

View

Online


Export
Citation

RESEARCH ARTICLE |  AUGUST 06 2026

Femtosecond time-resolved magneto-optical Kerr effect
spectroscopy using a resistive 25 T magnet
Arup Barua  ; Sean Knapp  ; Noha Alzahrani  ; Diego Enrriqe Gomez  ; Oksana Chubykalo-Fesenko  ;
Dmitry Semenov  ; Stephen A. McGill  ; Darío Arena  ; Denis Karaiskaj  

Rev. Sci. Instrum. 97, 083904 (2026)
https://doi.org/10.1063/5.0341672

 01 O
ctober 2026 13:55:41

https://pubs.aip.org/aip/rsi/article/97/8/083904/3400416/Femtosecond-time-resolved-magneto-optical-Kerr
https://pubs.aip.org/aip/rsi/article/97/8/083904/3400416/Femtosecond-time-resolved-magneto-optical-Kerr?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-0777-8646
javascript:;
https://orcid.org/0009-0006-4684-5203
javascript:;
https://orcid.org/0009-0005-2942-7774
javascript:;
https://orcid.org/0000-0002-4412-0720
javascript:;
https://orcid.org/0000-0002-4081-1831
javascript:;
https://orcid.org/0009-0000-6043-4132
javascript:;
https://orcid.org/0000-0001-6365-7155
javascript:;
https://orcid.org/0000-0001-7463-6472
javascript:;
https://orcid.org/0000-0002-3181-7545
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0341672&domain=pdf&date_stamp=2026-08-06
https://doi.org/10.1063/5.0341672
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3318345&setID=1044496&channelID=0&CID=1578734&banID=524059830&PID=0&textadID=0&tc=1&rnd=5873044420&scheduleID=3474330&placementScheduleId=3474330&adItemScheduleId=0&adSize=1640x440&ip=146.201.200.253&metadata=%5B%5D&mt=1790862941668438&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Frsi%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0341672%2F21096692%2F083904_1_5.0341672.pdf&request_uuid=380231f0-6fd2-4017-acae-1f1c3035dcf9&hc=024c4d4c3946eca0b86d309d67f50ce82908fa38&location=


Review of 

Scientific Instruments
ARTICLE pubs.aip.org/aip/rsi

Femtosecond time-resolved magneto-optical Kerr 

effect spectroscopy using a resistive 25 T magnet

Cite as: Rev. Sci. Instrum. 97, 083904 (2026); doi: 10.1063/5.0341672 

Submitted: 3 May 2026 • Accepted: 22 July 2026 • 

Published Online: 6 August 2026

Arup Barua, 

1 Sean Knapp, 

1 Noha Alzahrani, 

2 Diego Enrriqe Gomez, 

3

Oksana Chubykalo-Fesenko, 

3 Dmitry Semenov, 

4 Stephen A. McGill, 

4 Darío Arena, 

1

and Denis Karaiskaj 

1,a)

AFFILIATIONS
1 Department of Physics, University of South Florida, Tampa, Florida 33620, USA
2 University of Jeddah, Jeddah, Saudi Arabia
3 Instituto de Ciencia de Materiales de Madrid, CSIC, Madrid, Spain
4 National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 30201, USA

a) Author to whom correspondence should be addressed: karaiskaj@usf.edu

ABSTRACT
We demonstrate the measurement of the magnetization dynamics at femtosecond time scales using a split helix resistive magnet reaching 

magnetic field strengths up to 25 T. The high frequency resolution achieved by ultrafast lasers coupled with the high magnetic fields that can 

achieve magnetization oscillations in the hundreds of gigahertz makes this a very valuable experimental tool. We demonstrate the technique by 

using time-resolved magneto-optic Kerr effect spectroscopy to measure the spin dynamics of the ferrimagnet (FeCo) 1−x 
Gd x 

at magnetic fields 

up to 25 T for different magnetic field orientations. Three orientations were used to investigate the magnetization dynamics, perpendicular 

to the sample plane, parallel to the sample plane, and 20 

○ off the sample plane. The polar time-resolved magneto-optic Kerr effect data 

show different dynamics depending on the alignment of the external magnetic field with the rare earth or transition metal magnetization. 

In time-resolved magneto-optic Kerr effect measurements with magnetic fields at 20 

○ off the sample plane, we obtain oscillations due to the 

precession of the net magnetization. The oscillation frequency increases linearly with the external magnetic field, reaching 500 GHz at 20 T. 

