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Perovskite LaCoO3  has been  a  subject of  extensive  and  ongoing investigation due to

the delicate  competition  between  high-spin (HS)  and  low-spin (LS) states  of Co3+.  On

the  other  hand,  their  indistinct  free  energy  boundary  poses  a  significant  challenge  to

annihilate  the magnetically/electrically inert LS Co3+  for  yielding  fully  HS state.  Here,

we  demonstrated  electronic  transformation  from  the  conventional  isovalent  mixed

HS/LS  state  (La[Co𝐻
3  

𝑆
+,  Co𝐿𝑆

3+]O3)  into  an  unprecedented  aliovalent  fully  HS  state

(La[Co𝐻
3  

𝑆
+,  Co𝐻

2  
𝑆
+]O3)  in  monolayer  LaCoO3 confined  by  5d  SrIrO3 

slabs  via  atomically  constructing  SrIrO3/LaCoO3  superlattices.  Excitingly,  this

emergent  fully  HS  La[Co𝐻
3  

𝑆
+,  Co𝐻

2  
𝑆
+]O3  monolayer  exhibits  not  only  remarkable

two-dimensional  (2D)  ferromagnetism  beyond  the  Mermin-Wagner  restriction,  but

also  larger  magnetization  (~1.8μB/Co)  and  higher  Curie  temperature  (above  100  K)

than  that  of  conventional  La[Co𝐻
3  

𝑆
+,  Co𝐿𝑆

3+]O3  thick  film  and  any  previously  reported

oxide-based monolayer ferromagnets.  Furthermore,  Ir/Co hybridization  driven  orbital

reconstruction  with  polarization  beyond  standard  crystal  field  expectations  was

observed,  which  was  supported  by  DFT  calculations.  Our  findings  not  only  expand

the  electronic  phase  domains  of  LCO  into  fully  HS  state,  but  also  provide  a  fresh

platform for investigating the  2D  magnetic physics under  strongly spin-orbit  coupled

regime and  developing  new 2D  spintronic  devices.

Keywords:  LaCoO3  monolayer,  spin-state  crossover,  fully  high-spin  state,

strong  2D ferromagnetism,  orbital reconstruction

1.  Introduction

Spin-state  crossover,  where  the spin state of  an  ion  can be  switched by  specific  stimuli

such  as  temperature  [1],  strain  [2],  and  light  excitation  [3],  has  continuously  attracted

significant   scientific   and   technological   interest  owing   to  remarkable  spin-state-

controlled  properties.  Such  a  phenomenon  involves  a  wide  range  of  fields including

magnetics  [2,  4],  optoelectrics  [3a],  molecular  electronics  [5],  metalorganic

chemistry  [6]  and even geoscience  [7],  manifesting  diverse functionalities  [3a, 8]  such as

non-volatile  memory,  switching,  displaying,  and  energy  transduction.  3d  cobaltate  is

an  intriguing  and  representative  system  with  spin-state  crossover,  where  the
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prototyped perovskite counterpart, LaCoO3 (LCO), has been a subject of increasing 

attention for over 50 years owing to the high correlation between its magnetism and 

spin state [1-2, 4, 9]. The spin state of Co3+ mainly depends on the competition between 

the splitting of the crystal field (ΔCF) and Hund's exchange (JH) [1, 2b, 9d, 9e, 10]. External 

stimuli can tip the competing balance, leading to a spin-state crossover from the LS 

Co3+ (𝑡2𝑔
6 𝑒𝑔

0, S = 0) to the mixed state with HS Co3+ (𝑡2𝑔
4 𝑒𝑔

2, S = 2) [1a, 2b, 9b, 11]. The LS 

Co3+ possessing no electronic/magnetic activity is undesirable [1a, 12], but there is a 

significant challenge to completely annihilate it thereby leaving only the HS state due 

to their symbiotic nature caused by the close and ambiguous free energy boundary 

between HS Co3+ and LS Co3+ in LCO [1a]. Therefore, as observed in previously 

reported LCO, regardless of being modified by strain, temperature, or 

doping/substitution, all Co3+ exhibited a mixed HS/LS state [1-2, 4a, 9b, 11a, 13]. To expand 

the electronic phase domains and gain insight into the manifestation of LCO with 

fully HS state, other knobs to effectively suppress the LS Co3+ are highly desired. 

