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How does this happen dynamically?
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Assume provisionally: 
(1) M changes “arbitrarily” fast, spatially uniform 
(2) dM change in a volume dV → local torque 
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How does this happen dynamically?

~f = r · �M

⇒ force density non-zero only at surfaces!!

Assume provisionally: 
(1) M changes “arbitrarily” fast, spatially uniform 
(2) dM change in a volume dV → local torque 
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Transverse displacement wave
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Assume provisionally: 
(1) M changes “arbitrarily” fast, spatially uniform 
(2) dM change in a volume dV → local torque 
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Einstein–de Haas effect in a NiFe film deposited on a microcantilever
T. M. Wallis,a! J. Moreland, and P. Kabos
National Institute of Standards and Technology, Boulder, Colorado 80305

!Received 31 May 2006; accepted 27 July 2006; published online 18 September 2006"

A method is presented for determining the magnetomechanical ratio g! in a thin ferromagnetic film
deposited on a microcantilever via measurement of the Einstein–de Haas effect. An alternating
magnetic field applied in the plane of the cantilever and perpendicular to its length induces bending
oscillations of the cantilever that are measured with a fiber optic interferometer. Measurement of g!
provides complementary information about the g factor in ferromagnetic films that is not directly
available from other characterization techniques. For a 50 nm Ni80Fe20 film deposited on a silicon
nitride cantilever, g! is measured to be 1.83±0.10.
#DOI: 10.1063/1.2355445$

An understanding of magnetization dynamics is neces-
sary for the development and optimization of materials for
spin electronics and magnetic data storage. Several tools that
operate in the microwave regime, such as pulsed inductive
microwave magnetometry1 !PIMM", have been developed
for quantitative characterization of magnetization dynamics
in thin films. Frequency data from PIMM !Refs. 2 and 3" and
other resonant techniques4,5 are fit to the Kittel equation6

with the g factor and components of the effective field as
fitting parameters. It is highly desirable to find an indepen-
dent method for determining the g factor. Ideally, such an
independent method will not involve microwave radiation, as
nonresonant interactions of microwaves with the system may
distort results, particularly in multilayers. This letter de-
scribes a method for indirectly measuring the g factor by first
obtaining the magnetomechanical ratio g! from gyromag-
netic experiments.

Gyromagnetic effects in macroscopic bodies were ob-
served in the early decades of the previous century7 and fall
into two categories: the Barnett effect8 !magnetization in-
duced by rotation" and the Einstein–de Haas effect9 !rotation
induced by change in magnetization". More recently, phe-
nomena reminiscent of the Einstein–de Haas effect have
been observed in Bose-Einstein condensates10 and the
Einstein–de Haas effect has been suggested as the mecha-
nism for induced rotation of soft magnetic amorphous
wires.11 In the original experiment by Einstein and de Haas,
the rotation of a macroscopic iron cylinder suspended by a
glass wire was induced by applying an alternating magnetic
field along the central axis of the cylinder.9 Here, we present
a method for measuring the Einstein–de Haas effect in a
microscale system: a 50 nm NiFe film deposited on a micro-
cantilever. In describing gyromagnetic effects, the magneto-
mechanical ratio g! is defined as

g! =
2me

e

!

Jtot
, !1"

where me is the electron rest mass, e is the electron charge, !
is the magnetic moment, and Jtot is the total angular momen-
tum. Note that Eq. !1" differs from the definition of the g
factor associated with ferromagnetic resonance in that the
term Jtot in Eq. !1" includes contributions from both the spin

and orbital angular momenta while the analogous angular
momentum term in the definition of the g factor includes
only the spin angular momentum.12 It can be shown that

2 − g! = g − 2, !2"

if only the first order effect of the spin-orbit interaction is
considered.12,13 Even when Eq. !2" does not strictly hold,
determination of g! provides complementary information
about magnetization dynamics in the film.

The definition of the magnetomechanical ratio reflects
the fact that changes in magnetic moment ! are accompanied
by changes in angular momentum Jtot. In order to conserve
angular momentum, changes in Jtot are compensated by
changes in the angular momentum of the macroscopic mag-
netized body. Here, the in-plane magnetic moment of a NiFe
film deposited on a microcantilever is driven by an alternat-
ing magnetic field that is in the plane of the film and perpen-
dicular to the length of the microcantilever. The resulting
torque bends the cantilever and has a maximum magnitude
of

T0 =
2me"

eg!
#! , !3"

where " is the driving frequency of the alternating magnetic
field and #! is the change in the magnetic moment of the
film.

