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Control of dimensionality is a powerful tool to unlock hidden electronic and magnetic phases. In particu-
lar, reduced dimensionality in strongly correlated oxides leads to an intriguing “dead-layer” behavior that a
transition from (ferromagnetic) metal to (antiferromagnetic) insulator occurs as the thickness approaches the
two-dimensional limit. However, the origin of such transition has been a subject of debate that both the intrinsic
dimensionality effect and the extrinsic disorder effect are proposed to be the driving force. Here, we reveal
a transition from ferromagnetic metal with perpendicular magnetic anisotropy to antiferromagnetic insulator
with in-plane magnetic anisotropy in SrRuOj; epitaxial films down to the monolayer limit. Experimentally, we
demonstrate that StTRuQO; films below 3 unit cells become magnetic insulators and the spin easy axis changes
to the in-plane (110) directions. First-principles calculations reveal that the interplay of the orbital-selective
quantum confinement on Ru 4d orbitals and the oxygen octahedral rotation drives the ultrathin films from
ferromagnetic metal to antiferromagnetic insulator, reorienting Ru spins from the perpendicular to the (110)
directions. Our findings demonstrate how reduced dimensionality can tailor the magnetic state and provide
significant advances in one of the debated topics in complex oxide heterostructures that dimensionality effect

alone can be the driving force of dead-layer phenomenon in two-dimensional systems.

DOI: 10.1103/PhysRevB.107.064418

I. INTRODUCTION

Reduction in dimensionality has been a powerful tool
for creating emergent quantum phenomena, examples includ-
ing two-dimensional (2D) magnetism [1-3], 2D electron gas
[4-6], interface superconductivity [7,8], interfacial magnetism
[9-13], etc. However, an obstacle in reducing the dimension-
ality towards the 2D limit is the occurrence of the dead-layer
behavior. Below a critical thickness, the ferromagnetism and
metallicity are suppressed and a nonmagnetic or antiferro-
magnetic (AFM) insulating state emerges. This phenomenon
is commonly seen in many strongly correlated oxides in-
cluding LaNiOs [14], La;_,Sr,MnO; [15], StRuO; [16,17],
SrVOs; [18,19], SrIrO; [20], etc. Though extensive research
efforts have been devoted, the origin of such metal-insulator
transition (MIT) in the ultrathin limit has been a subject of
strong debate. Generally, the intrinsic dimensionality effect
including quantum confinement [21-23], charge/spin ordering
[24], substrate-induced strain/coupling of oxygen octahedra
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[25,26], etc., and the extrinsic disorder effect such as cation
off stoichiometry [19,27,28] or interface intermixing [29], are
proposed to be the driving force of the thickness-dependent
MIT. Though the MIT in several oxides was reported to be
driven by the dimensionality effect, such as SrVOj; [23], there
are also disagreements due to the challenge to exclude the
extrinsic effect [19].