The main fundamental challenge for the realization of fully HS state lies in the 

six-coordinated Co3+ in LCO where ΔCF is extremely close to JH. In comparison, fully 

HS Co3+ has been observed in lower-coordinated cobaltates, such as the Sr2CoO3Cl2 

with [CoO5] pyramids [10] and YBaCo4O7 with [CoO4] tetrahedra [14], owing to weaker 

ΔCF arising from reduced oxygen coordination. Therefore, the question will be, in 

stoichiometric LaCoO3 with the [CoO6] octahedral framework, how to fully 

suppress LS Co3+. Most previous studies about LCO mainly focus on bulk or 

relatively thick films. Given the highly focused 2D materials, where electron 

correlation and symmetry breaking are fundamentally different due to the 

low-dimensional effects and interface interactions, it would be interesting to gain 

insight into the effect of reduced dimensionality and heterointerface effects on 

spin-state crossover. Constructing heterostructure allows interweaving various 

complex interplays from different oxides as well as inversion symmetry breaking [15], 

providing unprecedented opportunities for tailoring the electronic states of individual 

components [16]. Advanced epitaxial techniques can artificially and precisely 



 

 

 

customize the dimensions and interface environment of LCO by introducing specific 

functional layers, thereby potentially breaking bottleneck of current research on LCO 

spin-state crossover.   

     

    

  

     

    

       

    

   

     

      

   

     

  

   

 

 

     

     

  

   

  

  

   

   

Here,  we  rationally grew high-quality  LCO  monolayers  by  synthesizing  superlattices

composed of  SrIrO3  (SIO)  and  LCO  to  introduce  charge transfer,  spin-orbit coupling

(SOC)  and orbital  hybridization  through the interface as well as the enhanced  electron

correlations  at  2D  limit.  We  are  able  to  fully  suppress  the  LS  Co3+  and  therefore  to

realize  an  unprecedented  fully  HS state  (La[Co𝐻
3  

𝑆
+,  Co𝐻

2  
𝑆
+]O3)  in the monolayer limit  of

LCO  in  such  a  superlattice.  This  emergent  species  La[Co𝐻
3  

𝑆
+,  Co𝐻

2  
𝑆
+]O3,  significantly

different  from  the  SrTiO3-confined LCO monolayer  which possesses  a  mixed HS/LS

state  and  nonmagnetic  ground  state,  displays  not  only  strong  2D  

ferromagnetism  but  also  orbital  reconstruction  with  large anomalous  

polarization  indicated  by  our  synchrotron  spectroscopy  together  with theoretical 

calculations.  These  results  suggest  a  nontrivial  2D  HS  system  with possible  

multiple  coexisting  quantum  orders,  which  provides  a  novel  platform  for 

exploring  complex interplay  and magnetic physics  at  the  2D  limit  under strong SOC

regime  and  new  applications  in  2D  electronic  devices.  Furthermore,  our  study  will

provide  deep  insight  into  the  understanding  of  spin  state  transitions  and  pave  a  path

for engineering the 2D epitaxial magnet for practical application.

2. Results

2.1.  Emergent fully high-spin state  in  LaCoO3  monolayer

A  series  of high-quality [SIO5/LCOn]10  (S5Ln,  n  = 1-10 uc)  and  [SIO1/LCO1]20  (S1L1

)SLs  were   grown   on   TiO2-terminated   SrTiO3  (STO)  (001)  substrates.

Expected  periodic   stacking  was  revealed  by  high-angle   annular  dark-field

scanning

transmission  electron  microscopy  (HAADF-STEM)  measurements  (see  Figure  1a).

The  clear  contrast  between  La  (Sr)  and  Ir  (Co)  is  evidenced,  demonstrating  abrupt

interfaces  and coherent  growth, which is consistent with  results  from  X-ray diffraction

(XRD)  and  reciprocal  space  mapping  (RSM)  (see  Figure  S1).  These  measurements

consistently confirm  that  a  high-quality  SIO-confined  LCO monolayer  was prepared.
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X-ray  absorption  spectra  (XAS)  measurements  were  conducted  to  detect  the 

electronic  structure  of  LCO  with  varied  thickness.  The  appearance  of  Co2+  and  the

elevation  of  Ir  valence  together  unravel  the  charge  transfer  process  [17],  i.e.,  Ir4+  +

Co3+  →  Ir5+  +  Co2+  (see  Figure  S2).  This  is  in  good  agreement  with  the 

theoretically proposed charge transfer model at perovskite oxide interfaces  [18].  Such a

charge transfer  at the interface  cooperating with other  complex  interplays  modifies the 

electronic  structure  of  interfacial  area of  LCO  slabs,  eventually  giving rise to  a fully 

