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is essential to spatially confine the MIT in 
designed regimes in solids.[6,7] A prominent 
example of this is ABO3 perovskite oxide-
based epitaxial heterostructures, in which 
MIT can be easily confined within surfaces, 
domain walls, and predesigned nanoscale 
patterns.[8–11] Moreover, metallicity in 
TMO-based epitaxial systems is typically 
correlated with other properties like ferroic 
ordering, optical absorption, and thermal 
conductivity.[2–4,12] Therefore, harnessing 
the spatially confined MIT could enable 
effective control and integration of various 
functionalities for high-performance logic/
memory device applications.

Herein, we present an experimental 
realization of spatially confined MIT 
through surface termination conversion. 
ABO3 perovskite oxide consists of AO 
and BO2 atomic layers alternately stacked 
along the pseudocubic [001] direction. 

In a simplified picture, the surface of perovskite oxide should 
show either AO or BO2 terminations. At the AO-terminated 
(001) surface, or in bulk, the crystal field from BO6 octahedron 
split d band into t2g and eg sub-bands.[13] For metallic systems, 
one of the sub-bands should be partially filled (Figure 1a). By 
contrast, at the BO2-terminated (001) surface, the loss of apex 
oxygen may further split the t2g and eg sub-bands and result  
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The metal–insulator transition (MIT), characterized by a dramatic 
decrease in electrical conductivity, has been widely observed and 
intensively studied in condensed-matter systems.[1,2] Especially in 
transition-metal-oxides (TMOs), interplay between lattice, charge, 
spin, and orbital degrees of freedom enables a diverse array of 
intriguing MIT phenomena.[3–5] For utilizing these MIT phe-
nomena in practical nanodevices with a high integration level, it 
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in the opening of a gap (Figure 1b). On the basis of these 
two termination configurations, complicated reconstructions 
can also occur, which provide additional degrees of freedom 
to further modify the electronic structure of perovskite oxide 
surfaces.[14,15] Moreover, such electronic modulations could be 
highly localized in surface atomic layers.[9,16,17] Accordingly, sur-
face termination engineering could be an effective approach for 
inducing atomic-scale surface MIT in TMO heterostructures.

We take the SrRuO3 (SRO) ultrathin film as a model system 
for this study. SRO epitaxial film has been widely used as an elec-
trode layer due to its high electrical conductivity and structural 
stability.[16,18,19] Furthermore, a fine balance between electron–
electron correlation and spin–orbit coupling in SRO gives rise to 
a variety of intriguing physical phenomena, such as itinerant fer-
romagnetism,[20,21] magnetic monopoles in momentum space,[22] 
tunable magnetic skyrmions and, the topological Hall effect.[23,24] 
Notably, all of these are strongly coupled with metallicity. A 
spatially confined MIT, if realized through surface termination 
engineering, can be a powerful tool for locally modulating these 
exotic phenomena. However, as-grown SRO(001) film surfaces 
always show SrO termination due to the poor thermodynamic 
stability of RuO2 termination.[25]

Here, we developed an ex situ water-leaching recipe and 
achieved self-limiting surface termination engineering at room 
temperature. We found that the RuO2-terminated SRO surface 
monolayer becomes highly insulating and nonferromagnetic, 
while the underneath SRO layers remain ferromagnetic (FM) 
and metallic (Figure 1). Namely, termination conversion triggers 

an atomic-scale MIT confined within the SRO surface. This 
surface MIT can be fully understood by the surface-symmetry-
breaking-induced electronic reconstructions at the RuO2-termi-
nated surface. This work illustrates how surface termination  
engineering provides a new path to manipulate the funda-
mental physical properties of TMO at atomic precision.

SRO thin films were grown on TiO2-terminated SrTiO3(001) 
[STO(001)] substrates via pulsed laser deposition.[24] The substrate 
temperature and oxygen partial pressure were optimized at 700 °C 
and 100 mTorr, respectively. By Combining the in situ reflection 
high energy electron diffraction (RHEED) monitoring and laser 
pulse counting, we can precisely control the SRO film thickness 
(tSRO) at unit-cell scale precision (see the Experimental Section and 
Section S1 of the Supporting Information for procedural details). 
The epitaxial qualities of as-grown SRO films were confirmed by 
X-ray diffraction (Section S1, Supporting Information).