Thick SrRuO;3; (SRO) epitaxial films are ferromagnetic
(FM) metal with uniaxial magnetic anisotropy [30]. Extensive
experimental works demonstrate that a transition to non-FM
insulating state occurs in SRO films below the thickness of
2 [31], 3 [32,33], or 4 [34,35] unit cells (u.c.). There are
a few reports showing the signature of metallic phase in
SRO films below 2 u.c., only when the films are sandwiched
between other oxide layers [36—-38]. The controversy regard-
ing the critical thickness of the MIT could be attributed to
the unavoidable structural/chemical disorders and thickness
nonuniformity in fabricating complex oxide films using a
layer-by-layer growth technique. On the other hand, it is
quite challenging to experimentally characterize the magnetic
properties of ultrathin films. Xia et al. report a very weak
exchange bias in 2- and 3-u.c. SRO films by measuring the
polar Kerr effect, implying an AFM phase in these films
[32], while the details of the AFM phase, including the tran-
sition temperature, the spin easy axis, etc., are unknown.
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FIG. 1. Magnetic and transport measurements of ultrathin SRO films. (a) Schematic illustrations of the MAR measurement geometry
(bottom panel) and the thickness-dependent magnetic phase transition from FM with perpendicular magnetic anisotropy to AFM with in-plane
magnetic anisotropy (top panel). Temperature-dependent (b) resistivities and (c) out-of-plane magnetizations of 8-, 4-, 3-, and 2-u.c. SRO
films. The magnetizations were recorded at 0.05 T after field cooling at 0.5 T. (d) Hall resistivitity of 3-u.c. SRO film measured at T = 30, 50,
70, and 100 K. Magnetic-field angle-dependent resistivity measurement of SRO films with the field sweeping in the (e) YZ and (f) XY planes.
MARS of 8-, 4-, and 3-u.c. films were recorded with H =5 T at T = 5 K. As the resistivity of 2-u.c. film below 20 K is over the measurement
limit, the MAR was measured with H =9 T at T = 30 K in panel (e) and T = 20 K in panel (f). For clarity, MARSs of 3-u.c. film are divided
by a factor of 10. 7 is the angle between the field and z axis, and 6y is the angle between the field and y axis. (g) Temperature-dependent MAR

value at 6, = 90° of 2-u.c. SRO film.

Theoretically, first-principles calculations utilizing distinct
parameters give inconsistent ground states of SRO films in
the 2D limit, including nonmagnetic metallic [31,36], FM
metallic [29,39], and AFM insulating states [40—44]. Particu-
larly, oxygen octahedral rotation (OOR) and on-site Coulomb
repulsion (U) play essential roles in determining the ground
state. In general, due to the coexistence of intrinsic dimension-
ality effect and extrinsic structural/chemical disorders, as well
as the inconsistency in theoretical calculations, it is difficult to
reach a consensus on the origin of thickness-dependent MIT
in SRO films.

In this work, we demonstrate a dimensionality-driven
magnetic phase transition from FM metal with perpendic-
ular magnetic anisotropy (PMA) to AFM insulator with
in-plane magnetic anisotropy (IMA) [as schematically shown
in Fig. 1(a), top panel] by fabricating ultrathin SRO films
with thickness down to the monolayer limit. Transport and
magnetic characterizations show that the films remain FM
metallic down to 4 u.c., but the 3- and 2-u.c. films become
AFM insulating with (110) magnetic easy axes. Our density-
functional theory (DFT) calculations further elucidate these
experimental findings and reveal that the orbital-selective
quantum confinement effect (QCE) and out-of-plane OOR
lead to the reconstruction of Ru 4d orbitals, resulting in an
AFM insulating state and reorienting Ru magnetic moment.
Furthermore, we exclude the possible role of structural de-
fects in driving the magnetic phase transition by controlling

the oxygen deficiency and Ru/Ti intermixing in the films.
These findings provide insights into how quantum confine-
ment tailors the metal-insulator transition and magnetic states
in complex oxide heterostructures.

