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Recent progress of the soft X-ray magnetic circular dichroism (XMCD) techniques and relevant applications at beamline 

4B7B in Beijing Synchrotron Radiation Facility are reported here. The key progress of the XMCD techniques include i) 

improvements in the accuracy and sensitivity of XMCD measurements by fast-reversing magnetic field with 

electromagnet, and ii) establishment an angle-dependent experimental method for obtaining the magnetic anisotropy 

information. These techniques have been applied to investigate the interface ferromagnetism and magnetic anisotropy of 

two Mn-based materials, i.e. Fe/(Ga,Mn)As and La2/3Sr1/3MnO3/SrTiO3 bilayer heterostructures. An enhanced XMCD 

signal has been observed at the Fe L2,3-edges whereas a relative small but unambiguous Mn XMCD signal with opposite 

sign has been detected which indicates an antiferromagnetic coupling at Fe/(Ga,Mn)As interfaces. A comparative study 

of the stoichiometric and nonstoichiometric La2/3Sr1/3MnO3/SrTiO3 bilayers clearly demonstrates that the oxygen 

vacancies degrade the magnetic properties of the perovskite manganese oxide film. These achievements benefit from the 

established field-reversal and angle-dependent XMCD techniques, which will make it possible to extend the research 

field of our devices from ferromagnetic to paramagnetic or diluted magnetic semiconductor system.  
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1. INTRODUCTION  

X-ray magnetic circular dichroism (XMCD) has been 

shown to be a powerful tool to measure the element-

specific magnetic moments [1]. After the proposal of the 

XMCD sum rules [2, 3], the spin and orbital moments can 

be independently determined, which make the XMCD into 

a quantitative magnetometry tool. This technique is now 

widely used to study the magnetic properties of various 

ferromagnetic (FM) and ferrimagnetic systems [4, 5]. 

Furthermore, benefit from the high field electromagnet [6] 

and superconducting magnets [7], even very small 

magnetic moments can be obtained from paramagnetic 

materials or diluted magnetic semiconductors (DMSs) [8].  

A new soft X-ray XMCD setup has been designed and 

constructed in our recent work [9] at the 4B7B beamline, 

which is a bending magnet beamline at Beijing 

Synchrotron Radiation Facility (BSRF), equipped with a 

varied-line-spacing plane grating monochromator. 

Demonstration XMCD experiments in ferromagnetic 3d 

transition metals (Fe, Co and Ni) films and ultrathin films 

were performed. In order to extend the research field to 

Mn-based diluted magnetic materials, especially unravel 

the microscopic origin of magnetism in Mn doped DMSs 

and perovskite manganese oxide films, the following two 

techniques have been developed for our XMCD setup: 

(i) Fast-reversing magnetic field techniques. A variety 

of switching and modulation techniques (such as current-

reversal, mechanically reversal the superconducting coils, 

fast helicity reversal by kicker system or phase retarder, 

moving the magnet array of undulator, high-speed chopper, 

etc.) have been reported with the development of advanced 
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insertion devices and third-generation light source [10]. 

These modulation techniques can be divided into two kinds 

of equivalent categories: the magnetic-field switching 

method and the photon-helicity switching method. 

Moreover, the helicity switching technique combined with 

the lock-in amplifier has been used to improve the 

accuracy of the XMCD measurement [11]. Nevertheless, 

the helicity switching method cannot be achieved for a 

bending magnet beamline, and current reversal is more 

reliable and convenient compared with mechanically 

reversal the coils. For these reasons, the current-reversal 

method has been established for our system.  

(ii) Angle-dependent XMCD method for magnetic 

anisotropy. The orbit magnetic moment is directly linked 

to the dichroism intensity, while the determination of the 

spin moment is more complicated by the presence of a 

correction magnetic dipole term in the spin sum rule [12]. 

To overcome this difficulty, Stöhr and König [13] 

proposed angle-dependent measurements of XMCD, which 

cancel the magnetic dipole term. By use of this angle-

dependent method, the anisotropy of the orbital magnetic 

moment can also be determined, and it is directly related to 

the magnetocrystalline anisotropy. After that, various polar 

angle and azimuthal angle dependent XMCD has been 

widely used to study the magnetic anisotropy [14 – 18]. In 

addition to the longitudinal angle-dependent XMCD 

(magnetic field B is parallel to the photon helicity h.), Dürr 

and van der Laan discussed angle-dependent XMCD 

spectra in the transverse arrangements (B⊥h) [19 – 21]. 