Following Ref. 14, the torque in Eq. !3" acting along the
entire length of the cantilever beam is modeled as a forced,
damped harmonic oscillator, with an equivalent force acting
on an effective point mass at the free end of the rectangular
cantilever beam. The amplitude z0 of the resulting cantilever
deflection is

z0 =
F0/mmod"

%!"0
2 − "2"2/"2 + "0

2/Q2
, !4"

where

F0 =
4me

lceg!
#!" , !5"

mmod is the modal mass of the beam, "0=2$f0 is the reso-
nant frequency of the beam, Q is the quality factor, and lc
is the length of the cantilever. For a rectangular beam can-
tilever, the modal mass is 0.24 times the mass of the canti-a"Electronic mail: mwallis@boulder.nist.gov
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Dynamics of the Einstein–de Haas effect: Application to a magnetic cantilever

Reem Jaafar, E. M. Chudnovsky, and D. A. Garanin
Department of Physics, Lehman College, City University of New York, 250 Bedford Park Boulevard West,
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The local time-dependent theory of Einstein–de Haas effect is developed. We begin with microscopic
interactions and derive dynamical equations that couple elastic deformations with internal twists due to spins.
The theory is applied to the description of the motion of a magnetic cantilever caused by the oscillation of the
domain wall. Theoretical results are compared with a recent experiment on the Einstein–de Haas effect in a
microcantilever.

DOI: 10.1103/PhysRevB.79.104410 PACS number!s": 75.80.!q, 72.55.!s, 07.55.Jg

I. INTRODUCTION

The Einstein–de Haas effect1 consists of the mechanical
rotation of a freely suspended body, caused by the change in
its magnetic moment. The latter can be induced by, e.g., the
applied magnetic field or by rapid warming. The Einstein–de
Haas effect is a direct consequence of the conservation of the
total angular momentum !spin+orbital". Consider, e.g., a
solid made of N atoms of magnetic moment M="JJ, where
J=S+L is the operator of the total angular momentum of the
atom !that includes spin S and orbital moment L" and "J
=gJe /2mc is the gyromagnetic ratio for J, where e#0 is the
charge of electron and gJ=1+ #2J!J+1"$−1#J!J+1"+S!S+1"
−L!L+1"$ is the Lande factor. The total angular momentum
of the magnet suspended from a string is a sum of N%J& and
the mechanical orbital moment L due to the rotation of the
solid. If, for example, the solid, initially nonmagnetized and
at rest, develops a macroscopic magnetic moment M
=N%M&="JN%J&, then the conservation law requires that
N%J&+L=0. This gives L=−M /"J, that is, the solid begins
to rotate on being magnetized.

Experiments on the Einstein–de Haas effect and the re-
lated Barnett effect2 !generation of the magnetic moment by
mechanical rotation", performed at the dawn of quantum
physics, provided first measurements of the gyromagnetic
ratio for various materials.3 Even today the Einstein–de Haas
method can still provide a more accurate value of gJ as com-
pared to electron-spin resonance and ferromagnetic reso-
nance methods that require precise knowledge of the effec-
tive magnetic field inside the sample.4 Nevertheless
fundamental questions about the Einstein–de Haas effect re-
main unanswered. In particular, the global conservation of
the angular momentum does not explain how the angular
momentum is actually transferred from individual atoms to
the whole body. This question is clearly related to the mag-
netic relaxation and decoherence at the atomic level. The
latter determines the width of para- and ferromagnetic reso-
nances, as well as functionality of spin-based qubits. Ad-
vances in manufacturing and measuring of nanomechanical
devices promise to revive interest in the local dynamics of
the Einstein–de Haas effect.

Our interest in this problem has been ignited by a recent
experiment performed at the National Institute of Standards
and Technology !NIST" laboratory in Boulder, Colorado.5 In

that experiment a 50 nm Permalloy film was deposited onto
a 200$20$0.6 %m3 cantilever. The cantilever was placed
inside a coil that generated an ac magnetic field. Oscillation
of the cantilever was measured by a fiber-optic interferom-
eter positioned above the tip of the cantilever. When the
frequency of the ac field matched the resonance frequency of
the cantilever the amplitude of the oscillations was about 3
nm. The data were analyzed within a model that replaced the
mechanical torque due to change in the magnetization with
the effect of the periodic force acting on the fictitious point
mass at the free end of the cantilever. Such an approxima-
tion, while catching some features of the phenomenon, is
clearly insufficient for the study of the microscopic dynamics
of the Einstein–de Haas effect.

