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The recently discovered phenomena of photomagnetic recording using femtosecond laser pulses in

magnetic dielectrics opens up intriguing opportunities for ultrafast least-dissipative magnetic writing. Fun-

damental questions remain, however, about the processes, which limit the repetition rate of such writing.

We report the magnetization dynamics and switching caused by a double-pulse excitation with various

orientations of pump polarization. In particular, we study write and erase sequences, showing that mutual

interference of the effects caused by two laser pulses can occur if the pulses are temporally separated by

less than 60 ps. This imposes the fundamental limit for the repetition rate of writing (20 GHz), but this

could be increased even further by strengthening the photoinduced magnetic anisotropy.

DOI: 10.1103/PhysRevApplied.12.044057

I. INTRODUCTION

The ever increasing demand for faster data processing

fuels substantial efforts to search for ever faster ways to

control matter. The idea to change structural, electronic, or

magnetic properties of media using light has long intrigued

researchers and motivated fundamental studies of photoin-

duced phase transition in magnetism [1], ferroelectricity

[2], and superconductivity [3]. The field of photoinduced

phase transitions became especially appealing after the

development of lasers that can generate sub-100 fs pulses

of light—the fastest stimuli in experimental condensed

matter physics [4]. It was shown that coupling such a pulse

to a specific mode of collective excitation in a medium

represents the way forward to achieving the fastest ever

switching of ferroelectric polarization [5], and even to

induce superconductivity at room temperature [6]. The

recently discovered phenomena of ultrafast photomagnetic

recording in Co-doped yttrium iron garnet (YIG : Co)

shows that femtosecond laser pulses facilitate not only one

of the fastest write-read cycles in magnetic recording, but

also the least dissipative [7]. A substantial breakthrough

in the understanding of ultrafast light-induced magnetic

recording was achieved with the development of fem-

tosecond sources of x-ray radiation [8] and free-electron

lasers [9]. Naturally, these experiments, being appealing

for the future development of information technologies,

raise questions about the fundamental limits of repetition

rates at which light can switch matter between different

stable bit states. Revealing the fundamental interactions

*and@uwb.edu.pl

that limit this repetition rate, as well as aiming to achieve

the highest frequency possible, should be seen as the

next challenge in the field of ultrafast photoinduced phase

transitions.

Although the possibility of controlling magnetism with

light has been known for almost 50 years [10], before the

development of femtosecond laser pulses, it was believed

that photomagnetic recording was a slow process taking at

least 100 ns [1]. Recent discoveries of all-optical magnetic

switching of magnetization with the help of femtosecond

laser pulses open up an alternative route for magnetic

writing with light [11–13]. Using ultrafast laser-induced

heating, one can write magnetic bits on metallic ferri-

magnetic (Gd,Fe)Co alloy within 30 ps [11,14]. It was

further demonstrated that the switching can be repeated

at frequencies up to 1 MHz [15]. While it has been sug-

gested that the fundamental upper limit of this switching

repetition rate should exceed tens of GHz, it is also obvi-

ous that the frequency is practically limited by the time

required for cooling of the laser-excited area. In realistic

magnetic metallic structures, this time is well in excess of

100 ps [16], resulting in the repetition rate being capped

at <10 GHz. In contrast, femtosecond linearly polarized

laser pulses can switch the magnetization in thin gar-

net films between stable states without relying on heat.

Instead, the light changes the magnetic anisotropy of the

medium via selective pumping of d−d electronic transi-

tions in Co ions [17]. This recording is accompanied by

a negligibly small temperature increase (on the order of

1 K), thus promising a dramatic increase in the repeti-

tion rate. Being inspired by this opportunity, our work

aims to reveal the fundamental processes that define the
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upper limit for the repetition rate of such photomagnetic

writing.

