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Impulsive excitation of coherent magnons and phonons by subpicosecond laser pulses in the

weak ferromagnet FeBO3
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Coherent magnons and phonons are excited by subpicosecond laser pulses in the weak ferromagnet FeBO3.

Impulsive stimulated Raman scattering �ISRS� is proven to be the microscopic mechanism of the excitation. It

is shown that coherent magnons can be excited by both linearly and circularly polarized laser pulses where the

efficiency of the process depends on the mutual orientation of the magnetic and crystallographic axes and the

light propagation direction. The strong ellipticity of the ferromagnetic magnon mode is demonstrated, both

experimentally and theoretically, to be essential for the excitation and observation of such coherent magnons.

Because of this ellipticity, the amplitude of the coherent magnons excited by linearly polarized light may

exceed by 2 orders of magnitude the amplitude of those excited by circularly polarized light. The primary

difference between the excitation of coherent magnons by linearly polarized pulses via ISRS and via the earlier

reported process of photoinduced magnetic anisotropy is discussed. Furthermore, the ISRS process is found to

be responsible for the excitation of two optical phonon branches �8.4 and 12.1 THz� observed in our experi-

ments. A coherent excitation, with a temperature-independent frequency of 0.7 THz, has also been observed in

the magnetically ordered phase but could not be assigned to any optical phonon modes known in FeBO3. The

well-pronounced dependence of the amplitude of this mode on temperature suggests that this mode of non-

magnetic origin becomes Raman active only in the magnetically ordered phase and, therefore, can be excited

and observed only below the Néel temperature.

DOI: 10.1103/PhysRevB.78.104301 PACS number�s�: 78.20.Ls, 75.40.Gb, 42.65.Dr, 75.50.Ee

I. INTRODUCTION

The experimental and theoretical aspects of the interac-

tion of subpicosecond laser pulses with magnetically ordered

media are topics of great current interest, both from a funda-

mental point of view as well as because of potential

applications.1 Already the first observation of ultrafast

�within 0.1 ps� light-induced demagnetization in nickel

films2 suggested that a conventional thermodynamical ap-

proach to the problem is not justified.3–5 New theoretical

models have to be worked out in order to understand recent

results such as ultrafast light-induced demagnetization,2,4–12

phase transitions,13,14 magnetic-order sensitive excitation of

phonon modes,15 generation of a magnon squeezed state,16

excitation of coherent spin precession,17–25 and the magneti-

zation reversal by a single 40 fs laser pulse.26 The theoretical

models proposed so far to explain these exciting experimen-

tal observations27–34 leave several important issues open for

further discussion.

One of these issues is related to the actual time scale

within which spins response to the action of an ultrashort

laser pulse.7,9,10,33,34 In view of this, two types of responses

of a magnetic system can be recognized. The first type can

only occur in absorbing media and consists of indirect

mechanisms in which the spin system changes in response to

one or another type of photoinduced perturbation in the me-

dium, not related itself to the spin degree of freedom. This

can be an increase in electron temperature, destroying mag-

netic order, a photoinduced electronic transfer between dif-

ferent ion sites, modifying magnetocrystalline anisotropy,

etc. The verification of the time scales of these processes is

often complicated because of the several cross-interacting

subsystems �photons, thermalized and nonthermalized elec-
trons, phonons, and spins�6 involved, which are characterized
by their own response times.

Another type of mechanism can be referred to as direct,
where the perturbation of the spin system takes place during
the light pulse via optical transitions directly. These latter
mechanisms are, therefore, extremely sensitive to the light
polarization, which provides the possibility to control their
efficiency. The optical spin orientation in semiconductors is
an example of such mechanism.35 In metals and dielectrics,
however, experimental studies of such mechanisms on the
subpicosecond time scale are rare.16,23–25,36 On a longer time
scale, the possibility to change the magnetization of a me-
dium via polarization-sensitive optical transitions has been
known since the 1960s, when a helicity-dependent light-
induced magnetization was predicted37,38 and observed39 in a
transparent paramagnetic medium subjected to 30 ns circu-

larly polarized pulses. This phenomenon was named the in-

verse Faraday effect. Further attempts to observe light-

induced magnetization in a magnetically ordered medium

were reported in Ref. 40, where, however, only heat-induced

effects on the magnetization were most probably detected.41

Recently, the excitation of spin precession by circularly

polarized 100 fs laser pulses was observed23 in the weak

ferromagnetic orthoferrite DyFeO3. The phase of the spin

precession was defined by the helicity of the laser pulses. It

was shown that the impact of circularly polarized laser

pulses could be seen as the action of an effective light-

induced magnetic field directed along the wave vector of

light. This effect, referred to as an ultrafast inverse Faraday

effect, was assumed not to have any particular requirements

for the medium apart from possessing a large magneto-
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optical susceptibility. Later, supporting this idea, similar ef-
fects were observed in ferrimagnetic garnet films24 as well as
in thin films of the amorphous metallic alloy GdFeCo.25

The combination of direct and indirect mechanisms is of
practical interest because it could lead to the control of the
magnetic state by light, as shown experimentally in Ref. 26,
where a helicity-dependent switching of the magnetization
by 40 fs circularly polarized pulses was observed in a metal-
lic film. Thus, a complete understanding of the processes
taking place during and after the optical excitation by a sub-
picosecond laser pulse is of particular importance. The
present paper is therefore devoted to the experimental and
theoretical study of the direct mechanisms of the excitation
of coherent spin precession triggered by laser pulses in a
transparent medium.

As was already proposed in the 1960s,42,43 the excitation
of coherent processes in a transparent medium, such as lat-
tice vibrations �coherent phonons� or spin precession �coher-

ent magnons or spin waves�, might occur via stimulated Ra-

man scattering. It was shown in the beginning of the 1980s

that impulsive stimulated Raman scattering �ISRS� leads to

efficient excitation of acoustic phonons via picosecond

pulses.44–46 The development of mode-locked femtosecond

lasers has since then resulted in a large number of experi-

mental and theoretical works contributing to a substantial

progress in the field of ultrafast light-matter interactions �for

reviews see Refs. 47–50�. In view of the current interest in

ultrafast spin dynamics, the generation of coherent magnons

via impulsive stimulated Raman scattering is an intriguing

option. Indeed, second-order ISRS was shown to be the

mechanism for the generation of a magnon squeezed state.16

However, only recently first-order stimulated Raman scatter-

ing was suggested as the mechanism for the experimentally

observed coherent magnon generation.23 An unambiguous

demonstration of the generation of coherent magnons via

first-order ISRS in FeBO3 was reported in Ref. 52. The

strong ellipticity of the magnon modes appeared to be crucial

for this observation, as we show in the present paper. The

specific role of the magnetic properties of the medium in this

ISRS process was already pointed out in a general phenom-

enological theory worked out in Ref. 53.

In this paper we present comprehensive experimental and

theoretical results on coherent magnon excitation in FeBO3

and discuss the particular role of the magnon mode ellipticity

in this process, utilizing a phenomenological theory of ISRS.

Alternatively, the action of light pulses on a magnetic me-

dium is described by light-induced effective fields, which

excite a coherent spin precession. We show that in the case

of a multisublattice medium such as FeBO3, several effective

fields must be taken into account. This yields an adequate

description of the action of laser pulses on a magnetic system

even when the changes in the latter are large and the problem

becomes strongly nonlinear.

The choice of the weakly ferromagnetic FeBO3 �Ref. 54�
is motivated by two reasons. On the one hand, FeBO3 is

characterized by a magnetic structure with “easy-plane”

magnetic anisotropy and strong ellipticity of the spin

precession,55 the influence of which can be readily detected

in experiments. On the other hand, FeBO3 is characterized

by large values of the magneto-optical coefficients. In addi-

tion, lots of information on the magneto-optical properties

and on spontaneous Raman and Brillouin light scattering for

this compound are available.56,57

The paper is organized as follows. Section II is devoted to

the description of the crystallographic and static magnetic

structure of FeBO3 �Sec. II A� and to the properties of the

spin precession in this material �Sec. II B�. An analysis of the

symmetry of the optical and magneto-optical properties is

given in Sec. II C. In Sec. III we describe the excitation of

coherent magnons by impulsive stimulated Raman scattering

using the equation of motion for the magnon normal coordi-

nates. In Sec. IV we present the experimental results of the

pump-probe experiments on laser-induced generation of spin

precession in FeBO3 and discuss them on the basis of theory

developed in Sec. III. In Sec. V we consider the same ex-

perimental results in terms of light-induced effective fields

and the Landau-Lifshitz �LL� equation. The relevant features

arising from the presence of several magnetic sublattices are

considered. The agreement between this approach and the

one of Sec. III is discussed. Section VI is devoted to the

generation of coherent optical phonons in FeBO3 via ISRS,

while Sec. VII presents the conclusions.