In this paper we will develop the theoretical framework
for the description of the dynamics of the Einstein–de Haas
effect that we will apply to the problem of the magnetic
cantilever. To make this problem more transparent we shall
assume !as is the case for many magnetic solids" that the
magnetism is of spin origin and can be described either by
individual spins Si, localized at the atomic sites i, or by a
continuous spin field S!r , t". !Generalization to magnetism of
spin and/or orbital origin can be obtained through a straight-
forward redefinition of the constants." We shall derive gen-
eral equations describing the transfer of the spin angular mo-
mentum to the mechanical angular momentum of the body.
In the NIST experiment the length of the cantilever was large
compared to the thickness of the domain wall. Consequently,
the effect of the ac magnetic field was likely to change the
magnetization of the Permalloy film through the motion of
the domain wall separating two magnetic domains inside the
film. We shall pay special attention to this case. The cantile-
ver problem will be solved by adding the internal torque due
to the motion of the domain wall to the equations of the
elastic theory describing the motion of the cantilever. The
obtained dynamics of the cantilever is rather rich and it al-
lows a detailed comparison between theory and experiment.

The general theory of spin-rotation coupling will be stud-
ied in Sec. II. Equations of the elastic theory with internal
twists due to the dynamics of spins will be derived in Sec.
III. Mechanical motion of the magnetic cantilever will be
studied in Sec. IV. Suggestions for experiments will be given
in Sec. V.
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lever, which we calculate from the nominal dimensions and
density of the cantilever.14,15

Figure 1 shows a schematic of the measurement of the
Einstein–de Haas effect in a NiFe film deposited on a micro-
cantilever. Helmholtz coils were driven by a signal generator
to produce the alternating magnetic field. A variable capaci-
tor !"0.01 !F# was placed in series with the coils in order to
produce a tank circuit with a tunable resonant frequency near
the mechanical resonance of the cantilever !10–20 kHz#. In
order to maintain constant magnetic field amplitude during
swept-frequency measurements, the magnetic field amplitude
as a function of the frequency and amplitude of the current in
the driving coil were calibrated with a pickup coil at the
cantilever position. A 50 nm film of Ni80Fe20 was deposited
onto a 200 !m"20 !m"600 nm commercial silicon ni-
tride cantilever. The cantilever was positioned such that the
tip was at the center axis of the coils. The deflection of the
cantilever was measured by the use of a fiber optic interfer-
ometer with the end of the fiber positioned tens of microme-
ters above the tip of the cantilever. The output of the signal
photodetector in the interferometer served as the input to a
lock-in amplifier while the signal from the generator that
drove the alternating field served as the reference for the
lock-in detection. To reduce mechanical noise, the apparatus
was mounted on an active vibration isolation stage. The tem-
perature of the fiber chuck was regulated with a feedback
loop in order to prevent drift of the fiber position due to
thermal expansion of the chuck. To maximize sensitivity,
the setpoint of the thermal feedback loop was chosen to co-
incide with the steepest portion of an interference fringe. All
measurements were carried out under ambient pressure and
temperature.

In order to determine #!, the NiFe film was character-
ized by the use of an alternating gradient magnetometer

!AGM# as shown in Fig. 2. The coercive field !about
2.5 kA/m# is not unusual for NiFe films of this size and
shape deposited on cantilevers and reflects the shape aniso-
tropy in the film. The linear fit to the region between −800
and 800 A/m shown in Fig. 2 corresponds to a susceptibility
of 4.57"10−13 m3. #! was determined by multiplying the
susceptibility times the amplitude of the alternating magnetic
field which is known from the pickup coil calibration. In this
calculation, the initial ac susceptibility !up to 20 kHz# is ap-
proximated by the susceptibility measured with the AGM.
Note that during the experiments, the magnetic moment of
the film was not driven over the full hysteresis loop shown in
Fig. 2, but rather over minor loops corresponding to alternat-
ing field amplitudes between 125 and 450 A/m.

