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Symmetry-Mismatch-Induced Ferromagnetism in the
Interfacial Layers of CaRuQO;/SrTiO; Superlattices

Wenxiao Shi, Jine Zhang, Xiaobing Chen, Qinghua Zhang, Xiaozhi Zhan, Zhe Li,
Jie Zheng, Mengqgin Wang, Furong Han, Hui Zhang, Lin Gu, Tao Zhu, Banggui Liu,
Yunzhong Chen, Fengxia Hu, Baogen Shen, Yuansha Chen,* and Jirong Sun*

By modifying the entangled multi-degrees of freedom of transition-metal
oxides, interlayer coupling usually produces interfacial phases with unusual
functionalities. Herein, a symmetry-mismatch-driven interfacial phase transi-
tion from paramagnetic to ferromagnetic state is reported. By constructing
superlattices using CaRuOj; and SrTiO3, two oxides with different oxygen
octahedron networks, the tilting/rotation of oxygen octahedra near interface
is tuned dramatically, causing an angle increase from =150° to =165° for the
Ru—O—Ru bond. This in turn drives the interfacial layer of CaRuO3, =3 unit
cells in thickness, from paramagnetic into ferromagnetic state. The ferro-
magnetic order is robust, showing the highest Curie temperature of =120 K
and the largest saturation magnetization of =0.7 ug per formula unit. Density
functional theory calculations show that the reduced tilting/rotation of RuOg
octahedra favors an itinerant ferromagnetic ground state. This work demon-
strates an effective phase tuning by coupled octahedral rotations, offering a
new approach to explore emergent materials with desired functionalities.

as high-Tc superconductivity, colossal-
magnetoresistance, ferromagnetism,
ferroelectricity, and multiferroicity.l!
In particular, when grouping different
oxides into heterostructures or superlat-
tices (SLs), the interlayer coupling some-
times strongly modifies the multi-degrees
of freedom, generating distinct interfa-
cial phases with unforeseen functionali-
ties.”"13! For example, paramagnetic (PM)
LaNiO; becomes helical antiferromag-
netic when forming a SL with LaMnOs;,
yielding a magnetic pining to neighboring
LaMnO;."5] In contrast, PM NdNiO;
becomes ferromagnetic (FM) when sand-
wiched by Lay ¢;S1( 33MnO; layers.l® Inter-
facial FM also emerges in the PM SrlrO;
layer in proximity to the Lay,Sro3MnOs;

1. Introduction

The strong interplay of multi-degrees of freedom in perovskite
oxides has led to a wide variety of intriguing properties, such

or LaCoO; FM layers.[V"] These results
are usually understood by the concept of
magnetic proximity effect: when two oxides are in close contact,
the hybridization of adjacent atomic orbitals produces low-lying
molecular orbits thus interlayer charge transfer and exchange
interaction according to the Goodenough—Kanamori—Anderson
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rules, 222 transferring magnetic order from FM layer to
adjacent layers. All these works indicate that the interface
engineering is a powerful tool for tuning the properties of
perovskite oxides.

The 4d ruthenate SrRuO; (SRO) has received intensive
research attention owing to its fascinating itinerant FM and
rich properties associated topological spin texture.’>?] As a
sister material of SRO, CaRuO; (CRO) has the same GdFeOs-
typed orthorhombic structure with Pbnm symmetry.?8-3% How-
ever, due to the larger orthorhombic distortion of the RuOg
octahedra, CRO maintains the nonmagnetic metal behavior
to at least 2 K in either bulk or thin film form.’'%¢ Here we
report on symmetry-mismatch-induced FM in the interfa-
cial layers of the CaRuO;/SrTiO; (CRO/STO) SLs on either
(LaAlO3) g 3(SrAlysTagsO3)p; (LSAT) or STO substrates. By
combining PM CRO and diamagnetic STO, two oxides with
distinct symmetries and oxygen octahedron arrays,!283% we
can effectively tune the tilting/rotation of RuOg octahedra at
CRO/STO interface, causing an angle increase from =150° to
=~165° for Ru—O—Ru bond. This in turn drives the interfacial
CRO layer of =3 unit cells (uc) from PM to FM state. The FM
order is robust, showing the highest Curie temperature (T¢)
of =120 K and the largest saturation magnetization (Ms) of
~0.7 pg per formula unit (f.u.), regardless of substrate strains.
According to results of density functional theory (DFT) calcu-
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lations, the reduced RuOg octahedra tilting/rotation causes an
increase in density of states (DOS) near Fermi surface, favoring
the itinerant FM state according to the Stoner model.’”) This
work demonstrates an effective tuning of magnetic ground
state by coupled octahedral rotations at symmetry-mismatched
heterointerfaces.