HS  state  in  the  monolayer  limit,  where  the  spin  state  profile  can  be  schematically 

illustrated as shown in  Figure  1b.  In detail, the contributions of each XAS component

were  deconvoluted  by a linear  combination analysis  [12b], including HS Co2+, HS Co3+

and  LS  Co3+  reference  spectra  (extracted  from  ref.  [19])  as  exemplified  in  Figure  1c 

and  Figure  S3.  The fitting results are summarized in  Figure  1d  and  Table S1, where

the percentage of HS Co2+  increases following an inverse proportional dependence on 

thickness  n, consistent with the interface charge transfer scenario (see discussion in  SI

,note  4). In contrast, the percentage of LS Co3+  shows a monotonic decrease,  and thus

a  significant  number  of  HS  Co  ions  are  nominally  accumulated  with  reducing  LCO 

thickness.  Ultimately,  all  the  Co  ions  exhibit  the  HS  state,  causing  the  LCO 

monolayer  (S5L1  and  S1L1)  to  transform  into  an  emergent  monolayer  species

La[Co𝐻
3  

𝑆
+,  Co𝐻

2  
𝑆
+]O3  ,  where  their  XAS  spectra  can  be  well  simulated  by  a  linear 

combination of only HS Co2+  and HS Co3+  reference spectra (see  Figure  1c).

2.2  Emergent strong  ferromagnetism  in LaCoO3  monolayer

Magnetic  characterizations  were  performed  for  S5Ln  to  elucidate  the  magnetism  of 

LCO.  Normally,  the  magnetization  decays  with  reducing  film  thickness  due  to  the

“dead  layer”  effect  [13,  20]  and  Mermin-Wagner  restriction  [21]  then  a 

ferromagnetic-paramagnetic transition  occurs  when approaching monolayer  thickness 

as shown by the  reference [STO5/LCO1]10  (T5L1)  in  Figure  2a.  With respect to  S5Ln

SLs,  on the contrary, the  ferromagnetism not only surprisingly survives  when  down to 

monolayer  (S5L1),  but  is  also  obviously  enhanced  compared  to  thick  LCO  films.

Previous  reports have demonstrated that ferromagnetic LCO can induced  unsaturated

5
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The intrinsic ferromagnetism of ultrathin LCO (n = 1-3) was further probed by 

Co-L2,3 X-ray magnetic circular dichroism spectra (XMCD). As shown in Figure 2c, 

the upper panel displays XAS recorded with circularly polarized X-rays with the 

polarization parallel (μ+) and antiparallel (μ−) to the magnetic field direction. The 

spectral difference (μ+−μ−, namely XMCD) shows finite signals (for raw spectra see 

Figure S5), confirming the ferromagnetism of ultrathin LCO. Their ferromagnetism is 

collectively contributed by both HS Co2+ and HS Co3+, as shown by comparing the 

XMCD line-profile with reference spectra [17c]. For instance, the experimental XMCD 

line-profile in S5L3 can be well reproduced by a linear combination of reference 

spectra, as shown in Figure 2d. The non-monotonic evolution of saturated moment 

(Msat) with LCO thickness (extracted from Figure 2a) is plotted in Figure 2e, where a 

dead-layer-like phenomenon is observed for n = 3-10, that is, magnetism weakens 

with reducing thickness. However, the surviving and counterintuitively enhanced 

magnetization can be observed when thinning LCO to 2D limit (n ≤ 2), which is much 

larger than that of thick LCO films [23], verified as well by XMCD in Figure 2c.  

Element-specific resonant soft X-ray reflectometry (RSXR) [24], an advanced 

technique to obtain the magnetic as well as the chemical/structural depth profile of the 

sample with very high precision, was used to investigate global magnetization 

distribution of S5L1 as illustrated in Figure 3a. A strong asymmetry in dichroic 

circular polarized X-ray spectra was fitted (see Figure S6) to yield the periodic 

magnetization (M) profile spatially corresponding to the LCO slabs (see Figure 3b), 

confirming the long-range ferromagnetic order in the LCO monolayer. Notably, the 

finite magnetic signal under 100 K demonstrates a Curie temperature beyond 

corresponding thick film (~85 K), which is consistent with the AHE measurement in 

anomalous  Hall  effect  (AHE)  in  SIO  possessing  strong  SOC  by  magneto-proximity

effect  [17a,  22].  Therefore,  the  observed  unsaturated  AHE  in  S5L1  up  to  100  K  (see

Figure  2b)  conversely  indicates  a  robust ferromagnetism  in  the LCO  monolayer.
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Figure 2b, confirming the high-ordering temperature of La[Co𝐻𝑆
3+, Co𝐻𝑆

2+]O3. 