Measurements of the root mean square !rms# cantilever
deflection amplitude as a function of field frequency are
shown in Fig. 3. The data were fit to Eq. !4#, giving
f0=13 180 Hz, Q=24, and g !=1.82. Note that when a per-
manent magnet was used to saturate the in-plane magnetiza-

FIG. 1. !a# Apparatus for measurement of the Einstein–de Haas effect in a
ferromagnetic film deposited on a microcantilever. !b# Side view of cantile-
ver. The alternating magnetic field !Hac# goes in and out of the page, as
drawn. The resulting bending motion is indicated by black arrows.

FIG. 2. Alternating gradient magnetometry of the film is shown. Black
points correspond to the increasing field and gray points to the decreasing
field. The dashed line is a linear fit to the region between −800 and
800 A/m and has a slope of !4.57±0.21#"10−13 m3. Here, the linear fit is
done on the curve corresponding to decreasing field; a linear fit to the
increasing field !not shown# gives a consistent value of the slope.

FIG. 3. Root mean square !rms# cantilever deflection is shown as a function
of the frequency of the applied magnetic field $gray “plus” signs are mea-
sured data; solid black line is a fit of Eq. !4#%. The amplitude of the applied
magnetic field !H# is 367 A/m, resulting in a change in magnetic moment of
the film !#!# of 0.335±0.012 nA m2.

122502-2 Wallis, Moreland, and Kabos Appl. Phys. Lett. 89, 122502 !2006"

dM/dt limited by domain 
wall motion 
~ 20 kHz

…assumption (1) violated!
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Ultrafast Demagnetization

§ Intense fs laser excitation of Ni → fast 
drop in magnetization 

§ Subsequently seen in Fe, Co, alloys 
§ Significant drop in M over ~ 10-30 fs 
§ Where does the angular momentum go? 
§ Orbitals? 
§ EM field? 
§ Elsewhere in space, but still in spins? 
§ Lattice / phonons? 

| | 26.02.2015 Christian Dornes 3 

Scientific Goals: 
How does ultrafast demagnetisation happen? 
§  Big surprise that a simple fs 

laser pulse can demagnetise Ni 
so fast and by so much (>30%) 

§  Also found in Fe, Co, alloys 
thereof, and other compounds 

§  Theoretical models have 
problems, especially with the 
large size of the effect 

1996 
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Scientific Goals: 
How does ultrafast demagnetisation happen? 
§  Big surprise that a simple fs 

laser pulse can demagnetise Ni 
so fast and by so much (>30%) 

§  Also found in Fe, Co, alloys 
thereof, and other compounds 

§  Theoretical models have 
problems, especially with the 
large size of the effect 

1996 

Koopmans et al. J. Phys. Cond. Mat. 15, S723 (2003)

e.g. Stamm et al. Nature Mater. 6, 740 (2007); 
Hennecke et al. PRL 122, 157202 (2019)

“Superdiffusion”
Battiato et al.  
PRL 105, 027203 (2010)
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Coupling of magnetism to lattice:   
ultrafast Einstein-de Haas effect

| | 26.02.2015 Christian Dornes 8 

Experimental signature: 
Transverse strain in a thin film 

§  Can flip the direction with the magnet 
(choosing the initial magnetisation direction) 

§  There is a longitudinal wave as well, 
but it doesn’t change with the magnet. 

initial magnetisation / 
external field 

force / movement 
during ultrafast demagnetisation 

§ Fast demagnetization → in-plane force on all 
surfaces with a normal not parallel to ΔM            
(f ∝ n x dM/dt) 

§ Leads to a transverse strain wave from surface 
§ Sign of force/displacement depends on sign of M
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Thin film sample

Fe (15 nm)

MgAl2O4

Al (~1.5 nm)

MgO (~2nm)
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Simulated transverse strain dynamics

Simulated atomic displacements (atomistic model, Born-von Karman)

peak strain ~ 1.2 x 10-4

(assumes all lost 
angular momentum 
goes to lattice)

… a tiny change!!

compare to 
longitudinal strain 
from heating, up to 
~ 1 x 10-2
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Coupling of magnetism to lattice:   
ultrafast Einstein-de Haas effect