Mamiya [22] studied the magnetic states of a Fe layer on 

MgO tunnel barrier by angle-dependent XMCD in the 

longitudinal and transverse geometry.  

The above-mentioned field-reversal and angle-

dependent techniques would be very useful to extract the 

weak magnetic signals at the interface and the magnetic 
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anisotropy information. Thus, this paper aims to discuss 

the establishment of these experimental methods and 

possible applications for the Mn-based diluted magnetic 

materials. 

2. EXPERIMENTAL METHODS AND 

TECHNIQUES 

2.1. The magnetic field or helicity switching 

techniques 

This method was accomplished by a high precision 

digital power supply, by which the magnet field can be 

reversed by revering the direction of the current in the 

coils. The power supply (180A, 20V) was customized from 

Beijing Boxing Keyuan technology Co., Ltd. In order to 

reduce the fluctuation of the magnetic field strength, the 

current stability is better than 10-3 and the total harmonic 

distortion is lower than 0.5%. The ramping rate is suitable 

for point-by-point field reversal method, and the reversal 

frequency of the current was up to 2Hz. A demonstration 

experiment of each point field reversal method and the 

Labview control interface of the power supply are shown 

in the Figure S1 (Supplementary Material). The differential 

XMCD signal can be achieved directly, thus effectively 

eliminating the artificial error and the influence of slow 

drifts of the photon source. 

2.2. The angle-dependent XMCD method for 

magnetic anisotropy  

In the Bruno model, the difference between the orbital 

moments along the easy and hard directions is proportional 

to the magnetocrystalline anisotropy. For samples with 

uniaxial anisotropy, one obtains / 4 )( orb oso B rbm mE      
[13], where  is the spin-orbit constant, B is the Bohr 

magneton, the orbm and orbm are the orbital magnetic 

moment along the film normal and in the plane. For an 

experimental geometry where magnetic field 
extH  are at an 

angle  with respect to the surface normal, the orbital 

moment om along the field direction can be directly 

determined by use of the sum rule. If 
extH  is sufficiently 

large to magnetically saturate the sample, then 
2 2= sin cosorb orb orbm m m   , such that measurements at two 

angles are needed to determine orb orbm m  . Considering 

absorption measurements are difficult at grazing incidence 

where 80   , we can obtain the accurate value of the in-

plane orbital magnetic moment ( orbm ) by multi-angular 

measurements. 

In order to verify the above mentioned ideas and show 

potential applications for the two techniques/methods, we 

study the magnetic properties and magnetic anisotropy of 

two typical Mn-based magnetic materials, Fe/(Ga,Mn)As 

and La2/3Sr1/3MnO3/SrTiO3 heterostructures. 

3. APPLICATION 

3.1. Application to FM/DMSs bilayer 

(Ga,Mn)As has been considered as one of the most 

promising spintronics materials due to its high spin 

polarizaiton and ferromagnetism induced by doped hole 

carriers. However, the main obstacle for the practical 

application of (Ga, Mn)As is their low Curie temperatures. 

Remarkably, room-temperature ferromagnetism of the Mn 

atoms was reported at the interface of Fe/(Ga,Mn)As 

heterostructures due to the magnetic proximity effect of 

thin Fe overlayer [23]. Furthermore, there are some 

contrary report about the ferro- or antiferromagnetic 

coupling between the Mn ions and the Fe layer [24 – 27]. 

Recently, proximity effect induced enhancement of the 

Curie temperature and spin ordering has also been reported 

[28, 29]. Those studies were mainly focused on the 

interfacial proximity effect as well as the possibility of spin 

injection from the FM layer to the DMS layer. On the other 

hand, the magnetic anisotropy of FM/DMS structures has 

not been extensively investigated yet [30], especially not 

investigated by the angle-dependent X-ray magnetic 

circular dichroism (XMCD) method, although the 

anisotropy of the GaMnAs films has been widely studied. 

