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Recent progress in ultrafast x-ray sources helped establish x-rays as an important tool for probing lattice and magnetic 
dynamics initiated by femtosecond optical pulses. Here, we explore the potential of ultrashort hard x-ray pulses for 
driving magnetic dynamics. We use a transient grating technique in which a spatially periodic x-ray excitation pattern 
gives rise to material excitations at a well-defined wavevector, whose dynamics are monitored via diffraction of an 
optical probe pulse.  The excitation of a ferrimagnetic gadolinium bismuth iron garnet film placed in an external tilted 
magnetic field by x-rays at the Gd L3 edge results in both magnetic and non-magnetic transient gratings whose 
contributions to the diffracted signal are separated by polarization analysis.  We observe the magnetization precession 
at both longitudinal acoustic and spin wave frequencies. An analytical analysis with the Landau-Lifschitz-Gilbert 
equation indicates that the magnetization precession is driven by strain resulting from thermal expansion induced by 
absorbed x-rays.  The results establish x-ray transient gratings as a tool for driving coherent phonons and magnons, 
with the potential of accessing wavevectors across the entire Brillouin zone. 
 

The remarkable advances in high-brightness ultrafast x-ray sources have opened many opportunities for studying ultrafast 
and nanoscale dynamics in condensed matter systems [1,2]. In particular, x-rays have been established as useful probes of 
magnetic dynamics excited by ultrashort optical pulses [3-6]. However, the use of hard x-rays for driving magnetic dynamics 

mailto:miedaner@mit.edu
mailto:alexei.maznev@gmail.com
mailto:cristian.svetina@imdea.org


 2 

has remained largely unexplored. Very recently, ultrafast demagnetization [7], magnetization switching [8,9], and coherent 
magnon excitation [10] by extreme ultraviolet radiation (EUV) sourced from a free electron laser (FEL) with wavelengths 
of 8 – 40 nm were demonstrated in transient grating (TG) experiments. In these experiments, a pair of pump pulses were 
crossed to generate a spatially periodic excitation pattern, and the dynamical response was monitored via diffraction of a 
time-delayed EUV probe pulse. The key advantage of using short wavelengths is the ability to produce small TG periods, 
enabling the excitation of transient nanoscale magnetic textures and generation of coherent magnons with nanoscale 
wavelengths. TG measurements have also recently been demonstrated at hard x-ray wavelengths on nonmagnetic systems 
[11,12]. Although the use of an optical probe in Ref. [11] limited the TG period range, hard x-rays can potentially yield 
much shorter TG periods than currently possible with EUV excitation. Other advantages of hard x-rays are the ability to 
study bulk materials due to the long penetration lengths of x-rays compared to EUV radiation and the prospect of achieving 
element specificity by using resonant excitation at x-ray absorption edges and resonant nonlinear wave mixing [13,14]. 

In this report, we explore the potential of the x-ray transient grating (XTG) technique for driving magnetic dynamics in 
gadolinium bismuth iron garnet (GdBiIG), an insulating ferrimagnet with attractive properties for magnetooptical 
applications [15]. Following Refs [11,16], we use Talbot imaging of a phase grating to form a periodic x-ray intensity pattern 
to pump the sample, and the ensuing spatially periodic responses are detected by diffraction of an optical probe beam. The 
use of polarization-selective detection allows for the isolation of magnetic and nonmagnetic responses. We observe 
oscillations of the diffracted signal intensity indicating magnetization precession due to both spin waves and magnetoelastic 
waves at the TG wavevector. We infer that the XTG excitation of magnetization precession is mediated by thermoelastically 
induced strain. We perform an analysis with the Landau-Lifshitz-Gilbert (LLG) equation that leads to an analytical solution 
that closely reproduces the experimentally observed waveforms. We discuss the implications of our findings and further 
prospects for driving magnetic dynamics at the nanoscale using ultrashort x-ray pulses. 

 
Figure 1. Experimental overview. A) Top view of x-ray transient grating experimental setup. A spatially periodic x-ray intensity pattern 
in the sample is formed by Talbot imaging of a phase grating. An optical probe pulse is incident on the sample at the Bragg angle, and 
the diffracted signal is collected by a lens and passed through a Wollaston prism, which separates orthogonal polarizations. Two 
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individual detectors simultaneously measure the VV (electronic and lattice) and VH (magnetic) responses. A permanent magnet placed 
on top of the sample generates magnetic field 𝑯!"#. B) VV and VH responses at a magnetic field of 220 mT tilted at 70o to the sample 
normal. Inset shows the initial dynamics measured with fine time resolution. The VH signal at these early times is likely a leak-through 
from the VV channel due to imperfect alignment. C) Responses measured with magnetic field of 220 mT normal to the sample surface 
(out-of-plane, OOP). Small VH responses in B and C are multiplied by factors indicated on the graphs. 
 
The XTG experiments were performed at the Femtosecond X-ray Experiments beamline (FXE) at the European XFEL [19]. 
A diagram of the experimental setup is shown in Fig. 1A. The experimental setup providing ~100 fs instrument response 
function has been previously described in detail [17]. In this setup, monochromatized 7.25 keV pump pulses (~50 fs pulse 
duration, 0.8 eV FWHM, 0.6 µJ pulse energy at the sample, 70.5 kHz intra-train repetition rate) are diffracted by a diamond 
binary !