II. RESULTS AND DISCUSSION

A. Magnetic and magnetotransport characterizations

Epitaxial SRO films with thicknesses of 2, 3, 4, and
8 u.c. were grown on (001)-oriented and TiO,-terminated
SrTiO; (STO) substrates using pulsed-laser deposition (see
Supplemental Material, experimental section [45]). The in situ
reflective high-energy electron diffraction monitoring reveals
that the first SRO layer has a thickness of 1.5 u.c., suggesting
that the SRO films are SrO-layer terminated (see Fig. S1 [45]).
With decreasing the film thickness, a FM metal to non-FM
insulator transition occurs at the critical thickness of 3 u.c.,
as shown in the temperature (7)-dependent resistivity (o) and
magnetization (M) measurements [see Figs. 1(b) and 1(c)].
The 8- and 4-u.c. films show a FM transition at ~140 and
~120 K, respectively, but no obvious magnetic transition can
be seen in the M(T) curves of 2- and 3-u.c. films, whereas,
the anomalous Hall resistivity measurement [see Fig. 1(d)]
clearly reveals a magnetic order in the 3-u.c. film and the
magnetic transition temperature is ~70 K. Compared to the
8- and 4-u.c. films (see Fig. S2 [45]), the anomalous Hall
resistivity hysteresis loops of 3-u.c. film exhibit reversed
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FIG. 2. First-principles calculations of ultrathin SRO films. (a) Schematic of the crystal structure of 2-u.c. SRO film used in the calculations.
The dashed lines indicate the volume of a single supercell. Near Fermi-level density of states of Ru 4d orbitals of (b) 4-u.c. and (c) 2-u.c. SRO
films calculated with U = 3 eV. Electron occupancies of Ru 4d,, and 4d,./d.. orbitals of (d) 4-u.c. and (e) 2-u.c. SRO films. Total energies
with Ru spins along the [001], [100], [110], and [111] directions of (f) 4-u.c. and (g) 2-u.c. SRO films. Energy of the [001] state is used as the

reference.

polarity, reduced coercivity, and much smaller saturation re-
sistivity. These observations demonstrate that the 3-u.c. film
has a very different magnetic state compared to the thicker
films.

Then, we further study the magnetic property of the films
by measuring the magnetic-field angle-dependent resistivity
(MAR). MAR is a magnetotransport counterpart of the mag-
netocrystalline anisotropy energy and has been demonstrated
as a powerful tool to study the magnetic anisotropy in ox-
ide thin films [46-52]. In the measurement, the longitudinal
resistivity is recorded with sweeping the magnetic field (H)
in YZ and XY planes, respectively [as schematically shown in
Fig. 1(a), bottom panel]. Figs. 1(e) and 1(f) are the MARs
of 8-, 4-, 3-, and 2-u.c. SRO films. Detailed temperature
dependence of the MAR is shown in Supplemental Material
Figs. S3 and S4 [45]. The MARs of 8-u.c. film all have a
twofold symmetry and agree with a well-defined perpendic-
ular magnetic anisotropy. The MAR of H in the YZ plane
arises from the spin-dependent electron scattering while the
MAR of H in the XY plane is due to the normal anisotropic
magnetoresistance (AMR) effect [53]. Similarly, the 4-u.c.
film also has a dominant PMA, but with additional peaks at
90°/270° in the MAR with H in the XY plane. The MARs
with H in the YZ plane of 3- and 2-u.c. films show a reversed
polarity, and the MARs with H in the XY plane exhibit a nearly
fourfold symmetry with resistivity minimum when H is in the
fourfold [110] directions. The fourfold MAR could not arise
from the normal AMR effect and should be attributed to the
magnetocrystalline component of 3- and 2-u.c. films. Further-
more, the temperature-dependent MAR value at 6z = 90° of
2-u.c. film [see Fig. 1(g)] indicates a transition around 70 K,

in good coincidence with the anomalous Hall results. This
observation suggests that the evolution in the MARSs of 3- and
2-u.c. films originates from the magnetic order. Therefore, the
combined MAR measurements in YZ and XY planes indicate
an in-plane (110) magnetic anisotropy in the 3- and 2-u.c.
SRO films. We then measured the M(H) loops along the [001]
and [110] directions of the 3-u.c. film (see Supplemental Ma-
terial Fig. S5) which also demonstrate that the [110] direction
is the magnetic easy axis. As the 3- and 2-u.c. SRO films
are magnetic insulators with well-defined magnetic anisotropy
but have negligible net moment, they can be inferred as an
AFM state (this will be further confirmed theoretically later).
Therefore, the magnetic and transport measurements demon-
strate that the 8- and 4-u.c. SRO films are FM metal with PMA
while the 3- and 2-u.c. films are AFM insulator with (110)
magnetic anisotropy [as schematically shown in Fig. 1(a), top
panel].