So, we can believe that the magnetic anisotropy research 

about the Fe/(Ga,Mn)As bilayer may exhibit other 

interesting results and it is helpful for understanding the 

mechanism of the proximity induced magnetic ordering 

and spin ordering.  

The Fe/(Ga, Mn)As bilayer used in this study were 

grown by molecular beam epitaxy (MBE) on semi-

insulating GaAs substrates. The structures of the sample is 

Al(1.6 nm)/Fe(2 nm)/Ga0.95Mn0.05As(20 nm)/GaAs(001).  

In order to determine the origin of room temperature 

ferromagnetism and further study the interfacial magnetic 

coupling in the bilayer, we performed XMCD experiments 

at the Fe-L2,3 and Mn-L2,3 absorption edges in total electron 

yield mode, which are summarized in Fig. 1. The XMCD 

experimental apparatus and the data processing have been 

described in Ref. 9. Fig. 1 a shows the Fe-L2,3 XMCD 

spectrum of the Fe/(Ga,Mn)As bilayer at an incident angle 

of 60deg with a magnetic field up to 0.4T at room 

temperature. Fig. 1 b show the Mn-L2,3 XMCD spectrum at 

normal incidence. All the spectra were normalized by the 

intensity of the incident beam and were not corrected for 

the incomplete circular polarization and incomplete 

magnetization. Large XMCD signals have been found for 

Fe elements from the overlayer, a relative small but 

unambiguous magnetic signal was obtained in the Mn 

spectrum of the bilayer even at room temperature. The low 

signal-to-noise ratio in Fig. 1 b is because of the limited 

escape depth of electrons and the low concentration (about 

5 % percent) of Mn. Considering the paramagnetic phase 

of the bulk (Ga,Mn)As layer at 300 K, we therefore 

suggest that the magnetic order of Mn may be induced by 

the Fe layer due to the magnetic proximity effect. 

We also performed angle-dependent XMCD 

experiments to study the magnetic anisotropy in 

Fe/(Ga,Mn)As bilayer. A differentially-pumped rotary 

platform was mounted on the XMCD chamber to provide 

360 degree rotation with an angular resolution less than 1 

degree. The sample holder made of oxygen-free copper is 

fixed at the bottom of a non-magnetic titanium alloy rod. A 

molybdenum sample plate (15 × 15 mm) can be inserted 

into the sample holder. Fig. 1 c shows a sketch of the 

XMCD experimental setup in longitudinal configurations.
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Fig. 1. XMCD spectra of Fe and Mn elements measured in total electron yield at room temperature and the dependence of the XMCD 

asymmetry on the angle of incidence: a – Fe-L2,3 XMCD spectrum at an incident angle of 60deg with a magnetic field of about 

0.4T at room temperature; b – Mn-L2,3 XMCD spectrum at normal incidence at room temperature; c – schematic drawing of the 

XMCD experimental setup in longitudinal configurations; d – the XMCD spectra of Fe elements at varying angles. The inset 

shows the dependence of the XMCD asymmetry on the incidence angle, the data points represent the normalized XMCD 

intensity measured at the Fe-L3 edge while the solid red line depicts the best-fit of the function 2 2y sin cosa b    

We observe enhancements of XMCD effect of Fe 

atoms in grazing incidence geometry as shown in Fig. 1 d. 

The normalized XMCD signal is larger for the grazing 

angle measurements which indicates the easy 

magnetization axis of the Fe film in Fe/(Ga,Mn)As is in-

plane. The inset of Fig. 1 d shows the incidence angle 

dependence of XMCD asymmetry, defined 

as     ( ) / ( )I I I I , where I  ( I ) is the absorption for 

antiparallel (parallel) orientations of the sample 

magnetization and the incident photon spin. Notably, the 

experimental results of the angle dependence of XMCD 

asymmetry obey the above mentioned theory formula very 

well. By using the sum rule to the data set, we can obtain 

the spin and orbit moments at 0, 45 and 60 degree, and 

then fit the orbit moments by the equation 
2 2= sin cosorb orb orbm m m   , we obtain 0.11rb Bom   , 

0.61rb Bom   for the Fe element in the bilayer. Compared it 

to our previous results in reference [9], orbm  is slightly 

larger than the orbit moments of bulk Fe, and the orbm  is 

7.6 times larger which indicate the presence of a huge 

magnetic anisotropy in the bilayer. 

