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Abstract 

Ultrafast magnetization dynamics represent the forefront of modern spintronics and 

magnetic materials research, addressing the response and evolution of magnetic 

moments in magnetic systems on a femtosecond-to-nanosecond timescale. To 

elucidate such ultrafast magnetic processes, a variety of time-resolved experimental 

techniques have been developed. Among these techniques, synchrotron-based X-ray 

ferromagnetic resonance (XFMR) combines microwave-driven ferromagnetic 

resonance (FMR) with X-ray magnetic circular dichroism (XMCD) detection, 

enabling element-, valence-, and lattice space-resolved measurements of 

magnetization precession on a picosecond timescale and providing direct access to 

both the amplitude and the phase of the dynamic magnetic moment. In this work, we 

developed a picosecond time-resolved XFMR platform at the BL07U vector magnet 

beamline of the Shanghai Synchrotron Radiation Facility (SSRF). The system 

employs a lock-in modulation detection scheme precisely synchronized with the 

storage-ring master clock, realizing stable excitation and detection of spin precession 

in magnetic materials up to 6 GHz, with the background noise effectively suppressed 

to 30 fA, and an overall phase time resolution better than 10 ps. The successful 

implementation of this technique establishes a state-of-the-art XFMR capability in 

China, achieving internationally competitive performance in both temporal resolution 

and detection sensitivity. This development provides a strong experimental foundation 
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for future research on spin current and orbital current detection, as well as 

ferrimagnetic and antiferromagnetic dynamics.   

 

Keywords: ultrafast magnetization dynamics; synchrotron radiation; X-ray 

ferromagnetic resonance; phase-time resolution 

DOI: 10.7498/aps.75.20251577 

CSTR: 32037.14.aps.75.20251577 

1 Introduction 

Understanding the ultrafast evolution of magnetic moments in magnetic materials is a 

core focus of contemporary condensed matter physics and spintronics. The response of 

magnetic moments on femtosecond to nanosecond timescales governs angular 

momentum transfer, energy relaxation, and magnetic damping. These processes are 

fundamental to the design of next-generation high-speed, low-energy spintronic 

devices and magnetic storage technologies
[1-3]

. Over the past two decades, rapid 

advances in femtosecond laser optics, microwave electronics, and coherent X-ray 

science have transformed magnetic dynamics research. The field has progressed from 

quasi-static measurements to multidimensional time-resolved detection with element 

selectivity and phase resolution. This shift has significantly enhanced our 

understanding of ultrafast dynamic mechanisms in magnetic systems. 

In traditional all-optical detection methods, time-resolved magneto-optical Kerr effect 

(TR-MOKE) offers sub-picosecond time resolution and flexible experimental geometry. 

It is widely used for dynamic observations of nanomagnetic structures
[4,5]

. However, 

visible light photons have low energy (approximately 1-2 eV). Consequently, they 

cannot probe core-level transitions or specific elemental magnetic moments within 

magnetic materials. The measured signals mostly reflect overall magnetization 

responses, making it difficult to distinguish the independent contributions of each 

element in multi-component systems. Another typical approach involves ferromagnetic 

resonance (FMR) based on microwave excitation
[6]

, as well as spin pumping
[7,8]

 and 

spin-torque ferromagnetic resonance (ST-FMR)
[9]

. These methods drive magnetic 

moments into Larmor precession under an external magnetic field using microwave 

magnetic fields or radio-frequency currents. They have become important tools for 

quantitatively characterizing anisotropy fields, damping coefficients, spin mixing 

conductance, and spin-orbit torques
[10]

. These techniques offer high testing efficiency, 

strong signal-to-noise ratios, and suitability for routine laboratory and in-situ device 

characterization. However, similar to TR-MOKE, they measure the macroscopic 
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average magnetic response of the sample. In recent years, tabletop ultrafast magnetic 

detection technologies based on high-harmonic generation (HHG) extreme ultraviolet 

(EUV) sources have developed rapidly. High harmonics generated by femtosecond 

lasers can cover the absorption edges of 3d transition metals, enabling 

element-selective detection under laboratory conditions
[11,12]

. Nevertheless, such 

systems still face challenges in high-precision quantitative measurements due to low 

photon flux, limited energy stability, and insufficient signal-to-noise ratios. 