When the magnetic field is applied parallel to the sample plane, the observed magnetization dynamics undergoes a 180 

○ phase shift when the 

magnetic field direction is reversed. The different magnetic field orientations with respect to the sample lead to very different magnetization 

dynamics, which probe different aspects of the magnetic properties of the alloy, emphasizing the importance of the versatility of the present 

instrumentation.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0341672

I. INTRODUCTION

The high temporal resolution of modern femtosecond lasers 

makes ultrafast manipulation of magnetic states of technological 

importance in innovative magnetic storage. Ultrafast lasers can 

resolve spin oscillation frequencies of hundreds of gigahertz (GHz), 

which are difficult to measure using traditional methods. 

1 Magneto-
optic spectroscopy is used to take advantage of the high temporal 

resolution of ultrafast lasers and achieve all-optical spin switching. 

2,3 

Such magneto-optical techniques include the magneto-optical Kerr 

effect (MOKE)/Faraday spectroscopy, magnetic Raman scattering, 

and magnetically induced second harmonic generation and have 

provided new insights into magnetic excitations. 

4–20 Time-resolved 

MOKE in particular has been essential in understanding the spin

dynamics at ultrafast time scales and spin switching approaching 

the terahertz (THz) frequency range. These high spin switching 

frequencies can occur in antiferromagnets, which are thought to 

have great potential for application in antiferromagnetic spintron-
ics and opto-spintronics 

21–25 and may require much larger external 

magnetic fields to investigate or manipulate due to large exchange 

energies. 

26–30 An alternative to antiferromagnets is provided by fer-
rimagnetic materials that have magnetization and can be measured 

via MOKE. Interest in ferrimagnetic materials has recently grown 

considerably, as ferrimagnets have unique properties with important 

spintronic applications. 

31 The properties of ferrimagnets, including 

the saturation magnetization, spin polarization, and anisotropy, can 

be tuned across a wide range. The high frequency properties of ferri-
magnets are widely studied, as ferrimagnets combine some of the
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attractive aspects of high-frequency applications of antiferromag-
nets with the convenience of a net magnetic moment for alignment 

under an external field. Of particular interest to all ferrimagnetic 

systems are the spin dynamics at ultrafast timescales, which are con-
veniently probed with laser-based optical techniques. A noteworthy 

and closely related phenomenon in rare earth (RE)/transition metal 

(TM) alloys is the reversal of magnetization following an ultra-
fast optical excitation, also referred to as all optical magnetization 

switching. 

32,33

It has been demonstrated that the time scale of the spin 

response to a femtosecond laser excitation can be controlled by 

varying the Curie temperature, the atomic magnetic moment of 

the chemical elements, and the intensity of the excitation. 

7,9,34 In 

RE/TM metal alloys such as (FeCo) 1−x 
Gd x 

, on the rare-earth atoms, 

the intra-atomic exchange integrals favor ferromagnetic alignment 

between the spin moments on the 4f orbitals, positioned several 

eV away from the Fermi level, and the less than half filled 5d elec-
trons that comprise the conduction band. Hybridization between the 

rare-earth 5d states and the Fe, Co 3d electrons promotes antiparal-
lel alignment of the transition metal and Gd moments. 

35,36 The net 

magnetic moment can point in the direction of either the Gd or the 

Fe, Co moments, depending on which sublattice has the larger total 

moment. The ratio of Gd total magnetization to the Fe, Co total 

magnetization can be adjusted either by changing the Gd content 

x or the measurement temperature. 

31,37–40 Furthermore, the ques-
tion whether high magnetic fields can also affect the time scale of the 

ultrafast spin response to a femtosecond laser excitation has been 

of great interest. 

41 Previous studies have estimated the period of the 

precession of the electron spin to be 28 GHz/T. 

42–45 Therefore, in 

order to affect the spin response in the range of 1–10 ps, one has to 

apply magnetic fields above 10 T. However, combining high mag-
netic fields with ultrafast magnetization dynamics experiments has 

so far been very limited.
We present below all-optical studies of spin dynamics in 

(FeCo) 1−x 
Gd x 

probed with pump–probe techniques. These stud-
ies are important for a variety of reasons. The RE/TM alloys have 

large Verdet constants, which can lead to a large magneto-optical 

Faraday rotation. Furthermore, one can have a large change in the 

orbital component of magnetization by selecting different RE ele-
ments. There are a number of optical and ultrafast optical studies 

on ferrimagnetic alloys that have provided important insights into 

their opto-magnetic and magnetization dynamics. 