3.2. Application to perovskite manganese oxide  

La1-xSrxMnO3 (LSMO) is another kind of Mn-based 

magnetic materials, which is regarded as one of the most 

promising spintronics materials for its excellent properties 

of high Curie temperature and high spin polarizaiton rate 

[31]. These properties of perovskite manganese oxide are 

most interesting for their use in the form of thin film 

heterostructures for magnetic recording devices, field-

effect transistors and spin injection devices. However, 

these electronic and magnetic properties will be influenced 

by oxygen vacancies  which are very common and are not 

easy to avoid during deposition. To provide deep insights 

into the roles of oxygen vacancies [32, 33], we present a 

comparative study of the magnetic properties of 

stoichiometric La2/3Sr1/3MnO3 and nonstoichiometric 

La2/3Sr1/3MnO3- by XMCD spectroscopy. The two thin 

films with the thickness of about 80 nm [34] were 

deposited on the SrTiO3 (STO) (001) substrates by 

molecular beam epitaxy (MBE) under different oxygen 

pressures.The Curie temperature (Tc) derived from the 

maximal slope of the M(T) curve were found to be 350 K 

and 165 K for the stoichiometric and nonstoichiometric 

films, respectively. Fig. 2 a shows the Mn-L2,3 

XAS/XMCD spectra of the La2/3Sr1/3MnO3/ SrTiO3 at an 

incident angle of 45deg with a saturation magnetic field of 

about 0.3T at room temperature. Large dichroic signals 

have been observed for Mn elements from LSMO/STO, 

indicating that the stoichiometric LSMO is at 

ferromagnetic phase [35, 36] at room temperature. Fig. 2 b 

shows the comparative results of the Mn XMCD spectra 

for stoichiometric La2/3Sr1/3MnO3 and nonstoichiometric 

La2/3Sr1/3MnO3- samples. 
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Fig. 2. The XMCD spectra at the Mn L2,3 edge for stoichiometric 

La2/3Sr1/3MnO3 and nonstoichiometric La2/3Sr1/3MnO3- 

samples: a – the Mn-L2,3 XAS/XMCD spectrum of the 

La2/3Sr1/3MnO3/ SrTiO3 at an incident angle of 45deg with 

a saturation magnetic field of about 0.3T at room 

temperature; b – the XMCD comparative results for both 

samples 

The two samples were measured at the same condition 

and both dichroic signals were normalized to the sum of 

the parallel and antiparallel polarized XAS signals. It can 

be seen that there is no obvious dichroic signal for 

nonstoichiometric sample, indicating it is at paramagnetic 

phase at room temperture and the magnetic moment is 

below the detectable limit of the set-up. Our experimental 

result clearly demonstrates that the oxygen vacancies 

degrade the magnetic properties of the LSMO film. 

4. CONCLUSIONS 

Field-reversal and angular dependent XMCD 

techniques have been established for the 4B7B beamline at 

BSRF and have been applied to investigate the magnetic 

properties and magnetic anisotropy of two typical Mn-

based materials. The interface ferromagnetism and 

magnetic anisotropy of the Fe/(Ga,Mn)As heterostructures 

have been studied by XAS/XMCD spectroscopy. And 

enhanced XMCD signals have been found for Fe elements 

by varying the incidence angle of the bilayer, a relative 

small but unambiguous magnetic signal were obsevred at 

Mn L2,3 edges even at room temperature, which indicates 

an antiferromagnetic coupling at the interfaces. A quite 

large XMCD asymmetry between the surface parallel and 

normal directions indicates huge magnetocrystalline 

anisotropy energy of the Fe film in the bilayer. Such 

interface magnetic coupling and magnetocrystalline 

anisotropy may provide possible applications for 

manipulating magnetism via the proximity effect and 

designing room-temperature DMS devices. We also 

present a comparative study of the stoichiometric 

La2/3Sr1/3MnO3 and nonstoichiometric La2/3Sr1/3MnO3- in 

order to reveal the role of the oxygen vacancies. The 

XMCD result clearly demonstrates that the oxygen 

vacancies degrade the magnetic properties of the 

perovskite manganese oxide film.  
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