"
-phase grating with a pitch of 𝑝 = 1.5 µm placed 120 mm before the sample. For a plane incident wave, interference 

between the diffracted beams would lead to the formation of a Talbot carpet with planes of maximum contrast at odd 
multiples of #!

"$"#$%&
≈ 6.6 mm along the propagation direction [18]. Due to a weak focusing of the x-rays, the separation of 

the Talbot planes changes slightly along the beam axis and leads to a smaller TG period at the sample of Λ =	1.34 µm, as 
determined by imprinting a permanent grating on a test sample (see supplementary, S5). This corresponds to a transferred 
in-plane wavevector of 𝑘%& =

"!
'
= 4.7	µm(). A vertically polarized, 800 nm, time-delayed probe pulse (~50 fs) is incident 

on the sample at the Bragg angle of 𝜃 = 17.6°, defined by the phase matching condition. The spot sizes (full-width half-
max) are about 100 µm for the pump and 50 µm for the probe.  

The sample is a 7-μm-thick (GdTmPrBi)3(FeGa)5O12 single crystal, from here on named GdBiIG, grown by liquid-phase 
epitaxy on a (111)-oriented gadolinium gallium garnet (Gd3Ga5O12) [19]. Tm and Pr are low-concentration dopants added 
to adjust magnetic anisotropy, and Ga is added to enhance optical transparency. The GdBiIG thin film is a ferrimagnet with 
perpendicular magnetic anisotropy, a compensation temperature of ~240 K, and a Curie temperature of ~440 K. The external 
magnetic field vector, 𝑯*+,, lies in the scattering plane, and is generated by a permanent N40 neodymium magnet. The 
angle and magnitude of the field vector are controlled by rotating the magnet placed just millimeters above the sample and 
changing its distance from the probe spot (see supplementary, S6). 

The diffracted beam propagates at a symmetric angle of 𝜃-./ ≈ 17°. While a Talbot image of a binary grating generally 
contains multiple Fourier components, our scattering geometry selects a single spatial Fourier component of the material 
excitations with a wavevector of 4.7	µm(). The diffracted signal is collected by a lens and sent through a Wollaston prism, 
which directs orthogonal polarizations to separate charge-coupled-device (CCD) cameras. We denote the channel without 
polarization rotation as VV (vertical incident – vertical diffracted), and the channel with polarization rotation as VH (vertical 
incident – horizontal diffracted). While the detection setup superficially looks similar to that used to measure Faraday 
rotation, the idea here is different, as we are measuring the diffracted rather than the transmitted beam. Because periodic 
magnetization acts as a grating of dichroism, the signal diffracted by the periodic magnetization will have a 90° polarization 
rotation with respect to the incident probe beam [7] and can thus be isolated in the VH channel, while the modulation of the 
complex refractive index due to electronic and lattice responses will result in diffracted signal in the VV channel. Thus, the 
Wollaston prism separates the diffraction signals of magnetic and non-magnetic origins rather than measuring polarization 
rotation. Additionally, we need to compensate for the Faraday rotation caused by static magnetization by adjusting a wire-
grid polarizer placed before the sample, as shown in the supplementary (S5).  

Figure 1B shows an example of the response obtained for an external magnetic field canted at 70o to the sample normal. 
The VV signal shows a sharp peak at 𝑡 = 0 which we ascribe to electronic excitation, followed by a decay that includes 
femtosecond and slower components. We interpret this behavior as the rapid decay of the initial electronic excitation 
followed by the slower decay of the thermal grating (the spatial modulation of the lattice temperature) via thermal diffusion. 
The VH signal, on the other hand, shows pronounced oscillations.  The oscillations vanish when the magnetic field is normal 
to the sample, as shown in Fig. 1C, confirming their magnetic origin and suggesting that their excitation is only possible 
under a canted external magnetic field. Subpicosecond dynamics are shown in the inset of Fig. 1B. The ultrafast response 
in the VH channel is very small and identical in shape to the VV signal. We believe that this is likely a leak-through from 
the VV channel caused by imperfect rejection of the V polarization. The data provide no clear evidence of ultrafast 
demagnetization, which would be unlikely to yield a signal identical in shape to the electronic response in the VV channel, 
as the time constants of electronic and magnetic responses should vary noticeably. 
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Figure 2. Magnetic XTG response. A) VH response (open circles) measured at different magnetic field strengths with the direction of 
the magnetic field canted at 70o from the sample normal. Solid lines are two-frequency fits with Eq. 1. For clarity, experimental data 
and fits are normalized by the maximum amplitude of the experimental data at 60 mT and then rescaled by the value shown in the plot. 
Frequencies, B), and phases, C), of the two modes extracted from the two-frequency model as a function of magnetic field.  
 