II. EASY-PLANE WEAK FERROMAGNET FeBO3

A. Crystallographic and magnetic structure

Iron borate FeBO3 crystallizes in the rhombohedral

calcite-type crystallographic structure �space group: R3̄c�
with 2 f.u. per unit cell as shown in Fig. 1�a�.54,56,59 The Fe3+

ions occupy identical octahedrally coordinated positions.60
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FIG. 1. �Color online� �a� Schematic representation of �a� crys-

tallographic structure of FeBO3 �Ref. 56�, �b� magnetic structure in

the xy plane, and �c� quasiferromagnetic resonance mode �Ref. 58�.
M1,2 are magnetic moments of two iron sublattices and M, L, and

H are ferromagnetic vector, antiferromagnetic vector, and applied

magnetic field, respectively. Note that the length of L and the cant-

ing of M1,2 are not to scale.
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Below the Néel temperature TN=348 K, the magnetic mo-

ments M1 and M2 of the two Fe3+ sublattices are coupled

antiferromagnetically. It is common to describe this magnetic

structure in terms of the ferromagnetic vector M=M1+M2

and the antiferromagnetic vector L=M1−M2, as shown in

Fig. 1�b�. In terms of these vectors the Hamiltonian describ-

ing the magnetic structure of FeBO3 for a homogeneous case

has the form61

H =
A

2
M2 +

b

2
Lz

2 +
a

2
Mz

2 − D�M � L�z − MH . �1�

Often the parameters of the magnetic structure are given in

terms of effective fields Heff=−�H /�M�L�. The first term in

Eq. �1� describes the isotropic exchange interactions and cor-

responds to an effective exchange field, HE=A�M�=2.6

�103 kOe.62 The second and third terms describe the mag-

netocrystalline anisotropy. The constants a and b are posi-

tive, which corresponds to an easy-plane type of spin align-

ment, where spins of both sublattices are perpendicular to the

crystallographic z axis. The effective magnetocrystalline an-

isotropy field is HA�1.7 kOe.62 The presence of the fourth

term in Eq. �1� accounts for the antisymmetric exchange

interactions,63,64 leading to a canting of the spins in the xy

plane. The effective Dzyaloshinskii field is HD�61.9 kOe,62

corresponding to a canting angle of �HD /HE�1° and a net

magnetic moment of 4�Ms=115 G at T=300 K �Ref. 65�
�238 G at T→0 K�. The magnetocrystalline anisotropy in

the xy plane is as weak as HA�
�0.26 Oe.62 Therefore, a

magnetic field of up to 0.5 kOe applied in the xy plane was

sufficient to saturate the samples.

B. Dynamic magnetic properties

In general, the precession of a magnetic moment Mi

around its equilibrium position defined by intrinsic and ap-

plied fields is described by the LL equation.66 In the case of

FeBO3, comprised of two magnetic sublattices, the spin pre-

cession is usually described as the precession of the ferro-

magnetic M�t� and antiferromagnetic L�t� vectors �Fig.

1�c��, for which the LL equations have the form57,67

dM�t�
dt

= − ���M�t� � Heff� + �L�t� � heff�	 + RM; �2a�

dL�t�
dt

= − ���M�t� � heff� + �L�t� � Heff�	 + RL, �2b�

where � is the gyromagnetic ratio. The effective fields Heff

and heff include the internal and applied magnetic fields

and are defined as the gradients Heff=−�H /�M and heff

=−�H /�L of Hamiltonian �1� with respect to the correspond-

ing vectors. The terms RM�L� account for the damping of the

precession amplitude of M and L, respectively. Below we

neglect the damping terms because they do not play any role

in the discussion.

The two eigensolutions of the linearized equations �Eqs.

�2a� and �2b�� give two spin precession modes existing in

FeBO3, with the frequencies58,68,69

�FMR = �
H�H + HD� + 2HEHA�
, �3a�

�AFMR = �
HD�H + HD� + 2HEHA. �3b�

Equation �3a� describes the frequency �FMR of the low-

energy quasiferromagnetic resonance70 �FMR� mode �Fig.

1�c��. This is a homogenous precession of the magnetic mo-

ments of the two sublattices in such a way that the angle

between them does not change. Equation �3b� represents the

high-energy quasiantiferromagnetic resonance �AFMR�
mode. In this mode the angle between the sublattice mag-

netic moments varies. The ferromagnetic and antiferromag-

netic vectors can be represented as a sum of static M�0� and

L�0� and time-dependent m�t� and l�t� components,

M�t� = M�0� + m�t� , �4a�

L�t� = L�0� + l�t� . �4b�

In these terms the ferromagnetic resonance �FMR� mode in-

volves oscillations of the lx, my, and mz components of l�t�
and m�t�, while the antiferromagnetic resonance �AFMR�
mode involves time variations of the mx, ly, and lz compo-

nents.

The FMR mode is characterized by strong ellipticity55

because the in-plane magnetocrystalline anisotropy is very

weak compared to the out-of-plane one. For a magnetic field

applied in the easy plane of magnetic anisotropy along the x

axis, the ratios between the out-of-plane and in-plane devia-

tions of the spins are58

mz

lx

=
�FMR

2�HE

,
mz

my

=
�FMR

2�HD

. �5�

For moderate magnetic fields around H=10 kG, this gives

mz / lx�0.01 and mz /my �0.4. The ellipticity of the AFMR

mode is, in turn,58

lz

mx

=
�AFMR

2�HE

�6�

and is smaller by 1 order of magnitude than for the FMR

mode.

C. Magneto-optical properties

In the spectral range of the Ti:sapphire laser �central pho-

ton energy E0=1.54 eV� FeBO3 is characterized by a low

absorption, which is related to the electric-dipole forbidden

d-d transition 6A1g→
4T1g centered at 1.4 eV.60,71 The absorp-

tion coefficient for E0=1.54 eV is �=80 cm−1.8 The main

contribution to the refractive index in this region stems from

the allowed charge-transfer transition located above 2.9 eV.72

FeBO3 is an optically uniaxial crystal with the optical axis

parallel to the crystallographic z axis. The dielectric permit-

tivity tensor in the paramagnetic phase has only two nonva-

nishing components �xx
0 =�yy

0
��zz

0 . At the photon energy E0

=1.54 eV FeBO3 is characterized by a strong crystallo-

graphic birefringence �n=nx−nz=0.08.72

Below TN the interaction of light with the medium can be

described phenomenologically in terms of contributions to

the dielectric permittivity tensor �̂ caused by the presence of

magnetic order. It is convenient to decompose �ij into anti-
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symmetric �ij
a =−� ji

a and symmetric �ij
s =� ji

s parts,73 which are,

according to the Onsager principle, odd and even with re-

spect to the �anti�ferromagnetic vectors, respectively. These

contributions are presented in column 2 of Table I. This table

contains only the magnetic contributions relevant for our ex-

perimental geometry, where the magnetic field H and ferro-

magnetic vector M are along the x axis and the antiferromag-

netic vector L is along the y axis.

In the spectral region around E0=1.54 eV, where absorp-

tion is weak and can be neglected, the antisymmetric part �ij
a

of the dielectric permittivity tensor is purely imaginary.74 �ij
a

defines the value of the magnetic circular birefringence or

Faraday effect.75 FeBO3 is characterized by a high value of

the Faraday rotation that can reach 5000° /cm close to the

absorption edge in the green part of the spectrum.65,76 Since

�xy
a =0, observation of the Faraday effect is possible only for

light with a wave vector having a finite angle with the z axis.

However, in the latter case the rotation of the light polariza-

tion caused by the Faraday effect is strongly quenched by the

crystallographic birefringence. The interplay between these

two effects leads to drastic changes in the resulting rotation

of the polarization plane, depending on the angle between

the wave vector and the z axis.76 The rotation of the light

polarization plane �F is shown in Fig. 2�a� for the photon

energy E=1.54 eV and for an angle of incidence of 10° as a

function of the magnetic field applied along the x axis �see

inset of Figs. 2�a� and 2�b��. Taking into account the crystal-

lographic birefringence �n=0.08 we found that for the given

angle of incidence such a rotation of the polarization plane

corresponds to an intrinsic Faraday rotation of 456° /cm, in

agreement with results of Ref. 69.