In this work, we report about magnetization dynam-

ics and switching caused by double-pulse excitation in

YIG:Co. In particular, we use a sequence of pump pulses

with different polarizations to write, erase, or rewrite mag-

netic bits. By varying the time delay between the consec-

utive pulses, we aim to reveal the minimum separation

time between the pulses that enables reliable switching

between stable bit states. The mutual inference of the

effects caused by two laser pulses is observed if the separa-

tion time between the pulses drops below 60 ps. This find-

ing demonstrates a tremendous increase of the repetition

rate of the magnetic recording events up to 20 GHz. This

is the highest frequency of magnetic recording demon-

strated so far. We show that, in our case, the maximum

repetition rate is defined by the period of the ferromag-

netic resonance in the magnetic medium in combination

with sufficiently large damping. This finding, therefore,

suggests that the upper limit of the repetition rate can be

increased even further by strengthening the photoinduced

magnetic anisotropy. The paper is organized as follows. In

Sec. II, we introduce the experimental details of the sample

studied and the double-pulse excitation scheme of magne-

tization reversal. In Sec. III, we present the experimental

results of coherent magnetization recording in different

scenarios using two laser pump pulses. The conclusions

are in Sec. IV.

II. EXPERIMENTAL DETAILS

The garnet studied here is a single-crystalline 7.5-µm-

thick film grown by liquid phase epitaxy on GGG(001)

substrate [7]. The YIG : Co domain structure in zero mag-

netic field consists of domains with both perpendicular and

in-plane magnetization components [18]. This is due to

an interplay of the dominant cubic magnetocrystalline and

a small growth-induced uniaxial anisotropy yielding four

easy magnetization axes near the body diagonals of the

garnet cubic unit cell (〈111〉 axes). Additionally, using a

film grown on a substrate with a miscut of 4° toward the

[100] axis, it is possible to distinguish domains with dif-

ferent in-plane magnetization in a polarizing microscope

[7,18].

Before starting measurements, the domain pattern in the

sample is initialized by an external magnetic field applied

in-plane along the [1–10] direction for several seconds. It

results in a uniform domain pattern consisting of a large

domain magnetized in a direction close to the [1–11] axis,

filled with small labyrinth-like domains magnetized in a

direction close to the [1-1-1] axis (similarly to Ref. [7]).

These two types of domains are seen with the help of a

magneto-optical microscope in Faraday geometry as white

and black areas. Upon excitation with a single femtosec-

ond laser pulse, an inversion of the magnetic contrast is
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FIG. 1. The geometry of the double-pump experiment. Two

pump laser pulses labeled “A” and “B” with the central wave-

length λ = 1300 nm and controlled polarizations are used to

trigger magnetization precession or switching (a). The separa-

tion time �tAB between the two pump pulses is the experimental

variable. The pump pulses are obtained via splitting the initial

laser pulse in an interferometer. The separation time between

the pumps can be varied by changing the length of one of the

arms. The normalized switched area is calculated as the ratio of

the recorded domain area [the large black domain in Fig. 1(c)]

to the area of the laser spot πd2/4 (spot is shown by dashed

red circle). (b) Magneto-optical difference image between images

obtained after and before the double-pump excitation. The size of

the images is 200 × 200 µm2.

observed showing that the domains are switched, that is,

the magnetization component perpendicular to the sample

plane is reversed [see Fig. 1(a)]. Using light of different lin-

ear polarizations, it is possible to restore the initial contrast

thus erasing the written magnetic domains. The thickness

and the absorption coefficient of the studied garnet film

allow us to claim that magnetic switching of the domains

is uniform along sample depth [7].