Figure 2A shows the VH response at three representative magnetic field strengths with the canted orientation. We see the 
response is strongly dependent on the strength of the external field. The VV channel response did not show any dependence 
on the external magnetic field (see supplementary, S2). All three waveforms are well described by a simple model consisting 
of two damped oscillatory terms and a constant offset: 

𝑆01(𝑡) = Θ(𝑡) 8𝑎)𝑒
( ,
2' cos(𝜔)𝑡 − 𝜙)) +𝑎"𝑒

( ,
2! cos(𝜔"𝑡 − 𝜙") + 𝐶C

"

, (1) 

where Θ(𝑡) is the Heaviside step function. Here, the square is taken because the diffraction intensity from a magnetization 
TG is proportional to the square of the magnetization perturbation in the sample [7]. Because our signal is quadratic in the 
magnetization, one might expect to measure the second harmonic frequencies of the spin waves. However, the constant term 
acts as a heterodyning signal that allows one to also observe oscillations at frequencies 𝜔3 and to extract the phase of 
precession, 𝜙3. By fitting Eq. 1 to the data, we extract the frequencies and phases of the two oscillatory terms. As can be 
seen in Fig 2B, one frequency varies linearly with the external magnetic field, while the other frequency remains constant 
at 4.6 GHz. There is a crossing point around 0.17 T, and the phases of the two modes exhibit a 𝜋-shift upon this crossing, 
as shown in Fig. 2C and also clearly visible in the time-domain data in Fig 2A. The amplitude of the field-dependent mode 
decreases as the magnetic field strength increases; at 220 mT this mode is only visible as a small amplitude modulation of 
the constant-frequency mode. (This modulation is reproducible, as are the parameters of the field-dependent mode returned 
by the fit, see Supplementary S1.) We believe that the 4.6 GHz frequency corresponds to a longitudinal magnetoelastic 
wave, i.e. an acoustic wave accompanied by spin precession driven by inverse magnetostriction. The velocity 𝑣 = 𝜔/𝑘45  
is 6.1 km/s, which is within the range of longitudinal acoustic velocities for garnets [20]. The measured velocity is slightly 
lower than that of yttrium-iron garnet (YIG) [20], which is unsurprising considering that Y is substituted with more massive 
Gd and Bi. The field-dependent frequency, on the other hand, is close to the expected ferromagnetic resonance frequency 
~𝛾6𝐻*77, where 𝛾6 is the standard gyromagnetic ratio of ~28 GHz/T, and 𝐻*77 is the effective magnetic field that we assume 
to be dominated by the external field 𝐻*+,. While the diffraction signal originates from spin waves with a wavevector equal 
to the 𝑘45  rather than the homogeneous ferromagnetic resonance (FMR), at this low wavevector the spin wave frequency 
is close to that of the FMR [21].  
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Figure 3. Micromagnetic model. A) An external magnetic field 𝑯!"# is applied at a canted angle, and the resulting initial effective 
magnetic field, 𝑯$,!&& and equilibrium magnetization 𝑴$ lie in between 𝑯!"# and the anisotropy field 𝑯'()* at an angle 𝜑. We rotate our 
coordinate system around 𝑦 such that the equilibrium magnetization direction lies along 𝑧’. A strain field 𝑒++(𝑡, 𝑥) induced by the XTG 
excitation creates a time-varying magnetoelastic effective field	ℎ(𝑡) which drives magnetization dynamics, 𝒎(𝑡). B) Analytical theory 
fits by Eq. 7 to the experimental data (open circles). The waveforms are rescaled to comparable amplitudes and vertically displaced for 
clarity. C) 3D surface plot of a simulation done with Eq. 7 for varying external magnetic fields. Experimental data points are overlayed 
as open circles. 

Spin precession in ferromagnetic metal films driven by laser-generated surface acoustic waves via inverse magnetostriction 
has been previously studied in optical TG experiments [22]. However, since in our case the film thickness and the x-ray 
penetration absorption length (𝐿 ≈ 6 µm) are larger than the XTG period, we expect to excite longitudinal acoustic waves 
as in TG experiments performed in bulk materials [23]; hence, precession at the longitudinal acoustic frequency is not 
unexpected. Furthermore, we find that all three waveforms are very well reproduced by a simple model in which the 
magnetization precession is driven by a transient strain field induced by the XTG excitation. We assume that the excitation 
results in a spatially periodic temperature perturbation Δ𝑇(𝑡) = Θ(𝑡)Δ𝑇89:(1 + cos 𝑘45𝑥). Based on the heat capacity of 
similar garnets [24], and the fluence and penetration depth of the XTG pump, we estimate this temperature increase to be 
Δ𝑇89: ≈	13 K at the TG maxima. This temperature perturbation gives rise to a strain field consisting of a quasi-stationary 
component following the temperature profile and slowly decaying via thermal diffusion, referred to as a “thermal grating,” 
and counter-propagating longitudinal acoustic waves at wavevector 𝑘45  [25].   

𝜖++(𝑡, 𝑥) = Θ(𝑡)P𝑒(
,

2()*+, − 𝑒(
,
2-. cos𝜔9;𝑡Q

1 + 𝜈
1 − 𝜈

𝛽	Δ𝑇89:	(1 + cos 𝑘%&𝑥), (2) 

where 𝜈 is Poisson’s ratio, 𝛽 is linear thermal expansion coefficient, 𝜏/<=>8 is the thermal grating decay time, 𝜏9; is the 
acoustic attenuation time, and 𝜔?@ is the acoustic wave frequency. The very weak elastic anisotropy of garnets such as YIG 
[26] justifies the use of the equation derived for elastically isotropic materials. The strain field, via the inverse 
magnetostriction effect, leads to a magnetoelastic contribution to the effective magnetic field, 

𝜇6𝐡(𝑡, 𝑥) = 	𝐱Y2𝑏)𝜖++(𝑡, 𝑥)𝑀+ , (3) 
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where 𝑏) is the magnetoelastic (ME) coefficient. Eq. 3 shows that only the in-plane component, 𝑀+, causes the 
magnetoelastic effect; hence an external magnetic field perpendicular to the sample surface will not lead to precession, in 
agreement with the experimental result shown in Fig. 1. We describe the dynamics of magnetization at each spatial 
coordinate 𝑥 according to the Landau-Lifshitz-Gilbert (LLG) equation of motion [21]: 