To overcome these limitations and obtain deeper element- and layer-resolved magnetic 

dynamic information, researchers have turned to X-ray magnetic spectroscopy 

techniques. Synchrotron radiation X-ray ferromagnetic resonance (XFMR) combines 

microwave-excited FMR with element-selective X-ray magnetic circular dichroism 

(XMCD) detection. This technique can directly measure the precession amplitude and 

phase of specific elements on picosecond timescales. It offers both element selectivity 

and high sensitivity
[2,13,14]

. XFMR is particularly suitable for separating the dynamic 

contributions of each layer or element in multilayer films or alloy systems. 

XFMR imposes high requirements on the time structure and stability of synchrotron 

radiation facilities. Thanks to the development of major international synchrotron 

sources, this technology has seen continuous progress in recent years. In 2004, Bailey 

et al.
[15]

 achieved independent precession measurements of Ni and Fe elements in 

Ni81Fe19 alloys for the first time at the 4-ID-C beamline of the Advanced Photon 

Source (APS) at Argonne National Laboratory in the United States. Subsequently, 

Boero, Goulon, and colleagues performed similar XFMR measurements in 2005 at the 

ID08 beamline of the European Synchrotron Radiation Facility (ESRF)
[16,17]

. However, 

these pioneering works employed time-averaged measurement methods, thereby 

lacking information on the phase of magnetic moment precession. The work that 

achieved time-resolved and layer-resolved XFMR was conducted by Arena et al.
[18]

 in 

2006. They studied ferromagnetic resonance in 

ferromagnetic/non-magnetic/ferromagnetic trilayer systems at the National 

Synchrotron Light Source (NSLS) at Brookhaven National Laboratory in the United 

States. This study demonstrated for the first time that XFMR could simultaneously 

obtain magnetization and phase information. Later, the I10 beamline at the Diamond 

Light Source in the United Kingdom reported on spin pumping
[13]

 and spin current 

transport in topological insulators
[19]

, antiferromagnetic metals
[20]

, and 

antiferromagnetic insulators
[21]

. They developed thickness-resolved magnetic 

dynamics measurement technology based on X-ray elastic resonant scattering 

ferromagnetic resonance
[22]

. The 4.0.2 beamline at the Advanced Light Source (ALS) 

in the United States achieved interlayer dynamic coupling
[23]

 and spin current transport 

in paramagnetic and antiferromagnetic insulators
[24,25]

. The 2A-MS beamline at the 



Pohang Light Source (PLS-II) in South Korea integrated XMCD/XFMR capabilities
[26]

. 

In recent years, China has also made significant progress in this field. Relying on the 

BL08U and BL07U beamlines at the Shanghai Synchrotron Radiation Facility (SSRF), 

research teams developed an XFMR apparatus with an FMR frequency of 2.5 GHz. 

They achieved Ni element-resolved magnetization precession measurements in 

Ni81Fe19
[27]

. This achievement filled a domestic gap and provided key support for 

element-resolved ultrafast magnetic dynamics research. 

This paper focuses on the SSRF BL07U vector magnet experimental station
[28,29]

. We 

performed systematic optimization and functional redesign based on the successful 

construction of the previous XFMR apparatus. By introducing lock-in amplification 

modulation detection, we significantly improved the signal-to-noise ratio (SNR). We 

also optimized the coplanar waveguide structure to achieve highly stable microwave 

magnetic field distribution across a wide frequency band. This enhancement increased 

the excitation magnetic field strength and improved the sensitivity and resolution of 

X-ray detection. The operating frequency range of the system was extended to 6 GHz. 

It can stably excite and precisely detect spin precession of magnetic elements. 