Laser pulses with a duration of 50 fs and a repetition

rate of 1 kHz are generated by Ti:Sapphire amplifier. We

employ a combined setup allowing both imaging of micro-

scopic magnetic domains and stroboscopic time-resolved

Faraday rotation measurements (see Fig. 1). An optical

parametric amplifier is used to tune the wavelength of the

pump pulses to 1300 nm, matching an absorption peak of

Co ions [19]. The probe wavelength is kept at 800 nm. The

pump beam is focused to a spot with the full width at half

maximum equal to d = 130 µm. An interferometer is used

to generate a pair of pump pulses labeled as pumps A and

B. Pump B arrives at the sample with a delay �tAB with

respect to pump A and the delay can be controlled with

picosecond resolution by changing the length of one of the

interferometer arms (see Fig. 1). The polarization plane of

the pump pulse is set at an angle φ with respect to the [100]

axis. The polarization plane of the probe beam is along the
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[1–10] axis. The pulse intensities and their polarizations

are adjustable separately. All measurements are performed

without any applied external magnetic field and at room

temperature.

III. COHERENT CONTROL OF

PHOTOMAGNETIC RECORDING

Previous time-resolved studies of laser-induced spin

dynamics showed that the mechanism of photomagnetic

recording in Co-doped iron garnet proceeds via a heavily

damped precession of the magnetization in the field of pho-

toinduced magnetic anisotropy. This finding suggests that

the maximum repetition rate of the photomagnetic record-

ing must be primarily defined by the period of the magnetic

precession. However, the experimental evidence that no

other effect is limiting the repetition rate has so far been

missing. As a matter of fact, the highest frequency mag-

netic recording with light demonstrated so far has been

limited to 1 MHz [15].

The switching mechanism relies on laser excitation of

specific d−d transitions in cobalt ions [17,19–21]. Such

an excitation lifts the degeneracy between otherwise stable

magnetic states and launches heavily damped spin pre-

cession resulting in a deterministic switching to the state

with lower energy. It was shown that the switching dynam-

ics can be described by an exponential function with a

characteristic time of 20 ps [7]. Moreover, these findings

naturally raise questions about mutual interference of the

effects caused by two laser pulses separated by time peri-

ods less than the lifetime of electrons in the excited state

or the spin precession time. To answer this question and

to reveal the characteristic time scale, which limits the

repetition rate in photomagnetic recording, we perform

double-pump experiments.

A. Writing cycle

To reveal interference between the effects of “write”

pulses, we perform experiments when the single pump

pulse intensity is about 25% less than the threshold inten-

sity of the switching. This means that excitation with only

one of the pulses is insufficient to write a domain. The

results of the experiment are shown in Fig. 2. The image

in the top panel of [Fig. 2(a)] shows the result of excitation

with only A (or only B) pulse. The difference image con-

firms that a single pulse excitation does not lead to writing

a magnetic domain. Figure 2(b) shows the result of exci-

tation with two overlapping pulses A and B (�tAB = 0 ps).

The image reveals that such an excitation records a mag-

netic domain. Further separation of the A and B pulses in

time results in a decrease and eventual disappearance of

the recorded domain at �tAB > 47 ps. From the images,

we estimate the switched area. The normalized switched

area as a function of the delay between the pulses is shown

in Fig. 2. It is seen that the effects of the pulses indeed

0 20 40 60 80

0.0

0.2

0.4

0.6

N
o

rm
a

liz
e

d
 s

w
it
c
h

in
g

 a
re

a

t
AB

(ps)

P
u

m
p

 f
lu

e
n

c
e

A
= 0

o

B
= 0

o

t
AB

t = 0 ps
AB

40 ps 47 ps 53 pssingle pump

threshold
switching

(a) (b) (c) (d) (e)

FIG. 2. Photomagnetic “write-write” sequence with two iden-

tical pulses linearly polarized along the [100] (φA = φB = 0°)

crystallographic axis. The fluence is 25% less than the minimum

required for single-pulse switching (see inset). The magneto-

optical difference images (top panel) show the laser-induced

changes of domain structure after excitation with (a) single A

(or B) pulse, (b) fully overlapping A and B pulses (�tAB = 0 ps),

(c)–(e) separated pulses when pulse B arrives after pulse A. The

plot shows the switched area as a function of delay time between

A and B pulses. The solid red line is a fit with cos(2π�tAB/T)

function where T/2 = 62 ± 1 ps. The fitting range is limited to

the range with nonzero values of normalized switching area.