𝜕𝐌
𝜕𝑡 = −𝛾𝐌 × 𝐇=AA + 𝛾𝜂𝐌 ×

𝜕𝐌
𝜕𝑡 ,

(4) 

where 𝜂  is the magnetic damping and 𝑯=AA(𝑡) is the time-varying effective field. We disregard the dipole-dipole interaction 
in the spin wave, which is equivalent to neglecting the spin wave dispersion at our small wavevector. We linearize the LLG 
equation by representing 𝐌 and 𝐇=AA as sums of large static components 𝐌6 and 𝐇6 and small time-dependent perturbations 
𝐦(𝑡) and 𝐡(𝑡), respectively, and neglecting the terms quadratic in the perturbation. To simplify the formulae, we rotate our 
coordinate system about the 𝑦-axis, (𝑥, 𝑦, 𝑧) → (𝑥’, 𝑦, 𝑧’), such that 𝑧’ is along the equilibrium magnetization direction as 
shown in Fig 3A. The dynamical magnetization vector 𝐦(𝑡) lies in the 𝑥’, 𝑦-plane, but we are only interested in its 𝑥’-
component, as our detection is not sensitive to 𝑚B. The linearization procedure (see supplementary, S3) in the new 
coordinates leads to a driven damped harmonic oscillator equation for 𝑚+C. 

𝜕"𝑚+/

𝜕𝑡"
+ 2𝜁6

𝜕𝑚+/

𝜕𝑡
+ 𝜔6"𝑚+/ =

𝛾𝑀6

1 + 𝛾"𝜂"𝑀6
" i𝛾𝐻6ℎ+/ + 𝛾𝑀6𝜂

𝜕ℎ+/
𝜕𝑡 k

(5) 

where 𝜔6	 =
EF0

G)HE!I!J0!	
	 and 𝜁6 =

E!F0IJ0
)HE!I!J0!

 are the frequency and damping rate of the oscillator, respectively. 𝐻6 and 𝑀6 

are the magnitudes of vectors 𝐇6 and 𝐌6. 

ℎ+/(𝑡, 𝑥) =
2
𝜇6
𝑏)𝜖++(𝑡, 𝑥)𝑀6 cos𝜙 sin𝜙 = 𝑅(𝑥)Θ(𝑡) P𝑒(

,
2()*+, − 𝑒(

,
2-. cos𝜔9;𝑡Q , (6) 

where 𝑅(𝑥) = 	 "
K0
𝑏)𝑀6 sin𝜙

)HL
)(L

𝛽	Δ𝑇(1 + cos 𝑘%&𝑥). Equation 5 is solved in the Fourier domain, and the inverse 
Fourier transform is performed using contour integration (see the supplementary, S3), leading to the following solution for 
𝑡 > 0: 

𝑚+C(𝑥, 𝑡 > 0) = 𝑅(𝑥)	(𝑐)𝑒(,/2()*+, − 𝑐"𝑒3N-., − 𝑐O𝑒(P0	,𝑒3	N123	, + c. c. ) (7) 

where we assume the acoustic attenuation is negligible and define 𝜔QRS =
EF0

)HE!I!J0!	
. The amplitudes are given by the 

coefficients 𝑐3, with 𝛼/<=>8 = )
2()*+,

, as follows: 

𝑐) =
𝜔TJU𝛾𝑀6 s1 − 𝛼/<=>8

𝑀6𝜂
𝐻6

t

𝛼/<=>8" − 2𝛼/<=>8𝜔QRS𝛾𝜂𝑀6 +𝜔QRS𝛾𝐻6
(8) 

𝑐" =	
𝜔TJU𝛾𝑀6 s1 + 𝑖𝜔9;

𝑀6𝜂
𝐻6

t

−2𝜔9;" + 4𝑖𝜔9;𝜔QRS𝛾𝜂𝑀6 + 2𝜔QRS𝛾𝐻6
(9) 

𝑐O = 𝜔QRS𝛾𝑀6 P
𝑖

2𝜔QRS
−
𝑖𝛾𝜂"𝑀6

"

2𝐻6
−
𝑀6𝜂
2𝐻6

Q ∗ 

																						y−
1

𝜔QRS𝛾𝜂𝑀6 − 𝑖𝜔QRS − 𝛼/<=>8
+

1
2𝜔QRS𝛾𝜂𝑀6 − 2𝑖𝜔QRS − 2𝑖𝜔9;

+
1

2𝜔QRS𝛾𝜂𝑀6 − 2𝑖𝜔QRS + 2𝑖𝜔9;
z (10) 

The intensity of the diffracted signal is proportional to the square of out-of-plane dynamical magnetization [7], and thus 
𝑆(𝑡) ∝ 𝑚+/

"  as shown in Eq. 11.  