§ Can see transverse strain by x-ray diffraction 
§ Look at a crystal truncation rod (CTR) of an in-

plane reflection 
§ Position along CTR selects momentum 
§ Coherent strain gives oscillating intensity 

contribution, sign depends on sign of M 

| | 

§  X-ray diffraction 
§  In-plane geometry with 

grazing incidence and exit 
§  Crystal Truncation Rod, 

quite a lot of photons 
§  Recover lattice dynamics 

by comparing with 
simulation 

26.02.2015 Christian Dornes 9 

Measuring the transverse strain 
 

The experimental concept. The near-surface transverse 
strain is measured by x-ray diffraction from the tails of 
the (310) in-plane reflection. The intensity of the 
reflection is modulated due to interference between the 
strained layers of the crystal with the unperturbed bulk. 
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Measurement of truncation rod
QZ (out of plane momentum transfer) 

Magnetic contrast, 
sliced and filtered 

A raw image of the CTR 

Fe (15 nm)

MgAl2O4

Al (~1.5 nm)

MgO (~2nm)

| | 

§  X-ray diffraction 
§  In-plane geometry with 

grazing incidence and exit 
§  Crystal Truncation Rod, 

quite a lot of photons 
§  Recover lattice dynamics 

by comparing with 
simulation 

26.02.2015 Christian Dornes 9 

Measuring the transverse strain 
 

The experimental concept. The near-surface transverse 
strain is measured by x-ray diffraction from the tails of 
the (310) in-plane reflection. The intensity of the 
reflection is modulated due to interference between the 
strained layers of the crystal with the unperturbed bulk. 

(220) truncation rod

Qz

Dornes et al., Nature 565, 209 (2019)
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QZ (out of plane momentum transfer) 

Magnetic contrast, 
sliced and filtered 

A raw image of the CTR 

Qz

§ Pump-probe for time resolution 
§ Pulser + electromagnet sets +/- M 
§ Sort data by polarity  
§ M+ + M-:  “even” effects (heat, 

magnetostriction) 
§ M+ - M-:  “odd” effects (EdH 

transverse strain)
Dornes et al., Nature 565, 209 (2019)
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Figure 2: Time-resolved x-ray diffraction signal, measured and simulated at different values

of the out-of-plane momentum transfer qz. The central values of the three qz-bands, in reciprocal

lattice units, are labelled on the right side of the plot. Panels a & b on the left show our experimental

data; c & d on the right show our best-fitting simulated data (absolute demagnetisation �M/M =

0.08, demagnetisation time 200 fs). The two upper panels a & c show the sum of the intensities of

both magnetisation directions, normalised to the static value at each qz. For the experimental data

in panel a the error bars were left out for clarity as they are on the order of the line thickness, and

an inset of the full time and intensity range was added to the middle plot to illustrate the inititial

intensity drop due to the Debye-Waller factor. The bottom two panels b & d show the difference

signal of the two intensities with the same normalisation per qz.16
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Dornes et al., Nature 565, 209 (2019)
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Dispersion

§ Consistency check:  “odd” M oscillations  vs. q agree 
with transverse sound velocity (3875 ± 20 m/s) 
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Figure 3: Frequency of modulations observed in the x-ray diffraction signal as a function of

the out-of-plane momentum transfer qz. The left panel shows the results from the experiment,

while the right panel shows the results of an equivalent analysis on the simulated data sets. The

orange data points are derived from an FFT analysis of data resulting from summing the two

opposite magnetisation directions, whereas the blue data points are derived from subtracting data

from the two opposite magnetisation directions (see Methods for details). The solid lines show a

fit to the general form ! = vqq, while the 1-� confidence interval of the fit is indicated with dashed

lines. Both experiment and simulation show a different slope v for the fits to the sum and difference

data with values consistent with the speed of sound for longitudinal and transverse acoustic waves,

respectively.
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Quantitative analysis

§ Best fit of simulation to data consistent with 200 fs time 
scale of torque, 80% of lost angular momentum 

§ Large uncertainties, could easily be any time scale 
below 300 fs and as much as 100% 

§ Limited mostly by S/N at high wavevectors
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Figure 6: Goodness of fit assessed by �2 for different combinations of demagnetisation time

and magnitude. The left panel shows has a coarse, logarithmic axis for the demagnetisation time,
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indicated by the red crosses; for the coarse scale, the best �2 of 628.9 is reached for the simulation

with 100 fs demagnetisation time and 7% magnitude. For the fine scale, the best values are 200 fs

and 8%, with a �2 of 618.8. The traces in Fig. 2 were generated using these latter parameters.
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Mechanisms:  Local vs. superdiffusion

§ Is angular momentum transferred to lattice on fast time 
scales? 