Background noise was effectively suppressed to the order of 30 fA, and the overall 

phase time resolution accuracy was better than 10 ps. The comprehensive performance 

of this platform has reached and partially surpassed international advanced levels. It 

lays a solid experimental foundation for subsequent magnetic dynamics research 

involving small signal resolution. 

2 Principles of XFMR Technology and Experimental 

Methods 

2.1 Basic Principles of XFMR 

X-ray ferromagnetic resonance is an element-resolved dynamic magnetic detection 

technique that combines ferromagnetic resonance with X-ray magnetic circular 

dichroism
[14,30]

. As shown in Figure 1, this method drives magnetic moments into 

ferromagnetic resonance precession using a microwave field. It utilizes the high 

brightness and circular polarization characteristics of synchrotron radiation X-rays to 

achieve time- and phase-resolved measurements of magnetization precession at 

specific element absorption edges. The physical essence of ferromagnetic resonance is 

the precession behavior of magnetic moments under the combined action of an external 

magnetic field    and a microwave field    . When the microwave frequency matches 

the intrinsic precession frequency of the sample spin system, the system absorbs energy 

and enters a resonance state. Its dynamics can be described by the 



Landau-Lifshitz-Gilbert (LLG) equation
[31]

: 

 

Fig. 1 Schematic diagram of the XFMR measurement principle. 

  

  
          

 

  
  

  

  
    (1) 

Here, γ denotes the gyromagnetic ratio, α represents the damping coefficient,      is the 

total effective magnetic field acting on the magnetization  , and    is the saturation 

magnetization. The perturbation component m(t) of the magnetization vector      

   
 
      undergoes periodic precession over time under resonance conditions. Its 

amplitude and phase reflect the internal magnetic anisotropy, damping mechanisms, 

and coupling characteristics of the material. In this state, 

                         , where    is the external magnetic field,    is the 

effective anisotropy field, and        is the effective demagnetizing term. 

The XMCD effect arises from differences in circularly polarized light absorption under 

spin-orbit coupling. By altering the light helicity (  /  ) or the sample magnetization 

direction (M/-M), one can obtain element-specific magnetic absorption differences. 

These differences reflect the magnitude and direction of the sample magnetic moment, 

as well as spin-orbit contributions. When circularly polarized X-rays incident on 

magnetic materials, their absorption coefficients vary with the magnetic moment 

direction: 

                     
 

    (2) 

Here,       and       denote the absorption coefficients for left- and right-handed 

circularly polarized light, respectively;  
 

 represents the direction of light propagation. 

When the probe energy is tuned to the absorption edge of a specific element (such as the 

L3 edge of Fe, Co, or Ni), independent detection of the magnetic moment projections 

for different elements becomes feasible. Under the small-angle precession 

approximation, the XMCD signal intensity exhibits sinusoidal periodic modulation 

over time: 



                    (3) 

Here, A denotes the precession amplitude, and   represents the phase delay. By 

analyzing the amplitude-phase relationship, one can directly extract coupling effects 

between different elements or layers. Consequently, by combining FMR with XMCD, 

XFMR technology not only detects the resonance of total magnetization but also 

distinguishes magnetic moment responses of different atomic species, valence states, or 

lattice sites through the element selectivity of XMCD. This capability enables 

element-resolved, layer-resolved, and sublattice-resolved dynamic spectroscopic 

characterization, establishing XFMR as a crucial experimental tool for investigating 

spin dynamics within ferromagnetic, ferrimagnetic, and certain antiferromagnetic 

systems. 

2.2 Principles of Pump-Probe Technology 

The time-resolution capability of XFMR relies on precise control of the phase 

relationship between microwave excitation (pump) and synchrotron X-ray detection 

(probe). By adjusting the phase delay between these two components, researchers can 

measure the entire process of magnetic moment precession. Specifically, as illustrated 

in Figure 2, this method leverages the strict temporal structure of the storage ring (RF 

master clock) and the phase synchronization capability of the phase modulation system. 

