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Abstract 

Antiferromagnets have shown great potential for replacing ferromagnets in spintronic 

applications in recent years. In this work, antiferromagnetic La0.35Sr0.65MnO3 

(AFM-LSMO) thin films were grown on ultrathin ferromagnetic La0.7Sr0.3MnO3 

(FM-LSMO) layer over a wide temperature range. The different AFM-LSMO growth 

temperatures introduced variation of strain states in AFM-LSMO layer, changing the 

AFM-LSMO magnetic properties. Considering the model of thermally activated 

switching of antiferromagnetic grains, the measurement temperature and AFM-LSMO 

growth temperature-dependent exchange bias field and coercivity are explained. This 

work demonstrates the modulation of exchange bias effect in the FM-LSMO through 

the control of AFM-LSMO growth conditions, suggests possibility to control and probe 

oxide antiferromagnets via exchange bias coupling. 
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1. Introduction 

Exchange bias effect, manifesting itself by the shifting of magnetic hysteresis loop and 

a significant coercivity enhancement, has been extensively studied due to their practical 

applications for sensors and related fundamental interfacial phenomena [1-3]. Various 

mechanisms based on domain interactions [4-6], interfacial super-exchange coupling [7], 

spin rearrangement at the antiferromagnet (AFM)/ferromagnet (FM) interface [8, 9], 

have been proposed to explain the phenomenon.  

Until now, most of the studies on exchange bias effect are based on polycrystalline 

metal alloys or metal oxides as pinning layer [10]. It was until recently that the 

importance of material crystallinity on exchange bias effect has been recognized [11, 

12]. In order to obtain a complete understanding of this interfacial phenomenon, 

high-quality AFM/FM materials with well-defined atomic interfaces are needed.  

Recent technical advances in oxide thin film deposition and characterization have 

permitted precise control of complex oxide heterostructures with atomic level precision 

[13]. Among them, perovskite oxide multilayers have opened the possibility of 

investigating collective phenomena such as interfacial superconductivity [14], 

interfacial ferromagnetism [9, 15], due to the strong correlation between spin, charge, 

orbital and lattice degrees of freedom at the interface. Indeed, exchange bias effect was 
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observed not only in traditional AFM/FM structures but also in FM/FM [16], 

FM/paramagnet (PM) [17], and AFM/PM [9] structures.  

To elucidate the impact of AFM/FM interface on exchange bias effect, ideally one 

should have a good control on the perovskite oxide heterostructures with atomically 

precise interfaces. Normally, metallic La0.7Sr0.3MnO3 is used as the ferromagnetic layer 

since it has a relative high Currie temperature (TC ≈ 370K) [18]. However, magnetic 

properties of antiferromagnetic (La,Sr)MnO3 thin films were seldom reported, let alone 

using them as the pinning layer.  

In this work, we aim to establish exchange bias effect at the interface of 

antiferromagnetic La0.35Sr0.65MnO3 (AFM-LSMO)/ferromagnetic La0.7Sr0.3MnO3 

(FM-LSMO) heterostructures. The structural compatibility between AFM-LSMO and 

FM-LSMO allows the epitaxial growth of heterostructures with sharp interfaces. In 

order to further modulate the microstructural and magnetic properties of AFM-LSMO, 

which can be reflected via exchange bias effect, the AFM-LSMO growth temperature 

was varied [19, 20]. The study would offer a handle to modify the exchange bias effect, 

and sheds light on the magnetic properties of AFM-LSMO layer under different growth 

conditions. 

2. Experimental details 

AFM-LSMO/FM-LSMO heterostructures were grown on SrTiO3 (001) (STO) 

single-crystal substrates by pulsed laser deposition. Before deposition, the substrates 
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were pretreated to form step-like terraces with TiO2 termination, details of which were 

reported previously [21]. In order to study the impact of AFM-LSMO growth conditions 

on the exchange bias effect, FM-LSMO (7 nm) layers were first deposited with 

standardized condition of 0.2 mbar O2 ambient at a substrate temperature of 700 °C. 