§ Appears as a coherent strain wave in < 0.3 ps 
§ Outstanding question:  how does it get there? 
§ Via incoherent phonons? 
§ More direct path? 
§ Needs better time & q resolution

vs

YES!
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Theory…

§ Some theories predict a fast (~ 10 fs) transfer via spin-
orbit coupling / non-perpturbative coupling to phonons



Monday, January 29, 2019 Taming Nonequilibirum - ICTP

Outlook

§ All optical switching of magnetism in ferrimagnets 
§ Demagnetization is an intermediate:  role/constraints 

from Einstein-de Haas coupling? 

generated by the laser is able to reverse the magnetization
in these domains. The complete recovery of the magneti-
zation in the new state is a much slower process determined
mainly by the speed of heat diffusion in the sample. During
this recovery process no magnetic field is present to set the
magnetization, but the magnetization direction is well
determined.

As a simple illustration of opto-magnetic recording it is
shown in Fig. 4(b) how optically written bits can be over-
lapped and made much smaller than the beam waist by
modulating the polarization between !! and !" as the
laser beam is swept across the sample. High density record-
ing may also be achieved by employing especially de-
signed near-field antenna structures [26] such as those
currently being developed for heat assisted magnetic re-
cording. With the recent development of compact ultrafast
laser systems [32] and the successful incorporation of
lasers in magnetic storage devices [26], the present dem-
onstration of ultrafast and all-optical magnetization rever-
sal might spur the realization of a new generation of
magnetic recording devices.

In conclusion, we have demonstrated that the magneti-
zation can be reversed in a controllable way with a single
40 fs circularly polarized laser pulse without the aid of any

applied magnetic field. The direction of this switching is
determined only by the helicity of the light pulse. Beside
its clear technological importance, we believe that the
observations reported here will lead to a better understand-
ing of the interaction of light with magnetic systems on
ultrashort time scales.
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sal might spur the realization of a new generation of
magnetic recording devices.
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zation can be reversed in a controllable way with a single
40 fs circularly polarized laser pulse without the aid of any

applied magnetic field. The direction of this switching is
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FIG. 4 (color). All-optical magnetic recording by femtosecond
laser pulses. (a) The effect of single 40-fs circular polarized laser
pulses on the magnetic domains in Gd22Fe74:6Co3:4. The domain
pattern was obtained by sweeping at high-speed (#50 mm= s)
circularly polarized beams across the surface so that every single
laser pulse landed at a different spot. The laser fluence was about
2:9 mJ= cm2. The small size variation of the written domains is
caused by the pulse-to-pulse fluctuation of the laser intensity.
(b) Demonstration of compact all-optical recording of magnetic
bits. This was achieved by scanning a circularly polarized laser
beam across the sample and simultaneously modulating the
polarization of the beam between left and right circular.
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the sample temperature above TM, where the FeCo mo-
ment becomes dominant, induces switching of the ferri-
magnetic system, as long as the coercive field at high
temperature Hhigh

c <Hext. In our experiments, this occurs
at the 6:29 mJ=cm2 laser fluence that corresponds to an
increase of the local temperature of about 190 K. After the
pump pulse, and as long as the spin temperature is still
above TM, the FeCo sublattice relaxes towards a meta-
stable opposite state. When the sample cools down below
TM, because Hext >Hroom

c , the recovered magnetization
will eventually switch back restoring the initial condition.
The same type of dynamics will occur for every pump
pulse [see Fig. 2(b) -upper panel]. This clarifies the mag-
netization dynamics shown in Fig. 1 for a laser fluence of
6:29 mJ=cm2, where the magnetization is observed to relax
towards the opposite magnetic state.