A phase shifter introduces a controllable phase shift (or equivalent time delay), 

ensuring that the microwaves input into the sample have a specific phase shift relative 

to the X-ray pulses. Each phase shift corresponds to a specific phase point sampled 

within the precession cycle. By acquiring XMCD signals at multiple phase settings, the 

X-ray pulses can probe the progressive deviations of the sample throughout the 

precession cycle. Connecting these measurement points from different phases in 

chronological order allows for the reconstruction of the complete curve describing 

magnetic moment precession over time. In 2006, Arena et al.
[18]

 recorded sinusoidal 

oscillations in the XMCD signals of Ni, Fe, and Co by varying the relative delay 

between microwaves and X-rays. This successfully covered the entire precession cycle, 

demonstrating the experimental feasibility of time-resolved XFMR technology. This 

method imposes stringent requirements on the temporal structure and operating modes 

of synchrotron radiation sources to ensure the temporal stability of light pulses. 



 

Fig. 2 System configuration breakdown and corresponding equipment display. 

2.3 Lock-in Amplification Modulation Detection 

XFMR signals typically constitute only about 1% of static XMCD signals, presenting 

significant challenges for signal-to-noise ratio. To address this, this study employs a 

lock-in amplifier for microwave modulation detection to significantly enhance signal 

extraction. The specific implementation involves applying low-frequency phase 

modulation at 10-1000 Hz to the input phase-delayed microwave signal using a 

waveform generator. This causes the microwave output from the phase modulator in the 

small-signal modulation system to alternate with 180° phase reversal. The lock-in 

amplifier (LIA) uses this modulation frequency as a reference to coherently extract the 

signal from the photodiode (PD) output, effectively suppressing background noise. 

Since the XMCD signal is proportional to the projection of the magnetic moment along 

the light incidence direction, the LIA output signal             can detect the 

difference in X-ray absorption on both sides of the precession cone when the magnetic 

moment precesses. By gradually delaying the phase of the radiofrequency field relative 

to the X-ray pulses, the complete precession cycle can be recorded. 

2.4 Dynamic Signal Detection Methods 

Dynamic XFMR signals can be detected using two geometric configurations, as 



shown in Figure 3: one measures the fluorescence yield (FY) generated by photons 

directly exciting the absorbing material, and the other measures the luminescence 

yield (LY) from the substrate beneath the thin film in a transmission geometry. In the 

LY mode, the sample is mounted on a coplanar waveguide (CPW). A tapered hole in 

the center conductor allows X-rays to penetrate the waveguide and irradiate the 

sample, while a photodiode mounted behind the hole collects the signal. The FY mode 

is similar to the LY mode, except the photodiode is positioned at an angle in front of 

the sample to detect the FY signal from the thin film. In both geometric configurations, 

XFMR measurements are performed with fixed helicity of the incident light, with the 

magnetic orientation of the thin film aligned along the CPW axis (z-axis). When 

radiofrequency current is applied to the CPW axis, it generates a radiofrequency 

magnetic field (RF magnetic field, denoted as Hrf) within the sample layer, thereby 

inducing resonant excitation of the magnetization direction. When the incident beam is 

perpendicular to the CPW axis, the magnetization component orthogonal to the static 

magnetic field and aligned with the X-ray direction during RF-induced precession can 

be detected. This switchable design ensures that XFMR testing is compatible with 

various sample thicknesses and absorption coefficients, guaranteeing high signal 

intensity while enhancing the geometric flexibility of the test setup. 

 

Fig. 3 Schematic diagram of the XFMR measurement mode: (a) The luminescence fluorescence 

method (LY); (b) the fluorescence method (FY). 