The enhanced Co moment in S5L1 can therefore be explained by the crossover from 

conventional mixed HS/LS states to fully HS state as the thickness of LCO decreases 

(see Figure 1d). The LS Co3+ exhibits a non-magnetic electron configuration (S = 0), 

while the HS Co3+ (S = 2) possesses a magnetic moment of 4μB/Co. For conventional 

thick LCO (La[Co𝐻𝑆
3+, Co𝐿𝑆

3+]O3), the mixing of LS Co3+ and HS Co3+ yields a small 

nominal moment of ~1μB/Co. However, for the SIO-confined LCO monolayer, the 

non-magnetic LS Co3+ is depleted completely during the charge transfer process, 

emerging the fully HS monolayer species La[Co𝐻𝑆
3+, Co𝐻𝑆

2+]O3 as a combination of HS 

Co3+ and HS Co2+ (𝑡2𝑔
5 𝑒𝑔

2, S = 3/2, m = 3μB/Co), as shown in Figure 1b. Consequently, 

it exhibits an enhanced nominal moment (~1.8μB/Co), which is approximately twice 

as large as that of the single LCO30 thick film. 

2.3. Orbital occupancy anomaly and strong polarization 

X-ray linear dichroism (XLD, defined as IE//ab–IE//c) spectra of the Co-L2,3 edge are 

used to uncover the valence orbital states. As shown in Figure 4a (left panel), T5L1 

with electronic structure of La[Co𝐻𝑆
3+, Co𝐿𝑆

3+]O3 exhibits an almost zero XLD signal, 

indicating degenerate Co eg and t2g orbitals instead of the usual tensile strain-driven 

energy level splitting (XLD < 0). However, for S5L1, a significant positive XLD (~ 

10%) was observed (see Figure 4a, right panel), indicating a large orbital polarization 

in the La[Co𝐻𝑆
3+, Co𝐻𝑆

2+]O3. The positive XLD signal demonstrates that the in-plane (IP) 

orbital energy level is higher than that of the out-of-plane (OOP) orbital, even under 

tensile strain. We further conducted simulations on the anomaly of the orbital level 

through multiplet calculations (see SI, note 7), which show good agreement with the 

experimental results, confirming the unforeseen orbital level inversion in the 

SIO-confined LCO monolayer. Here, might as well define that T5L1 with degenerate 

Co eg and t2g orbitals holds an effective tetragonal ratio (c/a)eff ≈ 1, the preferred OOP 

population in S5L1 then suggests that it has (c/a)eff > 1 and thus the c-axis of LCO 

monolayer in S5L1 could be longer than that in T5L1.  
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To investigate the effective tetragonal ratio further, the lattice profile is probed 

microscopically by HAADF-STEM. As shown by the profile of the OOP A-A distance 

(see Figure 4b and Figure S10), the statistical c-axis length (dc) of the interfacial 

LCO layer (3.83 Å) is ~ 3% larger than that of the inner LCO layers (3.73 Å). 

Interface charge transfer from Ir to Co sites, as discussed above, is a possible cause 

for c-axis lattice expansion, which has been widely observed in interface charge 

transfer systems [17b, 25]. Furthermore, our DFT calculations (as discussed below) show 

that strong orbital hybridization between Ir and Co ions reverses Co 3d levels, 

consistent with the XLD result. That is, interface charge transfer and Ir-Co orbital 

hybridization could synergistically cause the anomalies of the orbital levels and lattice 

expansion, leading to a reconstructed orbital state beyond the crystal field 

expectations. 