After 5-minute post-annealing of FM-LSMO with O2 at 13.3 mbar, the substrate 

temperature was adjusted to between 500 °C and 700 °C at the same oxygen ambient. 

Then AFM-LSMO layers were deposited at the new temperatures in 0.2 mbar O2 

pressure, followed by another 5-minute post-annealing with 13.3 mbar O2 pressure 

before naturally cooled to room temperature in the same oxygen ambient. The targets 

were ablated by a KrF excimer laser (248 nm) with pulse energy of 220 mJ and at 

repetition rates of 1 Hz (for FM-LSMO) and 2 Hz (for AFM-LSMO), respectively. The 

microstructure of the samples was characterized by high-resolution x-ray diffraction 

(XRD, Smartlab, Rigaku). Surface morphology was characterized in air by atomic force 

microscopy (Bruker NanoScope 8) with tapping mode. Magnetic properties of the 

samples were studied by vibrating sample magnetometry (VSM, Quantum Design). 

3. Results and discussion 

Fig. 1(a) shows the XRD θ/2θ scan profile of AFM-LSMO (20 nm)/FM-LSMO (7 

nm)/STO (001) structures with different AFM-LSMO growth temperatures. Clear (002) 

AFM-LSMO peaks and thickness fringes indicate good crystallinity and c-axis 

orientation of the layer. The diffraction peak of the thin FM-LSMO layer, on the other 

hand, overlaps with that of the substrate and AFM-LSMO. In-plane ϕ-scans (Fig. 1(b)) 
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were carried out to understand the epitaxy arrangement of AFM-LSMO/FM-LSMO on 

STO. All the ϕ-scan peaks taken on the (220) reflection exhibit four-fold symmetry with 

90⁰  intervals, and appear at the same azimuth angles, suggesting cube-on-cube growth 

of AFM-LSMO on STO. Note that ϕ-scan peaks of FM-LSMO were not shown here 

due to that in-plane (220) peak of thin FM-LSMO overlaps with that of STO. 

Considering coherent growth of AFM-LSMO and FM-LSMO layers on STO substrates, 

the shortening of c-axis of FM-LSMO (3.863 Å) and AFM-LSMO (3.797 to 3.815 Å), 

as compared to bulk FM-LSMO (3.889 Å) and AFM-LSMO (3.86 Å) [22, 23] values, 

suggests that both layers possess in-plane tensile stress. 

From Fig. 2 it is noticed that the (002) peak of AFM-LSMO shifts to higher angles with 

increasing growth temperature, which means the contraction of c-axis. Hence the 

antiferromagnetic growth temperature has a great impact on the AFM-LSMO 

microstructure, which in turn affects the bulk magnetic properties of AFM-LSMO. The 

extracted out-of-plane lattice constant of AFM-LSMO is plotted in Fig. 2. The key 

parameter dominating the physical properties of perovskite manganites is the 3d orbital 

configuration of Mn ions. Strong Coulomb interactions between charged electrons and 

oxygen anions within the MnO6 octahedral lead to lifted eg orbitals with double 

degeneracy. Tensile strain suppresses the Coulomb interaction due to longer interaction 

length, shifting x
2
-y

2
 orbital to lower energy and attracting more electrons to occupy it. 

AFM-LSMO is an A-type antiferromagnet [24-28], meaning that ferromagnetic 

coupling among Mn ions occur in the in-plane direction and antiferromagnetic coupling 
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in the out-of-plane direction. The decreased c-axis length with rising growth 

temperature suggests larger in-plane tensile strain of AFM layer, which promotes the 

A-type antiferromagnetic ordering temperature [24]. 

The surface morphology of bilayer thin films was studied by ex-situ atomic force 

microscope. Fig. 2(b)-(f) present the surface morphologies of AFM-LSMO at different 

growth temperatures from 500 °C to 700 °C. Atomic terraces on substrates indicate a 

layer-by-layer growth of films. The root mean square roughness in all samples are less 

than 0.4 nm (Fig.2(g)), showing the good surface morphology of films. 