B. First-principles calculations

To understand the origin of the magnetic phase transition
depending on thickness in the ultrathin SRO films, we perform
density-functional theory calculations within the GGA plus
Hubbard on-site Coulomb repulsion U (see Supplemental Ma-
terial for details [45]). We built slabs with 2-, 3-, or 4-u.c. SRO
layers capped on 4-u.c. STO and 20-A vacuum for the calcu-
lations, where the SRO layer is SrO terminated, in accordance
with the experimental results. Fig. 2(a) displays the schematic
illustration of 2-u.c. SRO supercell used in the calculations.
Thick SRO films grown on STO substrates usually have an
a~ b* ¢~ OOR pattern, but the OOR about the in-plane axes
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FIG. 3. Quantum confinement- and oxygen octahedral rotation-induced electronic reconstruction of ultrathin SRO films. (a) Schematic
illustration of the connectivity of Ru d,, and d,./d., orbitals. (b) Schematic demonstration of the reconstruction of Ru d,, and d,./d,, orbitals
driven by reduced dimensionality and OOR along z axis. (c) Schematic of RuOg octahedral rotation along z axis and layer-dependent OOR
angles of 4- and 2-u.c. SRO films. Energy difference between the FM and AFM states as a function of RuOg octahedral rotation angle y in (d)

4-u.c. and (e) 2-u.c. SRO films.

will be greatly suppressed in the 2D limit [26,54]. Therefore,
we only consider an a®a® ¢~ rotation in this paper. In the
ground-state energy calculations, we evaluate two possible
alignments for the Ru spins, i.e., the FM and G-type AFM
orders. Our DFT+U calculations unveil that the effective on-
site Coulomb repulsion U makes a significant impact on the
magnetic ground states that a larger U stabilizes the AFM state
(see Fig. S6 [45]).

Figures 2(b) and 2(c) present the near Fermi-level par-
tial density of states (PDOS) of Ru 4d orbitals of 4- and
2-u.c. SRO films with U =3 eV. The 4-u.c. film is in FM
half-metallic ground state, where the metallicity is mainly
contributed by the spin minority channels of Ru d;,, d,., and
d,, orbitals, whereas the 2-u.c. film has an AFM insulating
ground state. With the film thickness down to 2 u.c., Ru dy,
and d_, orbitals split into two subbands, consequently opening
an energy gap, and Ru d,, orbital resides in the gap with the
Fermi level locating right at the top edge of the d,, band. We
then examine the electron occupancy of Ru 4d orbitals by
integrating the DOS near the Fermi level [see Figs. 2(d) and
2(e)]. In SRO/STO heterostructures with itinerant FM, Ru**
ions have a formal d* occupancy, where three electrons oc-
cupy the spin majority channels of Ru d,, and d,;/d.. orbitals
and the fourth electron occupies the spin minority channels.
The SRO/STO interface removes the degeneracy between Ru
dyy and d,; /d., orbitals that in the minority spin channels the
dy, and d;, states are at lower energies compared to the d,,
state, causing a larger electron occupancy in the d, /d. orbital
[6,40], as shown in the integrated PDOS of 4-u.c. SRO film
[see Fig. 2(d)], whereas, for the 2-u.c. SRO film, due to the
splitting of Ru d,./d.. orbital and the reduced energy of Ru

dyy orbital, Ru 4d electrons will redistribute on the #,, levels.
As a result, in the 2-u.c. film the occupancy of Ru d,, orbital
increases, while the occupancy of Ru d,. /d., orbital decreases
and becomes smaller than that of Ru d,, orbital [see Fig. 2(e)].
The reconstruction of Ru 4d orbitals will significantly modify
the underlying spin-orbit interactions. Turning on the spin-
orbit coupling to induce the magnetic anisotropy of the films
[see Figs. 2(f) and 2(g)], we test four possible high-symmetry
crystalline axes for Ru spins, i.e., [001], [100], [110], and
[111]. The magnetic easy axis is along the [001] direction
in the 4-u.c. film, but changes to the [110] direction in the
2-u.c. film. The 3-u.c. film is also an AFM insulator with [110]
magnetic anisotropy (see Fig. S7 [45]). These calculation
results in terms of ground states and magnetic anisotropies
agree well with the magnetic and transport measurements. A
previous DFT calculation also identified an in-plane magnetic
easy axis in monolayer SRO [44].