41,46–61 However, 

using large magnetic fields, we are able to generate spin dynamics 

with an oscillation period of ∼2 ps. These studies were enabled by 

new instrumentation that allows the application of external mag-
netic fields up to 25 T using MOKE geometries. We were able 

to apply magnetic fields perpendicular to the sample plane in the 

polar configuration and longitudinal MOKE with magnetic fields 

at 20 

○ and parallel (0 

○ 

) to the sample plane. Time-resolved and 

static MOKE measurements up to 30 T in a resistive high-field mag-
net were previously achieved in the polar configuration. 

41 However, 

the current instrumentation demonstrates great flexibility, allowing 

different MOKE configurations.

II. EXPERIMENT
Bitter magnets are resistive magnet designs that are capable of 

much higher magnetic fields than superconducting magnets. These

magnets are constructed using an interlocking stack of helical cop-
per disks that circulate large currents around a small central space 

where the sample is located. The magnet is usually several meters in 

length in order to create a uniform high magnetic field at the sam-
ple location, leading to a large distance from the outer windows. 

62 

Furthermore, stray fields require any instrument containing ferro-
magnetic components to be placed far away from the magnet. There-
fore, Bitter magnets usually require the use of optical fibers to couple 

light sources and detectors into and out of the magnetic field. 

63,64 

Fiber-coupled experiments are suitable for continuous wave visible 

and near-infrared studies. 

65 However, it is much more challenging 

for time-resolved experiments using femtosecond broadband pulsed 

lasers because dispersion and higher-order nonlinearities of optical 

fibers distort the laser pulse, making the data analysis challeng-
ing. Furthermore, polarization-maintaining fibers are difficult to 

handle.
Pulsed magnets can reach higher magnetic fields, but for a very 

short amount of time that lasts only milliseconds with a limited 

number of cycles, they are not suitable for the time-resolved MOKE 

measurements presented here, where the data collection takes on 

average approximately thirty minutes. The split helix magnet sys-
tem at the National High Magnetic Field Lab is capable of sustained 

operation at fields as high as 25 T. 

63,66 A schematic of the mag-
net is shown in Fig. 1(a). The electrical power consumption of this 

resistive magnet is 32 MWh, but the ability to maintain a high mag-
netic field enables the time consuming femtosecond time-resolved 

experiments. 

67 The split helix has a 39 mm bore and uses a custom-
constructed cryostat that can reach a base temperature of ∼12 K. 

The resistive split helix magnet generates a magnetic field up to 25 T 

and allows optical access through two windows, perpendicular to the 

direction of the magnetic field. The magnetic field is generated in 

the vertical direction, perpendicular to the optical axis, which com-
plicates experiments in the Faraday geometry. In this configuration, 

for the sample to face the optical windows, the magnetic field would 

be in the sample plane.
In order to overcome this limitation, we designed the sample 

holders shown in Figs. 1(b)–1(d). The first mount in Fig. 1(b) is the 

simplest design, which enables MOKE measurements with magnetic 

fields parallel to the plane of the sample. The pump and probe beams 

are sent in at a small incidence angle. They are focused with long 

focal length lenses and reflected out of the bore. However, in order 

to pull the magnetization out of the plane and measure the preces-
sion of the magnetization, the external magnetic field needs to be 

applied at an angle with respect to the sample plane. The sample 

holder shown in Fig. 1(c), where the sample is mounted directly on 

the copper holder at 20 

○ with respect to the vertical fixed magnetic 

field direction. The angles of incidence are determined by the sample 

holder geometry but can be varied slightly. The beams are reflected 

by the sample surface and reflected out of the bore by the top mir-
ror. One could design a similar copper holder at a different angle 

with respect to the vertical direction to achieve intermediate angles 

with respect to the magnetic field. Finally, we have designed a mir-
ror mount for the polar MOKE geometry, where the magnetic field is 

applied perpendicular to the sample surface. The schematic is shown 

in Fig. 1(d), where a fixed mirror mounted at 45 

○ guides the focus-
ing beams perpendicular to the surface of the sample. The beams 

are reflected back from the sample surface and directed toward the 

detectors.
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FIG. 1. (a) Experimental setup used for the time-resolved Magneto-Optic Kerr Effect (MOKE) experiments. The magnet system used is the resistive split helix, whereas 

the pump and probe beams are provided by the multidimensional optical nonlinear spectrometer (MONSTR). 