2. Results and Discussion

2.1. Structural Analysis

(CRO,,/STOy)9 SLs composed of alternately stacked CRO (n uc)
and STO (1 uc) layers with 10 repetitions were epitaxially grown
on (001)-oriented LSAT or STO substrates (see Figure S1, Sup-
porting Information). Figure 1a,b shows the X-ray diffraction
(XRD) spectra of the SLs. The thickness fringes around (001)
peak indicate good crystallinity and smooth surface of the
samples. Distinct satellite peaks are further detected, shifting
toward (001) main peak as n increases, which is a general fea-
ture of the SL XRD spectra. To determine the in-plane strain
state of the SLs, the reciprocal space mapping (RSM) of the
(103) reflection is further measured. Take (CRO;/STO,); as
an example. The diffraction spots of the SL (marked by red
arrows) locate just below (Figure 1c) or above (Figure 1d) that
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Figure 1. a) High-resolution 6-26 patterns around (001) peak for (CRO,/STO;);9 SLs on LSAT and b) STO. SLy indicates (001) main peak and SL;,
SL,; indicate satellite peaks. ¢) RSM around (103) reflection for (CRO40/STO;)1o SL on LSAT and d) STO. e) Out-of-plane and in-plane lattice constants
as functions of CRO layer thickness, deduced from the XRD and RSM results for the SLs on LSAT (left panel) or STO (right panel) substrate. The blue
lines are calculated out-of-plane lattice constants adopting the formula ¢ = (n X ccro + ¢s10) /(1 + 1) , Where ¢s7o and ccrg represent the c-axis lattice
constants of STO and CRO sublayers. f) HAADF image of the (CRO;/STOy)qo SL on LSAT substrate, recorded along the [110] zone axis by STEM. The
locations of CRO and STO layers are marked by brown and blue color. Scale bar marks a length of 2 nm.
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of the substrate, i.e., the SL is coherently strained to substrate,
without in-plane lattice relaxation. This conclusion is also appli-
cable to other samples. The a- and c-axis lattice constants of the
SLs are further deduced and shown in Figure le. The depend-
ence of effective ¢ on CRO layer thickness can be well described
by the formula ¢ = (n X ccro + ¢s10) /(1 + 1), where cgro and ccgro
represent the c-axis lattice constants of the STO and CRO sub-
layers, respectively. Since CRO has a smaller lattice constant as
compared to STO (3.850 vs. 3.905 A), the c-axis constant of the
SLs displays a smooth decrease as n increases. As reported, the
bulk phase of CRO is orthorhombic, with the lattice constants
of a, = 5.362, b, = 5.541, and ¢, = 7.686 A.28-3% Alternatively, it
can be described by a pseudo-cubic phase with a lattice para-
meter of 3.850 A.

To get the information on atomic arrangements, the lattice
structure of the SLs is further investigated by the high-reso-
lution scanning transmission electron microscope (STEM).
Figure 1f presents the high-angle annular dark-field (HAADF)
lattice image of the cross-section of (CRO,/STO;)4 SL, recorded
along the [110] zone axis. The strong light contrast between
Ru and Ti ions confirms that the STO monolayer is well sand-
wiched by the CRO layers. The electron energy loss spectra fur-
ther imply that Sr/Ca intermixing may take place for interfacial
Assites, while the Ru/Ti intermixing at interfacial B-sites is neg-
ligibly small (see Figure S2, Supporting Information).

2.2. Emergent Ferromagnetism in CRO/STO SLs

To explore the effect of interface engineering, the transport
properties of (CRO,/STOy);, SLs are investigated. Figure 2a
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shows the temperature dependence of longitudinal resistivity
(Pxx) for the SLs on LSAT. The p,,-T relation of a CRO bare film
(=50 uc) is also presented for comparison. As expected, SLs with
thick CRO sublayers are metallic except for the low tempera-
ture region where a slight resistive upturn takes place. With the
decrease of the thickness of CRO layer (tcgo), the metallic p,,-T
dependence turns to semiconducting dependence. Noting that
the CRO bare film is well metallic and STO is strongly insu-
lating, the transport behavior of SLs is actually dominated by
the CRO sublayers. The enhanced resistivity could be a special
feature of the CRO ultrathin sublayers, due to the interlayer
coupling between STO and CRO.