(B) A different scenario is taking place when Hhigh
c <

Hext <Hroom
c . In this case, the first pulse induces the

reversal of the magnetization which after the heat is dif-
fused away can not reverse back to the initial state as in the
previous case, because Hext <Hroom

c . Thus, the magneti-
zation dynamics initiated by the next pulses occur in this
opposite magnetic state as shown in the lower panel of
Fig. 2(b). In a static view, when the applied magnetic field
is weaker than the coercive field at room temperature, the
magnetization of the ferrimagnetic system GdFeCo is re-
versed oppositely to the applied magnetic field. This ex-
plains the anomalous hysteresis loops observed at negative
delay for laser fluences such as 6:29 mJ=cm2 and demon-
strates the magnetization reversal over TM by laser-
induced heating.

The hysteresis loop measured at a pump fluence of
5 mJ=cm2 shows a residual hysteresis in the (B) field
range. This happens because at lower pump fluence, part
of the probed area does not fulfill the condition Hext >
Hhigh
c , resulting in an inhomogeneous switching. This also

explains the observed gradual increase of the transient
Faraday effect with increasing pump fluence shown in
Fig. 1.

A fundamental question arising from the above demon-
strated magnetization switching is: How fast is this switch-
ing process? To answer this question, we have measured
hysteresis loops at different time delays after the pump
pulses heat the sample with a fluence of 6:29 mJ=cm2. The
results are shown in Fig. 3. Since only for the condition
Hext >Hroom

c the system switches and returns to the initial
state for each pump pulse, one should focus the attention
on the (A) field range of the measured hysteresis. One can
clearly observe that in this field range, the measured
Faraday signal changes its sign after about 700 fs. The
sign change reflects the change of the FeCo-sublattice
direction towards the applied magnetic field, as the spin
temperature of the ferrimagnetic system increases over TM
in the probed area. This observation unambiguously dem-
onstrates that the magnetization reversal takes place on a

subpicosecond time scale. Note that this reversal time is
considerably faster than that found in GdFeCo at tempera-
tures above the compensation points [24]. On the other
hand, the growth of the reversed domain to its full 100% is
determined by the cooling rate and takes place at a much
longer time scale.

This ultrafast reversal time can be related to the angular
momentum compensation TA [18,19]. In GdFeCo, the
difference between the gyromagnetic ratios of the Gd and
FeCo sublattices induces a separation in temperature be-
tween the magnetization and the angular momentum com-
pensation points of about 50 K, where TA > TM [11,14].
The shift of TA with respect to TM represents an advantage
for the present experiment, insuring aHc <Hext at TA [see
Fig. 2(a)]. A laser fluence of 6:29 mJ=cm2 induces a heat-
ing of about 190 K, which implies that the laser pulses
locally elevate the sample’s temperature to above both TM
and TA. Because the effective gyromagnetic ratio of the
ferrimagnetic system !eff is inversely proportional to the
total angular momentum of the system (!eff !M=A),
theoretically !eff diverges when TA (A ! 0) is reached
[17]. Both magnetization precession frequency [11] and
domain-wall velocity [15,16] are proportional to this ef-
fective gyromagnetic ratio. Thus, in the vicinity of TA, a
many fold increase of the frequency of the spin precession
and domain-wall velocity are expected. Consequently, the
magnetization reversal will indeed be highly accelerated at
TA, leading to an ultrafast magnetization. On the other
hand, at TA, also the effective Gilbert damping of the
ferrimagnetic system shows a peak [11]. An increase of
this parameter results in a decrease of the domain-wall
velocity [16] and thus a slower switching speed. This might
represent the mechanism that limits the switching time at
TA to 700 fs as observed in our experiments.

What are the implications of the observed subpicosec-
ond magnetization reversal? Although it is well known that
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FIG. 3 (color online). Transient magnetization reversal dy-
namics measured for a pump fluence of 6:29 mJ=cm2. Insets
show hysteresis loops measured at distinct pump-probe delays.
The loops demonstrate the magnetization reversal after about
700 fs.

PRL 99, 217204 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
23 NOVEMBER 2007

217204-3

& PRL 99, 217204 (2007)]
GdFeCo alloys



Monday, January 29, 2019 Taming Nonequilibirum - ICTP

§ Experimental evidence for a 
coupling of dM/dt to 
antisymmetric stress in 
response to strong electronic 
excitation 
§ Not magnetostriction (odd in 

M, depends on dM/dt not M) 
§ Makes transverse strain wave 

propagating from interfaces  
§ May play a role in ultrafast 

switching of ferrimagnets 

Conclusions
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The femtosecond Einstein–de Haas effect: 
A cartoon 
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