Realizing effective and uniform surface termination engi-
neering is the first experimental challenge in this study. Previ-
ously reported termination engineering typically require in situ 
deposition of additional AO or BO2 monolayers at uniformly 
terminated film surfaces.[26] However, during the high-tempera-
ture film deposition, complicated surface reconstructions easily 
occur due to the intricate energy landscape of the surface struc-
tures.[14,15,27,28] In addition, the high-energy growth kinetics 
facilitates mixtures of different surface terminations and unin-
tended segregation of A-site cations.[29,30] These unwanted 
effects can easily hinder the atomic-precision control of the 
surface structure. Specifically, for the case of SRO films, the 
surface compound RuO2 is highly volatile and unstable under 
the optimal growth condition.[23] Hence, the as-grown SRO 
film surface always exhibits a uniform SrO termination, and in 
situ growth of an additional RuO2 monolayer on it should be 
extremely difficult. To overcome this challenge, we developed 
a room-temperature ex situ water-leaching method. Although 
bulk SRO is resistant to most acid etching processes,[18,31] the 
water solubilities of SrO and RuO2 atomic layers at the film 
surface are distinct: SrO can react with H2O molecular to pro-
duce water-soluble Sr(OH)2, whereas RuO2 cannot dissolve 
in water.[32] Therefore, the structure change of the as-grown 
SRO surface in water is expected to have a self-limiting nature. 
Based on this consideration, we ultrasonicated the as-grown 
SRO films in deionized water for various time durations (tw) 
to trigger an unprecedented surface termination conversion 
from SrO to RuO2. The procedural details are described in the 
Experimental Section.

We characterized the SRO film surface evolution during 
water-leaching via atomic force microscopy (AFM). After water-
leaching the SRO film for various tw, we acquired AFM height 
(Figure 2a–e) and phase (Figure 2f–j) images simultaneously. In 
addition to the topography, a variation in surface chemical com-
position can also influence sample-tip interaction, which makes 
the phase image a fingerprint of local variation in surface ter-
mination.[33,34] The detailed analysis of the correlation between 
surface termination and the AFM phase signal can be found 
in Section S2 of the Supporting Information. In Figure 2a, the 
height image of the as-grown sample (tw = 0) shows an atomi-
cally flat surface with one-unit-cell-high terraces. The corre-
sponding phase image (Figure 2f) shows negligible contrast 
except for the lines at terrace edges, indicating a uniform 
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Figure 1. Schematics of termination engineering in SrRuO3 (SRO) films. 
a) At SrO-terminated SRO film surface and bulk, RuO6 octahedral crystal 
field split the Ru 4d band into t2g and eg sub-bands. The partially filled t2g 
band results in finite density-of-states (DOS) near the Fermi level (EF), 
signifying robust metallicity. b) At the RuO2-terminated SRO film surface, 
on the contrary, the loss of apex oxygen breaks the RuO6 octahedral sym-
metry. It further splits the t2g and eg bands. This surface layer becomes 
highly insulating, featured by a gap-opening in the DOS profile.
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surface termination. After water-leaching for various tw, the 
AFM height images (Figure 2b–e) do not show obvious changes 
in topography. By contrast, the phase images for tw = 10 and 
30 s become highly inhomogeneous (Figure 2g,h). The local 
phase difference exceeds 2°, signifying considerable variation 
in the surface chemical composition. By increasing tw to 100 s, 
the phase image becomes uniform again (Figure 2i). It remains 
stable after additional leaching for tw = 1000 s (Figure 2j). As 
shown in Section S3 of the Supporting Information, the sur-
face and electronic transport of SRO films remained stable 
even after water-leaching for long-duration (48 h), which experi-
mentally attests the self-limiting nature of the water-leaching 
process.

The evolution of the SRO film surface during water-leaching 
is schematically depicted in Figure 2k. The SrO surface layer is 
expected to react with water and gradually dissolve during the 
initial stage. After water-leaching for tw = 10–30 s, the exposed 

RuO2 termination, remaining SrO termination, noncrystalline 
SrOx and Sr(OH)2 residues should coexist. On the one hand, 
because of their superior sensitivity to surface chemical com-
position,[33] the AFM phase images become highly inhomoge-
neous. On the other hand, these SrOx or Sr(OH)2 islands could 
be at nanoscale and thus may not make large contributions to 
the AFM height signal, instead only slightly increasing surface 
roughness (due to the limitation of AFM spatial resolution, see 
Section S2 of the Supporting Information for details). After 
water-leaching for tw > 100 s, the SrO surface layer is com-
pletely removed. The resultant film surface is singly terminated 
by RuO2. This compact and chemically stable atomic layer 
should remain unchanged and protect the films underneath 
during further water-leaching.