With AFM-LSMO growth temperature between 550 °C and 700 °C, the full-width at 

half-maximum (FWHM) of the rocking curves for (002) peaks of AFM-LSMO is 

around 0.1º, suggesting low mosaic spread. For AFM-LSMO layer grown at 500 °C, 

although the FWHM of rocking curve is also 0.1°, it shows a clear two-peak 

configuration with a sharp peak superimposed on a broad peak compared with that 

grown at 600 °C (see in Fig. 3), which implies the presence of a layer of different 

mosaic spread, possibly a partial relaxed layer [29]. 

Temperature-dependent magnetic hysteresis loops (M-H loops) were obtained from the 

samples by field-cooling from 350 K to 10 K in an external magnetic field of 1T, with 

all loops measured with increasing sample temperatures to suppress possible memory 

effect [30]. Note that 10 training cycles were conducted before the actual M-H loops 

were extracted to eliminate the training effect [31]. Fig. 4(a) displays the M-H loops of 
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AFM-LSMO/FM-LSMO samples with different AFM-LSMO growth temperatures; the 

M-H loop of a plain FM-LSMO layer at 10 K is also displayed. Significant shift of M-H 

loops and coercivity enhancement are observed in most samples. For future analysis, the 

exchange bias field (HEB) and coercive field (HC) for the samples at 10 K were extracted 

(Fig. 4(b)). The largest HEB and HC were found in the sample with AFM-LSMO 

deposited at around 600 °C. This can be ascribed to the competition between interfacial 

imperfection and crystallinity in the bulk of AFM layer. Usually, exchange bias effect is 

ascribed to the interfacial effect. And from the surface morphology in Fig. 2(g), we can 

see that the roughness is a little higher at 600 °C and 650 °C. On the other hand, 

previous reports showed the impact of the antiferromagnet bulk on exchange bias [20. 

In this work, the antiferromagnetic growth temperatures not only could change the 

interface but also change the bulk as XRD results (Fig. 1(a)) indicated. 

The temperature dependences of HEB and HC with different AFM-LSMO growth 

temperatures are shown in Fig. 4(c) and 4(d), respectively. According to previous 

reports [24, 32, 33], both single crystal and AFM-LSMO thin film (30 nm) should be 

magnetically ordered around 240 ~ 260 K. Our results indicate that exchange bias 

disappears (i.e. TB) at around 150 K, which is much less than the Néel temperature (TN) 

of AFM-LSMO (~ 250 K) [32, 33]. Moreover, the exponential decay of HEB and HC 

with temperature are usually ascribed to the existence of frustration due to competing 

interactions, suggesting a common mechanism for the exchange bias and coercivity as 

reported in La2/3Ca1/3MnO3/La1/3Ca2/3MnO3 bilayers and superlattices [6, 34-36]. The 
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temperature dependence of HEB and HC can be fitted by the phenomenological equations 

[6]: 

   ( )     
  (     )                                                 (1) 

  ( )    
  (     )                                                   (2) 

where HEB
0
 and HC

0
 are HEB and HC extrapolated to zero temperature, T1 and T2 are the 

energy barrier for thermal activation of the magnetic interface response for the exchange 

bias effect.  

The agreement between experimental data and fitting results, as well as the observation 

that TB is far below the magnetic ordering temperature of AFM-LSMO (TN) and 

FM-LSMO (TC), can be understood by the thermally-activated switching of AFM grains 

[5, 6, 34, 37, 38].  In this model, the AFM domains are confined within individual 

crystals, the temperature dependence of exchange bias effect arises from 

thermally-activated switching of AFM grains and the AFM domain wall energy in the 

grains. There are two main factors which decide the temperature dependence of the 

exchange bias behavior: the saturation behavior of unidirectional anisotropy at low 

temperatures, and the thermal stability of the AFM grains. According to prediction of 

the model, once the interfacial coupling energy (    ) is larger than the domain wall 

energy ( ) in AFM grains, HEB continue to increase with lowering temperature. As 

shown in Fig. 4(c), temperature dependent curves with different AFM growth 
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temperatures show a non-saturated exchange bias field at low temperatures, suggesting 

that the      of AFM-LSMO/FM-LSMO is larger than the  .  