correlate up to 50 ps. For longer delays, �tAB, no switching

is visible (see Fig. 2). In order to minimize the number of fit

parameters, the experimental data are fitted with a periodic

function without damping. The period of such function is

then the direct measure of the correlation time between

the pulses. The data in Fig. 2 suggests that the effective

field of light-induced anisotropy decays within 50 ps after

excitation. Note that this time is shorter than the quarter

period of spin precession in YIG:Co (60 ps). However, if

the lifetime of light-induced anisotropy is longer, it could

become another limiting parameter for the repetition rate

of recording.

To reveal the dynamics in the time interval between

the two pump pulses, we further reduce the intensity of

the pulses such that even two pulses together are not

strong enough to switch the magnetization. This allows

one to run the experiment in a stroboscopic pump-probe

mode with a significant improvement of the signal-to-noise

ratio. Figure 3(a) shows the dynamics of the time-resolved
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magneto-optical Faraday effect triggered by two pump

pulses separated in time by �tAB. One can notice that

for short delays, �tAB, the excitations add up so that

the precession amplitude is amplified. For longer delays,
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FIG. 3. Time-resolved magneto-optical Faraday rotation

induced by two weak “write”-“write” pulses linearly polarized

along [100] axis (φA =φB = 0°) with intensities of 8 mJ/cm2.

Even fully overlapping pump pulses cannot write a domain. (a)

Shows time traces of the magneto-optical signal measured for

different delays between the pump pulses �tAB. The filled red

circles show magnetization dynamics for single pump A pulse.

Pulse B alone triggers the same dynamics. The curves are shifted

vertically without rescaling of the plots. (b) Shows the amplitude

of magnetization precession as a function of �tAB deduced from

data on panel (a). The solid blue line is a fit with cos(2π�tAB/T)

function where T/2 = 91 ± 4 ps. The fitting is limited to the range

where the amplitude of the oscillations triggered by two pulses

exceeds the amplitude of the oscillations triggered by pulse A

alone.

excitation events become mutually independent and the

magnetization dynamics triggered separately by A and

B pulses are very much the same [see Fig. 3(a)]. It is

also directly visible that the oscillations acquire stronger

damping upon increasing the amplitude of the magnetic

precession. In Fig. 3(a), the signals for �tAB = 0, 27, and

80 ps all show highly anharmonic magnetization preces-

sion. Thus, we confirm that the effective damping parame-

ter also observed in stroboscopic experiments can depend

on the amplitude of spin precession and thus on the pump

fluence if the spin precession amplitude becomes large

[22,23].

The signals in Fig. 3(a) show damping of the magnetiza-

tion precession back to the initial state. However, note that

the single pump intensity is 8 mJ/cm2, which is only 25%

of the threshold fluence required for switching. Thus, even

if the two pumps overlap perfectly (�tAB = 0 ps), only 50%

of the threshold fluence can be achieved. This means the

magnetization cannot overcome the potential barrier and

must relax back to the initial state. Figure 3(b) shows the

amplitude of the laser-induced magnetization precession,

defined as the maximum deviation of the magneto-optical

signal from the initial value at a negative time delay. The

amplitude decreases with an increase of the delay time

�tAB and the dependence is very similar to that observed

for the efficiency of switching in the imaging experiments

(see Fig. 2).