The surface termination conversion was further confirmed by 
coaxial impact-collision ion scattering spectroscopy (CAICISS).[35] 
CAICISS is a low-energy ion scattering spectroscopy, which  
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Figure 2. SRO surface termination conversion triggered by water-leaching. a–j) Atomic force microscopy (AFM) topographic height images (a–e), and 
corresponding phase images (f–j) of the SRO thin film acquired after different water-leaching durations (tw). The topographic height images do not 
show notable changes as tw increases, while the phase images for tw = 10 and 30 s exhibit clear inhomogeneous contrast, signifying the coexistence of 
SrO and RuO2 surface terminations. All the scale bars correspond to 300 nm. k) Schematics of surface termination evolution during water-leaching. The 
topmost SrO layer is gradually dissolved during water leaching. The number of RuO2 layers in SRO film is defined as NRu. Thicknesses (tSRO) of SrO and 
RuO2-terminated SRO films are NRu and NRu + 0.5 unit-cells (u.c.), respectively. l) Coaxial impact-collision ion scattering spectroscopy measurements 
on the as-grown (SrO-terminated, blue) and water-leached (RuO2-terminated, red) SRO(001) surfaces. The experimental spectra (dotted lines) can be 
well fitted (solid lines) via two Gaussian peaks. The schematic inset illustrates the Ne+ ion scattering process.
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measures the time-of-flight (TOF) of injected ions backscattered 
by atoms at a crystal surface. The TOF profile depends largely 
on the masses of the surface atoms. As depicted in the inset of 
Figure 2l, when Ne+ ions are injected along the [111] axis toward 
the SRO(001) surface, due to the atomic shadowing effect, only 
the topmost atoms can affect backscattering. In this case, the 
TOF profile is extremely sensitive to surface termination.[35] As 
shown in Figure 2l, the TOF profiles of the as-grown and water-
leached SRO films show peaks with distinct positions (8736 and 
8554 ns, respectively), which can be assigned to the backscattering 
processes from Sr and Ru atoms, respectively. According to the 
Gaussian fitting, the coverage of SrO termination for the as-grown 
sample is 96.9% ± 3.1% and the coverage of RuO2 termination 
for the water-leached sample is 89.7% ± 3.0% (see the detailed 
analyses in Section S4, Supporting Information). These results 
further confirmed that both the as-grown and water-leached SRO 
films show nearly uniform surface terminations as expected.

Based on the uniformity in surface termination, we can 
define SRO film thickness (tSRO) with sub-unit-cell accuracy. 
We denote the number of RuO2 layers in the SRO film as NRu. 
The SrO-terminated SRO films grown on a TiO2-terminated 
STO(001) substrate consist of NRu+1 SrO layers, while the 
RuO2-terminated films consist of NRu SrO layers. Therefore, we 
denote the tSRO of the SrO- and RuO2-terminated SRO films as 
NRu + 0.5 and NRu u.c., respectively. X-ray reflection measure-
ments (Section S1, Supporting Information) further confirm 
that water-leaching enables a sub-unit-cell control of tSRO.

Surface termination conversion can strongly affect the longi-
tudinal electrical transport and ferromagnetism of SRO ultrathin 
films. We measured the temperature-dependent longitudinal resis-
tivity (ρxx–T, Figure 3a–d) and magnetization (M–T, Figure 3e–h) 
curves of the SRO films before and after water-leaching. Bulk 
SRO is a typical itinerant ferromagnet with Curie temperature 
(TC) ≈ 160 K.[18] For the as-grown film with NRu = 6 (tSRO = 6.5 u.c., 
SrO-terminated), the ρxx–T curve exhibits a bulk-like metallic 
behavior and a kink near TC ≈ 145 K, where the corresponding 
M–T curve also shows a well-defined paramagnetic-FM transi-
tion. As NRu decreases from 6 to 3, the ρxx–T curve starts to show 
an insulating upturn at ≈47 K, and the TC decreases from 145 
to 99 K. The saturated M value also decreases significantly from 
2.7 × 10−6 to 0.4 × 10−6 emu. Such clear decays in metallicity and 
ferromagnetism of the as-grown films are consistent with pre-
vious studies, which can be ambiguously understood in terms of 
spatial-confinement effect, reduced dimension, and phase transi-
tion to antiferromagnetic (AF) insulator.[36–38] After water-leaching, 
the RuO2-terminated samples show a clear increase in ρxx and 
decrease in M. Such termination conversion-induced decays in 
both metallicity and ferromagnetism become more prominent as 
NRu decreases. Specifically, for the NRu = 4 case, the SrO-termi-
nated sample remains metallic, while the RuO2-terminated sample 
becomes highly insulating below 152 K. The NRu = 3 film with 
RuO2-termination exhibits insulating behavior over the entire T 
range and a negligible FM signal. This behavior further implies 
that the RuO2-termination may facilitate an AF insulating phase.[39]

