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Ultrafast magnetization dynamics of a rare-earth Bi-doped garnet were studied using an optical

pump–probe technique via the inverse Faraday effect. We observed a wide range of frequency

modes of the magnetization precession, covering two orders of magnitude. The excitation

efficiency of low-frequency precessions in the GHz range, together with a significant beating

effect, strongly depended on the amplitude of the external magnetic field. On the contrary,

high-frequency precession was independent of the external magnetic field. The obtained results

may be exploited in the development of wide class of microwave and magneto-optical devices.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826248]

Recent research has revealed the fascinating role of

electron-spin-based phenomena in spintronic and magnonic

devices operating in a wide frequency range. Optical non-

contact methods offer special ways of studying local spin-

density effects with high spatial and temporal resolution. On

the other hand, switching of the magnetization in magnetic

materials with the help of femtosecond laser pulses is of great

interest for magnetic information storage/processing. The

switching speed has been extended to the picosecond time-

scale, as has been demonstrated in a GdFeCo alloy.1 In such

multisublattice materials, the switching is a result of a demag-

netization process due to an exchange interaction using a cir-

cularly polarized laser pulse. Non-thermal optical coherent

control and magnetization switching have been observed in

ferrimagnetic garnet systems via photomagnetism2,3 and the

inverse Faraday effect (IFE).4 Spatially shaped control of

spin wave propagation by light pulses via the IFE has also

been reported in rare-earth Bi-doped iron garnet (BIG).5

Recently, spin-wave excitations and spin-current effects in

garnet-based structures have been demonstrated.6,7 Garnet

films are used in magnonic crystals,8 where both the Gilbert

damping parameter and the precession frequency of spin

waves are determined by magnetic dipole interactions. High-

quality garnet films offer the opportunity of constructing

devices with large functional properties. Technology for fab-

ricating garnet at thicknesses from micro- to nano-scales can

provide an extremely wide variety of compositions. By using

rare-earth ion substitution at dodecahedral sites in the garnet

matrix, it is possible to vary the refractive index, the Faraday

rotation, optical absorption, magnetic properties, and so

on.9,10 Generally, garnets are perfect materials for a broad

class of magneto-optical devices, including components for

optical communication in the near-infrared (NIR) wavelength

region, high-frequency switchers, and microwave filters.11–13

In this Letter, we report the findings from our study of a

rare-earth BIG single crystal with a giant Faraday rotation of

up to 40�. We observed non-thermal magnetization dynamic

excitation using circularly polarized femtosecond pulses via

the IFE. We measured the amplitude and precession fre-

quency as functions of the external magnetic field and the

polarization of pump light. We observed magnetization pre-

cession with distinct frequencies in the form of a field-

independent high-frequency mode at about 410 GHz and

a field-dependent low-frequency mode in the range of

2–12 GHz. For the low-frequency range, we observed a beat-

ing process, which was the result of exciting spatially distrib-

uted magnetostatic spin waves. We have clarified the origin

of the beating observed in the experiment by comparing with

the numerical calculations.

In our experiments, we used a Gd4/3Yb2/3BiFe5O12 sin-

gle crystal, grown by a liquid phase epitaxial method, with

(111) plane orientation and a thickness of 380 lm. At room

temperature, the saturation magnetization, MS, was 90 G, the

magnetic anisotropy constant, HU, was 620 Oe, and the Curie

temperature, TC, was 573 K. Gilbert damping, a, of 0.02 has

been measured in a similar material using ferromagnetic

(FM) resonance.5

To observe the ultrafast spin dynamics of the sample

under femtosecond laser pulse excitation, we carried out

time-resolved measurements in a transmission geometry at

room temperature using a magneto-optical pump–probe

method. Pump pulses with a duration of about 100 fs from a

Ti:sapphire laser system with an amplifier and optical para-

metric oscillator (Spectra-Physics) at a 500 Hz repetition rate

and a wavelength of 1400 nm were directed at an angle of

incidence of about 10� from the sample normal, while probe

pulses with a wavelength of 800 nm were incident perpendic-

ular to the sample. The pump beam was focused to a spot

of about 100 lm in diameter, giving a fluence of about

45 mJ/cm2. The probe beam spot size was about two times

smaller. The probe to pump intensity ratio was about 1:100.

The delay time Dt between the pump and the probe pulses

could be adjusted to up to 2 ns (Fig. 1). The polarization

of the pump light was tuned in a wide range by using a

Berek compensator. A magnetic field, Hk, generated by an
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electromagnet, was applied parallel to the sample plane. The

maximum amplitude of the magnetic field was 4.35 kOe. We

measured the perpendicular component of the magnetization,

mz, representing the Faraday rotation angle, hF, of the probe

pulses, as a function of the delay time, Dt. We also studied

the magnetization reversal process in a static regime at room

temperature in a transmission geometry by using the Faraday

effect in a wavelength range of 750–850 nm and external

magnetic field, H?, perpendicular to the sample surface. To

detect the Faraday rotation hF (see inset in Fig. 2), we used a

lock-in amplifier with a standard modulation technique.

