAS. Figure 1c shows the Mn L-
edge XAS results. In comparison with the 24-uc CMO film,
there is no noticeable peak shifts or shape variation of either
the Mn L;-edge peak (~644 eV with a prepeak at ~642 eV) or
the L,-edge peak (~654 eV) in [I,/M,],, superlattices.
Moreover, there is no peak shift with a variation of n. This
indicates that the valence of Mn ions in [1,/M,],, superlattices
is no different from that in bulk CMO, i.e., there is no charge
transfer between Mn*" and Ir*, consistent with a previous
report by Zhang et al.*' In addition, the peak position of Mn>*
ions (gray line, from ref 33) is totally different with those from
SLs and the CMO reference sample (Mn*"), further indicating
that there is no charge transfer between SIO and CMO.

Figure 2a displays the temperature-dependent ratio of R(T)
and R(300 K) (RRR) of the [1,/M,,],, samples. We also plotted
the RRR value of a 24-uc SIO film in Figure 2a as a reference.
It is found that there is a clear resistance minimum (defined as
the MNC temperature, T,,,) for the SIO film at ~21.3 K,
while T, increases to ~45.4 K on interfacing with the CMO

Cross

layer ([1,,/My,];, n = 24). The T, values of [I,/M,],
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samples increase with decreasing n. For example, the T
value of [I;,/M,,], is ~52 K and the curve of [I;/M;] shows a
similar trend with T, & 71 K. When n = 2, the sample
exhibits a metallic character at high temperatures and has a
clear resistance minimum at around 193 K. Until n = 1, the
RRR value of [I;/M,],, monotonically increases with
decreasing temperature, manifesting a nonmetal behavior
below 300 K. We summarize the T, value as a function of
n in the inset of Figure 2a, which shows that, except for the
nonmetallic [1,/M,],,, the SLs exhibit an n-dependent MNC
behavior with n > 2.

Perovskite SIO is a narrow-band semimetal,”® while thin
SIO films may show nonmetallic characteristics at low
temperatures. Reference 25 reports that a SIO film thinner
than 4 uc is an insulator because of the opening of a Mott gap,
while a 6-uc SIO film shows MNC behavior with T ~ 30 K
because of the dimensionality-driven weak localization.
However, for the SLs studied in the current work, the MNC
behaviors are distinctly different. First, the R; values of all the
SLs are lower than 25 kQ (h/é’ see SI-II), indicating that the
gap-opening mechanism”>** could be ruled out according to
the Joffe—Regel rule.>** Moreover, the T, value is higher
than that of a single SIO film with the same thickness when n
> 6, which indicates the different mechanisms of weak
localization (SI-III and SI-IV, neither a variable range hopping
model nor a dimensional crossover). On consideration of the
distinct structure of the SLs with the 3d—5d interfaces, the
enhanced EEC brought about by 3d electrons must
prominently modulate the weak localization behavior of the
SLs.

To analyze the EEC characteristics in the SLs, we fit the
electrical resistivity as a function of temperature in the metallic
region with the Fermi liquid model, which can be expressed as
p = po + AT?, where p, represents the residual resistivity
brought by defects due to electron-impurity scattering at 0 K,
A is the temperature coeflicient of resistivity representing the
inelastic scattering strength between electrons, and ¢ is a real
number representing the intensity of EEC. When the value of &
approaches 2, it describes a system that exhibits typical Fermi
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Figure 3. (a) Magnetoresistance (MR) in a perpendicular magnetic field of [I,/M,],, SLs and a 24-uc SIO film (measured at S K). The inset is the
enlarged MR of [I;,/M,], and [I,,/M,,]; SLs and the 24-uc SIO film. (b) Magnetoconductance (Ac) of representative [I,/M,],, SLs and the 24-
uc SIO film in units of e*/7h as a function of magnetic field at § K. The best fitting results using the Maekawa—Fukuyama formula are illustrated by
black dashed lines. (c) The extracted inelastic scattering lengths (/,) and spin—orbit relaxation lengths () of each sample as a function of n.

liquid behaviors with a pronounced EEC.**™*° Figure 2b
shows the resistivity as a function of temperature and the
corresponding fitting curves (black dashed lines) of the [I,/
M,],, samples. It reveals that, when n = 24, the fitted € = 1.165,
which is close to the value of a 30-uc SIO film*' (¢ = 0.9),
indicates that [I,,/M,,], is away from the Fermi liquid system.
¢ gradually increases with decreasing n (inset of Figure 2b),
indicating that the EEC in the SIO blocks gets stronger when
the number of SIO/CMO interfaces is increased. When n = 2,
[I,/M,],, can be well fitted with & = 2, together with an A
value on the order of 10™° Q cm K72, indicating that it behaves
like a typical strong EEC system.”>~*’ These results indicate
that the EEC in SIO is enhanced through introduction of the
interface with 3d-CMO, which drives the [I,/M,],, systems to
be nonmetals.