68,69 The MONSTR splits the laser beam originating from the 

Legend Elite regenerative amplifier and generates a time delay between pump and probe beams. The magnetic field generated by the split helix can reach up to 25 T, 

and the magnetic field direction is fixed vertically. In order to achieve different variable magnetic field directions, special sample holders are made. (b) The sample holder 

used for measurements where the magnetic field is applied in-plane. The plane of reflection is vertical along the magnetic field direction. (c) The sample holder used for 

measurements where the magnetic field is applied at 20 

○ with respect to the sample plane. The plane of reflection is vertical along the magnetic field direction. (d) The 

sample holder used for polar time-resolved MOKE. The magnetic field is perpendicular to the plane of the sample. (e) Schematic of the experiment: the pulse and the probe 

beams are focused and overlap on the sample. The linearly polarized probe beam is reflected from the sample surface. The polarization experiences a slight rotation due 

to the magneto-optic Kerr effect. This rotation is detected by splitting the probe beam into the s– and p– components using a Wollaston prism and recording them with 

a balance detector. Small rotation angles θ k 
of the linear polarization induced by the pump beam can lead to an imbalance between the s– and p– components and be 

detected.

The method used in implementing the time-resolved MOKE 

spectroscopy here is the MONSTR apparatus, which is a compact 

and portable platform. The apparatus splits the laser beam and gen-
erates the time delay between the pump and probe beams. The 

original implementation was introduced in Ref. 69 and was fur-
ther developed to use commercially available optical mounts and 

broadband optics for wider tunability. 

68 The MONSTR platform

described in Ref. 68 was used to perform a variety of time-resolved 

femtosecond spectroscopy measurements, 

70–80 whereas the time-
resolved MOKE detection setup shown in Fig. 1(e) was used in 

recent studies. 

35,36,81–83 The ability to move the setup quickly in 

the cell without needing major alignment is crucial in a user facil-
ity where the magnet time using the split helix is limited to one 

week of preparation time and one week of experimentation. Such
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capability is provided by the MONSTR instrument. The experiments 

presented complement recent instrumentation developments in the 

near infrared and terahertz. 

63,84

The laser system used in this experiment is a Coherent Leg-
end Elite femtosecond laser amplifier that generates 25 fs pulses 

with a maximum pulse energy of 5 mJ and a center wavelength of 

800 nm (1.55 eV), with a transform-limited bandwidth of 64 meV. 

The output of the titanium:sapphire laser amplifier is split into 

four beams by the multidimensional optical nonlinear spectrometer 

(MONSTR), where only two are used to perform these experi-
ments. One beam is used to pump the sample in a pump–probe 

experimental configuration and is horizontally polarized, whereas 

the second beam probes the magnetization via the magneto-optical 

Kerr effect and is vertically polarized. The laser beam configura-
tion is shown in Fig. 1(e). High extinction polarizers are used in 

the probe beam to detect small rotations and ellipticity generated 

by the magnetization of the sample. In the absence of perturba-
tion by the probe beam, the reflected beam is rotated by 45 

○ using 

a half-wave plate and sent to a Wollaston prism, which splits the 

beam equally into its s– and p–components. The two equal intensity 

beams are detected by balanced detectors. The pump beam generates 

a change in the sample magnetization, which could be due to differ-
ent mechanisms depending in part on the sample properties. The 

changes in magnetization lead to a rotation of the probe polariza-
tion via the magneto-optic Kerr effect, which leads to a detectable 

imbalance of the s– and p–components split by the Wollaston 

prism. The pump beam is modulated by an optical chopper, and the 

pump induced changes in the probe beam are obtained via lock-in 

detection. 

1,85

III. RESULTS AND DISCUSSION
When an ultrashort laser pulse interacts with an ordered fer-

romagnetic material, the angular momentum of the system is redis-
tributed between the electron, lattice, and spin systems. As a result, 

the magnetic moment of the system quenches rapidly, and ultrafast 

demagnetization occurs within ≈200 fs. 