Further experiments reveal more important properties
of CRO sublayers. As a function of magnetic field (H), in
Figure 2b we show the anomalous Hall resistivity (p5 ") col-
lected at different temperatures for the typical SL of (CRO4/
STOy)y. Remarkably, clear p&'*-H hysteresis loops are
observed at temperatures <20 K. Although the magnetic hyster-
esis disappears at the temperatures >=50 K, AHE remains vis-
ible when T = 100 K. These results strongly suggest the emer-
gence of FM order in the CRO sublayers. The saturation value
of p4™* (extrapolating the pi'*-H curve to the magnetic field
of 10 T) is =2.5 uQ cm at 2 K, and decreases with the increase
of temperature. In addition, the p2™*-H curve demonstrates a
large coercivity field (Hc), as high as =2.3 T at 2 K. Although
H¢ decreases sharply after heating, it remains sizable when
T=20K.

It is worth noting that the FM order is a generic feature of
all (CRO,/STOy)yy SLs. Figure 2c compares the pi'*-H loops
at 2 K for different samples. The highest p3™* (=3.1 uQ cm)
appears in the SL with the thinnest CRO sublayers (2 uc).
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Figure 2. a) p,-T curves of (CRO,/STO;);o SLs on LSAT substrates. The corresponding data of a bare CRO film (50 uc in thickness) is also presented
for comparison. b) pa*-H curves of (CROg/STO4);o SL measured from 2 to 100 K. c) ps/™
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-H and d) MR-H curves at 2 K for (CRO,,/STO;);g SLs on LSAT.

© 2023 Wiley-VCH GmbH

85USD17 SUOLULIOD AIERID) @|edlidde U Aq peuA0b a1 BRI YO ‘38N JO S3IN. 10} ARe1q 1T 8UIIUO AB]IA UO (SUORIPUOD-PUR-SWLSY 0" A 1M AR Iq1BUIIUO//SHNY) SUORIPUOD PUe SWS L 343 39S *[E20Z/ZT/E0] U0 ARidIT 8UIIUO AB]IM ‘SSOLBIDS JO Aepedy eseulyd SosAUd JO aInisu| AQ 8EE00EZ0C LLJPR/Z00T OT/I0p/W00" A8 |1 AReid 1)Ul JUo//SdRY Woiy pepeojumoq ‘Zg ‘€202 ‘8Z0E9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) CRO,/STO,

90

n=10

CRO,/STO,

90

1180

270
— T=2K T=10K —— T=50K —— T=150K

C2

c4

6 8
toro (U.C.)

Figure 3. a) Polar plots of in-plane AMR for (CRO,/STO;); SLs at 2 K and 10 T. Inset is the geometry for AMR measurements. The electric current is
applied along the [100] direction and the magnetic field is rotated in the (001) plane, forming an angle of 8 with applied current. b) Corresponding angle
dependent AMR for (CRO,/STO;);0 and c) (CRO4/STO;)q SLs. Black symbols are experimental data. Green lines are the results of curve fitting. Red and
blue lines are fourfold and twofold components, respectively. d) Polar plots of the AMR of the (CRO,/STO;);o SLs measured at different temperatures
ranging from 2 to 150 K. e) Layer thickness dependence of the amplitudes of the fourfold AMR (red symbols) and the twofold AMR (blue symbols).

Although p4"* exhibits a monotonic decrease, it remains siz-
able (=0.9 nQ cm) when tcgpo increases to 10 uc. In contrast,
the CRO bare film shows no AHE signal at all. Similar trend is
identified from the magnetoresistance (MR) results. Figure 2d
depicts the magnetic field dependence of the MR = (Ry—Ry)/R,
obtained at 2 K, where R, and Ry are the longitudinal resist-
ances measured without and with an out-of-plane field, respec-
tively. Butterfly-shaped MR-H loops with two broad peaks at
+Hc are clearly seen for the SLs. This feature indicates the
presence of magnetic domains: it is the reconstruction of mag-
netic domains that results in the MR peaks. The MR value,
recorded at 10 T and 2 K, gradually decreases from —11.7% for
n =2 to —1.4% for n = 10. All these features suggest that the
ferromagnetism exists only in the near interface region, ie.,
the STO monolayer has driven its CRO neighbors from the PM
into the FM state. This is unusual since neither STO nor CRO
has a FM bulk phase.