𝑆(𝑡) ∝ Θ(𝑡) |𝑐)𝑒
( ,
2()*+, − 𝑐"𝑒3N-., − 𝑐O𝑒(P0	,𝑒3	N123	, + c. c. |

"

	 (11) 
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The expression for 𝑆(𝑡) was fitted to the experimental data, using two free parameters seen in Eq. 5, 𝛾𝐻6 and 𝛾𝜂𝑀6, which 
can be interpreted as the natural magnon frequency and effective damping rate. The driving force frequency, 𝜔?@, was taken 
from the two-frequency model fit, and the thermal grating decay time, 𝜏/<=>8, was taken from the VV signal dynamics 
shown in the supplementary (S2). The resulting dynamics, shown as solid lines in Fig. 3C, are in excellent agreement with 
the observed experimental results, supporting the assumption that the magnetization dynamics are driven via x-ray induced 
strain fields that couple to magnetization via inverse magnetostriction. In addition, we also performed measurements with 
a pump wavelength resonant slightly above the Fe K-edge (7.135 keV). The results showed identical dynamics apart from 
an amplitude factor (see supplementary, S4), suggesting that the dynamics are not strongly wavelength-dependent as 
expected for the proposed mechanism.  

A simulation at varying magnetic field obtained with the analytical solution is shown in Fig, 3C using the extracted 
gyromagnetic ratio and average damping parameters from the experimental data. The analytical model helps us understand 
the origin and behavior of the three terms making up the response. The oscillation at the acoustic frequency is the precession 
driven by the acoustic wave; essentially it is a classic harmonic oscillator response to a harmonically oscillating driving 
force, and a phase shift by 𝜋 upon crossing the resonance is expected. These oscillations are long lived, as their decay is 
given by an acoustic attenuation time greatly exceeding our experimental time window. However, our driving force is not a 
pure sinusoid: since 𝐡(𝑡) is zero at 𝑡 < 0, it also has a step-function component, which adds spectral content at zero and 
nonzero frequencies. This excitation component gives rise to the second oscillatory term at a spin wave frequency 𝜔TJU, 
essentially a response of a suddenly driven damped harmonic oscillator. The 𝜋 phase shift in this case is due to the behavior 
of the phase of the driving force, i.e. the right-hand side of Eq. 5. Finally, the non-oscillatory term is due to the quasi-static 
thermal expansion.  

The fact that our model describes the measured waveforms very well indicates that there is no appreciable demagnetization, 
not only on the ultrafast time scale but within the entire 2 ns time window, and that the x-ray induced strain is the dominant 
source of the observed magnetization dynamics. This behavior stands in contrast to what has been observed in ferro- and 
ferrimagnetic metal films both with optical and EUV excitation. For magnetic dielectrics, demagnetization on the sub-ps 
[24,27], ps [28], and ns [29] timescales has been reported. 

It is somewhat surprising that the direct modulation of the refractive index by the standing acoustic wave does not result in 
acoustic oscillations in the VV channel. This can be rationalized if the refractive index of GdBiIG at the probe wavelength 
is much more sensitive to the electronic excitation and lattice temperature increase than to strain; as a result, the acoustic 
contribution in the VV signal falls below the noise level. In the background-free XTG measurement, the noise is proportional 
to the signal itself (as one can see in Fig. 1B, there is very little noise at negative time delays), therefore a large signal 
produced by e.g. a temperature modulation would make it more difficult to see the acoustic component of the VV signal.  

To summarize, we have demonstrated TG measurements with hard x-ray excitation and optical probing, in which the signal 
is produced by x-ray driven magnetization precession in a magnetic dielectric. We observe spin waves and magnetoelastic 
waves at a wavevector of 4.7 μm-1 and find that both responses are driven by x-ray generated strain via inverse 
magnetostriction. These results pave the way for using ultrashort x-ray pulses for driving magnetic dynamics. The key 
advantage of the XTG approach is the potential for producing wavevectors across the entire Brillouin zone. In addition to 
the advantages inherent to x-ray spectroscopies such as element selectivity and long penetration depths, short x-ray 
wavelengths will make it possible to reach the fundamental limit where the spin mean free path exceeds the spatial period 
of the excitation. Achieving this limit would provide insights into nanoscale magnetic dynamics and spin transport in the 
ultrafast demagnetization and remagnetization processes, the behavior of coherent nm-wavelength spin waves, and the 
coupling of these high wavevector magnon modes to other nanoscale material phases. While in this study, the accessible 
wavevector range was limited by the use of an optical probe, this will be overcome in x-ray-pump / x-ray-probe TG 
experiments; the research towards such experiments is currently underway [30]. Another limitation in this study is the use 
of Talbot imaging, which greatly simplifies the experimental setup but makes it difficult to reduce the XTG period below 
~50 nm. However, it is possible to produce x-ray interference patterns with periods below 1 nm using crystal optics [31], 
which can be combined with split and delay systems [32]. In addition to the transient grating technique, another way to 
reach large wavevectors is to exploit the localized nature of x-ray excitation by measuring diffuse scattering in a collinear 
x-ray pump-probe experiment as was done in a recent study [33]. Although no x-ray driven demagnetization was observed 
in these results, the recent studies in EUV TG measurements on itinerant magnetic systems [7,8,9,10] make us confident 
that these phenomena can also be driven by x-rays. Access to this information will guide our understanding of magnetic 
dynamics at the nanoscale and inform the design of smaller, more efficient spintronic and magnonic devices. 
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Supplementary Materials 
S1. Fitting Parameters 

Table 1. Fitting parameters for Equation 1. 