2.5 Waveguide Design and Optimization 

To achieve a waveguide structure integrating GHz microwave excitation with X-ray 

detection, we designed and fabricated a perforated grounded coplanar waveguide 

(GCPW) suitable for XFMR measurements. This waveguide employs a planar resonant 

structure capable of transmitting high-frequency signals. Through-holes are drilled at 

specific positions along the central signal line, allowing X-rays to pass through these 

apertures and irradiate the surface of the magnetic sample, where signals are collected 

by a photodiode. Figure 4 illustrates the simulated microwave magnetic field 

distribution in the cross-section of the perforated GCPW substrate at various 

frequencies. Simulation results indicate the presence of a microwave magnetic field 

stagnation point at the ground terminal of the coplanar waveguide signal conductor. A 

consistent microwave magnetic field intensity is maintained at this location across 



different microwave frequencies, whereas the field distribution far from the junction is 

significantly influenced by frequency. The non-metallic through-holes are positioned 

near the stagnation point, effectively ensuring broadband stability of the microwave 

magnetic field at the hole centers. By continuously adjusting the shape of the 

non-metallic through-holes, we found that using tapered holes reduces the aperture size 

at the signal conductor. This design effectively reduces microwave loss and 

significantly enhances microwave magnetic field intensity, thereby addressing the 

challenge of performing GHz spin precession measurements at higher frequencies with 

existing perforated waveguides. This perforated GCPW structure, tailored for 

synchrotron radiation X-ray measurements, not only exhibits excellent microwave 

magnetic field stability over a broad bandwidth but also significantly amplifies the field 

intensity. Consequently, it improves the sensitivity and resolution of synchrotron X-ray 

measurements, providing a new hardware platform for the application of this 

technology. 

 

Fig. 4 Simulated microwave magnetic field distribution across the substrate cross-section of the 

perforated grounded coplanar waveguide at various frequencies. 

2.6 Composition of the Experimental System and Synchronization Scheme 

Integrating the pump-probe technique, lock-in amplification modulation detection, and 

novel waveguide design, we independently constructed an XFMR system with time 



and phase resolution at the BL07U beamline of the Shanghai Synchrotron Radiation 

Facility (Figure 5). Figure 6 illustrates the overall system architecture, which primarily 

comprises a phase modulation system, a small-signal modulation system, a power 

amplification system, and a signal monitoring system. The system extracts a 

microwave clock signal from the synchrotron accelerator, synchronized with the pulsed 

X-rays. This microwave clock signal undergoes phase delay, power gain, and frequency 

multiplication to generate microwave signals with adjustable frequency and phase. 

Specifically, an integrated high-frequency microwave amplifier, combining power 

amplification, comb generation, and filtering functions, increases the power (up to 

3000 mW) and adjusts the frequency (to 1, 2, 3, 4, 5, or 6 GHz). This ensures the 

generated microwave matches the ferromagnetic resonance frequency of the sample, 

inducing sufficient precession angles in the sample magnetic moment. We input this 

microwave into a perforated planar resonant waveguide to excite GHz spin precession 

in the magnetic sample under test. Simultaneously, circularly polarized X-ray pulses 

incident on the perforation of the planar resonant waveguide detect the transient signals 

of spin precession in the ferromagnetic layer. This system achieves design goals for 

time synchronization, phase control, and high signal-to-noise ratio detection. It offers 

high reproducibility and sensitivity, providing a crucial experimental tool for 

investigating magnetic dynamics. 

 

Fig. 5 Experimental setup at BL07U of the SSRF. 



 

Fig. 6 Overall architecture diagram of the XFMR measurement system. 

3 Experimental System and Measurement Results 

To validate the system performance, we conducted XFMR measurements using a 

typical ferrimagnetic insulator, Y3Fe5O12 (YIG), thin film as the sample. Figure 7 

presents the phase delay scans measured at the Fe L3 edge (photon energy ≈ 707.8 eV) 

under the resonant magnetic fields corresponding to ferromagnetic resonance at 0.5, 2, 

4, and 6 GHz. As described by magnetization dynamics theory, the electron spin 

magnetic moments continuously precess around the effective field under the combined 

influence of the microwave magnetic field and the static magnetic field. Consequently, 

the component of the magnetic moment along the X-ray direction oscillates 

periodically. We fitted the experimental data with sinusoidal curves to facilitate 

observation. The phase delay scans exhibit distinct periodic behavior with a period of 

2000 ps and its 1/N submultiples (N = frequency f / 0.5 GHz) corresponding to the 

respective excitation frequencies. This sinusoidal waveform reflects the oscillatory 

nature of the precessional motion. 