Adv. Mater. 2020, 32, 1905815

Figure 3. Electrical transport and magnetic characterizations of SRO ultrathin films. a–h) Temperature-dependent longitudinal resistivity (a–d) and 
magnetization (e–h) (ρxx–T and M–T) curves of the SrO-terminated (blue curves) and RuO2-terminated (red curves) SRO films with various NRu. The 
M–T curves are measured with an out-of-plane magnetic field (H) of 1000 Oe. i–l) H-dependent anomalous Hall resistivity (ρAHE–H) curves measured 
at 10 K from the SrO- and RuO2-terminated SRO films with various NRu. All of the ordinary Hall components have been subtracted for clarity. The  
H scanning directions are indicated by solid arrows.
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The termination conversion also significantly modulates 
the transverse magnetotransport properties. As an itinerant 
ferromagnet, SRO exhibits both ordinary and anomalous Hall 
effects (OHE and AHE, respectively). The Hall resistivity (ρxy) 
of SRO thin film can be described by ρxy = ρOHE + ρAHE.[40] 
The first term is the OHE resistivity ρOHE = R0H, where R0 
and H are the ordinary Hall coefficient and out-of-plane mag-
netic field, respectively. The second term is AHE resistivity 
ρAHE = RSM, where RS is the cumulative anomalous Hall coeffi-
cient. Figure 3i–l shows the ρAHE–H curves (at 10 K) of the SRO 
films before and after water-leaching. The linear OHE compo-
nents are subtracted from all of the curves for clarity. For the 
as-grown sample (blue curve) with NRu = 6 (tSRO = 6.5 u.c., SrO-
terminated), ρAHE–H curves exhibit bulk-like AHE with nega-
tive RS. As NRu decreases to 4 and 3, the sign of RS changes 
from negative to positive. The AHE of SRO is dominated by the 
intrinsic Berry phase-related deflection.[22,40] Hence, this sign 
reversal can be understood in terms of the tSRO-driven modu-
lations in the Ru t2g band structure and associated integral 
Berry curvature.[22,41] Note that intrinsic ρAHE is proportional to 
ρxx

2.[45] Therefore, the tSRO reduction-induced decay in metal-
licity result in a dramatic increase of ρAHE for the NRu = 3 
sample (Figure 3i). In addition, the coercive field of the NRu = 3 
sample decreases due to the associated decay in ferromag-
netism and magnetic domain size.[18] After water-leaching, RS 
sign reversal occurs at NRu = 5, suggesting an effective modula-
tion of band structure during the termination conversion. The 
ρAHE amplitude (coercive field) of the water-leached NRu = 4 
sample increases (decreases) dramatically, further attesting the 
decay in both metallicity and ferromagnetism. We emphasize 
that both the line shape and amplitude of the ρAHE–H curves 
of the NRu = 4 and 5 water-leached samples look surprisingly 
similar to their as-grown counterparts with NRu = 3 and 4, 
respectively. Such similarity also can be identified in the line 
shapes of ρxx–T and M–T curves shown in Figure 3a–h. This 
universally observed similarity should imply a unique modula-
tion of electrical/magnetic properties via surface termination 
conversion.