4–9 Following the rapid elec-
tron demagnetization, the lattice and spin relaxation starts, which 

occurs in time scales from a few ps to ns. In the present study, the 

spin dynamics in the (FeCo) 1−x 
Gd x 

system is investigated with time-
resolved magneto-optical Kerr effect (TR-MOKE) measurements 

using ultrafast (∼25 fs) laser pulses at 800 nm. The light penetra-
tion depth at these wavelengths is expected to be ∼20 nm. The net 

magnetic moment of this alloy can be compensated by tuning the 

concentration of the RE and TM, and magnetic compensation in the 

films occurs at a Gd concentration of ≈26%. However, temperature 

can also be used to achieve magnetic compensation.
The sample used in the present study is a single (FeCo) 1−x 

Gd x 

layer of thickness ∼30 nm. The Ta 10 nm∣Fe(60)Co(10)Gd(30)30 

nm∣Ta 5 nm amorphous ferrimagnetic alloy film was deposited on a 

Si/SiO x 
substrate using magnetron co-sputtering from elemental Fe, 

Co, and Gd targets at room temperature in a high-vacuum cham-
ber with a base pressure of ∼2.66 × 10 

−8 mBar and an Ar working 

pressure of ∼7 × 10 

−3 Torr. The films were grown in a configura-
tion of Ta (10 nm)/(FeCo) 1−x 

Gd x 
(30 nm)/Ta (5 nm). The bottom 

Ta layer was used as a buffer to promote adhesion to the sub-
strate and improve the uniformity of the subsequently deposited 

(FeCo) 1−x 
Gd x 

layer, while the top Ta layer serves as a protective cap

to prevent oxidation. The elemental composition of the films was 

verified using energy-dispersive x-ray spectroscopy (EDS), confirm-
ing that the samples are close to the intended nominal composition 

within experimental uncertainty. The film thickness and structural 

uniformity were characterized by low-angle X-ray reflectivity (XRR) 

measurements using Cu Kα radiation over an angular range of
0 

○ –5 

○ , yielding thickness values consistent with the nominal layer 

design. The growth led to a (Gd) rare-earth-rich alloy with an in-
plane easy axis, where the TM and RE magnetic moments aligned in 

opposite directions. As the low energy magneto-optical response of 

the (FeCo) 1−x 
Gd x 

films is determined by the spin polarization near 

the Fermi level, the dominant magnetic sublattice is probed, and the 

net spin dynamics can be tracked with time-resolved MOKE using 

the visible/near IR light pulse. We measured the magnetic moment 

of the (FeCo) 1−x 
Gd x 

sample as a function of temperature using the 

low temperature physical property measurement system (PPMS), 

and the compensation temperature appears around 215 K. The time 

resolved MOKE measurements presented here were taken at 15 K, 

well below the compensation temperature. Therefore, at this tem-
perature, the magnetization is expected to be dominated by the rare 

earth. Importantly, our sample structure is comprised of a single 

ferrimagnetic layer with an in-plane easy axis.
We use three magnetic field orientations with respect to the 

sample plane to measure the magnetization dynamics using time-
resolved MOKE at magnetic fields up to 25 T. The time-resolved 

MOKE in the absence of magnetic fields is shown in Fig. 2(a) as 

a reference and shows a well-known rapid demagnetization and 

magnetization recovery within 1 ps. 

4,5,7,9 We start the discussion 

with the external magnetic field applied perpendicular to the sample 

plane and perpendicular to the RE or TM magnetization. The time-
resolved MOKE was measured at opposite magnetic field directions 

for several field strengths, with representative measurements at ±25 

T shown here. The schematic of the sample, the external magnetic 

field B, rare earth magnetization M R 
, and transition metal magne-

tization M T 

are shown in Fig. 2(b). When external magnetic fields 

are applied in the polar configuration, a much longer magnetization 

dynamics is observed, which is different with respect to the external 

magnetic field direction +B and −B. The time-resolved MOKE data 

for +25 T and −25 T are shown in Figs. 2(c) and 2(d), respectively, 

and some qualitative similarities with the earlier observed dynam-
ics in the polar configuration 