To get the knowledge about the interfacial phase, the in-
plane angle-dependent MR was further investigated for the
(CRO,,/STOy)9 SLs. The anisotropic MR is defined by AMR =
(Rg=Ror) /R, Where Ry is the resistance measured with an in-
plane field forming an angle of 8 with the current applied along
[100]. Figure 3a is the AMR polar plots for different SLs at 2 K.
For clarity, the angular dependence of the AMR is also shown
for two typical samples (Figure 3b,c). Apparently, the AMR of
(CRO,/STOy)q9, which is highly polarized as will be seen later,
mainly exhibits a fourfold-symmetry with four valleys in the
(110) directions and four peaks in the (100) directions. This
fourfold-symmetry may be a fingerprint of the FM phase.l’8l It
suggests that the magnetic easy axis of the CRO sublayers lies
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along the (110) directions, where the AMR valley appear due
to the minimal spin-flip scattering when spins are fully align
along applied field.'** An additional oscillation with twofold-
symmetry develops when tcro>4 uc, leading to an evolution
of AMR symmetry from fourfold to twofold as tcro increases.
Similar AMR with two components has been reported in pre-
vious literature, and the twofold component is usually ascribed
to normal AMR or Lorentz scattering.***l This conclusion is
further confirmed by the temperature dependence of the AMR
(Figure 3d), which shows, for (CRO,/STO;),,, mixed fourfold
and twofold oscillations at low temperatures and a twofold oscil-
lation when T>Tc. The experimental data can be well described
by the formula AMR = ¢, X cos(20 — @,) + ¢4 X cos(40 — @),
where ¢, and ¢, are the amplitudes of twofold and fourfold
oscillations, respectively, and @, and @, are the corresponding
offset angles. Satisfactory agreement with experiment results
is obtained adopting suitable fitting parameters (Figure 3b,c;
Figure S3, Supporting Information). Figure 3e illustrates the
Crtcro and cyqtcro relations, demonstrating the evolution of
the two kinds of AMRs with the layer thickness of CRO. The
fourfold AMR displays a continuous decrease with increased
tcro, Whereas the twofold AMR rapidly increases to a saturation
value of —1% (Figure 3e; Figure S3, Supporting Information).
In previous works, theoretical calculations have predicted
a FM ground state in CRO films under large tensile epitaxial
strains of 2%-4%."2 However, the experimental results are
controversial.B1364341 For the same CRO film on STO (with
a tensile strain of 1.4%), some works reported a weak FM
phase,* while others showed the absence of long-range
magnetic order.?'33 The robust FM order observed here in the
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(50 uc in thickness) is also given for comparison. Red arrow marks Curie temperature. b) M-H curves for (CRO,/STO);9 SLs on LSAT, showing clear
magnetic hysteresis loops. ¢) M-T and d) M-H curves for (CRO,/STOs);q SLs on the STO substrate. e) T, f) Hc and g) M as a function of tcgo for SLs

on LSAT (black symbols) or STO (red symbols).

(CRO,,/STOy)yo SLs is unlikely to be caused by strain effect. We
found that a CRO bare film on LSAT did not show any features
of FM ordering. This may be ascribed to the negligible strain
from the LSAT substrate (=0.4%). To further clarify the influ-
ence of substrate strain, the transport properties of the SLs
grown on the STO substrate are also investigated. They show
essentially the same FM features as those observed on LSAT
(see Figure S4, Supporting Information), i.e., the clear AHE
hysteresis loops and the butterfly-shaped MR. As will be shown
later, the SLs on LSAT and STO with the same CRO layer
thickness possess basically identical Curie temperature T, and
saturation moment M,. That is to say, the interface ferromag-
netism induced in the CRO/STO heterostructure is general,
independent of the strain in the SLs. A deeper understanding
on such interface engineering on the magnetic ground state of
CRO is still imperative, which may reveal a more fundamental
approach for developing emergent properties in perovskite
ruthanates.