The first-principles calculations reproduce the experimen-
tal discovery very well, highlighting the role of intrinsic
dimensionality effect on the thickness-dependent MIT. In ul-
trathin SRO films, the magnetism and conductivity are mainly
determined by Ru 4d t,, orbitals [as schematically shown in
Fig. 3(a)]. In the three-dimensional (3D) situation within a
tight-binding model, both Ru d,, and d,./d,, orbitals form
a 2D network, resulting in a 2D-type Van Hove singularity
locating at the band center [6,36,55] [see Fig. 3(b), left panel].
This causes a high DOS at the Fermi level that is instable
due to the enhanced effective Coulomb interaction and Hund’s
coupling [56]. The instability can be avoided by splitting Ru
dyy and d,; /d., orbitals into spin majority and -minority bands,
thus giving rise to FM metallic state as in the case of 4-u.c.
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FIG. 4. Magnetic and transport measurements of defective SRO
films. XPS spectra of (a) O-deficient and (b) Ru/Ti-intermixed 4-u.c.
SRO films. Spectra of the pristine 4-u.c. film are shown for com-
parison. Temperature-dependent resistivities of (c) O-deficient and
(d) Ru/Ti-intermixed 4-u.c. SRO films. MAR measurement of (e)
O-deficient and (f) Ru/Ti-intermixed 4-u.c. SRO films. During the
MAR measurement, 5-T magnetic field is rotated in the YZ plane.
6y is the angle between the field and z axis.

SRO film [Fig. 2(b)]. With reduced dimensionality, the 2D
network of Ru d,./d., orbital turns into a one-dimensional
(1D) strip, forming two separate singularities at each edge of
the band [6,36,55] [see Fig. 3(b), middle panel]. This signif-
icantly reduces DOS of Ru dy./d,, orbital at the Fermi level.
But, the connectivity of Ru d,, orbital has not changed and
the orbital still contributes a high DOS at the Fermi level.
Therefore, one may expect a metallic ground state of SRO
films in the 2D limit as reported in many theoretical works
[31,36].

However, our DFT4-U calculations predict an AFM in-
sulating state in the 3- and 2-u.c. SRO films. We find that
the instability due to the high DOS of Ru d;, orbital at the
Fermi level can be removed by an enhanced OOR along
the z axis. As shown in Fig. 3(c), the DFT+U calculation
reveals that the OOR angle has increased from ~10.7° in the
4-u.c. film to ~13.2° in the 2-u.c. film. The OOR along the
z axis will modify the hybridization between Ru d,, and O
2p orbitals but has negligible effect on the bonding of Ru
dy./d,y orbital. It reduces the energy level of Ru d,, orbital
until the Fermi level reaches the top edge of the Ru d,,
band, which is exactly the case of 2-u.c. film [Fig. 2(c)].
Therefore, a zero DOS at the Fermi level can be constructed
through the z-axis OOR [Fig. 3(b), right panel]. We then
carried out a detailed investigation of how RuQOg octahedral
rotation angle y affects the magnetic ground state. As shown
in Figs. 3(d) and 3(e), at small y the FM state is always
more stable; only when y is large enough, the AFM state is