41 are explained by going through the 

spin-flop transition as the electronic temperature produced by the 

laser temporarily increases.
However, the details of the dynamics differ here. Particularly, 

a temporal reorientation to the transition metal-dominated region 

is observed with +25 T, followed by a slower relaxation toward the 

Gd-dominated state. With −25 T, the system seems to be directly 

pushed into the FeCo-dominated state. In the measured timescale, 

the initial state is not recovered in either case, suggesting a very 

slow magnetization relaxation process. While we are measuring at 

low temperatures, a high magnetic field applied in different direc-
tions can affect the magnetization compensation point; its change is 

not sufficiently large to induce a strong effect. The slow relaxation 

observed in this case points to laser pulse induced (almost) com-
plete demagnetization and the appearance of nucleation centers with 

magnetization up or down that grow into a domain pattern as the 

system cools down. This would be a transient state with perpendic-
ular domains, where the number of domains up would be larger for
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FIG. 2. Polar time-resolved MOKE at 

15 K. (a) Zero magnetic field time-
resolved MOKE data. (b) Schematic of 

the sample, external magnetic field B, 

rare earth magnetization M R 
, and transi-

tion metal magnetization M T 
. The exter-

nal magnetic field has been applied in 

two opposite directions ±B, shown by 

the solid blue arrow. The green and red 

arrows represent the rare earth magneti-
zation M R 

and the transition metal mag-
netization M T 

, respectively. (c) and (d) 

Time resolved MOKE data for ±25 T. The 

magnetization dynamics between (−B) 

and (+B) is anisotropic.

FIG. 3. (a) Longitudinal time-resolved MOKE at 15 K, where the external magnetic field is applied at a 20 

○ angle with respect to the sample plane. The external magnetic field 

has been applied in two opposite directions, ±B, shown by the solid blue arrow. The green and red arrows represent the rare earth magnetization M R 
and the transition metal 

magnetization M T 
, respectively. [(b) and (c)] Time resolved MOKE data for 4 and 10 T, respectively. (d) Oscillation frequency vs the magnitude of the magnetic field applied. 

The magnetization dynamics shows oscillations that increase in frequency from 33 to 500 GHz with increasing magnetic fields from 1 to 20 T, respectively. The oscillations 

are phase shifted by 180 

○ between the (−B) and (+B) directions of the external magnetic field. The error in determining the oscillation frequency increases with the magnetic 

field due to small precession cone angles and a limited number of fringes. We estimate the error in determining the frequency of the oscillations at high magnetic fields above 

10 T to be <20 GHz. The precession of the net magnetization (brown arrow) around the effective magnetic field H eff 

(black arrow) is schematically shown in the inset.
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one field direction with one of the sublattices and smaller for the 

opposite field direction with the other sublattice.
We proceed by measuring the magnetization dynamics in the 

longitudinal configuration. We attempt to pull the net magnetiza-
tion out of the sample plane by applying the external magnetic field 

at 20 

○ with respect to the sample plane. The schematic of the sam-
ple, RE and TM magnetization, and the external magnetic fields 

are shown in Fig. 3(a). At lower magnetic fields, starting at 1 T, 

oscillations in the magnetization dynamics start to appear. These 

oscillations are thought to originate from the precession of the net 

magnetization around the effective magnetic field. 

5 Representative 

time-resolved MOKE data for this magnetic field orientation are 

shown in Figs. 3(b) and 3(c) for magnetic fields of 4 and 10 T, 

respectively. The oscillation frequency starts at ∼33 GHz at 1 T and 

reaches ∼250 GHz at 12 T. The observed oscillations persist at higher 

magnetic fields and increase in frequency with increasing magnetic 

fields, reaching ∼500 GHz at 20 T. Finally, we plot the frequency 

of the observed oscillations as a function of the applied magnetic 

field. The data are shown in Fig. 3(d), where the blue circles are fre-
quencies obtained experimentally by fitting the oscillations of the 

time-resolved MOKE data with magnetic fields applied at 20 

○ with 

respect to the sample’s plane.
Upon optical excitation, the magnetic moment is perturbed and 

deflected from its equilibrium direction. The magnetization M expe-
riences a torque and precesses around the effective magnetic field, 

H eff 

, following the Landau–Lifshitz–Gilbert (LLG) equation as given 

by

∂M
∂t
= γM ×Heff −

α
M
(M ×

∂M
∂t
), (1)

where α is the phenomenological damping constant, γ = 2.8 ∗ π ∗ g 

MHz/Oe is the gyromagnetic ratio of the electron, and g is the Lan-
dau splitting factor. 