 60 mT 110 mT 220 mT 

𝑎) (a.u.) 0.38 1.2 0.15 

𝑎" (a.u.) 3.1 3.9 1.4 

𝜏) (ps) 4900 2800 3300 

𝜏" (ps) 540 420 920 

𝜔) (GHz) 4.6 4.6 4.6 

𝜔" (GHz) 1.7 3.0 5.9 

𝜙) (rad.) 0.02 0.1 2.9 

𝜙" (rad.) 3.4 3.4 0.0 

D. C. (a.u.) 2.30 1.4 0.9 

 

Table 2. Fitting parameters for Equation 7. 

 60 mT 110 mT 220 mT 

𝛾𝐻6 11.4 19.6 49.7 

𝛾𝜂𝑀6 0.16 0.10 0.19 

 

While a rigorous statistical analysis of the uncertainties in the resulting best fit would require a large set of independently 
measured scans, rough estimates of the uncertainties can be obtained with a few scans. This is especially important for the 
data measured at 220 mT, where the amplitude of the second mode is quite small, meaning it might be prone to errors in the 
fitting procedure. However, as seen in Fig. S1, the phase and frequency results are reproducible and the fitting parameters 
for the four independent scans are similar.  
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Figure S1. A) Four independent scans taken at 220 mT and their fits to Equation 1, and B) the extracted parameters for each scan. 
 
S2. VV Channel response 
Figure S2 shows the VV channel responses for the data displayed in Fig. 2 of the main manuscript. The data show that the 
behavior of the VV channel is identical at each of the magnetic field strengths, indicating that this channel is dominated by 
the lattice and electronic response of the sample. The signal was fit well in each case by the following equation: 

𝑆00(𝑡 > 0) = 8𝑎)𝑒
( ,
2456$7 + 𝑎"𝑒

( ,
2!C

"
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Figure S2. VV channel response at the three representative magnetic fields shown in Fig. 2 of the main manuscript. This channel does 
not show any dependence on the external magnetic field strength, suggesting the signal in this channel is not of magnetic origins. 
 

S3. Micromagnetic theory 

Our starting point is the strain field indued by XTG excitation: 

𝜖++(𝑡, 𝑥) = Θ(𝑡) P𝑒(
,

2()*+, − 𝑒(
,
2-. cos𝜔9;𝑡Q

1 + 𝜈
1 − 𝜈

𝛽	Δ𝑇	(1 + cos 𝑘%&𝑥) 

which generates an effective magnetoelastic field: 

𝜇6𝒉(𝑡, 𝑥) = 	𝒙�2𝑏)𝜖++(𝑡, 𝑥)𝑀+ 

We can write the field along the x-direction with separated spatial and temporal components: 

ℎ+(𝑡, 𝑥) = 𝑅(𝑥)Θ(𝑡) P𝑒(
,

2()*+, − 𝑒(
,
2-. cos𝜔9;𝑡Q , 𝑅(𝑥) =

2
𝜇6
𝑏)𝑀6 sin𝜙

1 + 𝜈
1 − 𝜈

𝛽	Δ𝑇(1 + cos 𝑘%&𝑥) 

The amplitude can be grouped into a single term to create a normalized driving field: 

𝐹(𝑡) = 	
ℎ+(𝑡, 𝑥)
𝑅(𝑥)

= Θ(𝑡) P𝑒(
,

2()*+, − 𝑒(
,
2-. cos𝜔9;𝑡Q 

We perform a Fourier transform and define 𝛼 = )
2
: 

ℱ[𝐹(𝑡)](𝜔) =
1

𝑖𝜔 + 𝛼/<=>8
−
1
2
y

1
𝛼9; + 𝑖𝜔 + 𝑖𝜔?@

+
1

𝛼9; + 𝑖𝜔 − 𝑖𝜔?@
z 

Note that the phase and amplitude of the driving force in the Fourier domain are consistent with the observed phase shift 
and amplitudes of the magnon excitations, shown in Fig. S3. 

60 mT 

110 mT 

220 mT 
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Figure S3. Fourier analysis of example driving force. The amplitude shows a strong Fourier component at the acoustic frequency. The 
phase exhibits a shift by 𝜋 across the acoustic frequency. In this example, the damping term was set to 𝑎/<=>8 = 𝑎9; = 𝑎 = 0.01𝜔𝑎𝑐. 

As mentioned in the main text, we adopt a new set of coordinates (𝑥C, 𝑦, 𝑧′), such that	 𝑧′ lies along the equilibrium 
magnetization direction. In this frame, we assume the magnetization as a large, time-independent component along 𝑧′, with 
a small varying in-plane (𝑥C, 𝑦) component. Similarly, we assume the effective field has a strong out-of-plane component 
and a weak, time-varying, one-dimensional in-plane (𝑥′) component. 

𝐌 = 𝐌6 +𝐦(𝑡) 

𝐇 = 𝐇6 + 𝐡(𝑡) 

Plugging into Eq. 4 of the main text: 

𝑑𝐦(𝑡)
𝑑𝑡

= −𝛾�𝐌6 +𝐦(𝑡)� × �𝐇6 + 𝐡(𝑡)� + 𝛾𝜂�𝐌6 +𝐦(𝑡)� ×
𝑑𝐦(𝑡)
𝑑𝑡

 

= −𝛾𝐌6 × 𝐡(𝑡) − 𝛾𝐦(𝑡) × 𝐇6 + 𝛾𝜂𝐌6 ×
𝑑𝐦(𝑡)
𝑑𝑡

 

where we have dropped terms that are quadratic (e.g. 𝑚(𝑡)ℎ(𝑡)), or if their cross-products are zero (e.g. 𝐌6 × 𝐇6). We 
solve this for the time-varying 𝑥′ and 𝑦 components. 