The symmetric part �ij
s is purely real if absorption is ne-

glected in the spectral region around E0=1.54 eV. It is an

even function of M and L and defines the value of the mag-

netic linear birefringence �MLB� or Voigt effect.75 Although

it is a second-order effect with respect to the magnetic-order

parameters, in magnetically ordered media the MLB can be

comparable with the first-order Faraday effect.77,78 Figure

2�c� shows the MLB measured for light propagating along
the z axis �inset of Figs. 2�c� and 2�d��. The temperature
dependencies of the Faraday rotation and MLB are presented
in Figs. 2�b� and 2�d�, respectively.

An additional modulation of the dielectric permittivity

tensor occurs in the presence of coherent spin precession.

The components of �ij modulated by the FMR and AFMR

precessions and linear in spin deviations are shown in col-

umns 3–4 of Table I. In the discussion below we restrict

ourselves only to the components that are linear in the small

deviations mk and lk �k=x ,y ,z� of the �anti�ferromagnetic

vectors from the equilibrium positions. Then from Table I

one can see that the FMR spin precession contributes only to

the off-diagonal components 	�xy
s , 	�xz

s , 	�xy
a , and 	�xz

a of the

dielectric permittivity tensor �see also Ref. 57�, while the

TABLE I. The equilibrium magnetic contributions to the dielectric permittivity tensor �ij �column 2� and

its modulation by FMR and AFMR spin precessions �columns 3 and 4� linear in the spin deviations. Under-

lined are the components used in the discussion of the FMR mode excitation via ISRS. The coordinate axes

x, y, and z are chosen as shown in Fig. 1. The external magnetic field H is assumed to be along the x axis,

so that L�0� � y, M�0� �x.

Tensor element Static

�l�t�=0, m�t�=0�
FMRa

�lx, my, mz�0�
AFMRa

�mx, ly, lz�0�

�xx
s b2Ly

2+c1MxLy 0 b2Lyly +b5Lylz+c8Mxlz

�yy
s b1Ly

2−c2MxLy 0 b1Lyly −b5Lylz−c8Mxlz

�zz
s b3Ly

2+c4MxLy 0 b3Lyly +c4�Mxly +mxLy�
�xy

s
= 0 �b1−b2�lxLy −

1

2
�c1+c2��Mxlx−myLy�+c3Lymz 0

�xz
s 0 2b4lxLy +c5�myLy −Mxlx�−c6Lymz 0

�yz
s −b4Ly

2+c5MxLy 0 b6Lylz+c7Mxlz

�xy
a 0 iKmz 0

�xz
a 0 iK1my + iK2lx 0

�yz
a iK1Mx− iK2Ly 0 iK1mx− iK2ly

aFull expressions accounting for the second-order contributions are given in Appendix A.

(a)

(c)

(b)

(d)

k

H

x

10
o

z

k

H

x
z

FIG. 2. �Color online� The static Faraday rotation �F as a func-

tion of �a� an applied magnetic field H and �b� temperature. The

inset in the upper panels shows the experimental geometry used for

Faraday rotation measurements. The magnetic linear birefringence

�MLB� �nMLB as a function of �c� an applied magnetic field H and

�d� temperature. The inset in the lower panels shows the experimen-

tal geometry used for MLB measurements. The dashed lines in �b�
and �d� are guides for the eyes.
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AFMR mode manifests itself in the 	�xx
s , 	�yy

s , 	�yz
s , and 	�yz

a

components.

III. COHERENT MAGNON EXCITATION

BY SHORT LASER PULSES

A. Equation of motion for magnon normal coordinates

The possibility of exciting coherent lattice vibrations �co-

herent phonons� and spin precession �coherent magnons� by

light was considered in Refs. 42 and 43. The process of

stimulated Brillouin or Raman scattering, when a photon of

energy 
�i is scattered in a medium into a photon of energy


�s, involves the creation of a phonon or magnon with en-

ergy 
�0=
��i−�s�. If the scattering is triggered by short

laser pulses with a spectral width significantly larger than the

frequency of the phonon �or magnon�, both photons with

energies 
�i and 
�s involved in the scattering process are

contained in the laser pulse, resulting in an ISRS process.45

The electric-dipole transitions involved in the ISRS process

cannot change the spin quantum numbers. Therefore, for the

creation of coherent magnons via ISRS, spin-orbit interac-

tions in the excited state are required.

Extensive theoretical and experimental studies of excita-

tion of coherent phonons via ISRS were performed by sev-

eral groups �for reviews see Refs. 46, 48, and 49�. However,

in the case of a magnetically ordered medium lacking time-

inversion symmetry, new features in the ISRS are expected,

as described in Ref. 53.

In this section we consider the excitation of coherent spin

precession by laser pulses using an approach, where the light

is described by a classical electric field E and the coherent

excitation in the medium is described by the normal coordi-

nate Q. In the case of a magnon, Q describes the precessional

motion and is complex. This is in contrast to the case of

phonons, where the normal coordinates describe ion dis-

placements and are therefore real variables. For the FMR

precession mode Q is introduced �see Appendix B� in the

following way:79

�
lx�t�

my�t�

mz�t�
 = 2 Re�Q�t��

iax

iby

bz

� , �7a�

ax = 
2�M0
�HE

�0

, bz =
1

2

2�M0
 �0

�HE

, �7b�

by/ax = − Mx
�0�

/Ly
�0�, bz/ax = �0/2�HE, �7c�

lx�t� = iax�Q − Q�� ,

my�t� = iby�Q − Q�� ,

mz�t� = bz�Q + Q�� , �7d�

where M0 is the sublattice magnetization and �0=�FMR is

the frequency of the FMR mode. Q�t� describes the coherent

magnons in the time domain, while �iax , iby ,bz	 describe the

magnon polarization. The real values ax ,by ,bz are chosen in

such a way that the Hamiltonian describing the coherent

FMR magnons has a simple form,

Hmagnon = �0Q�t�Q��t� . �8�

The interaction of a laser pulse with a transparent magnetic

medium is described in general by the Hamiltonian,

Hint = −
	�ij

16�
Ei�t�E j

��t� , �9�

where Ei�t� is the time-dependent amplitude of the electric

field of light, E=Re E�t�ei�t.

The Hamiltonian equation of motion for the system de-

scribed by H=Hmagnon+Hint has the form80,81

i
�Q

�t
=

�H

�Q�
, �10�

which can be easily transformed into the equation

dQ

dt
+ i�0Q = − i

�Hint

�Q�
. �11�

When optical absorption is significant, the Hamiltonian Hint

�Eq. �9�� is not valid82 and the more general equation holds,

dQ

dt
+ i�0Q = − iF�t� , �12�

where the form of the driving force F�t� depends on the type

of process leading to the magnon excitation.

In general, Eq. �12� is not restricted to the case of ISRS

only. When ISRS in a transparent medium is considered, the

driving force behaves like �E�t��2 and can be approximated

by a delta function 	�t� in the time domain. If absorption is

present laser action can in addition exert a quasistationary

driving force, which can be approximated by a Heaviside

step function. The latter would correspond to a non-Raman

process of magnon excitation. Moreover, for the case of

light-induced coherent phonon excitation it was shown theo-

retically and experimentally that in an absorbing medium a

combination of resonant Raman scattering and non-Raman

�displacive� processes has to be considered.51,83

B. Optical excitation of coherent magnons

in a transparent medium

In the spectral region where absorption can be neglected,

the interaction of laser pulses with a medium has an instan-

taneous character. In this case, in the equation of motion for

magnons �Eq. �11�� the driving force exerted by laser pulses

is impulsive,

�Q

�t
+ i�0Q = − i

I0

4nc

��ij

�Q�
eie j

�	�t� , �13�

where I0 is the integrated pulse intensity, ei is a component of

the light polarization unit vector, n is the refraction index,

and c is the speed of light. The dispersion of 	���� can be

neglected in Eq. �13�, since the magnon frequency �0=�i

−�s��0 �the central pump frequency� and we consider a

medium with low absorption.
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We consider two directions of the pump pulse propaga-

tion. The pump beam propagates along the optical z axis in

the first case and along the y axis in the second one. In both

cases the magnetic field H is applied in the easy plane of

magnetic anisotropy along the x axis. As shown below, the

excitation of coherent magnons in these two cases is signifi-

cantly different.