86 The first term describes the magnetization 

precession, and the second term, also known as Gilbert’s term, leads 

to damping. The precession frequency as a function of the in-plane 

magnetic field can be described by the Kittel equation 

87,88

f =
γ

2π

√

H(H + 4πMs), (2)

where H is the magnetic field and M s 
is magnetization. For polar 

MOKE and arbitrary angles, the general expression for the magnetic 

field dependence of the oscillation frequency has been discussed in 

recent publications. 

89,90 The measured precession frequency is plot-
ted as a function of the magnetic field together with curves fit using 

Eq. (2), approximating a linear relationship of the oscillation fre-
quency with increasing applied magnetic field, and is fit by the black 

line.
Finally, the external magnetic field is applied parallel to the 

sample plane. The schematic of the sample, external magnetic field 

B, rare earth magnetization M R 
, and transition metal magnetiza-

tion M T 

is shown in Fig. 4(a). The external magnetic field has been 

applied in two opposite directions, ±B, and is schematically shown 

by a solid blue arrow. The green and red arrows represent the rare-
earth magnetization M R 

and the transition metal magnetization M T 

, 

respectively. The time-resolved MOKE data are shown in Figs. 4(b) 

and 4(c) for magnetic fields of +10 and −10 T, respectively. At 10 T, a 

highly damped oscillation is observed that experiences an 180 

○ phase 

shift when the magnetic field direction is reversed.

FIG. 4. Longitudinal time-resolved MOKE at 15 K, where the external magnetic 

field is applied parallel to the sample plane. (a) Schematic of the sample, external 

magnetic field B, rare earth magnetization M R 
, and transition metal magnetization 

M T 
. The external magnetic field has been applied in two opposite directions, ±B, 

shown by the solid blue arrow. The green and red arrows represent the rare earth 

magnetization M R 
and the transition metal magnetization M T 

, respectively. [(b) and 

(c)] Time-resolved MOKE data for ±10 T, respectively. The observed magnetiza-
tion dynamics undergoes a 180 

○ phase shift when the magnetic field direction is 

reversed.

IV. CONCLUSIONS
We measured the magnetization dynamics with extremely high 

temporal resolution using a split helix resistive magnet reaching 

magnetic field strengths up to 25 T. The high frequency resolution 

coupled with the high magnetic fields that can achieve magneti-
zation oscillations in the hundreds of gigahertz makes this a very 

valuable experimental tool. The split coil magnet with a sample 

space accessible by optical windows allows for time-resolved opti-
cal measurements with different field orientations with respect to 

the sample. We demonstrate the technique by using time-resolved 

MOKE spectroscopy to measure the spin dynamics of the ferri-
magnet (FeCo) 1−x 

Gd x 
at magnetic fields up to 25 T for differ-

ent magnetic field orientations. Three orientations were used to 

investigate the magnetization dynamics in this system, perpen-
dicular to the sample plane, parallel to the sample plane, and 

20 

○ off the sample plane. The flexibility to measure at different 

magnetic field orientations with respect to the sample makes this

Rev. Sci. Instrum. 97, 083904 (2026); doi: 10.1063/5.0341672 97, 083904-6
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instrumentation development unique. The polar time-resolved 

magneto-optic Kerr effect data show anisotropic dynamics depend-
ing on the alignment of the external magnetic field with the rare 

earth or transition metal magnetization. In time-resolved magneto-
optic Kerr effect measurements with magnetic fields at 20 

○ off the 

sample plane, we obtain oscillations due to the precession of the 

effective magnetization around the external field. As expected in 

this configuration, the oscillation frequency increases linearly with 

the external magnetic field, reaching 500 GHz at 20 T. When the 

magnetic field is applied parallel to the sample plane, the observed 

magnetization dynamics undergoes a 180 

○ phase shift when the 

magnetic field direction is reversed. The high magnetic fields are 

very important for materials with substantial exchange interactions 

such as antiferromagnets, whereas the femtosecond resolution of 

the laser can resolve the much higher resonance frequencies that 

can be achieved. The different magnetic field orientations with 

respect to the thin film alloy lead to very different magnetiza-
tion dynamics, emphasizing the importance of the versatility of the 

present instrumentation. This technique would be used to study 

materials that are important for antiferromagnetic spintronics and 

opto-spintronics.
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