Generally, the Faraday rotation in rare-earth garnets

with Bi impurities has a strong dependence on the NIR

wavelength. Usually, enhanced Faraday rotation is accompa-

nied by a large absorption.10 In particular, giant Faraday

rotation is caused by an increase of the spin-orbit splitting in

the excited states due to the formation of hybrid molecular

orbits between the 3d orbital in Fe3þ and the 2p orbital in

O2�, mixed with the 6p orbital in Bi3þ, which has a large

spin-orbit interaction parameter.14 We measured the Faraday

rotation in a static regime near the 800 nm transmittance

peak (inset in Fig. 2) typical of rare-earth garnets, caused by

the 4f-5s electron transition.15 Figure 2 shows hysteresis

loops observed in the sample at wavelengths of 780 nm and

800 nm. The sample exhibited magnetization reversal with-

out coercivity and had a giant Faraday rotation of up to 40�

when saturated in the perpendicular direction with H? of

about 1 kOe. The shape of the loops was dependent on the

wavelength, confirming the different and opposite contribu-

tions to the magnetic signal from the rare earth and iron sub-

lattices at temperatures above the compensation point.10 The

reason for the sign inversion of the Faraday rotation is

reorientation of sublattices magnetization, respectively, to

direction of external magnetic field.16

Multisublattice systems with rare earth and transition

metals are very promising for ultrafast magnetization switch-

ing on picosecond timescales17 and spin wave excitation

with pulsed light irradiation.5 Generally, the magnetism in

the rare earth element originates from 4f localized electrons,

in contrast to Fe, where the magnetic properties occur due to

the 3d delocalized conduction electrons. The rare earth ion

sublattice is polarized by the Fe sublattice and becomes mag-

netically oriented antiparallel due to an exchange interaction.

We measured the ultrafast dynamics of magnetization in the

rare-earth BIG crystal as functions of the polarization of the

pump light and the external in-plane magnetic field, Hk.
Figure 3 shows the magnetization precession (Faraday rota-

tion angle hF) for left-handed, rþ and right-handed, r�, cir-

cularly polarized laser pulses with Hk¼ 1.2 kOe. The

maximum rotation angle was high, at about 4�. We observed

two scales of the delay time, Dt, where the behavior differed,

one at up to 30 ps and a much longer one in the 0.1–1.6 ns

range. The dependence of the long-delay oscillation ampli-

tude as a function of the pump polarization is shown in the

inset in Fig. 3. For linear polarization of the pump light, the

magnetization precession vanished. However, magnetization

precessions with opposite phases were triggered by rþ and

r� polarizations, as a non-thermal characteristic of the ultra-

fast dynamics. This is consistent with an optically induced

effective magnetic field along the perpendicular direction to

the sample plane during femtosecond laser pulse excitation

in a garnet via the inverse Faraday effect.4 The magnetiza-

tion vector in this case precesses around the effective mag-

netic field as a result of the action of different contributions:

FIG. 1. Schematic illustration of the sample and experimental setup.

FIG. 2. Hysteresis loops measured as Faraday rotation for different wave-

lengths. Insets show the Faraday geometry and the transmittance dependence

near a wavelength of 800 nm.

FIG. 3. Time-resolved Faraday rotation in different time scales for circular

and linear polarizations of the pump laser pulses. Inset shows polarization

dependence of magnetization precession amplitude.
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the external in-plane magnetic field, the photoinduced effec-

tive field, and the magnetic anisotropy field.

At the initial Dt, a Faraday rotation transient represent-

ing precessional motion of the magnetization vector with a

frequency of about 410 GHz was observed. We observed

clear opposite phase precession of the high-frequency mode.

Fig. 4(a) shows precession dependencies for different mag-

netic field amplitudes. During about 60 ps, we observed

simultaneous relaxation of the high-frequency precession

and excitation of the low-frequency precession of the mag-

netization. This dynamic behavior within a short time scale

may be the result of exchange resonance18 between magnetic

ions in the garnet sublattices. These results confirm that a

high-frequency precession at 410 GHz is practically, inde-

pendent of the external magnetic field (see inset in Fig. 4(a)),

with pump light in a wide spectral range of 800–1600 nm.

Similar results have been observed in LuIG films with an

exchange resonance mode at about 650 GHz at room temper-

ature.19 Generally, the exchange resonance frequency can be

tuned by modifying the impurity concentration, exchange

constants, magnetization, etc. In the rare-earth BIG sample

at room temperature, the exchange field between the Fe and

rare-earth sublattices is much weaker than that between the

octahedral and tetrahedral iron sublattices. In the case of the

magnetic rare-earth impurity in our garnet crystal, the mag-

nitude of the saturation magnetization is determined by the

tetrahedral (Md), octahedral (Ma), and dodecahedral (Mc)

sublattices10 and is given by MS¼Md�Ma�Mc. In our case,

the exchange resonance frequency can be determined mainly

by a magnetization that is less than that in pure garnet or

LuIG. Thus, we obtained a smaller value of the exchange fre-

quency compared with that in LuIG.19 In addition, Figure

4(a) shows that, for Hk¼ 4.2 kOe, the low-frequency mode

precession was modulated by a higher-frequency oscillation.