1. Excitation of magnons by optical pulses with wave vector

perpendicular to the easy plane of magnetic anisotropy

To describe the interaction of the pump pulses propagat-

ing along the z axis with the medium one has to consider the

components 	�xy
a and 	�xy

s of the dielectric permittivity ten-

sor. We find the main contributions to �xy
a�s� caused by the

magnons using Table I �Eq. �7d�� and taking into account that

Ly
�0�Mx

�0�, lxmz,

	�xy
a = − 	�yx

a = iKmz = iKbz�Q + Q�� , �14a�

	�xy
s = 	�yx

s � GLy
�0�

lx = iGLy
�0�

ax�Q − Q�� , �14b�

where G=b1−b2 in the notation used in Ref. 52.

In the case of circularly polarized light �� the contribu-

tion from the symmetric part 	�s of the dielectric permittivity

vanishes and the solution of Eq. �13� has the following form

�see Appendix C�:

Q��
�t� = �

1

8nc
KbzI0�sin �0t + i cos �0t� , �15a�

mz
��

�t� = �
1

4nc
Kbz

2
I0 sin �0t , �15b�

lx
��

�t� = �
1

4nc
KbzaxI0 cos �0t , �15c�

where the � signs correspond to the opposite senses of he-

licity of the circularly polarized pump pulses. This result is,

in general, consistent with that of Ref. 23, where a helicity-

dependent spin precession excitation was observed and

stimulated Raman scattering was proposed as a possible mi-

croscopic mechanism.

For light linearly polarized at an angle � with respect to

the y axis, the contribution from the antisymmetric part 	�xy
a

vanishes and the solution of Eq. �13� has the form �see Ap-

pendix C�

Qlin�t� =
1

8nc
GLy

�0�
axI0 sin 2��− cos �0t + i sin �0t� ,

�16a�

mz
lin�t� = −

1

4nc
GLy

�0�
bzaxI0 sin 2� cos �0t , �16b�

lx
lin�t� = −

1

4nc
GLy

�0�
ax

2
I0 sin 2� sin �0t , �16c�

showing that the initial phase and amplitude of the excited

coherent magnons can be controlled not only by the helicity

of the circularly polarized laser pulses but also by the azi-

muthal angle � of the linearly polarized pulses. Note that the

amplitudes of the spin precession excited by circularly and

linearly polarized lights are defined by the first- and second-

order magneto-optical susceptibilities K and G, respectively.

In the magnetically ordered solids these susceptibilities can

be comparable in magnitude.77,78

2. Excitation of magnons by optical pulses with a wave vector

parallel to the antiferromagnetic vector

To describe the interaction of the pump pulses propagat-

ing along the y axis with the medium one has to consider the

components 	�xz
a and 	�xz

s of the dielectric permittivity ten-

sor. Taking into account the ellipticity of the spin

precession,55 Eq. �7d�, and the ratio between Ly
0 and Mx

0 we

obtain

	�xz
a = − 	�zx

a = i�K1my + K2lx� = �K1by + K2ax��Q − Q�� ,

�17a�

	�xz
s = 	�zx

s � 2b4Ly
�0�

lx = i2b4Ly
�0�

ax�Q − Q�� . �17b�

Therefore, the magnons excited by linearly and circularly

polarized lights are described as follows �see Appendix C�:

Qlin�t� =
1

4nc
b4Ly

�0�
axI0 sin 2��− cos �0t + i sin �0t� ,

�18a�

Q��
�t� = �

1

8nc
�K1by + K2ax�I0�− cos �0t + i sin �0t� ,

�18b�

mz
lin�t� = −

1

2nc
b4Ly

�0�
axbzI0 sin2�cos �0t , �18c�

lx
lin�t� = −

1

2nc
b4Ly

�0�
ax

2
I0 sin2�sin �0t , �18d�

mz
��

�t� = �
1

4nc
�K1by + K2ax�bzI0 cos �0t , �18e�

lx
��

�t� = �
1

4nc
�K1by + K2ax�axI0 sin �0t . �18f�

C. Optical excitation of coherent magnons

in an absorbing medium

If the absorption in the medium is considerable one can-

not express the driving force exerted by laser pulse as a delta

function. Instead, in analogy with the case of coherent pho-

non excitation,48,84 the driving force can be of nonimpulsive

character. The experimental evidence of such type of pro-

cesses can be found in Refs. 21 and 24 where 100 fs laser

pulses were reported to induce a quasistationary change in

the magnetocrystalline anisotropy. Absorption �e.g., by im-
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purity centers21� is involved in this process and the driving

force is described by a Heaviside step function. Equation

�12� gets the form

�Q

�t
+ i�0Q = �− iF0, t � 0

0, t � 0,
� �19�

where F0 can be complex in general �see Appendix C�. Such

type of processes can be referred to as displacive excitation

of coherent magnons �DECMs�. The solution of this equation

is given in Appendix C. If, for example, Re F0=0 and

Im F0�0, then

Q�t� = iF0

e−i�0t − 1

�0

, �20a�

mz�t� = 2F0bz

sin �0t

�0

, �20b�

lx�t� = 2F0ax

�1 − cos �0t�
�0

. �20c�

Note that the spin precession excited via ISRS or DECM

is characterized by a radically different time behavior.

Namely, terms with a cosinelike time dependence only ap-

pear for the case of ISRS �Eqs. �15c�, �16b�, �18c�, and

�18e��, indicating that right after the excitation by the light

pulse, spins are out of their equilibrium positions, which is

never the case for DECM �Eqs. �20a�–�20c��. Moreover, in

the case of ISRS the spins precess around their original equi-

librium directions, as depicted by the sinelike time depen-

dence of lx�t� �Eq. �16c��. In contrast, the DECM mechanism

leads to a spin precession around “new” equilibrium direc-

tion generated by the light pulse. The 1−cos �0t dependence

is therefore expected for lx�t�. This allows one to distinguish

between these two mechanisms in the experiment.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experiment

The optically excited spin precession in FeBO3 was stud-

ied by means of a magneto-optical pump-probe technique.85

The amplified laser pulses, with a duration �=150 fs, central

photon energy E0=1.54 eV, power P=800 �J /pulse, and a

repetition frequency of �=1 kHz from a Ti:sapphire laser,

were split into a pump beam and a much less intense probe

beam. The probe pulses could be delayed with respect to the

pump ones by ��=0–3 ns. The polarization of the pump

pulses was linear or circular, being controlled by half- and

quarter-wave plates. The probe pulses were linearly polar-

ized. The pump beam was focused onto a spot of about

100 �m in diameter on the sample. The probe beam was

focused onto a somewhat smaller spot within the pump spot.

The angle of incidence for the probe beam was 10°, while

the pump beam was at normal incidence. Two experimental

geometries were used: the magnetic field was always applied

along the x axis, while the pump pulses were propagating

along either the z or the y axis �see Sec. III B�.
The spin precession induced by the pump pulses leads to

a perturbation of the dielectric permittivity tensor �see Sec.

II C� which, in turn, leads to a change in the polarization of

the probe beam via the Faraday effect or magnetic linear

birefringence. By measuring the rotation of the probe polar-

ization as a function of the time delay between pump and

probe pulses, we can monitor the pump-induced spin preces-

sion in the time domain. Note that in a typical optical pump-

probe experiment in transmission, only spin waves with very

small wave vectors k�10−2 cm−1 are excited and detected

because the excitation spot is large. Therefore we consider

only spin waves with k=0, i.e., homogeneous spin preces-

sion.

B. Detection of the light-induced FMR mode

of spin precession

The rotation of the probe polarization as a function of

time delay between pump �propagating along the z axis� and

probe pulses is shown in Fig. 3�b� for different values of the

applied magnetic field. Clear field-dependent oscillations are

pum
p

prob
e

L

M
H

x

φ
y

z

(a)

(b)

(c) (d)

FIG. 3. �Color online� Excitation and detection of the ferromag-

netic mode of spin precession by linearly polarized pump pulses. �a�
Experimental geometry. �b� Pump-induced rotation of the probe po-

larization � as a function of time delay between linearly polarized

pump and probe pulses for different values of the applied magnetic

field. �c� The frequency �0 of the observed oscillations as a func-

tion of the applied field strength H �symbols� and its fit using Eq.

�3a� �solid line�. �d� The frequency �0 of the oscillations as a func-

tion of temperature T. The results were obtained for a pump inten-

sity of 10 mJ /cm2. Pump pulses were linearly polarized with azi-

muthal angle �=45°. Results in �b� and �c� are obtained at a

temperature T=10 K.
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observed in these data. In Fig. 3�c� the dependence of the

oscillation frequency on the magnetic field is plotted. This

dependence is in good agreement with the behavior of the

FMR mode �Fig. 1�c��, which is described by Eq. �3a�. Simi-

larly, the dependence of the frequency of the oscillations on

temperature �Fig. 3�d�� is consistent with the temperature

behavior that one would expect for the FMR mode.56,69 Our

experimental data thus clearly show that the 150 fs laser

pulses propagating along the z axis excite the FMR mode of

coherent spin precession in FeBO3.