2.4. Enhanced spin-orbit coupling 

Enhanced SOC, affording large magnetocrystalline anisotropy to resist fluctuation for 

reviving long-range ferromagnetic order, is verified by calculating the Co-L2,3 XAS 

branching ratio [26] (BR = L3/L2, for details see SI, note 8). As shown in Figure 4c, the 

BR monotonically increases with reducing LCO thickness, demonstrating the stronger 

BR in the interfacial LCO layer than in the bulk region. This can be interpreted as an 

increase in the fractions of HS Co2+ and HS Co3+ with large BR intuitively, consistent 

with the spin state profile shown in Figure 1b. Notably, BR is also associated with 

SOC ⟨Σ(l·s)⟩ in addition to percentages of HS Co2+ and HS Co3+ (Co3d holes nh) 

according to the formula [26] (BR−2)/(BR+1) = ⟨Σ(l·s)⟩/nh. The significantly 

enhanced BR cannot be simply described by the increasing fractions of HS Co2+ and 

HS Co3+ with strong SOC. The weighted average value (BR*) of S5L1 derived from 

trivial HS Co2+ and HS Co3+ reference spectra [19] is shown by the orange five-pointed 

star in Figure 4c, which is much smaller than the experimental BR (red point). The 

large gap (indicated by the blue arrow) between them strongly suggests that the SOC 

⟨Σ(l·s)⟩ in the LCO monolayer is additionally enhanced when interfacing with SIO. In 

contrast, the STO-confined non-magnetic monolayer (T5L1) shows a BR value (or 
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SOC) much smaller than that of ferromagnetic S5L1, indicating that enhanced SOC 

favors the ferromagnetic order in LCO monolayer. 

The orbital-to-spin moment ratio (morb/ms) can be calculated from the XMCD sum 

rules [27]. The morb/ms systematically increased with thinning LCO (see Figure 4d and 

Table S2), and its maximum (~0.4) is observed in both S1L1 and S5L1. Given the total 

saturated moment of 1.8μB/Co in S5L1 (at 2 K), the unquenched orbital moment can 

be estimated to be morb = 0.51μB/Co. Furthermore, the XMCD results show that S1L1 

possesses more HS Co3+ (less HS Co2+) participation in the magnetic contribution 

than S5L1 yet has a similar morb/ms as S5L1, indicating that the HS Co3+ possesses a 

comparable morb/ms as HS Co2+, or morb/ms of both HS Co2+ and HS Co3+ is enhanced 

in the ferromagnetic LCO monolayer, consistent with the additionally enhanced SOC 

as discussed above.  

2.5. DFT+U Calculations 

DFT+U calculations were employed to investigate the electronic and magnetic 

properties of the LCO monolayers. Our calculations show that the ground state of the 

STO-strained LCO single film is ferromagnetic, while the ferromagnetic order 

collapses when LCO is confined by STO to monolayer thickness (T5L1, see Figure 

S13). This finding is foreseeable and consistent with previous reports [13]. For the 

SIO-confined LCO monolayer (S5L1), strong interface electron transfer is observed 

from Ir to Co sites, consistent with our experimental results and previous reports[17a, 

17b, 18]. We further attempt to understand the coexistence of HS Co3+ and HS Co2+, 

where three possible states can be derived as shown in Figure S14. Figures 5a and 5b 

show the total and partial DOS of Co ions in S5L1 in the ground state (right panel in 

Figure 5c). Apparently asymmetric spin subbands are observed for both HS Co3+ and 

HS Co2+, demonstrating ferromagnetism in the LCO monolayer.  

We further observed strong hybridization between the localized Co3d orbital and 

itinerant Ir5d orbital. Generally, SIO (LCO) grown on STO suffers from compressive 

(tensile) strain, which causes the t2g electrons in SIO (LCO) to tend to occupy 
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out-of-plane dxz/dyz (in-plane dxy) orbitals. The strong orbital hybridization and charge 

transfer between Ir and Co ions drives the reconstruction of the Co3d orbital, resulting 

in bonding dxz/dyz and dz
2 orbitals with reduced energy below the in-plane dxy and dx

2
− 

y
2 orbitals (see Figure 5c), which is consistent with the XLD results. In addition, 

antibonding dxz/dyz states emerge near the Fermi level, which significantly narrows 

the band gap compared with STO/LCO SLs and reveals half-metal features. 

Intriguingly, our calculations further indicate orbital order and charge order in the 

ground state of S5L1, which needs to be further experimentally confirmed.  