 

Fig. 7 Phase delay scan of the system at the corresponding resonance fields at 0.5, 2, 4, and 6 

GHz at the Fe L3 edge. 



Subsequently, phase delay scans were performed at the Fe L3 edge under varying 

resonant magnetic field conditions (Fig. 8(a)). Each scan was completed within a fixed 

bias magnetic field range of 11.2—19.6 Oe (1 Oe = 10
3
/(4π) A/m). The phase delay 

curves exhibited distinct oscillations with a period of approximately 2000 ps, 

corresponding to the 0.5 GHz excitation frequency of the applied microwave. By fitting 

each curve with a sinusoidal function, the precession amplitude (Fig. 8(b)) and phase 

(Fig. 8(c)) for each magnetic field were extracted. The results indicate that the 

absorption amplitude follows a typical Lorentzian line shape as the magnetic field 

varies, whereas the phase displays an S-shaped magnetic field dependence. This 

includes a phase jump of approximately 180° near the resonance point, which can be 

accurately described by an arctangent function. Such characteristics are typical of 

damped harmonic motion. 

 

Fig. 8 Phase delay scan (a) at 0.5 GHz under a fixed bias magnetic field, with extracted 

amplitude (b) and phase (c). 

To further quantify the system's phase time resolution, we performed high-precision 

fitting and residual analysis at an excitation frequency of 6 GHz (Figure 9) to evaluate 

the signal-to-noise ratio (SNR) of the raw data. The fitting model employs a sinusoidal 

function of the following form: 



 

Fig. 9 High-precision fitting and residual analysis at an excitation frequency of 6 GHz. 

                      (4) 

Here, A represents the signal amplitude (peak intensity),   denotes the pump-probe 

phase difference, and    and B correspond to the initial phase offset and baseline offset, 

respectively. We calculate the residuals as                  . Assuming a Gaussian 

distribution, we estimate the noise level based on the standard deviation of the residuals, 

      . In this context,      represents the experimentally measured signal value at 

phase  , while         denotes the corresponding function value derived from the 

aforementioned sinusoidal model fit. The signal-to-noise ratio (SNR) is defined as the 

ratio of the amplitude to the noise standard deviation:             . This metric 

characterizes the resolvability of periodic signals against a noise background and 

intuitively reflects the relative magnitude of the periodic signal compared to the noise 

intensity. Based on the fit, we obtained an amplitude A of 196 fA and a noise standard 

deviation        of 30.1 fA (indicated by the red auxiliary line in Figure 9), yielding an 

SNR of 6.51. We further define the phase time resolution as the minimum phase 

difference that the system can reliably distinguish or measure. In the presence of noise, 

a change in phase difference causes a just-detectable change in signal intensity S. 

Assuming the minimum step size is smaller than the phase time resolution, for small 

phase changes   , the change in signal is approximated as              

             . To accurately resolve the phase value, the condition           

(resolvability threshold) must be met, implying                        . 

Considering the point of fastest amplitude change, where             , we derive 

                     . The equivalent phase time resolution is given by 

    
  

  
  , where T is the precession period and    is the phase resolution obtained via 

sinusoidal fitting. The minimum resolvability is limited by the SNR. Based on the 

experimental SNR of 6.51, at the point of fastest phase change, the resolution is 

    
  

  
   

     

      
         (<10 ps). This phase time resolution indicates that the 

system can reliably distinguish subtle changes on the order of 10 ps or greater during 



GHz magnetization precession processes. 