The FMR mode supposes, as described in Sec. II B, os-

cillations of the lx, my, and mz components of l�t� and m�t�.
There are various magneto-optical effects that can serve as a

probe of such a precession. That is, in the experimental ge-

ometry shown in Fig. 3�a�, the spin precession may lead to a

transient rotation of the probe polarization via both the Far-

aday effect and the MLB. For instance, mz�t� can be detected

using the Faraday effect with the probe polarization rotation

��t� equal to

�F�t� = �0d
	�xy

a �t�

n
= �0d

Kmz�t�
n

, �21�

where �0 is the pulse central frequency, d is the sample

thickness, and n is the refractive index. In turn, lx�t� oscilla-

tions cause MLB, which also leads to a rotation of the probe

polarization,

�MLB�t� = �0d
	�xy

s �t�

n
� �0d

GLy
�0�

lx�t�cos2�

n
, �22�

where G=b1−b2 is the magneto-optical coefficient �see

Table I� and � is the incoming polarization of the probe

pulse. A straightforward way to distinguish these two contri-

butions to the rotation of the probe polarization is to study

their dependence on �. In the case of the Faraday effect, the

incoming polarization does not affect the measured signal

��t�. In contrast, in the case of MLB the signal should pos-

sess a dependence on � with a 180° period. In order to dis-

tinguish between the Faraday effect and MLB, we have per-

formed measurements in the experimental geometry shown

in Fig. 4�b�. The probe beam was propagating along the z

axis and, thus, the effect of the crystallographic birefringence

on the measured signal was minimized. In Fig. 4�a� the ro-

tation of the probe polarization is shown as a function of the

time delay between pump and probe pulses for various ori-

entations of the incoming probe polarization �. A clear 180°

dependence of the signal on � is observed �Figs. 4�a� and

4�c��. This indicates that the measured signal originates from

the transient MLB �Eq. �22�� and reveals an in-plane motion

of the antiferromagnetic vector L. The fact that MLB domi-

nates over the Faraday effect is caused by the strong elliptic-

ity of the FMR mode of spin precession; since the magneto-

optical constants K and G are comparable for the photon

energy E=1.54 eV, the ratio between the transient Faraday

effect and MLB is mainly defined by the ratio of the dynamic

components of magnetic vectors mz / lx and is expected to be

as small as 0.01 �see Eq. �5��.

C. Excitation of coherent magnons by linearly and circularly

polarized pump pulses

Figure 5�a� shows the spin precession excited by linearly

polarized pump pulses for various azimuthal orientations of

the pump polarization �, as shown in Fig. 5�b�. The spin

precession amplitude clearly depends on � �Fig. 5�c��.
The effect of circularly polarized pulses appeared to be

dependent on the mutual orientation of pump propagation

direction and antiferromagnetic vector Ly
�0�. As can be seen

from Fig. 6�a�, the circularly polarized pump pulses propa-

gating along the z axis do excite spin precession, but chang-

ing their helicity affects neither amplitude nor the phase of

the oscillations ���+

−��−

=0�. In contrast, the spin preces-

sion excited by circularly polarized pump pulses propagating

along the y axis changes phase by 180° when the pump

helicity of the light is reversed �Fig. 6�b��. Previously, the

excitation of coherent spin precession by circularly polarized

100 fs pulses was demonstrated in Refs. 23–25. The circu-

larly polarized pulses were shown to act on the spins as

effective magnetic-field pulses with a direction depending on

the helicity. The phase of the excited precession, therefore,

was controlled by the helicity of the pump pulses. The

strength of this light-induced effective magnetic field was

shown to be linearly dependent on the pump intensity, which

was consistent with the proposed explanation in terms of the

so-called ultrafast inverse Faraday effect �IFE�. The IFE is

determined by the same magneto-optical susceptibility that

also accounts for the Faraday effect and is expected to be

allowed in media of any symmetry. Therefore, the absence of

(a)

(b) (c)
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FIG. 4. �Color online� �a� The pump-induced probe polarization

rotation ��t� as a function of the time delay between pump and

probe pulses measured for different initial probe polarization � for

the experimental geometry shown in �b�. Solid lines represent the fit

using ���t�=�0 sin��0�t�, �t�0. �c� Dependence of the ampli-

tude of the oscillations �0 on the initial probe polarization �. The

results were obtained for a temperature T=10 K, pump intensity of

10 mJ /cm2, and applied magnetic field H=1.75 kOe. Pump pulses

were linearly polarized with azimuthal angle �=45° �pump pulse is

not shown in �b� for the sake of simplicity�.
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this effect in the results shown in Fig. 6�a� is, at first glance,

puzzling considering the fact that the Faraday effect in

FeBO3 is one of the strongest among the iron oxides.65 We

note that the incompleteness of such an interpretation was

pointed out in Ref. 86. Below we show that this, together

with the observed polarization dependence of the excitation,

can both be explained by taking into account the strongly

elliptical character55 of the spin precession modes in

FeBO3.87

D. ISRS as the mechanism of coherent magnon excitation

To reveal the excitation mechanism of coherent magnons

in FeBO3 we consider first the excitation of spin precession

by the linearly polarized pump pulses propagating along the

z axis �Fig. 3�a��. Combining Eqs. �22� and �16c� for the

transient rotation of the probe polarization caused by mag-

nons excited via ISRS we obtain

�lin�t� = A
I0

4nc
GLy

�0�2
ax

2 sin 2� sin �0t , �23�

where A=�0d /n, � is the azimuthal angle of the pump po-

larization, �0 is the FMR frequency, G=b1−b2 is the

magneto-optical coefficient �see Table I�, I0 is the integrated

pump pulse intensity, �0 is the pump pulse central frequency,

and n is the refraction index at �0.

Comparison of Eq. �23� with the experimental results

shows good agreement. In particular, the experimentally ob-

tained dependence of the oscillation amplitude on the applied

magnetic field H �Fig. 7�a�� is described by �lin�H��ax
2

�1 /�0�1 /
H, following Eq. �23�. The pump-induced os-

cillations of the probe polarization should, according to Eq.

�23�, possess a sinelike behavior in the time domain, which

is, indeed, observed in the experiment �Figs. 7�b� and 7�d��
for the magnetically saturated sample. The theoretically pre-

dicted dependence of the oscillation amplitude on the polar-

ization of the pump pulses �lin����sin 2� shows good

agreement with our experimental data �Fig. 5�c��.
In the case of circularly polarized pump pulses, the tran-

sient rotation of the probe polarization excited by pulses

propagating along the z and the y axes, respectively, can be

expressed as

(a)

(b) (c)
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FIG. 5. �Color online� �a� The oscillations of the probe polariza-

tion as a function of the time delay between linearly polarized pump

and probe pulses for different orientations of the pump polarization.

The pump pulses propagate along the z axis shown in �b�. The

probe pulse is not shown in �b� for sake of simplicity. �c� The

amplitude of oscillations as a function of the pump polarization

azimuthal angle �symbols� and its fit using Eq. �23� �line�. The

results are obtained at T=10 K, H=1.75 kOe, and I=10 mJ /cm2.
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FIG. 6. �Color online� Spin precession excited by circularly po-

larized pump pulses propagating along �a� the z axis and along �b�
the y axis. �+−�− is the difference between the spin precession

amplitude excited by right- and left-handed circularly polarized

pump pulses. In both cases the magnetic field is applied along the x

axis and the probe is at 10° from the pump propagation direction.

The results are obtained at T=10 K and I=10 mJ /cm2.

(a)

(c)

(b)

(d)

FIG. 7. �Color online� Experimental dependencies of the oscil-

lations amplitude �0 �dots� on �a� the magnetic field H and �b�
pump intensity I0. Solid lines in �a� and �b� represent the dependen-

cies described by Eq. �23�. �c� Initial phase � of the pump-induced

oscillations as a function of the magnetic field H when described by

���t�=�0 sin��0�t+��. A typical experimental curve ���t� is

shown �dots� in �d�. For reference, the curves ���t�=�0 sin��0�t

+0� �solid line� and ���t�=�0 sin��0�t+� /2� �dashed line� are

shown. The experimental results shown in �a�–�d� are obtained for

the pump polarization �=45° and temperature T=10 K.
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����z�t� = � AGLy
�0�

ax� I0

4nc
Kbz cos �0t� � bzax,

�24a�

����y�t� = � AK2� I0

4nc
�K1by + K2ax�ax sin �0t� � ax

2.