Furthermore, we analyzed the evolution of sheet resistivity 
(ρsheet), sheet carrier density (nsheet), M (at 10 K), and Tc with tSRO. 
As previously defined, for SrO-terminated (RuO2-terminated) 
samples, the nominal tSRO = NRu + 0.5 (NRu) u.c. As shown in 
Figure 4a–d, the tSRO-dependent ρsheet, nsheet, M, and Tc curves 
consistently exhibit a step-like line shape. Namely, the metal-
licity and ferromagnetism of the RuO2-terminated SRO film 
consisting of NRu RuO2 layers (i.e., tSRO = NRu u.c.) are nearly 
the same as those of the SrO-terminated film consisting of 
NRu-1 RuO2 layers (i.e., tSRO = NRu − 0.5 u.c.). Note that both the 
metallicity and ferromagnetism of SRO are dominated by its 
3D RuO6 octahedral networks. Accordingly, the topmost RuO2 
monolayer should not contribute to either electrical transport 
or ferromagnetism after water-leaching. In other words, even in 
an SRO film with robust bulk metallicity (NRu ≥ 5), the RuO2-
terminated surface layer should become both insulating and 
non-FM. Moreover, the consistent step-like features shown in 
Figure 4a–d strongly suggest that the non-FM insulating state 
is strictly confined within the topmost SRO monolayer. Accord-
ingly, the termination conversion triggers an atomic-scale 
surface MIT in our SRO ultrathin films.

The explicit link between surface metallicity and surface 
termination of SRO ultrathin film was verified by scanning tun-
neling spectroscopy (STS) measurements. Figure 4e,f shows 
the differential tunneling conductance versus bias (dI/dV–V) 
curves on the SrO- and RuO2-terminated SRO surfaces, respec-
tively. We obtain each curve by averaging 14 curves measured 
on clean and flat regions at 77 K (see the Experimental Section 
and Figure S4 of the Supporting Information for details). The 
dI/dV signal is proportional to the local density of states (DOS) 
at the surface.[9] The dI/dV–V curves of the SrO-terminated 
surface (Figure 4e) exhibit typical metallic characteristics: 
finite DOS at zero-bias and gradually increased DOS with bias. 
These features are also consistent with a previous report on 
the as-grown SRO surface.[42] By contrast, the dI/dV–V curves 
of the RuO2-terminated surfaces (Figure 4f) clearly show a 
gap-like feature due to the negligible DOS near zero-bias. The 
average gap size is ≈0.30 eV. Note that the STS spectra of both 
SrO- and RuO2-terminated surfaces exhibit considerable spatial 
variations (Section S5, Supporting Information), which can be 
ascribed to surface adsorbates arising from the unavoidable 
ex situ sample transfer procedure and water-leaching processes. 
In spite of this spatial variation, metallic (insulating) charac-
teristics are consistently observed in all of the dI/dV–V curves 
from SrO-terminated (RuO2-terminated) surfaces. Hence, the 
STS results quantitatively corroborate the surface MIT picture 
as depicted in Figure 1.

Water-leaching-induced self-limiting termination conversion 
is technically essential for research on ultrathin oxide films. 
Taking SrO-terminated SRO ultrathin film as an example, 
the surface termination conversion can be triggered by very 
short-duration water-leaching (≈30 s). Therefore, it could occur 
during water-solution-based nanofabrication procedures, or 
even with simple storage in a humid atmosphere (Section S1, 
Supporting Information). An unexpected surface termination 
conversion of this type could cause considerable changes in the 
magnetism and electrical transport of ultrathin oxide films. On 
the contrary, the RuO2-terminated SRO ultrathin films can be 
quite stable against humidity and long-duration water leaching 
(Section S3, Supporting Information). On this basis, we suggest 
that these differences and nonuniformity of surface termina-
tion could be an important factor to cause a large deviation 
from previously reported electric/magnetic critical thickness 
values in SRO ultrathin films.[36,43] For investigating the electro-
catalytic activity of SRO,[44,45] the stability of surface termination 
in water-based solutions should also be seriously considered.

We now turn to explore the underlying mechanism of MIT 
triggered by surface termination conversion. We first excluded 
the extrinsic effects from surface adsorbates by measuring ρxx – T 
curves during high-temperature vacuum annealing (Section S3, 
Supporting Information). Furthermore, as both SrO- and RuO2-
terminated SRO(001) surfaces are nonpolar in nature, we expect 
surface polarity-induced surface lattice distortion to be minimal, 
and thus to have little impact on the surface MIT.[17] The room 
temperature water-leaching process might not trigger complicated 
surface reconstructions at the RuO2-terminated surface.[14,15,27,28] 
On this basis, we suggest that the loss of apex oxygen at the RuO2-
terminated surface locally breaks the RuO6 octahedral symmetry 
and associated crystal fields, thus leading to significant changes 
in both electronic and magnetic structures.[46,47]