 

 

  

  

       

  

    

  

  

 

     

        

    

    

The pronounced enhancement of SOC in LCO monolayer, on the one hand, could be 

attributed to the proximity effect from SIO with strong SOC [30]; and on the other 

hand, it can be contributed by Rashba-like effect from the interfacial built-in electric 

field (E: SIO+→LCO−) due to charge transfer. Notably, the enhancement of SOC plays 

an essential role in stabilizing the ferromagnetism of LCO monolayer by supplying 

3.  Discussion and conclusions

The  introduction  of  electron-rich  5d  SIO  is  vital  for  realizing  the  fully  HS  state  and

thus strong  ferromagnetism  in  LCO  monolayer.  First,  at  the

LCO/SIO interface,  charge-transfer-induced  Ir5+  can  pull harder on O2-  compared with

Co3+  [12b, 28]  , causing  O2-  away from Co3+  ions  thus  anomalously elongates  the  c-axis,

as  revealed  by  the  HAADF-STEM  results  (see  Figure  4b).  Together  with  in-plane

tensile  strain,  the  ΔCF  can  be  reduced  significantly  thereby  annihilating  LS  Co3+  and

promoting  fully  HS  state.  Second,  the  reduction  in  dimensionality  enhances  the

strength of electron correlations, leading to a preferred  population at  different orbitals

in  order  to  minimize  the  Coulomb  repulsion  through  spatial  avoidance  thereby

favoring  HS state  [29].  For instance,  the  non-charge-transferred  LCO monolayer  T5L1

exhibits  more  (less)  HS  Co3+  (LS  Co3+)  than  the  bulk-like  LCO  counterparts  S5L10

(see  Table  S1).  In addition,  SOC may also play a role in stabilizing  HS state.  LS Co3+

ions exhibit weak SOC, which makes them unfavorable for survival in the presence of

SIO  slabs  with strong SOC.



 

11 

 

magnetic anisotropy so as counteracting Mermin-Wagner restriction [21b] , as indicated 

by some 2D van der Waals ferromagnets [21a, 31]. The ferromagnetic order in such an 

aliovalent HS Co2+/HS Co3+ system is governed by the double-exchange interaction. 

Different from the manganates where ferromagnetism is mediated by eg orbital 

through "head-to-head" σ overlap [32], the exchange in La[Co𝐻𝑆
3+, Co𝐻𝑆

2+]O3 is mediated 

by t2g orbital through Co3d-O2p "shoulder-to-shoulder" π (πd-p) overlap (see the right 

panel in Figure 5c), similar to the case in hole-doped counterpart La0.7Sr0.3CoO3 film 

[11a].  

In summary, we demonstrated that, by constructing 3d/5d heterointerfaces, an 

unprecedented fully HS state was realized in SIO-confined LCO monolayer. Such an 

emergent spin state synergistically exists with ferromagnetic order and large orbital 

polarization, sharply contrasting with the trivial STO-confined LCO monolayer. 

Attributed to the strong SOC and the enhanced exchange interactions caused by 

valence mixture, the ferromagnetic order survives above 100 K, showing the highest 

Curie temperature and largest atomic moment (~1.8μB/Co) compared to any previous 

oxide-based 2D ferromagnets. The orbital reconstruction, driven by interfacial 3d-5d 

hybridization, exhibits a reversal of the Co3d levels that goes beyond the expectations 

derived from crystal field physics. The strong SOC, which collaborates with the 

broken inversion symmetry at interface, likely provides significant antisymmetric 

exchange coupling effect such as Dzyaloshinskii-Moriya interaction [33], thereby 

possibly exhibiting a promising host for searching for 2D skyrmion-like spin texture 

[34]. Besides, such a stacking of heavy-metal layer/2D ferromagnet heterostructure 

(SIO/LCO) can serve as the base material of potential ultra-compact devices for 

spintronic applications [35]. 

4. Experimental Section/Methods 

Sample growth: The SIO/LCO and LCO/STO superlattices were grown on 

TiO2-terminated SrTiO3 (001) substrates by Laser molecular beam epitaxy 

(Laser-MBE) assisted by in-situ reflection high energy electron diffraction (RHEED), 

operating at 248 nm. The TiO2-terminated SrTiO3 (001) substrate were obtained by 
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etching with standard buffered oxide etch (BOE) solution and subsequent annealing at 

950 oC for 90 min. Laser fluence and repetition rate during growth were 1.1 J/cm2 and 

4 Hz, respectively. Typical substrate temperature was 660 oC and the oxygen partial 

pressure was 0.15 mbar. The thickness of each sub-layer was precisely monitored by 

in-situ RHEED. A series of superlattices SmLn with m = 1, 5 uc and n = 1-10 uc were 

prepared using two-target growth alternating LaCoO3 and SrIrO3. S1L1 possesses 20 

periodic repetitions in order to facilitate XRD measurements, while the other samples 

all keep 10 repetitions. Superlattices for structure characterization and magnetization 

measurement were capped by ~ 4 nm amorphous STO (a-STO) in order to protect the 

periodic superlattices structure. The SIO/LCO (STO/LCO) superlattices for 

synchrotron X-ray experiment were terminated by additional crystalline SIO (STO) 

layer for preventing phase decomposition of LCO to be probed. 