Further evidences of ferromagnetism in (CRO,/STO;)y
SLs are obtained by direct magnetic measurements. Figure 4a
shows the temperature dependence of magnetization (M-T) for
the SLs on LSAT. Unlike that of the PM CRO bare film, the
magnetization of the SL displays a rapid increase upon cooling
below T¢ and a smooth tendency toward saturation when tem-
perature is low enough, signifying the PM-to-FM transition.
Figure 4b shows the magnetic field dependence of magneti-
zation (M-H), recorded at 5 K. Magnetic hysteresis loops are
clearly observed for all SLs, confirming the establishment of
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FM order. The magnetic results of SLs on STO are also given
in Figure 4c,d, which show essentially the same features as
that of the SLs on LSAT. The dependence of T, H¢, and Mg on
tcro is compared in Figure 4e—g. Here, the T¢ is defined by the
zero-crossing temperature of the tangent line (see Figure S5,
Supporting Information). It displays a strong dependence on
tcro, first increasing and then decreasing as tcro grows from
2 to 10 uc. The maximal T¢ of =120 K occurs in the (CROg4/
STOq)1 SL on either LSAT or STO substrate, which is fairly
high noting that it is only =150 K for SRO.?3%l In principle, T¢
is jointly determined by dimensionality and exchange energy.
It will be low for ultrathin SL due to reduced dimensionality.
As tcro grows, an increase-to-decrease crossover is expected
for T¢ as a result of the competition between increased dimen-
sionality and decreased exchange energy. As revealed in
Figure S2 (Supporting Information), the nearest RuO, plane is
sandwiched between a CaO plane and a (Ca,Sr)O plane at the
CRO/STO interface, which may cause a Srsdoping effect to
the nearest neighboring CRO layer.*’l However, the increase-
to-decrease crossover of T¢ versus tcro definitely excludes the
Srsdoping effect as the main reason for the emergent FM
state observed here. First, the highest T always occurs in the
case of tcpo = 6 uc rather than in the case of tcpo = 2 uc for
which the strongest Srgdoping effect is naturally expected.
Second, the maximal T of =120 K is much higher than that
obtained by the effect of Srsdoping. For example, T¢ is lower
than 50 K for Cay5SrosRuO; which has a Sr-doping as high as
50%.5313% The H¢ of SLs also demonstrates a non-monotonic
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dependence on tcpo, with the maximal value occurred in the
case of tcpo = 6 uc. For the same tcgo, the Hc of samples on
STO is relatively larger than that observed in the samples on
LSAT, which is consistent with the results of the Hall effect
as presented above. Unlike T¢ and Hc, the Mg of the SLs on
LSAT (or STO) displays a monotonic decrease with increased
tcro, varying from =0.7 ug fau. ™! for tepo = 2 uc to =0.3 ug fu.™?
(or =0.2 uy fu.™Y) for tepo = 10 uc. This is the typical feature
of interfacial effect, suggesting that the near interface region
of CRO is highly polarized compared with distant regions. In
addition, though the SLs on STO suffer from a large tensile
strain, its Mg is slightly reduced compared with that of the SLs
on LSAT. This result further indicates that the emergent FM
state at the CRO/STO interface cannot be simply ascribed to
the tensile-strain-induced FM order suggested by previous the-
oretical calculations.

2.3. Lattice Distortions at CRO/STO Interface

Above results reveal the striking difference between interface
and bulk phases of CRO. According to the literature,?83% bulk
CRO has a GdFeOs-typed orthorhombic structure with Pbnm
symmetry. Its RuOg octahedron tilts/rotates in the manner
of aa™c* in Glazer notation,! causing a large bending of
Ru—O—Ru bond angle (=150°).* In contrast, bulk STO is
cubic with a pm3m symmetry and its TiO4 octahedron does
not tilt/rotate, showing an ideal 180° Ti—O—Ti bond angle.
To achieve an epitaxial growth, CRO and STO have to adjust
the tilting/rotation of their respective oxygen octahedra via
the shared apical oxygen ions. Though STO layer is only one