On the other hand, the ratio (b) between   (times the area of the grain) and the thermal 

energy can be used to characterize thermal stability of the AFM grains. For samples 

with different AFM-LSMO growth temperatures, b is small at temperatures just below 

TN and AFM grains are stabilized slowly. Hence, until only when the temperature is far 

below TN, the AFM grains can contribute to unidirectional anisotropy. This could 

explain why TB is below TN in all samples. Moreover, TB is found to decrease with 

increasing AFM-LSMO growth temperature (inset of Fig. 4(c)), which is contrary to 

our expectation. As mentioned before, increasing AFM-LSMO growth temperature is 

beneficial for promoting AFM crystallinity and hence spin ordering [38]. Based on 

  √      , and the approximations that the antiferromagnetic moment     

(    )
    (T represents the measurement temperature), the uniaxial anisotropy 

constant          
 , and the exchange stiffness constant          

 , we assume 

that    
(    )

   

  
⁄  [38]. With rising AFM growth temperature, b should increase 

due to higher spin ordering temperature, which is contrast to our observation. More 

detailed experiments need to be conducted to verify the interfacial microstructure effect 

on the exchange bias effect in manganite multilayers. 

4. Conclusion 
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In summary, high-quality AFM-LSMO/FM-LSMO epitaxial heterostructures were 

grown on TiO2-terminated SrTiO3 (001) substrates by pulsed laser deposition. X-ray 

diffraction suggested antiferromagnetic growth temperature can modify the strain state 

of AFM-LSMO layer, influencing the magnetic properties of heterostructures. 

Exchange bias effect, together with enhanced coercivity were observed in these 

structures. Temperature-dependent exchange bias field and coercivity can be understood 

by thermally activated switching of antiferromagnetic grains, shedding insights on the 

physical mechanism at the interface of AFM-LSMO/FM-LSMO heterostructures. 
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Fig. 1. Structure characterization of AFM-LSMO/FM-LSMO/STO (001) structures.  (a) 

Out-of-plane θ/2θ profile; legends show AFM-LSMO growth temperatures in °C. (b) 

ϕ-scan patterns of AFM-LSMO/FM-LSMO/STO structure for AFM-LSMO growth 

temperature of 600 °C. 
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Fig. 2. (a) (002) peak positions (red circles) and out-of-plane lattice constants (blue 

squares) of AFM-LSMO as a function of growth temperatures. (b)-(f) Surface 

morphology of bilayers with AFM-LSMO growth temperature at 500ºC, 550ºC, 600ºC, 

650ºC and 700ºC, respectively. Note that all images are 2×2 μm
2
. (g) The root-mean 

square roughness of samples with different AFM-LSMO growth temperatures. 
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Fig. 3. Rocking curves of (002) peak of AFM-LSMO grown at different temperatures: 

(a) 600 °C, and (b) 500 °C. Red and blue lines are Gaussian fits of the curves. 
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Fig. 4. Magnetic properties of AFM-LSMO/FM-LSMO/STO structures. (a) M-H loops 

at 10K after 1T field-cooling. (b) Coercivity (blue squares) and exchange bias field (red 

dots) as a function of AFM-LSMO growth temperatures. (c) Temperature dependence 

of exchange bias field of AFM-LSMO/FM-LSMO/STO with different AFM-LSMO 

growth temperatures. Inset: the blocking temperature as a function of AFM-LSMO 

growth temperatures. (d) Temperature dependence of coercivity of 

AFM-LSMO/FM-LSMO/STO with different AFM-LSMO growth temperatures. In (a), 

(c) and (d), legends show AFM-LSMO growth temperatures in °C. 