Structural characterization: Surface morphology was recorded by atomic force 

microscope (AFM). X-ray diffraction (XRD), reflectivity (XRR) and reciprocal space 

mapping (RSM) measurements were carried out for characterizing the crystal 

structure, crystallinity and orientation by using a high resolution X-ray diffractometer 

(Malvern PANalytical). The XRR data were fitted using the chemical depth profiles 

by GenX software. The microscopic chemical configuration of superlattices was 

measured by High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM). The cross-section specimens of S5L1 and S1L1 were 

prepared by mechanical grinding then Ar ion beam milling. The atom positions were 

determined by fitting with 2D Gaussian peaks using a MATLAB code. [36] Then the 

lattice parameter along c-axis (dc) can be estimated as the distance between two 

neighboring A-site atoms (including La-La, La-Sr and Sr-Sr pairs). 

Magnetization and transport characterization: Both in-plane and out-of-plane 

field-dependent magnetization were measured by MPMS 3 (Quantum Design), where 

the sample was loaded by a standard quartz paddle holder. The actual sample 

magnetization was acquired by subtracting a linear diamagnetic contribution from the 

STO substrate. Electrical transport measurements were based on the van der Pauw 
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method using a PPMS-9T (Quantum Design). The Hall signals are “odd” with respect 

to the applied field, thus they were calculated as 𝑅𝑥𝑦 = (𝑅𝑥𝑦
𝑟𝑎𝑤(𝐻) − 𝑅𝑥𝑦

𝑟𝑎𝑤(−𝐻))/2. 

Then, the anomalous Hall effect (RAHE) could be obtained by deducting the ordinary 

Hall effect (ROHE), i.e., 𝑅𝐴𝐻𝐸 = 𝑅𝑥𝑦 − 𝑅𝑂𝐻𝐸 . Due to the field is insufficient to 

saturate the Hall hysteresis, conventionally sweeping field at a fixed temperature can 

only produce an undesired minor Hall hysteresis without saturating the sample and 

quenching the magnetic domains. In order to trace the correct major Hall hysteresis, 

one has to quench the domains by thermal heating and cooling, where the detailed 

measurement see ref. [37]. 

Synchrotron X-ray experiment: X-ray absorption spectroscopy (XAS) and magnetic 

circular dichroism (XMCD) were conducted at the Boreas beamline of ALBA 

Synchrotron Light Source[38]. The measurements were performed under 6 T at 10 K, 

with the incoming X-ray and magnetic field perpendicular to the sample plane. 

Resonant soft X-ray reflectometry (RSXR) spectra were measured at the REIXS 

beamline of the Canadian Light Source (CLS) with a magnetic field (0.6 T) parallel to 

the sample plane. The samples were aligned with their surface normal in the scattering 

plane and measured at 20 K and 100 K. The measurements were carried out in the 

specular reflection geometry with several non-resonant photon energies as well as 

energies at the Co-L2,3 resonance (∼ 765-805 eV). The X-ray linear dichroism (XLD) 

of S5L1 was measured at the CLS as well as Hefei Light Source, and XLD of T5L1 

was measured at Hefei Light Source. For XLD measurement, the incident X-ray was 

at 90° and 25° angles to the sample plane at Hefei Light Source, and the X-ray was at 

the grazing angle of 25° at the CLS where measuring by varying the linear 

polarization. All X-ray absorption experiments data was recorded using a mode of 

total electron yield. X-ray photoelectron spectroscopy (XPS) were measured by an 

in-house photoelectron spectrometer (Thermo Scientific ESCALAB 250Xi) with 

ultimate vacuum pressure of 5×10−10 mbar. The Al Kα X-ray monochromator was 

operated with an anode power of 150 W.  

DFT Calculations: We employed the DFT+U method[39] to investigate the electronic 
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and magnetic properties of (SrIrO3)5/(LaCoO3)1 and (SrTiO3)5/(LaCoO3)1 

superlattices using GGA-PBE correlation-exchange functional [40]. All first-principles 

calculations were performed within the Vienna Ab Initio Simulation Package (VASP) 

and Wien2k codes. More details see SI, note 10. 