As the measurements are performed without any applied

magnetic field, the observed oscillations, if any, must

be assigned to spin resonance in the field of magnetic

anisotropy. Performing the measurements with a lower

intensity than in the case of imaging, one induces a weaker

magnetic anisotropy and thus the period of spin preces-

sion increases. Moreover, as observed above, the value

of damping decreases with a decrease of the precession

amplitude. In this case, the effective damping is close to the

value obtained from ferromagnetic resonance (αFMR = 0.2)

[24]. In Fig. 3(a), for the high-amplitude precession regime

when �tAB < 100 ps, the damping value is approaching

α = 0.3 [17]. As a result of these both effects, in the case of

a stroboscopic experiment with less intense pump pulses,

the interference between effects of the pulses is observed

for longer separation times, �tAB, that is, up to 80 ps

[Fig. 3(b)]. Figure 3 shows that the amplitude of spin pre-

cession triggered by two pump pulses increases when the

pulses are separated by less than the quarter period of spin

precession [7]. From data shown in Figs. 2 and 3, we con-

clude that in order to exclude mutual interference between

two write pulses, one has to separate them for longer than

a quarter of the period of ferromagnetic resonance.

B. Write-erase sequence

Here, we examine a write-erase sequence triggered by

two orthogonally polarized pump pulses as shown in
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FIG. 4. The effect of a write-erase sequence. Top panel –

magneto-optical difference images obtained after pumping with

two pulses at different times of pump-pulses separation. The

write-pulse A is linearly polarized along the [100] crystallo-

graphic axis (φ = 0°). The erase pulse B is linearly polarized

along the [010] axis (φB = 90°). The graph shows the efficiency

of switching as a function of separation between two pump

pulses. The solid red line is a fit using cos(2π�tAB/T) func-

tion where T/2 = 18 ± 5 ps. Fitting is limited to the range with

nonzero values of normalized switching area.

Fig. 4. The first pump A launches a write process. The

second B pulse steers the magnetization back to the initial

state. The top panel in Fig. 4 shows magneto-optical differ-

ence images of the domains after A-B pumps as a function

of delay between pump pulses �tAB.

In the case of YIG:Co film with the nonzero miscut

angle, the orthogonal polarizations along [100] and [010]

directions have slightly different efficiencies of the mag-

netization switching. From Ref. [24], it is seen that pump

with the polarization along the [110] axis that can be seen

as a superposition of two pulses orthogonally polarized

along the [100] and the [010] axes, triggers magnetiza-

tion precession. The images show a perfect erasure already

at the delay �tAB = 20 ps. Results of stroboscopic pump-

probe measurements using the two orthogonal pump pulses

are shown in Fig. 5(a). In order to emphasize the effects of

mutual interference and compare the result with Fig. 4, we

plot the difference between the amplitudes of the oscilla-

tions triggered by both pulses and by pulse A alone. The

dependence of the difference on �tAB is shown in Fig. 5(b)

and reveals that the difference vanishes at a delay of about

30 ps. This time delay is close to the minimum separa-

tion time required as deduced from Fig. 4. In order to
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FIG. 5. Time-resolved magneto-optical Faraday rotation

induced by two weak “write-erase” pulses. The write pulse is

linearly polarized along the [100] (φA = 0°) axis, while the erase

pulse is polarized along the [010] (φB = 90°). The pulse intensi-

ties are 8 mJ/cm2, that is, at the level of 25% of the minimum

fluence required for the switching. (a) Shows time traces of the

magneto-optical signal measured at different delays between the

pump pulses �tAB. The filled red circles show magnetization

dynamics for single pump pulse A. Pulse B alone triggers the

same dynamics. The curves are shifted vertically without rescal-

ing of the plots. (b) Shows the difference between the amplitudes

of the oscillations triggered by the double-pulse excitation and

pulse A only. The solid blue line is a fit using cos(2π�tAB/T)

function where T/2 = 35 ± 3 ps.

compare the results of imaging and stroboscopic measure-

ments shown in Figs. 4 and 5, one should note that the

period of spin precession in the field of photoinduced mag-

netic anisotropy does depend on the intensity of the pump

[24]. Higher pump fluences used in imaging experiments

imply faster spin precession compared to the experiment
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with stroboscopic measurements. Therefore, from Figs. 4

and 5, we also conclude that in order to exclude mutual

interference between write and erase pulses, one has to

separate them for longer than a quarter of the period of

ferromagnetic resonance.