�24b�

Now, keeping in mind that the FMR precession possesses

strong ellipticity, i.e., bz�ax, we obtain that ����z�����y

��lin�z. Our experimental data �Fig. 6� show that, indeed,

circularly polarized laser pulses effectively excite a helicity-

dependent spin precession only when propagating along the

y axis. It is worth noting that these results are in perfect

agreement with the observation of spontaneous Raman scat-

tering in FeBO3 reported in Ref. 69. It was shown there that,

because of spin precession ellipticity, the scattering of light

propagating along the z axis is defined mainly by the second-

order magneto-optical constant �i.e., by G in Eq. �23��, while

the scattering of light propagating along the y axis is defined

by a first-order magneto-optical constant �i.e., by K1 and K2

in Eq. �24b��. Similar effect of spin precession ellipticity on

the Raman-scattering intensity was reported in Ref. 88 for

orthoferrites.

Here we would like to comment on the distinction be-

tween our results and those reported in Refs. 21 and 24.

There the experimental observation of coherent spin preces-

sion excited by linearly polarized laser pulses in ferrimag-

netic garnet films was reported. A quasistationary photoin-

duced change in magnetic anisotropy was proposed to be the

mechanism of the excitation. Such a process can be qualified

as a non-Raman process, as discussed in Sec. III C �Eq.

�20��. The oscillations of lx�t� and, consequently, ��t� excited

via such a process should obey the �1−cos �0t�-like depen-

dence on the time delay between pump and probe pulses. In

our experiment ��t�� lx�t��sin �0t �see Figs. 3�a�, 5�a�,
and 7�b��. Besides, the dependence of the amplitude of the

excited precession on the pump pulse intensity �Fig. 7�d�� in

our experiment is different from the one observed in Ref. 21.

The photoinduced change in magnetocrystalline anisotropy

was suggested to be related to the absorption by impurity

centers. As their concentration is limited, the dependence of

the excited spin precession amplitude on the pump intensity

indeed showed saturation. However, no saturation of the spin

precession amplitude on the pump intensity was observed in

our experiments �Fig. 7�c��.
Thus, the experimentally observed excitation of coherent

magnons in FeBO3 can be unambiguously described in terms

of impulsive stimulated Raman scattering. The efficiency of

the excitation by the pump pulses with certain polarization is

defined by the ellipticity of the magnon mode, as shown

theoretically in Sec. III and supported by our experimental

data �Secs. IV C and IV D�. It is therefore interesting and

important to clarify the approach of the ultrafast inverse Far-

aday effect used previously to describe the light-induced spin

precession in orthoferrites, garnets, and metallic alloys89 and

to compare it with our ISRS-based interpretation. For this

Sec. V is devoted.

V. COHERENT MAGNON EXCITATION VIA ISRS:

EFFECTIVE LIGHT-INDUCED FIELD APPROACH

The excitation of coherent spin precession by short laser

pulses has been described previously using the approach, in

which light acts on spins as an effective light-induced mag-

netic field.89 For example, in Ref. 23 circularly polarized

light pulses were suggested to act on the rare-earth orthofer-

rite DyFeO3 as an effective magnetic field Heff=K�E�E��,
which, strictly speaking, was defined for a cubic paramag-

netic medium.90 The resulting spin precession was described

by the Landau-Lifshits �LL� equation.66 In this section we

use a similar, but extended, approach based on light-induced

effective fields together with the LL equation. We reveal

some important features that were omitted from the consid-

erations before,21,23,24,31 i.e., the peculiarities of the approach

when applied to a multisublattice medium. We note that the

procedure presented in this section is a pictorial way to de-

scribe the driving force exerted by laser pulses on the mag-

netic system and is an alternative to the approach developed

in Sec. III.

A. Effective fields in a multisublattice magnetic medium

To describe the impulsive action of light on the spin sys-

tem, we introduce the light-induced effective fields,

Hi
eff = −

�Hi,int

�Mi

, �25�

where Mi is the sublattice magnetization and Hi,int is the

Hamiltonian describing the interaction of light with the ith

sublattice. For the case of a one-sublattice ferromagnetic me-

dium, the further description of the light-matter interaction is

trivial because one ferromagnetic vector M is sufficient to

describe the collective response of the magnetic system to

the light action. A multisublattice magnetic medium, how-

ever, is described by several magnetic vectors M and L j,

where j=1, . . . ,n−1 and n is the number of magnetic sublat-

tices. Particularly, FeBO3 has two magnetic sublattices with

magnetizations M1 and M2. The interaction of light with

each sublattice can be described by the effective field H1
eff

=−�H1,int /�M1 and H2
eff=−�H2,int /�M2. Making a transition

from the sublattice magnetizations to the ferromagnetic M

=M1+M2 and antiferromagnetic L=M1−M2 vectors, one

obtains two effective fields

Heff = −
�Hint

�M
, �26a�

heff = −
�Hint

�L
, �26b�

which can also be understood as Heff=H1
eff+H2

eff and heff

=H1
eff−H2

eff. The latter field accounts for the nonequivalent

response of the Fe3+ ions at different crystallographic posi-

tions to the action of light. Below we show that it is this field

heff that induces the spin precession in a weak ferromagnet.

Note, that, in general, for a medium with n magnetic sublat-

tices there are n−1 fields h j
eff=−�Hint /�L j.
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B. Excitation of the spin precession in FeBO3

To describe the optical excitation of coherent spin preces-

sion we insert the effective fields �26a� and �26b� into the

Landau-Lifshitz equations for a multisublattice medium

�Eqs. �2a� and �2b�� and take into account the impulsive

character of these fields. For the pump pulses propagating

along the z axis, the Hamiltonian Hint can be found from Eq.

�9� and Table I. Taking into account that M �x and L � y be-

fore the pulse action, we find the effective fields induced by

circularly ���� and linearly �lin� polarized pulses, as pre-

sented in Appendix D. For the excitation of the FMR mode

of the coherent spin precession only the fields Heff� ŷ, Heff� ẑ,

and heff� x̂ are relevant,

Heff,��
= �

I0

8nc
K	�t�ẑ , �27a�

Heff,lin =
I0

16nc
�c1 + c2�Ly

�0� sin2�	�t�ŷ −
1

8nc
c3 sin2�Ly

�0�	�t�ẑ ,

�27b�

heff,��
= 0, �27c�

heff,lin = −
I0

8nc
G sin2�Ly

�0�	�t�x̂ . �27d�

Therefore, the torques exerted by the pump pulses and de-

scribing the spin motion during the pulse are �see Appendix

D for a full expressions�

dlx
��

dt
= − �Ly

�0�
Hz

eff,��

= � �
I0

8nc
KLy

�0�	�t� , �28a�

dmy
��

dt
= �Mx

�0�
Hz

eff,��

= � �
I0

8nc
KMx

�0�	�t� , �28b�

dmz
lin

dt
= − ��Mx

�0�
Hy

eff,lin − Ly
�0�

hx
eff,lin� � �

I0

8nc
G sin2�Ly

�0�2	�t� ,

�28c�

where the ratio Mx
�0��Ly

�0� is taken into account. Equation

�27a� shows that a circularly polarized light pulse propagat-

ing along the z axis acts as an effective field Hz
eff,��

directed

along the wave vector of light �i.e., along the z axis�. This

effective light-induced field exerts a torque �Eqs. �28a� and

�28b�� that rotates the spins in the xy plane. When the pulse

is gone �after 150 fs�, the spins are out of their equilibrium

orientation set by the effective fields HE+HD+HA+HA�
+Hext. Therefore, the spins start to precess around their “old”

orientations. This model is in full agreement with the results

obtained in Sec. III, where circularly polarized light is shown

to excite cosinelike oscillations of lx�t� �Eq. �15c�� and sine-

like oscillations of mz�t� �Eq. �15b��.
In contrast to the circularly polarized pulse, the effective

field hx
eff,lin induced by a linearly polarized light pulse �Eq.