The next part of this paper is focused on analysis of the

low-frequency precession mode. We performed a Fast

Fourier transform (FFT) to obtain the power spectrum and

confirmed the presence of different oscillation frequencies

(see inset in Fig. 4(d)). In our sample, with low Gilbert

damping, the excitation of propagating spin waves led to a

magnetic field-dependent frequency of the precession dy-

namics (see Fig. 4(d)). This appears as additional peaks in

the frequency spectrum of the dynamics.20 Spin wave excita-

tion in a 380 lm-thick garnet crystal can induce a spatial dis-

tribution of the magnetization orientation within the spot of

the probe beam, thus, leading to a mixed precession with

broadened frequencies, and exhibiting a damping-beating

precession process. Such a beating mode has been observed

in LuIG films.21 In our sample, two clear modes with fre-

quencies f1 and f2 appeared at Hk¼ 4.2 kOe (see inset in Fig.

4(d)). The lower and higher frequency components f1 and f2
come from the backward volume magnetostatic waves

(BVMSWs) with wavevectors k parallel and perpendicular

to the external magnetic field Hk, respectively. Figure 4(b)

shows the frequency dispersions f(k) with the lowest order of

BVMSWs for Hk¼ 4.2 kOe. Note that the BVMSW can

exist even with k perpendicular to Hk in the presence of the

out-of-plane magnetic anisotropy.22 Thus, in the case of our

sample, the spin dynamics can be described as Faraday rota-

tion transients using the following damped harmonic

function:5

hFðDtÞ ¼ A

ð
d~khð~kÞsinð~k �~r � 2pf ð~kÞDtÞexpð�2apf ð~kÞDtÞ;

(1)

where A is the amplitude and h(k) is the Fourier transform of

the spatial intensity distribution of the pump spot. The results

of numerical calculations using Eq. (1) were in good agree-

ment with the experimental points and FFT spectrum (see

Fig. 4(d)). Figure 4(c) plots both frequencies f1 and f2
obtained from the experimental data for different values of

Hk. The solid line in this figure was determined by the FM

mode using the Kittel formula with HU¼ 620 Oe and

MS¼ 90 Gs. The measured frequencies f1 and f2 were lower

than the FM mode frequencies, which is consistent with

FIG. 4. Time-resolved Faraday rotation as a function of the delay time, Dt,
for different amplitudes of Hk in two time scales: (a) up to 60 ps and (d) up

to 2 ns. Frequency as a function of magnetic field amplitude, Hk, for (inset

in (a)) high-frequency and (c) low-frequency modes. The dispersion

curves for Hk¼ 4.2 kOe (b). The red solid lines in Fig. 4(d) and the FFT

spectrum in the inset are the results of numerical calculation using Eq. (1)

for Hk¼ 4.2 kOe.
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Fig. 4(b). We have previously confirmed BVMSW excitation

in a garnet sample with a thickness of 110 lm.5 Thus, in our

sample, we observed different types of spin precession with

different frequencies: (i) high-frequency precession at about

410 GHz, in the form of an exchange resonance mode, (ii) a

frequency-modulated signal in the range Dt< 100 ps with

high- and low-frequency modes, and (iii) mainly two

low-frequency field-dependent precessions in the 2–12 GHz

range due to a beating process as a result of contributions

from the two BVMSW modes.

In summary, we investigated non-thermal optically

excited spin precession via the IFE in a rare-earth BIG single

crystal with a large Faraday rotation. We observed that dif-

ferent frequency modes of the spin precession in the GHz

and sub-THz ranges strongly depended on the polarization of

the pump laser pulses. The high-frequency mode with the

field-independent precession could be related to an exchange

resonance mode between magnetic sublattices in the sample.

Under an external in-plane magnetic field, we observed mag-

netization precession with low-frequency modes as a super-

position of spatially distributed spin waves. We observed a

beating process resulting from the summation of two low-

frequency contributions, which have recently been found to

be related to observed BVMSW modes in similar materials.

The experimental results and numerical calculations were in

good agreement. In addition, these modes were modulated

by a high-frequency mode that was observed with a delay

time up to about 50 ps.

A wide frequency range of spin precession and large

spatial propagation variations may be useful for wavenum-

ber, magnetic resonance, and dispersion control, not to men-

tion offering options for tuning the ultrafast dynamic

response with a giant Faraday rotation. The results of our

investigations demonstrate the importance of developing

microwave and magneto-optical isolators for a wide class of

physical phenomena in photonics, spintronics, and mag-

nonics, and will be particularly important in enabling such

materials to be incorporated directly with metal or semicon-

ductor systems for evaluating opto-magnonic technologies.
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