stabilized. And, experimentally, the prominent out-of-plane
OOR in 3- and 2-u.c. SRO films can be confirmed in a re-
cent publication [26]. It is precisely the interplay of QCE
and OOR that gives rise to the AFM insulating state in the
3- and 2-u.c. films. And, it indicates that the FM metallic
state in SRO monolayers could be obtained by capping/spacer
layers such as SrTiO3 and BaTiO3; which suppress the OOR
of RuOg octahedra [26,36-38]. In the G-type AFM phase,
the Dzyaloshinskii-Moriya interaction arising from the z-axis
OOR causes canting of Ru spin moment and concurrently a
net moment along the fourfold (110) directions [as schemati-
cally shown in Fig. 3(c)]. Such spin alignment in 3- and 2-u.c.
SRO films is reminiscent of the prototype pseudospin-canted
AFM insulator Sr,IrO4 [57] that also displays a (110) mag-
netic anisotropy and a fourfold anisotropic magnetoresistance
[46—48,58].

C. Exclusion of disorder factors

The good consistency between the experimental results and
the first-principles calculations demonstrates that the MIT in
ultrathin SRO films can be driven by the intrinsic dimension-
ality effect, specifically by the interplay of QCE and OOR.
The appearance of the in-plane fourfold MAR in 2- and 3-u.c.
films arises from the antiferromagnetic insulating phase, as
confirmed by the first-principles calculations. The fourfold
MAR begins to emerge in the 4-u.c. film, which may be
caused by the thickness nonuniformity in this sample. But, the
8-u.c. film shows a pure twofold MAR, suggesting that there
is not a dead layer in this sample. If the appearance of the
antiferromagnetic insulating phase was due to substrate-to-
film interactions such as interfacial strain/charge transfer, one
would see the fourfold MAR in thick SRO films. Therefore,
substrate-to-film interactions cannot be the driving force of
the thickness-dependent MIT.

Furthermore, to exclude the extrinsic factor of struc-
tural/chemical disorders as another possible origin, we have
fabricated two 4-u.c. SRO films as reference samples. An
oxygen-deficient film was grown at reduced oxygen partial
pressure of 5 Pa (see Fig. S8 [45] for structural information)
and another film with Ru/Ti intermixing was prepared by
substituting 25% Ru by Ti. X-ray photoelectron spectroscopy
(XPS) measurement was performed to characterize the rel-
ative atomic ratios in SRO films. There is no signature of
increased Ru vacancy with decreasing the film thickness (see
Fig. S9 [45]). Though STO substrates contribute substantial
O and Ti weights in the ultrathin films, the XPS spectra
unambiguously confirm the significantly increased oxygen
vacancy concentration [59] and Ru/Ti intermixing in the de-
fective films [see Figs. 4(a) and 4(b)]. As shown in Figs. 4(c)
and 4(d), both films display insulating transport behaviors
which are driven by the defects, whereas the MARSs of both
films show similar evolutions with that of the pristine metallic
4-u.c. film [see Figs. 4(e) and 4(f)]. And, the PMA persists
in the defective films while the IMA observed in the 3-
and 2-u.c. films has not been reproduced. Therefore, though
disorders can induce the MIT in SRO films, they cannot
give rise to the AFM insulating state with (110) magnetic
anisotropy.
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III. CONCLUSIONS

In conclusion, our work has revealed how reduced di-
mensionality drives the transition from FM metal with
perpendicular magnetic anisotropy to AFM insulator with
in-plane magnetic anisotropy in itinerant ferromagnet SRO
films in the 2D limit. The DFT calculations identified an
orbital-selective quantum confinement and oxygen octahedral
rotation in 3- and 2-u.c. SRO films. The resulting recon-
struction of Ru 4d 1, orbitals induces the antiferromagnetic
insulating phase and reorients Ru magnetic easy axis along
the (110) directions. These findings demonstrate that for 2D
oxide materials, quantum confinement is a powerful tool to
manipulate the electromagnetic properties. The spin reorien-
tation from perpendicular to in-plane directions proposed in

this work may act as a driving force of skyrmions in oxide
films. And, our discovery provides strong evidence to one
of the heavily disputed subjects in strongly correlated oxide
heterostructures that reduced dimensionality alone can be the
driving force of the dead-layer phenomenon.
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