𝑑𝑚+/

𝑑𝑡
= −𝛾𝑚B𝐻6 − 𝛾𝜂𝑀6

𝑑𝑚B

𝑑𝑡
 

𝑑𝑚B

𝑑𝑡
= −𝛾ℎ+/𝑀6 + 𝛾𝑚+/𝐻6 + 𝛾𝜂𝑀6

𝑑𝑚+/

𝑑𝑡
 

Combining equations: 

𝑑𝑚+C

𝑑𝑡
= −𝛾𝑚B𝐻6 − 𝛾𝜂𝑀6 i−𝛾ℎ+/𝑀6 + 𝛾𝑚+/𝐻6 + 𝛾𝜂𝑀6

𝑑𝑚+/

𝑑𝑡 k 

= −𝛾𝑚B𝐻6 + 𝛾"ℎ+/𝑀6
"𝜂 − 𝛾"𝜂𝑀6𝑚+/𝐻6 − 𝛾"𝜂"𝑀6

" 𝑑𝑚+/

𝑑𝑡
 

Differentiating: 

𝑑"𝑚+/

𝑑𝑡"
= −𝛾

𝑑𝑚B

𝑑𝑡
𝐻6 + 𝛾"

𝑑ℎ+/
𝑑𝑡

𝑀6
"𝜂 − 𝛾"𝜂𝑀6

𝑑𝑚+/

𝑑𝑡
𝐻6 − 𝛾"𝜂"𝑀6

" 𝑑
"𝑚+/

𝑑𝑡"
 

Again combining the expressions: 

𝑑"𝑚+/

𝑑𝑡"
= −𝛾𝐻6 i−𝛾ℎ+/𝑀6 + 𝛾𝑚+/𝐻6 + 𝛾𝜂𝑀6

𝑑𝑚+/

𝑑𝑡 k + 𝛾"
𝑑ℎ+/
𝑑𝑡

𝑀6
"𝜂 − 𝛾"𝜂𝑀6

𝑑𝑚+/

𝑑𝑡
𝐻6 − 𝛾"𝜂"𝑀6

" 𝑑
"𝑚+/

𝑑𝑡"
 



 14 

= 𝛾"𝐻6ℎ+/𝑀6 − 𝛾"𝑚+/𝐻6" − 𝛾"𝐻6𝜂𝑀6
𝑑𝑚+/

𝑑𝑡
+ 𝛾"

𝑑ℎ+/
𝑑𝑥

𝑀6
"𝜂 − 𝛾"𝜂𝑀6

𝑑𝑚+/

𝑑𝑡
𝐻6 − 𝛾"𝜂"𝑀6

" 𝑑
"𝑚+/

𝑑𝑡"
 

Organizing: 

𝑑"𝑚+/

𝑑𝑡"
(1 + 𝛾"𝜂"𝑀6

") +
𝑑𝑚+/

𝑑𝑡
(2𝛾"𝐻6𝜂𝑀6) + 𝑚+/(𝛾"𝐻6") = 𝛾"𝐻6𝑀6ℎ+/ + 𝛾"𝑀6

"𝜂
𝑑ℎ+/
𝑑𝑡

 

This equation is in the form of that for a driven harmonic oscillator: 

𝑑"𝑚+/

𝑑𝑡"
+ 𝐴

𝑑𝑚+/

𝑑𝑡
+ 𝐵𝑚+/ = 𝐶𝑅(𝑥)𝐹(𝑡) + 𝐷𝑅(𝑥)𝐹C(𝑡) 

𝐴 =
2𝛾"𝐻6𝜂𝑀6

1 + 𝛾"𝜂"𝑀6
" > 0 

𝐵 =	
𝛾"𝐻6"

1 + 𝛾"𝜂"𝑀6
" > 0 

𝐶 = 	𝑅(𝑥)
𝛾"𝐻6𝑀6

1 + 𝛾"𝜂"𝑀6
" > 0 

𝐷 = 	𝑅(𝑥)
𝛾"𝑀6

"𝜂
1 + 𝛾"𝜂"𝑀6

" > 0 

Due to the complexity of the driving force, we solve the harmonic oscillator equation via Fourier transformation 

ℱ 8
𝑑"𝑚+/

𝑑𝑡"
+ 𝐴

𝑑𝑚+/

𝑑𝑡
+ 𝐵𝑚+/C = 𝐶ℱ[𝐹(𝑡)] + 𝐷ℱ[𝐹′(𝑡)] 

−𝜔"𝑚+/(𝜔) + 𝑖𝐴𝜔𝑚+/(𝜔) + 𝐵𝑚+/(𝜔) = 𝐶𝐹(𝜔) + 𝑖𝜔𝐷𝐹(𝜔) 

𝑚+/(𝜔) =
𝐶𝐹(𝜔) + 𝑖𝜔𝐷𝐹(𝜔)
−𝜔" + 𝑖𝐴𝜔 + 𝐵

 

where 𝐹(𝜔) is the FT of the driving force given by the strain profile in the TG geometry. Note that the spatial component 
in 𝑅(𝑥) is trivial and does not affect the time dynamics. 