�27d�� exerts a torque �Eq. �28c�� that pushes the spins out of

the xy plane. Therefore, the spin motion after the end of the

pump pulse is described by lx�t��sin �0t and mz�t�
�cos �0t �compare with Eqs. �16b� and �16c� and the ex-

perimental data in Figs. 3�b�, 7�b�, and 7�d��.
For the case of the pump pulses propagating along the y

axis the same procedure can be followed and gives the fol-

lowing results for circularly polarized pulses:

heff,��
= �

I0

8nc
K2	�t�x̂ , �29a�

dmz
��

dt
= � �

I0

8nc
K2Ly

�0�2	�t� . �29b�

Thus, the effect of a circularly polarized pulse propagating

along the y axis resembles that of a linearly polarized one

propagating along the z axis �Eq. �28c��. Namely, the effec-

tive field induced by the former and latter pulses is hx
eff and

the spins move out of the xy plane during the pulse.

The presented light-induced effective fields only deter-

mine the initial spin rotations. They do not possess any de-

pendence on the ellipticity of the FMR spin precession

mode. Thus, the presence of the light-induced effective fields

alone does not explain our experimental observations.

C. Role of the spin precession ellipticity

To clarify the role of the spin precession ellipticity men-

tioned in Sec. IV, here we present simulations of the interac-

tion of the spin system with the pump pulses propagating

along the z axis �Fig. 8�, which is based on the light-induced

effective fields obtained in Sec. V B. First, we consider the

case of linearly polarized pump pulses. During the pulse the

light-induced torque dmz /dt �Eq. �28c�� pushes the spins out

of the xy plane �Fig. 8�a��. This results in a finite value of the

dynamic component of the magnetization mz��t=0� right af-

ter the pulse. The torque dmz /dt and, consequently, mz��t

=0� are defined by the magneto-optical constant G, light in-

tensity I0, and polarization � �Eq. �28b��. When the light

pulse is gone, the precessional motion of the spins toward

their equilibrium position starts and after a quarter of the

spin precession period the deviation of the spins is charac-

terized by the value lx��t=� /2�0�= lx
max �Fig. 8�b��. This

value defines the amplitude of the signal ��t� measured in

the experiment �see Eq. �22��. Because of the strong elliptic-

ity of the spin precession �Eq. �5�� this deviation is 2 orders

of magnitude larger than the initial one: lx
max

= �2�HE /�0�mz��t=0�= �2�HE /�0�GI0Ly
2.

For the circularly polarized pulses the situation is oppo-

site. The torque dlx /dt created by the pump pulse rotates the

spins in the xy plane, leading to a finite value lx��t=0�
�KI0Ly right after the pulse �Fig. 8�c��. However, this de-

viation is along the direction in which the elliptical spin pre-

cession possesses the maximal amplitude. Therefore, the am-

plitude of the measured signal is defined by lx
max= lx��t=0�

and is much weaker than the amplitude of the precession

excited by the linearly polarized pump pulses: lx
�,max

/ lx
lin,max

= ��0 /2�HE�K /GLy �0.01. This explains the fact that a

helicity-dependent spin precession was not observed in the

experiments with the pump pulses propagating along the z

axis �Fig. 6�a��.
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In contrast, circularly polarized pump pulses propagating

along the y axis create a torque dmz /dt and the situation

resembles the one considered above for the linearly polarized

pulses, propagating along the z axis. Therefore, the ampli-

tude of the helicity-dependent spin precession excited by cir-

cularly polarized pump pulses propagating along the y axis

�Fig. 6�b�� is comparable with the amplitude of the spin pre-

cession excited by the linearly polarized ones propagating

along the z axis. Note that this strong effect of the circularly

polarized light originates from the effective field hx
eff, di-

rected perpendicular to the propagation direction of light,

rather than from the field Hy
eff along the propagation direc-

tion, as one would expect at the first glance relying on the

simplified model, applicable only for isotropic ferromagnetic

materials. Therefore, our extended model, accounting for the

two magnetic sublattices, fully addresses the comments of

Ref. 86, where the simplified approach23 was questioned.

A separate remark is required concerning the term inverse

Faraday effect used in Refs. 23, 24, and 31. Following the

same logic the effective fields induced by linearly polarized

light can be referred to as an ultrafast inverse Cotton-Mouton

or inverse Voigt effect. However, in the original papers on

these phenomena,37–39,90 the inverse Faraday effect was in-

troduced to describe the magnetization induced in a para-

magnetic medium by circularly polarized 30 ns pulses. There

are several different mechanisms leading to this latter phe-

nomenon, such as optical Stark effect and mixing different

amounts of excited states into the ground state.82 In contrast,

in Ref. 23 the term ultrafast inverse Faraday effect was in-

troduced for the effective magnetic field induced by circu-

larly polarized ultrashort laser pulses that lead to the excita-

tion of spin precession. The microscopic mechanism of this

effect is, as we show here, ISRS, in which the optical electric

fields mix the ground state with excited states and create

Raman coherence between the magnetic sublevels of the

ground state. One should therefore be careful and keep in

mind the drastic difference between the experiments with

nanosecond and subpicosecond laser pulses. If the duration

of the pulse is comparable with the time required for the

repopulation of the different magnetic sublevels of the

ground state �approximately nanoseconds�, such a long exci-

tation leads to a laser-induced magnetization not observed in

the experiments with subpicosecond pulses.

Finally, we would like to note that the approaches based

on the equation of motion for magnon normal coordinates

�Secs. III and IV D� and on the LL equations are equivalent

for the treatment of the experimental results presented in this

paper. However, the latter approach will be more convenient

for the description of large deviations or even switching26 of

spins caused by strong laser pulses when the equation of

motion �Eq. �10�� becomes highly nonlinear.

VI. IMPULSIVE GENERATION OF COHERENT PHONONS

IN FeBO3

The spectrum of various magnetic and nonmagnetic co-

herent excitations in iron borate is very broad. For instance,

FeBO3 possesses two modes of spin precession. One of

them, having a lower frequency, was successfully observed

in our experiments. From the nature of the ISRS it follows
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FIG. 8. �Color online� Schematic representation of the FMR precession excited by ��a� and �b�� linearly and ��c� and �d�� circularly

polarized pulses propagating alone the z axis. mz and lx are dynamic components of the ferromagnetic and antiferromagnetic vectors. For the

sake of simplicity, the ratio mz / lx is taken to be only 0.5 and the weak ferromagnetism is neglected, and the purely antiferromagnetic

alignment is depicted. ��e� and �f�� Time dependence of lx �green solid lines� and mz �blue dashed lines� as obtained from the simulations

�Ref. 91�. During the pulse ��t=0� the effective field induced by �a� linearly or �c� circularly polarized pulses creates the torque dmz /dt

�dlx /dt� that pushes the spins out of �within� the xy plane. This corresponds to point 1 on the graphs �e� and �f�. After the pump pulse M and

L start to precess around their old equilibrium positions. Point 2 on the graphs �e� and �f� corresponds to the positions of these vectors after

one quarter of the FMR period ��b� and �d��. The maximal deviation lx
max of L defines the amplitude of the transient probe polarization

measured in the experiments. The weak high-frequency oscillations visible on graphs �e� and �f� originate from the AFMR mode.
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that the highest frequency of coherent excitation that can be

generated by laser pulses is limited by the pulse duration. To

study the excitations in a broader spectrum, shorter laser

pulses should be used. Therefore, we performed similar ex-

periments using light pulses with a duration of 40 fs instead

of 150 fs. In the case of Fourier-transform limited pulses, this

change in pulse duration directly converts into an increased

bandwidth and, consequently, provides access to the high-

frequency excitations.

A. Experimental results

In Fig. 9�a� the transient rotation of the probe polariza-

tion, as induced by 40 fs linearly polarized laser pulses, is

shown on both long �up to 15 ps� and short �up to 2.5 ps�
time scales. Three modes with frequencies f =0.7, 8.4, and

12.0 THz are observed �Fig. 9�b��. The frequencies of these

modes are independent of the applied magnetic field �Fig.

9�c��.
The 0.7 THz frequency is approximately twice that of the

antiferromagnetic resonance at room temperature.56 How-

ever, in contrast to the behavior of the AFMR mode in

FeBO3,56 this frequency does not show any noticeable de-

pendence on temperature �Fig. 11�c��. Therefore, we can

state that the experimentally observed oscillations are not

related to the antiferromagnetic mode of spin precession.

This also follows from the considerations in Sec. V C that it

is the ellipticity of the FMR mode which allows us to ob-

serve its excitation; the AFMR mode is characterized by an

ellipticity55 �Eq. �6�� that is 1 order of magnitude smaller

than the one of the FMR mode.56,58 We note that in sponta-

neous Brillouin scattering experiments92 the intensity of the

Stokes lines related to the AFMR was 2 orders of magnitude

lower that those of the FMR. The frequency of 0.7 THz,

however, does not coincide with any of the earlier observed

five Raman-active phonon modes �A1g and 4Eg� �Refs.