Adv. Mater. 2020, 32, 1905815
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To obtain a theoretical basis of the surface symmetry-breaking 
scenario, we performed density functional theory (DFT) calcu-
lations on the termination-dependent electronic structure and 
spin configuration. We constructed SrO- and RuO2-terminated 
SRO/STO(001) films, stacked with a 15 Å thick vacuum layer 
(see the Experimental Section for details). We set the NRu = 5, 
which is well above the previously predicted critical value for 
triggering any phase transition to the insulating and non-FM 
state.[39] For the SrO-terminated SRO/STO(001) film, the DOS 
projected along all the RuO2 layers exhibits typical metallic 
characteristics (Section S6, Supporting Information), similar 
to that of bulk SRO. By contrast, for the RuO2-terminated SRO 
film, the surface RuO2 layer exhibits almost no DOS near EF, 
while the other RuO2 layers underneath show bulk-like metallic 
DOS profiles (Section S6, Supporting Information).

As shown schematically in Figure 1a, the Ru4+ cations inside 
the bulk SRO are under an octahedral crystal field. This crystal 
field splits Ru 4d orbitals into triply degenerate t2g (dxy, dyz, 
and dxz) orbitals and doubly degenerate eg (dx2−y2 and d3z2−r2)  
orbitals. Figure 5a shows the orbital-resolved DOS profiles pro-
jected along a RuO2 layer inside RuO2-terminated SRO film. 

Because of the high energy difference between the t2g and eg 
orbitals, the four Ru 4d electrons occupy t2g orbitals only: three 
of them occupy the spin-majority channel and the remaining 
one occupies the minority channel, leading to a low spin con-
figuration.[47] Similar orbital occupancy can be found in the 
other RuO2 layers underneath the surface layer and in SrO-
terminated SRO film.

As schematically depicted in Figure 1b, the Ru4+ cations at 
the RuO2-terminated surface layer, by contrast, are under a 
unique square pyramidal crystal field. This crystal field with 
lower symmetry further degenerates the t2g and eg orbitals. 
The orbital-resolved DOS profiles projected along the RuO2 
surface layer are shown in Figure 5b. The d3z2−r2 orbital states 
shift downward dramatically below EF, thus leading to the gap 
opening. The gap size is ≈0.25 eV, close to the value derived 
from STS measurements. Moreover, the four Ru 4d electrons 
occupy three t2g orbitals as well as one eg (d3z2−r2) orbital in the 
spin majority channel, leading to a high spin configuration. We 
also tested several possible magnetic orderings in the RuO2-
terminated SRO film and found the energetically favorable 
magnetic ground state is bulk FM with surface G-type AF 

Adv. Mater. 2020, 32, 1905815

Figure 4. Evolution of electrical transport and magnetic properties with tSRO and surface termination. a–d) tSRO-dependent sheet resistivity (ρsheet) (a),  
sheet carrier density (nsheet) (b), M (c), and Curie temperature (TC) (d) of the SRO thin films. The ρsheet, nsheet, and M values were measured at  
10 K. All curves exhibit a step-like feature, signifying that the metallicity and magnetism of RuO2-terminated samples consisting of NRu RuO2 layers 
are similar to those of SrO-terminated samples consisting of NRu-1 RuO2 layers. e,f) Scanning tunneling spectroscopies of the SrO-terminated (e) and 
RuO2-terminated (f) samples. The solid lines are bias-dependent differential conductance (dI/dV–V) curves averaged from 14 curves measured at flat 
and clean surface regions (Figure S4, Supporting Information). The colored backgrounds indicate the standard deviations. The dI/dV–V curves from 
the SrO-terminated surface show typical metallic characteristics while the curves from the RuO2-terminated surface show well-defined energy gaps. The 
insets of (e) and (f) are schematic atomic structures of SRO films with SrO- and RuO2-terminated surfaces, respectively. The electrical conductivity of 
the topmost SRO monolayer with RuO2-termination decays significantly.
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(Section S6, Supporting Information). This spin configura-
tion is ≈60 meV lower in energy compared to the pure FM 
configuration.