www.afm- ]ournal de

uc in thickness, it may also significantly change the coupled
octahedral connections at interface, generating interfacial
phases with unique physical properties.**>1 To reveal the
oxygen octahedral arrangement at interface, Figure 5a gives
the annular bright-field (ABF) lattice image of (CROg/STO)q9
SL, recorded along [110] zone axis. The dark dots correspond
to the B-site atoms (Ru and Ti). The A-site atoms (Ca and Sr)
lie between the B-sites along [001] direction. The faint dots rep-
resent for O atoms. Since the apical oxygen atoms and A-site
atoms partially overlap, we mainly focus on the four cornerox-
ygen of the octahedra. In the case without octahedral tilting/
rotation, the corner oxygen will locate at exactly the middle posi-
tion of the left and right two B-site atoms. Viewing the B-site
atomic chain along [110] direction, it is clear that the corner
oxygen moves alternately up and down, indicating the tilting of
oxygen octahedra. This feature is observed in either CRO sub-
layers or STO monolayers. To estimate the degree of the octa-
hedral tilting/rotation, the layer-by-layer variation in Ru—O—Ru
and Ti—O—Ti bond angles obtained by an average of 20 unit
cells per layer is shown in Figure 5b. As expected, the octa-
hedral tilting in CRO sublayers close to interface is signifi-
cantly suppressed by the STO spacer. Starting from interface,
the fru—o0—ru angles are =165°, =164°, and =162° in the first,
second, and third layers, respectively, significantly larger than
that in bulk CRO (=150°). Notably, the bond angles of interfacial
CRO layers are close to that of SRO (=163°), a typical itinerant
ferromagnet. A natural inference is that there may be a rela-
tion between the octahedral tilting/rotation and the FM order
in CRO. An abrupt decline to fr,—o—ry = 155° occurs in the
fourth CRO layer, showing a tendency toward bulk phase. This
implies that each STO layer can significantly modify three
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Figure 5. a) ABF image of the cross-section of (CROg/STO;);g SL on LSAT. To clearly show octahedral tilting, the networks of RuOg and TiOg octahedra
are superimposed on the image. b) Layer-dependent of tilting angle fz—o—g by averaging 20 unit cells along [110] direction, where B represents Ti or
Ru for different layers. c) DOS generated from DFT calculations for model CRO on LSAT. The vertical dashed line marks the Fermi level. d) Calculated
Stoner criterion and effective magnetization as a function of Sz, —o—r,. Blue and yellow colors mark the PM and FM regions, respectively.
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adjacent CRO layers, i.e., the thickness of interfacial phase is
=3 uc. Therefore, PM state may be restored in the intermediate
layers when tcpo exceeds 6 uc, blocking the magnetic interac-
tion between top and bottom interfacial FM layers. The occur-
rence of the highest T in (CRO4/STO;);y SL may not be by
chance. Notably, a TiOj tilting/rotation also takes place for the
STO monolayers (Br—o— is =167° rather than 180°), resulting
in orthorhombic STO. Fortunately, this will not influence the
magnetic property of STO since the Ti** has a vanished mag-
netic moment.

2.4. Theoretical Analysis

CRO and SRO are exactly isostructural and isoelectronic, but
different in magnetic ground states. The main difference is
the strong octahedral tilting/rotation in CRO due to the much
smaller ionic radius of Ca?*. The octahedral tilting/rotation of
CRO is nearly twice that of SRO.’#8 Tt may be the reduced
degree of octahedral tilting that results in the FM interfacial
CRO phase. To confirm this inference, we performed DFT
calculations for CRO layers with different degrees of octa-
hedral tilting/rotation. CRO unit cells are constructed using
experimental lattice constants under biaxial strain of LSAT and
Bru—o—ru angles varied from 165° to 155°. Details for DFT
calculation are given in Experimental Section and Figure S6
(Supporting Information). As shown in Figure 5c, the non-
spin-polarized density of states (DOS) at Fermi level N(Eg) is
significantly enhanced by the weakening of bond bending. It
is 2.33, 2.42, 2.53, 2.66, and 2.72 states eV~! corresponding to
the fBru—o0—ru angles of 155°, 157°, 160°, 162°, and 165°. This
is consistent with previous works since a smaller octahedral
tilting will reduce the degeneracy of t,, bands thus enhance
N(Ep).”#] The ferromagnetism in the ruthenates is gener-
ally understood based on the Stoner model with a Stoner cri-
terion of IN(Eg), where I is the Stoner parameter. Obviously,
a higher N(Ef) is more energetically favorable to FM state. To
determine the Stoner parameter, we conducted the fixed-spin
moment calculations and obtained the magnetization depend-
ence of the total energy (E) for different Br,—o—ry angles (see
Figure S6, Supporting Information). Fitting the E-M relation

a a
to the formula E=a,+ 72M * 4 fM *, the Stoner parameter

I then can be deduced from the coefficient a,, adopting the
relation a, = [1/N(Eg)-1]/2. The magnetization of model CRO
can be determined from the valley position in the E-M curves.
Figure 5d shows the deduced IN(Eg) and M as functions of
Bru—o0—re- When SBra—o0—rue = 160°, 162°, and 165°, CRO has
a FM ground state since IN(Ep)>1. The corresponding magneti-
zations are =0.5, =0.6, and =0.8 ug/f.u., showing a good agree-
ment with experimental data. On the contrary, the ground state
is PM when Sr,—o—r, = 155° and 157°. This well explains why
the interfacial FM only emerges in the first three CRO layers
next to STO.