4 Discussion 

4.1 Summary and Comparison of Global XFMR Light Sources 

Currently, synchrotron radiation facilities worldwide with mature XFMR experimental 

systems remain limited. These systems have developed distinct technical advantages in 

areas such as time-resolution capabilities, diversity of measurement modes, and SNR 

optimization. Consequently, they provide crucial experimental support for 

understanding magnetization dynamics. According to published literature, apart from 

the BL07U beamline at the SSRF established by our team, five other synchrotron 

radiation facilities globally have possessed or currently possess XFMR measurement 

capabilities. These are: the ALS at Lawrence Berkeley National Laboratory (USA), 

beamline 4.0.2; the Diamond Light Source (DLS) (UK), beamline I10; the Pohang 

Light Source (PLS) (South Korea), beamline 2A-MS; the ESRF (France), beamline 

ID08; and the APS at Argonne National Laboratory (USA), beamline 4-ID-C. Among 

these, the APS in the USA and the ESRF in France were the earliest to conduct XFMR 

experimental research, dating back to 2004. However, few new XFMR studies from 

these facilities have been reported in recent years. This decline may be attributed to 

factors such as larger X-ray pulse widths, limited measurable frequency ranges, overly 

broad energy coverage, beamline functional restructuring, or the high operational 

complexity of the technique. Currently, the most active systems are primarily located at 

the ALS in the USA and the DLS in the UK. The time resolution of the ALS XFMR 

system is limited by the storage ring pulse width (approximately 70 ps). Nevertheless, 

its stable signal modulation scheme and high reproducibility have made it a 

foundational platform for XFMR technology development. The DLS I10 beamline 

combines XFMR technology with elastic scattering and polarization analysis, 

extending its application to the study of dynamic evolution in magnetic ordered 

structures. Although the XFMR setup at the PLS beamline in South Korea is not yet 

fully open to users, it offers a broader selection range for low photon energies, down to 

120 eV. This provides potential advantages for element-specific studies in the 

low-energy region compared to the aforementioned facilities. Table 1 summarizes the 

global synchrotron radiation sources that have possessed or currently possess XFMR 

measurement capabilities, along with their main parameters. 

 

Table 1 Summary of the world's synchrotron radiation sources that have had or 

currently have XFMR measurement capabilities. 



Beamline 
APS BL 

4-ID-C 

ESRF Former 

BL ID08, 

Current BL 

ID32 

ALS 4.0.2 DLS I10 PLS 2A-MS SSRF BL07U 

Pulse width/ps 70[32] 100[33] 70[14] 41[23] 100[34] 28.3[27] 

Theoretical 

maximum 

frequency/GHz 

7[32] 5[33] 7[14] 11[23] 5[34] 17[27] 

Highest frequency 

reported in 

literature/GHz 

4.5[32] 2.47[16] 5[14] 6[23] 2.3[35] 6 

Spot size/μm2 100×300[36] 100×10[37] 100×100[38] 200×20[39] 200×1000[40] 120×50[41] 

Photon 

flux/(photons·s-1) 

1012@1000 

eV[36] 

2×1013@700 

eV[16] 

1×1012@80

0 eV[38] 
1×1012[39] 

1010-1012@867 

eV[40] 

1×1012@867 

eV[41] 

Energy range/eV 
400 

-2800[42] 
300-1600[37] 

400 

-1500[38] 

400 

-2000[39] 
100 -1500[40] 50-2000[41] 

 

It is worth noting that Yang et al.
[27]

 successfully established the first domestic XFMR 

experimental platform featuring picosecond-level time resolution at the BL08U 

beamline of the SSRF in 2021. However, limited by the experimental conditions at that 

time, the signal-to-noise ratio (SNR) of the precession curves derived from the 

experimental data was relatively low, with a time resolution of only 20 ps. Furthermore, 

the system suffered from issues such as complex sample preparation, low excitation 

frequencies, limited magnetic fields, and temperature constraints restricted to room 

temperature. Nevertheless, the construction of this platform provided significant 

technical references and preliminary experience for the development of our current 

XFMR system. 