The surface-termination-controlled 4d orbital occupancy can 
be further verified by the X-ray linear dichroism (XLD). We per-
formed X-ray absorption spectroscopy (XAS) measurements 
on the SrO- and RuO2-terminated SRO films (NRu = 5) at the 
Ru L2-edge with the linear light polarization perpendicular (E⊥) 
and parallel (E∥) to the film surface. The corresponding XAS 
intensities I⊥ and I∥ are dominated by the unoccupied d3z2−r2 
and dx2−y2 orbitals, respectively.[46] The XLD is calculated as the  
normalized XAS intensity difference (I⊥ − I∥)/(I⊥ + I∥). As shown  
in Figure 5c, the RuO2-terminated SRO film shows a positive 
XLD peak, signifying a preferential electron occupation in the 
d3z2−r2 orbital. By contrast, the SrO-terminated SRO film shows 
a much weaker XLD peak. Since both eg orbitals are unoccu-
pied, this weak XLD signal may arise from compressive strain 
induced slight preferential electron occupancies in the dxz and 
dyz orbitals. The consistency between the DFT and XLD results 
confirms that the surface termination-controlled Ru 4d orbital 
occupancy can comprehensively explain the non-FM insulating 
state at the RuO2-terminated SRO surface.

In summary, we discovered an atomic-scale MIT at the SRO 
ultrathin film surface. An ex situ water-leaching method was 

developed for effective and uniform surface termination engi-
neering in SRO. As the surface termination converts from SrO 
to RuO2, the topmost SRO atomic layer undergoes an MIT 
while the atomic layers underneath remain metallic. We can 
fully understand this MIT according to the surface symmetry 
breaking-induced changes in the 4d orbital occupancies and 
electronic structures. This surface MIT may be accompanied 
by significant modulations of other physical properties in the 
atomic scale, such as the emergence of surface AF ordering 
with a high-spin configuration. The self-limiting water-leaching 
recipe can be easily generalized to other TMO-based epitaxial 
systems for surface termination engineering. Therefore, our 
finding paves a promising route toward triggering and tuning 
exotic physical phenomena with atomic precision. The resultant 
intriguing functionalities are expected to be spatially confined 
near the surfaces or heterointerfaces, which also imply possible 
integration and coupling with emergent phenomena in other 
low-dimensional electronic systems.

Experimental Section
Film Deposition: SRO thin films were deposited onto STO(001) 

substrates using pulsed laser deposition. The as-received STO(001) 
substrates (Crystec) were treated with buffered hydrofluoric acid and 

Adv. Mater. 2020, 32, 1905815

Figure 5. Electronic structure and 4d orbital occupancy in SRO ultrathin film. a) Orbital-resolved DOS projected along the third RuO2 layer inside RuO2-
terminated SRO film (denoted as the bulk RuO2 layer). b) Orbital-resolved DOS projected along the RuO2-terminated surface layer. The bulk RuO2 layer 
exhibits finite DOS near the EF, signifying typical metallic characteristics. On the contrary, the surface RuO2 layer shows almost zero DOS near the EF, 
giving rise to insulating characteristics. The gap size is ≈0.25 eV. Insets of (a) and (b) illustrate the low-spin ferromagnetic (FM) and high-spin G-type 
antiferromagnetic (G-AF) configurations in the bulk and surface RuO2 layers, respectively. c) X-ray linear dichroism (XLD) at the Ru L2 edge measured 
from the SrO- and RuO2-terminated SRO films (NRu = 5). I∥ and I⊥ are X-ray absorption spectroscopy intensities with linear light polarization parallel 
(E∥) and perpendicular (E⊥) to the (001) surface. The schematic inset shows how the dx2−y2 (top) and d3z2−r2 (bottom) orbitals couple with the incident 
linear-polarized X-ray. The light-color (deep-color) indicates the unoccupied (occupied) orbitals.
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annealed in the ambient atmosphere to achieve an atomically flat 
and TiO2-terminated surface with one-unit-cell-high terraces. The 
SRO ultrathin films were grown under an oxygen partial pressure 
of 100 mTorr. The substrate temperature was maintained at 700 °C 
during the deposition. An SRO polycrystalline target was ablated by 
a KrF excimer laser (λ = 248 nm; Coherent) with a laser fluence of 
≈2 J cm−2. The growth rate of the film was calculated according to the 
RHEED oscillations of the initial 2.5 u.c growth divided by the number 
of laser pulses. After the initial 2.5 u.c. growth, the growth mode of the 
film transited from layer-by-layer to step-flow. The tSRO was precisely 
controlled by using the growth rate calculated from the layer-by-layer 
growth mode regime (Section S1, Supporting Information).