C. Rewriting cycle

To further explore the dynamics of photomagnetic

switching, we perform ultrafast write-erase-rewrite exper-

iments using orthogonally polarized laser pulses. This

experiment allows one to determine the minimum delay

time between erasure and rewrite events for which a

rewriting is still possible. The diagram in Fig. 6(a) shows

the experimental steps. The initial pump “0” is linearly

polarized along the [100] axis (φA = 0°). It prepares a

switched domain. The pump “0” is prereleased from the

interferometer with one of the arms blocked. Afterward,
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FIG. 6. The effect of write-erase-write sequence. (a) Magneto-

optical difference images obtained after pumping with three

pulses. After a domain is written by “0” pump, the medium is

excited by a sequence of erase-write (A-B) pulses. The experi-

ments are performed for a different time of separation between A

and B pulses �tAB. The “0” pump write pulse is linearly polarized

along the [100] crystallographic axis (φ0 = 0°). The erase-pulse

A is linearly polarized along the [010] axis (φB = 90°). The write

pulse B is linearly polarized along the [100] axis. (b) Efficiency

of switching as a function of separation between pump pulses’

separation. The dashed red line is a guide to the eye. The inset

(b) shows the trajectory of magnetization switching calculated

using the model from Ref. [17].

both arms are opened and two pump pulses A and B are pre-

pared with the help of the interferometer. Pump A is now

an erase pulse. It is linearly polarized along the [010] axis

(φB = 90°). Pump B is the writing pulse and it is linearly

polarized along the [100] axis. Such a sequence mim-

ics erasure and rewriting of a previously written domain

(write-erase-rewrite cycle).

Figure 6(a) shows the idea of the experiment and how

the domain pattern is expected to change after each pulse

provided there is no interference between the effects of the

pulses. By analyzing these images for different separation

times �tAB, one can extract the dependence of the effi-

ciency of rewriting. We define this efficiency as the ratio

of the size of the domain by pump B to the size of the

domain written by pump “0.” The efficiency as a func-

tion of �tAB is shown in Fig. 6(b). The figure reveals that

rewriting is possible only for �tAB > 20 ps. The efficiency

increases up to 100% upon increasing �tAB from 20 to

60 ps. We would like to mention that the erase-rewrite pro-

cess can be cycled multiple times. It is achieved simply by

keeping the interferometer open and continuously feeding

it with a 1-kHz sequence of pulses from the laser. From

each laser pulse, that is, every ms, the interferometer pro-

duces a pair of A and B pump pulses. Even after 20 000

cycles, the domain is still rewritten with the exact same

shape and size. Figure 6(b) implies that the minimum time

between write, erase, rewrite events is equal to 60 ps. It

corresponds to the maximum repetition rate of 20 GHz,

which is the highest frequency demonstrated in magnetic

recording until now.

IV. CONCLUSIONS

Using linearly polarized single femtosecond laser pulses

and transparent dielectric YIG : Co garnet, we demonstrate

a proof-of-concept of high-frequency magnetic recording.

It is shown that pulses separated by 60 ps can write and

rewrite magnetic bits, avoiding the effects of mutual influ-

ence. These results underline the importance of the period

of spin precession and demonstrate the feasibility of coher-

ent control in the photomagnetic recording. Taking 60 ps as

the minimum separation time between writing pulses, one

concludes that the photomagnetic can operate at frequen-

cies up to 20 GHz. The case considered here shows that

the highest frequency of writing is practically defined by

the frequency of spin resonance. Therefore, finding elec-

tronic or phononic excitations, as well as alternative media

with even stronger effects of light on magnetic anisotropy,

can pave the way to ultrafast, least-dissipative magnetic

recording at unprecedentedly high frequencies far beyond

the state of the art.
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