4.2 Applications and Technical Upgrades of X-ray Ferromagnetic 

Resonance 

This study developed a high-sensitivity XFMR technique based on synchrotron 

radiation, achieving phase time resolution at the sub-10 ps level and enabling 

magnetization dynamics measurements at frequencies up to 6 GHz. Leveraging the 

excellent narrow temporal pulse width and broad energy coverage of the SSRF, we can 

further conduct element-, valence-, and lattice-site-resolved studies of ultrafast 

magnetic precession. This approach reveals the coupling dynamics between different 

sublattices in ferrimagnetic materials
[43,44]

, which is crucial for understanding 



multi-sublattice cooperative behaviors in strongly correlated systems
[45]

. Regarding 

antiferromagnetic GHz resonance research, we can further develop AC-XMLD 

(alternating current X-ray magnetic linear dichroism) measurement techniques through 

temperature control and magnetic field tuning relative to the Néel vector orientation. 

This allows for the analysis of intrinsic spin dynamics in weak ferromagnetic, 

compensated ferrimagnetic, and antiferromagnetic systems
[25,46]

. Simultaneously, 

focusing on the injection and transport of "orbital currents," we distinguish the 

respective contributions of spin and orbital polarization based on the orbital Hall effect 

and orbital torque. By employing thickness modulation and interface engineering 

design, we systematically investigate the characteristic transport of orbital angular 

momentum
[47,48]

. In terms of sample and detection geometry, we adopt different 

detection modes (fluorescence yield [FY] / luminescence yield [LY]). This extends the 

measurement scope to thick films and bulk samples with strong spontaneous 

fluorescence without relying on transmission, thereby obtaining dynamic magnetic 

signals with high SNR and phase time resolution
[49]

. 

Future developments in XFMR technology will advance toward higher phase time 

resolution, smaller spatial scales, and stronger multi-system synergy. By utilizing the 

low-alpha mode of the storage ring, it is expected to improve the effective time 

resolution to <5 ps, further enabling ferromagnetic resonance measurements in the 

sub-terahertz (sub-THz) frequency range
[50]

. Combining soft X-ray transmission 

microscopy (STXM) with nanofocusing techniques allows for the development of a 

combined "spectroscopy + imaging" measurement mode. This is expected to achieve 

local magnetic resonance measurements with a spatial resolution of <100 nm
[51]

. 

Furthermore, introducing external field couplings such as electric fields, strain, and 

heat flow will provide novel experimental pathways for studying magnetodynamic 

processes and their control mechanisms under multi-physics field driving
[13]

. 

Meanwhile, with the development of high-harmonic generation (HHG-EUV), it is 

expected to form a multi-scale research platform integrating "tabletop ultrafast 

qualitative characterization" and "synchrotron radiation quantitative 

characterization"
[11]

. Additionally, we are currently constructing an XFMR 

experimental system at the high-sensitivity spin spatiotemporal resolution beamline of 

the Hefei Advanced Light Source (HALS). As a fourth-generation diffraction-limited 

storage ring light source, HALS offers extremely high brightness and improved SNR, 

which will significantly shorten measurement times and enable the detection of more 

complex spin dynamic processes. Moreover, its extremely small spot size (3 μm×3 μm) 

provides significant advantages for XFMR experiments, laying the foundation for 

spatially resolved measurements of spin dynamics and spin current transport. 



5 Conclusion 

Based on the BL07U vector magnet experimental station at the Shanghai Synchrotron 

Radiation Facility, this study developed and optimized a synchrotron radiation XFMR 

experimental platform with picosecond-level time resolution precision. We realized the 

first domestic phase time-resolved XFMR measurement system characterized by high 

stability, broad bandwidth, and high SNR. The platform employs storage ring master 

clock locking and lock-in amplification modulation detection techniques, suppressing 

system noise to the 30 fA level and effectively enhancing the detection sensitivity for 

weak dynamic magnetic signals. By optimizing the coplanar waveguide structure, 

stable excitation and response were achieved within the 0.5-6 GHz frequency range. 

The overall phase time resolution is better than 10 ps, marking that China's synchrotron 

radiation XFMR technology has reached an internationally advanced level. This 

technology not only provides an important platform for studying spin and orbital 

current transport, as well as the dynamics of ferrimagnetic and antiferromagnetic 

systems, but also lays a solid foundation for future multi-dimensional magnetodynamic 

measurements at the nanoscale spatial and femtosecond temporal scales. 
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