Termination Engineering via Water-Leaching: As-grown SRO films 
were cut into two pieces, one for water-leaching and one serving as an 
as-grown reference. The as-grown sample was dipped in the deionized 
water and ultrasonicated it for various time duration tw. After water-
leaching, the sample was sequentially rinsed with ethanol, acetone, and 
isopropanol to remove the surface residues and contaminations. The 
rinsing processes were repeated for 3 cycles. The sample was then dried 
at 150 °C in ambient for 30 min.

Surface Structure Characterizations: The AFM measurements were 
performed at room temperature using a scanning probe microscope 
(Cypher, Asylum Research) with a commercial AFM tip (Tap300Al-G; 
Budget Sensors). The spring constant, resonance frequency, and radius 
of the AFM tips were ≈40 N m−1, ≈300 kHz, and ≈10 nm, respectively. 
The tapping mode was used to acquire topographic height and 
phase images simultaneously. CAICISS measurement was performed 
using a 3 keV Ne source in a high vacuum chamber (<1 × 10−6 Torr) 
at room temperature. The Ne+ beam was aligned along the STO[111] 
crystallographic orientation. In this incident direction, the Ne+ ions can 
be backscattered by the surface atoms only. The STO[111] axes were 
identified by azimuthal and surface-normal polar angle scan of the 
backscattering intensity.

Magnetization and Electrical Transport Measurement: The M–T curves 
were measured using a SQUID magnetometer (MPMS; Quantum 
Design) with an external magnetic field of 0.1 T applied along the out-
of-plane direction. The longitudinal and transverse transport data were 
measured using a physical properties measurement system (PPMS; 
Quantum Design). Pt/Ti electrodes with 6-probe Hall bar geometry were 
sputtered onto the SRO films.

Scanning Tunneling Microscopy and Spectroscopy: Scanning tunneling 
microscopy (STM) and STS measurements were performed at 77 K 
in an ultrahigh vacuum chamber (<2 × 10−10 Torr; Scienta-Omicron) 
interfaced to Nanois controller (SPECS Zurich). Electrochemically 
etched tungsten tips were used, and external voltage bias was applied 
to the sample electrode. For the STM measurements, the constant 
current mode was adopted and the tunneling current was in the range 
of 200–1000 pA. For the STS measurements, the lock-in technique 
was used to record the tunneling current, with a modulation voltage 
of 30 mV and a frequency of 963 Hz. Before the STM and STS 
measurements, the samples were degassed to 150 °C for 60 min in the 
ultrahigh vacuum chamber.

DFT Calculations: A five-layer SRO thin film was constructed on an 
STO(001) substrate, including a 15 Å thick vacuum layer stacked on 
the SRO surface. DFT calculations on four-layer SRO thin film were 
also performed and the results are qualitatively consistent with those 
obtained from five-layer SRO thin film. The in-plane lattice constant 
was fixed at 3.905 Å (the experimental value of cubic STO). The atomic 
structure was calculated using the Vienna Ab initio Simulation Package 
(VASP) with GGA–PBE functional.[48–50] The cut-off energy was set as 
500 eV and the Brillouin zone was sampled with a 9 × 9 × 1 k-mesh. 
To better describe the correlation effects of the d electrons in TMOs, 
the Dudarev’s rotationally invariant GGA+U approach was used,[51] 
taking U = 3.0 eV for Ru and 5.0 eV for Ti. For the RuO2-terminated 
SRO film, the most energetically favorable solution was determined by 
testing various magnetic structures (FM or AF) and spin configurations 
(high-spin or low-spin). The details can be found inSection S6 of the 
Supporting Information.

XLD Measurements: XLD measurements were performed at 
the materials and magnetism beamline, I16 at the Diamond Light 
Source (Didcot, UK).[52] XAS was first measured at the Ru L2 absorption 
edge (2.967 keV) using the fluorescence-yield mode. The linear 
polarization of photons was set to be parallel or perpendicular to the 
film surface. The background scattering signals were fitted using  
y = a · tan−1x + bx + c functions, and subtracted them from the raw  
data. After background subtracting, the XAS intensities with the two 
orthogonal linear polarizations (I⊥ and I∥) were normalized according 
to the footprints of the beam profiles, to avoid any artificial signal in 
XLD. The XLD is calculated as the normalized differences in XAS signals 
(I⊥ − I∥)/(I⊥ + I∥). All the spectra were recorded at 300 K. The ultrathin 
SRO films were chosen to measure with NRu = 5, in which the orbital 
occupancy changes occurred at surface monolayer still can give a large 
enough spectral weight for detection.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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