The effect of lattice strains is also considered in theoretical
calculations. The calculated Stoner criterion for CRO on STO
exhibits similar change with fy,—c—, angle as that for the SLs
on LSAT, i.e., the FM phase is stable compared with PM phase
when Br,—0—r>160° (see Table S1, Supporting Information).
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3. Conclusion

In summary, an octahedron-tilting/rotation-caused FM phase
in the CRO/STO SLs is revealed by both transport and mag-
netic measurements. This is the first report that a well FM
ground state has been induced in heterostructures formed by
two significantly symmetry-mismatched constituents, though
neither of them has a magnetic order individually. The shared
apical oxygen ions at orthorhombic-CRO/cubic-STO interface
adjust the arrangement of the respective oxygen octahedral of
CRO and STO, bring FM ground state into the interfacial CRO
layers. Notably, an obvious advantage of such interfacial FM is it
is retained in the ultrathin CRO layers with only 2 uc thickness,
which is highly desired for designing spintronic materials/
devices. In fact, the SL with 2 uc CRO sublayers also demon-
strates the highest M, =0.7 uy fu™'. Our work indicates that
integrating two perovskite oxides with different symmetries,
thus different oxygen octahedron arrays, into heterostructures
is a feasible way to obtain novel interfacial phases with unusual
functionalities.

4. Experimental Section

Sample Fabrication and Characterization: High quality (CRO,/STO)o
SLs were epitaxially grown on (001)-oriented LSAT and STO substrates
by the technique of pulsed laser deposition (KrF, 1 = 248 nm). The
layer thickness varied from 2 to 10 uc for CRO and was fixed to 1 uc
for STO. A bare CRO film with thickness of 50 uc was also prepared
for comparison. During film growth, the substrate temperature was
kept at 670°C and the oxygen pressure was set to 40 Pa. The adopted
fluence of laser pulse was 1.2 | cm™2 and the repetition rate was 2 Hz.
The deposition rate for the CRO and STO layers was carefully calibrated
by the technique of small angle X-ray reflectivity (XRR, see Figure ST,
Supporting Information). The crystal structure was determined by a
high-resolution X-ray diffractometer (D8 Discover, Bruker) with the
Cu-Kor radiation. The magnetic properties were measured by a Quantum
Designed vibrating sample magnetometer (VSM-SQUID) in the
temperature range of 5-300 K, with the maximal magnetic field of 7 T.
The magnetic field was applied along the out-of-plane direction of the
(001) films. The transport measurements were performed in Quantum
Designed physical property measurement system (PPMS) with standard
Hall bar geometry. Atomic-scale lattice images were recorded by a
high-resolution scanning transmission electron microscope (STEM)
with double Cs correctors (JEOL-ARM200F). To detect the distortion
of oxygen octahedra, the annular bright-field (ABF) imaging mode was
employed along with the high-angle annular dark-field (HAADF) imaging
mode. Cross-sectional thin samples for STEM analysis were prepared
using a dual-beam focused ion beam system along the [110] direction.

First-Principles ~ Calculations: Density functional theory (DFT)
calculations  within the projected augmented-wave method as
implemented in the Vienna ab initio Simulation Package (VASP) codes
were used to investigate the magnetic ground state of CRO equipped
with different octahedral distortions.’?> The local spin-density
approximation of Ceperley-Alder parametrization was adopted for
exchange-correlation energy.l A 500 eV energy cutoff was found to
achieve numerical convergence. A k-point set of 13x13x9 Monkhorst—
Pack mesh was found to be sufficient for the convergence of all
properties computed here and was used in self-consistent calculations
of the Pbnm unit cell.’®l For the electronic and fixed spin moment (FSM)
calculations, a much denser k-point mesh of 177x17x13 were used. Atomic
positions were optimized until the Hellmann—Feynman force on each
atom was <0.005 eV A" and the electronic iteration was performed until
the total energy difference between two steps was <1076 eV.
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