Supporting Information 

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

 

 

Figure 1. Evolution of nominal Co spin/electronic states. a, HAADF-STEM results of 

S5L1 and S1L1. The inset is a zoom view of S1L1 image. b, Schematic of spin state 

profile of Co ions. There are almost only HS Co2+/Co3+ at interface, different from the 

bulk regime (green, dominated by HS/LS Co3+). c, Co-L3 XAS fitting results of LCO 

monolayer SLs, where the feature of LS Co3+ (right shoulder) is absent. The spectra 

line-shape of S5L1 and S1L1 can be simulated by a linearly combination of only HS 

Co3+ and HS Co2+, where 49% HS Co3+ and 51% HS Co2+ are for S5L1, and 72.3% 

HS Co3+ and 27.7% HS Co2+ are for S1L1. Reference HS Co3+, LS Co3+, and HS Co2+ 

XAS spectra are the experiment results of Sr2Co0.5Ir0.5O4, NdCaCoO4 and CoO, 

respectively [19]. d, Fractions of HS Co3+, LS Co3+ and HS Co2+ in superlattices for 

varied LCO thickness. 
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Figure 2. Survival and enhanced ferromagnetism as LCO down to monolayer. a, 

In-plane M-H curves of S5Ln, T5L1 and 30-uc LaCoO3 film (LCO30). b, AHE 

resistance (RAHE) hysteresis of S5L1. See Experimental Section/Methods for 

measurement details. c, Co-L2,3 XMCD results at 10 K with applied field (6T) 

perpendicular to sample plane, where the reference spectra of HS Co3+ and HS Co2+ 

are the experimental XMCD results of Sr2CoIrO6 
[17c] and CoO, respectively. The 

signal magnitudes of XMCD, defined as a percentage of the maximum of 

corresponding Co-L3 edge, were 8.9% for S5L1, 4.9% for S5L3 and 4.5% for S1L1. By 

linearly combining the reference spectra of HS Co3+ and HS Co2+, the XMCD of S5L3 

is almost perfectly reproduced in d. e, Evolution of Co saturated moment (Msat) with 

LCO thickness at 5 K. 

  



 

21 

 

 

      

 

    

 

 

   

  

Figure  3.   Ferromagnetism  beyond  100  K  in  LCO  monolayer.  a,Experimental set-

up  sketch  of RSXR measurements, where a 0.6 T magnetic field was

applied in-plane during the measurement.  b,  Magnetic and  element  profiles  in S5L1  at

20 K and 100 K  along the [001] direction (Z), where the terminated LCO was capped

by  additional  3  uc  SIO  for  avoiding  degradation.  For  clarity,  the  element  density  of

A-site ions, including La and Sr, is  offset  vertically by 0.04.
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Figure 4. Anomalous orbital reconstruction and enhanced SOC. a, XLD results at 

Co-L2,3 edge, which is defined as IE//ab − IE//c. b, Increased c-axis length (dc) near 

interface in S5L5, which is characterized by the distance between two adjacent A-sites 

as illustrated by the inset. These results were obtained statistically from a 22 uc × 22 

uc cross-section region of the HAADF image. c, Branching ratio (BR = L3/L2) 

extracted from Co-L2,3 XAS, where the reference levels (dashed line) are derived from 

experimental spectra [19]. The orange five-pointed star denotes the calculated weighted 

average BR* based on the reference levels. d, Evolution of morb/ms, where the data of 

LCO is extracted and processed from ref. [1a]. The error bars of BR and morb/ms are 

from the final state effects of the core level SOC and core-valence exchange 

interactions (multiplet effects) of Co ions. 
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Figure 5. Theoretical calculations using DFT+U. DOS of HS Co3+ and HS Co2+ are 

shown in a and b, respectively. c, Schematic of the energy-level distribution of Co3d 

in LCO under different cases. Left panel are for bulk LCO, where LS, IS, and HS 

configurations are shown here. Vacuum-confined LCO monolayer (middle panel) 

possesses a LS configuration due to the confinement effect. Fully HS state with the 

coexistence of Co2+ and Co3+ is shown in right panel. Double exchange interaction 

between HS Co2+ and HS Co3+ is mediated by t2g (dxz/dyz) electron via Co-O πd-p bond, 

which causes ferromagnetism in LCO monolayer.  
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