It is worth noting that, intuitively, the EEC enhancement at
the 3d—5d interface should be limited to the quasi-2D form.
However, there is a 3D feature in SLs, as evidenced by the
continuous change of T, as a function of n. On the basis of
the fact that the intrinsic characteristics of the SIO thin film
shows that the T, value is lower than 30 K with a thickness
of above 6 uc, if the EEC enhancement were quasi-2D, the
T 1055 Of SLs would exhibit an abrupt change when # is above a
certain value and then roughly saturate (below 30 K) as n
increases.

MR analyses were carried out to reveal the weak localization
mechanism. Figure 3a displays the MR of SLs in a
perpendicular magnetic field between +6 T at S K. As the
reference, the MR of a 24-uc SIO is shown in the inset of
Figure 3a. Both the 24-uc SIO film and the [I,,/M,,]; SL show
positive MR, indicating the existence of weak antilocalization.”
The SLs exhibit negative MR with n < 12, which manifests the
weak localization.”*** Note that the weak localization (n = 12)
to weak antilocalization (n = 24) crossover in SIO/CMO SLs
is totally different from that in single SIO films (between S-uc
and 6-uc due to a dimensional crossover”’). The MR
percentage is the largest (~—4% at +6 T) for [I;/M,],4 and
it steadily decreases with increasing n. At n = 12, MR = —0.3%
(at £6 T). The MR percentages of [Is/M]s, [I3/M;ls, and
[1,,/M,,], are below 1%, which are close to the values of
typical weak localization systems,34 as shown in the inset of

Figure 3a. On consideration that the EEC is strengthened
(represented by the increasing € value as shown in the inset of
Figure 2b) with decreasing n, the above MR analyses evidence
the correlation of the enhanced EEC and the weak localization
in the SLs.

To explore the mechanism of the weak localization
modulation, we fit the magnetoconductance (Ao) data with
the Maekawa—Fukuyama formula, which can be applied to the
diffusive regime that describes the change of conductivity in

magnetic field with negligible Zeeman splitting™>****
Ac(B) (1 Be) 3 (1 B,+ B,
=—yl=+ = |+ Syl -+ —2
X 2 B) 272 B
D[ BBt 1
22 B B, 2
h{ B, + BSO]
By (1)

where y is the digamma function, 6, = e*/7h is the quantum of
conductance, and B, B, and B, are the effective fields of the
elastic scattering, inelastic scattering, and spin—orbit relaxation,
respectively. Note that, for convenience, the effective field B; is
often expressed in terms of scattering length [; with the relation
of B, = 71/4el}. The fitting results are shown in Figure 3b (black
dashed lines), and Figure 3c. There is an inversion of I, < I, (n
=12) and I, > I, (n = 24), corresponding to the crossover of
weak localization and weak antilocalization,” which is also
demonstrated by the sign change of MR (from negative with n
= 12 to positive with n = 24). The I, value remains roughly
unchanged with varying n, with only a slight increase when n <
3, which could be ascribed to the interlayer coupling.”® With a
decrease in n, the I, value increases, i.e., the effective field of
SOC (B,,) decreases, manifesting the anticorrelation of EEC
and SOC, i.e. an enhanced EEC can suppress SOC and vice
versa. Therefore, the modulation of the MNC in the SLs can
be ascribed to the competition between EEC and SOC that
determines the characteristics of the weak localization. In
addition, since the SOC is intrinsically 3D, the interaction
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between SOC and EEC results in the EEC enhancement
beyond the 2D limit in SIO.

We further determine the length scale of SOC affecting the
EEC enhancement quantitatively by comparing the MR of
several reference samples of SIO/CMO bilayers. Figure 4a
illustrates the MR of [I;/M,];, [Is/M;];, [Is/My,];, and [L,,/
M,,]; as a function of the magnetic field at S K. The MR of
[Ls/M,]; is positive, while both [Is/M;]; or [I;/M,,]; show a
negative MR, as observed in our SL samples. It is indicated that
3d electrons from CMO could effectively increase the effective
fields of the spin—orbital relaxation length of at least 8-uc SIO.
However, the MR would change the sign again from negative
([Ig/M,,];) to positive ([I,,/M,,];) when the SIO thickness is
increased, illustrating that 3d electrons from CMO could not
fully influence the 24-uc SIO. We also fitted the magneto-
conductance data of these reference samples using eq 1, as
shown in Figure 4b. The relative strengths of I, and I, are
consistent with the change of sign of MR and directly indicate
that the critical thickness of Sd electrons influenced by 3d
electrons is between 8-uc and 24-uc.

B CONCLUSIONS

In conclusion, the high-quality epitaxial [I,/M,], SLs exhibit
MNC behaviors with a variation of critical temperature T,
with n. Detailed investigations of the electric transport and MR
indicate that the nonmetallic property of SIO can be ascribed
to the weak localization significantly modulated by the
interfaces with CMO. With a decrease in n, the EEC
enhancement in SIO becomes more prominent, while the
SOC of SIO is weakened. It is then clarified that the
competition between EEC and SOC determines the weak
localization of the SLs, resulting in the tunable MNC. The
proposed microscopic picture of the 3d—5d electron coupling
may inspire in-depth investigations of the tuning of metal—
insulator transitions in complex oxides.
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