We inverse Fourier transform back to the time domain 

𝑚+/(𝑡) = 	 �
𝑑𝜔
2𝜋

V

(V

	𝑒3N,
(𝐶 + 𝑖𝜔𝐷)𝐹(𝜔)
−𝜔" + 𝑖𝐴𝜔 + 𝐵

 

We define the closed contour integral over the complex variable 𝑧 in the upper half of the complex plane 

𝑚+/(𝑡) = 	
1
2𝜋

� 𝑑𝑧	𝑒3W,(𝐶 + 𝑖𝑧𝐷)𝐹(𝑧)
1

−𝑧" + 𝑖𝐴𝑧 + 𝐵

	

X
 

=
1
2𝜋

� 𝑑𝑧	𝑒3W,(𝐶 + 𝑖𝑧𝐷) �
1

𝑖𝑧 + 𝛼/<=>8
−
1
2
y

1
𝛼9; + 𝑖𝑧 + 𝑖𝜔?@

+
1

𝛼9; + 𝑖𝑧 − 𝑖𝜔?@
z�

1
−𝑧" + 𝑖𝐴𝑧 + 𝐵

	

X
 

The above integrand has 5 poles, all in the upper half of the complex plane: 

𝑧) = 𝜔?@ + 𝑖𝛼9; 

𝑧)∗ = −𝜔?@ + 𝑖𝛼9; 

𝑧" = 𝑖𝛼/<=>8 

𝑧O =
𝑖𝐴
2
+

𝐴
2𝛾𝜂𝑀6
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𝑧O∗ =
𝑖𝐴
2
−

𝐴
2𝛾𝜂𝑀6

 

The contour integral is given by the sum of the residues at the poles. Note that for each of the two pairs of symmetric poles 
we only need to compute the residue at the pole with the positive real part; the residue at the other pole will be given by the 
complex conjugate. 
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Defining the FMR frequency as 𝜔QRS =
EF0

)HE!I!J0!
. Due to the low damping of the acoustic phonons in iron garnets, we can 

set the acoustic attenuation rate 𝛼?@ = 0 

S4. Dependence of VH response at 220 mT on x-ray photon energy 
To confirm whether the dynamics we observed were selective to the pump wavelength, we excited both at the Gd L3-edge 
and slightly above the Fe K-edge at 7.25 keV and 7.135 keV, respectively, under identical experimental conditions. As seen 
in Fig. S4, the nanosecond dynamics are identical for both pump wavelengths, aside from an amplitude difference which 
can be explained by changes in absorption strength and pulse energy. This is consistent with the proposed mechanism of x-
ray induced strain driven spin precession. 
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Figure S4. Comparison of responses in VH channel when pumping resonantly at the Gd-edge (black) and the Fe-edge (red). Responses 
vary only in their amplitudes. 

 
S5. Additional experimental details 
Imprinted grating 
For initial alignment purposes, and to measure the periodicity of the transient gratings formed by Talbot imaging of the 1.5 
μm phase grating, permanent gratings were printed on bismuth germanate oxide using an x-ray fluence above the damage 
threshold on a single shot basis. Optical microscope images were taken and used to measure a periodicity of 1.34 μm for 
the imprinted gratings.  
 

  
Figure S5. A) Optical microscope image of imprinted grating in BGO. B) Zoomed in to measure grating periodicity. 18 periods covers 
24.17 μm. The grating periodicity is 1.34 ±0.01	μm 
 
Data analysis 
The signal in each CCD image was integrated within a rectangular region of interest set around the diffracted beam spot. A 
region on the CCD where no signal was present was used as a reference for background subtraction. Dark images were used 
to remove dead pixels and detector background. The resulting data were normalized by the probe intensity and the square 
of the pump intensity to reduce the noise arising from FEL fluctuations. To retain the original units of the detector, the 
normalized signal was multiplied by the mean of the normalization factor. Timing jitter of the FEL pulses was corrected by 
using the Bunch Arrival Monitor.  
 
Detector calibration 
Two different CCD cameras were used to detect the VV and VH responses. For comparisons of the magnitudes of the 
responses for the two channels, a detector relative calibration was performed. A waveplate prior to the sample was rotated 
until the polarization was changed from horizontal to vertical. 

24.17	µm 

A B 
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Figure S6. Amplitude of response on each CCD as a function of probe polarization. The min-max differences were used to compute a 
ratio of the detector sensitivities, which was found to be 0.79. This factor was included to compare the intensities of the VV and VH 
channel responses. 
 
Polarizer scans 
Prior to each measurement at different magnetic field strengths or angles, the polarizer before the sample was rotated such 
that the signal at the peak of the VH channel was minimized, thus minimizing any leak-through from the VV channel into 
the VH channel and thus maximizing the isolation of magnetic from electronic and lattice responses. 

 
Figure S7. Example of polarizer scan which shows the VH signal is minimal at an angle of 8 deg. The polarizer is set to this angle to 
minimize the contamination of the VH signal by the VV response. 
 
S6. External magnetic field calibration 
An external permanent magnet (N40 neodymium) was placed vertically above the sample. The field strength was tuned by 
adjusting the height of the face of the magnet from the probe spot. The strength of the field was determined by the calibration 
curve shown in Fig. S8. The angle of the field was variable from in-plane to perpendicular to the sample surface. The field 
nonuniformity from the calibration curve is estimated to be ~20 mT/mm, and thus does not vary more than 1 mT across the 
50 µm spot size of the probe.  
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Figure S8. Magnetic field strength as a function of distance from the magnet surface. 
 