93–95� or with the eight infrared-active modes.95,96 The ab

initio calculated spectrum of all possible phonon modes in

FeBO3 �Ref. 97� does not contain any mode close to 0.7

THz.

The 8.4 and 12.0 THz excitations can be attributed to the

doubly degenerated Raman-active Eg optical phonon modes

with frequencies 8.37 and 12.03 THz,93,94 respectively �Fig.

10�. Two infrared-active Eu modes95,96 are close in frequency

�8.03 and 12.1 THz� as well. However, in our experiments

we measure a signal proportional to the finite modulation of

the dielectric permittivity by phonons. The latter defines the

Raman tensor and, therefore, only Raman-active modes can

be detected.

B. Discussion

1. Generation of coherent phonons via ISRS

First, we discuss the excitation of the two coherent pho-

non modes with frequencies 8.4 and 12.0 THz. Several

mechanisms of coherent phonon generation by subpicosec-

ond laser pulses were studied experimentally and theoreti-

cally, such as ISRS, resonant stimulated Raman scattering,

and displacive excitation of coherent phonons.47–49 The two

latter mechanisms rely on real optical transitions83,84 and,

therefore, are believed not to be effective in our experiment,

where the central photon energy of the laser pulse E0

=1.54 eV is almost twice as low as the fundamental absorp-

tion edge. The absorption coefficient for E=1.54 eV is

80 cm−1. For the case of ISRS, the excitation of coherent

phonons by laser pulses can be described in terms of the

equation of motion for the normal coordinate Q of the cor-

responding phonon mode with an impulsive driving force.45

This approach allows one to write the equation of motion for

(a)

(b) (c)

FIG. 9. �a� Transient rotation of the probe polarization as a

function of the time delay between pump and probe pulses for dif-

ferent linear polarizations � of the pump pulse. Inset: the signal on

a shorter time scale of 0–2.5 ps. �b� Fourier spectrum of the signal

measured at pump polarization �=45°. �c� Dependence of the os-

cillation frequency on the applied magnetic field �symbols�. The

results are obtained at T=10 K and I=10 mJ /cm2.

z

B
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O

[001]
(b)(a) z

t-mode r-mode

[001]

FIG. 10. �Color online� Schematic representations of the two

doubly degenerate optical phonon modes Eg �Refs. 95, 98, and 99�.
Abbreviations t and r stand for translational and rotational modes,

respectively.
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each mode separately.95,100 Different from the magnon case

considered above, for the phonons the normal coordinates Q

represent ion displacements and, hence, obey the harmonic-

oscillator equation,48

d2Q

dt2
+ �2Q = F�t� =

1

2
RijEi�t�E j

��t� , �30�

where Rij =��ij /�Q is the Raman tensor for crystals of sym-

metry R3̄c �Ref. 95� �see Table II�. � is the frequency of the

corresponding phonon mode. The normal coordinates Q for

each mode observed in the experiment are listed in Table II.

Note that, in contrast to the case of magnons, the normal

coordinates of coherent phonons are real.

In our experiment the pump-induced rotation of the probe

polarization was measured. From the symmetry properties of

the dielectric permittivity tensor �Table II� it follows that

only modes described by the normal coordinates Qt�y� and

Qr�y� �shown in Fig. 10� can contribute to the rotation of the

probe polarization �defined by off-diagonal components

	�xy =	�yx� of the dielectric permittivity tensor.

The general solution for Eq. �30� and its main properties

were extensively discussed in literature �for reviews see

Refs. 48 and 49�. The solution for the case of a linearly

polarized pump pulse has the form

Q�t� � RxyI0 sin2�sin �t , �31�

where I0 is the integrated intensity of the pump pulse and � is

the azimuthal angle of the pump polarization. The transient

rotation of the probe polarization is

��t� � Rxy
2

I0 sin2�sin �t , �32�

where Rxy =r2 �for the t mode �=8.4 THz� and Rxy =r4 �for

the r mode �=12.0 THz� are the components of the Raman

tensor �Table II�. This theoretical dependence of the transient

probe polarization rotation on the pump polarization azi-

muthal angle � �inset of Fig. 9�a�� is in good agreement with

our experimental data. The amplitude of the rotation �0 �Fig.

11�b�� follows a linear intensity dependence according to Eq.

�32�.
The temperature dependence of the frequency and, par-

ticularly, amplitude of the excited coherent phonons �Fig.

11�a�� has to be discussed in more detail. Raman scattering

from phonons in FeBO3 was reported by several

groups.93,94,101 In our experiment the frequencies of both ob-

served phonon modes are independent of temperature within

the whole studied temperature range of 10–370 K. This is in
good agreement with the results of previous works where
no93,94 or very weak ��1%� �Ref. 101� shifts of the fre-
quency with temperature were observed in the range of 10–

400 K.

The change in the intensity of the Raman scattering as a

function of temperature appeared to be a more intricate issue.

In Ref. 93 a significant drop �by approximately a factor of 2�
of the intensity of the Stokes line of the 12.0 THz phonon in

FeBO3 was reported. A similar, but somewhat weaker, tem-

perature dependence was also observed for the 8.4 THz

mode. This observation was considered as an indication of

the influence of magnetic ordering on the phonon Raman

scattering. Results published later94 reproduced the experi-

mental observation of Ref. 93, but the influence of magnetic

order on the phonon spectra was disproved. On the other

hand, in several other materials, predominantly semiconduct-

ing spinels, a magnetic-order dependent Raman scattering

from phonons was observed.102 Several mechanisms respon-

sible for this effect were proposed.94,103 In our experiment

we did observe a change in the amplitude �0 of the 8.4 THz

mode with temperature, while the amplitude of the 12.0 THz

TABLE II. Raman and dielectric permittivity tensor components and normal coordinates for two external

doubly degenerate modes Eg.

�k

�THz� Type Normal coordinatea Qk Rij 	�ij

8.4 Translational Qt�x�=x1−x2

Qt�y�=y1−y2

xx=−yy=r1

xy=yx=r2

xx=−yy=r1Qt�x�

xy=yx=r2Qt�y�

12.0 Rotational Qr�x�= lx1+ lx2

Qr�y�= ly1+ ly2

xx=−yy=r3

xy=yx=r4

xx=−yy=r3Qr�x�

xy=yx=r4Qr�y�

ax�y�i denotes the shift of the ith ion complex along the x�y� axis �Fig. 10�. lx�y�i denotes the rotation of this

complex with the angular momentum l along x�y� axis �Ref. 99�.

(a)

(b)

(c)

(d)

FIG. 11. �Color online� �a� Temperature dependence of the fre-

quency f and amplitude �0 of the excited coherent phonon modes

of 8.4 and 12.0 THz. �b� Dependence of the amplitude of the ob-

served phonon modes and 0.7 THz oscillations on the pump inten-

sity I. �c� Temperature dependence of the frequency f and amplitude

�0 of the 0.7 THz oscillations. �d� Dependence of the amplitude �0

of the 0.7 THz oscillations on pump polarization �.
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mode is temperature independent within the fitting error �Fig.

11�a��. However, no peculiarities in the temperature depen-

dencies of both modes were observed in the vicinity of the

Néel temperature, where the magnetic-order experiences

drastic changes. Therefore, we conclude that the variations of

�0 with temperature are not related to the changes in mag-

netic ordering.

2. Origin and excitation of the 0.7 THz oscillations

The origin of the 0.7 THz oscillations ought to be dis-

cussed separately. Neither Brillouin or Raman-scattering

spectra92–94,101 nor infrared-absorption spectra96 have shown

any mode with this frequency. We note that there are 27

possible optical phonon modes in FeBO3 nearly half of

which have been observed experimentally. Therefore, the

pump-probe method used here might reveal additional fea-

tures in the energy spectrum of FeBO3 which were not ac-

cessible via conventional optical studies.

As can be seen from Fig. 11�c�, the frequency of the 0.7

THz mode does not change in the whole range of tempera-

tures from 10 up to 300 K where this mode is detected,

following the behavior of the coherent phonon modes at 8.4

and 12.0 THz �Fig. 11�, except for the variations of the am-

plitude �0 with temperature. This suggests that this mode is

not an excitation of the spin system.

The amplitude of the oscillations, in contrast to frequency,

decreases by an order of magnitude in the temperature range

of 10–300 K. Above 300 K the fitting error ��0 becomes

larger than the signal amplitude �0 itself. Therefore, a con-

fident determination of the frequency above 300 K was not

possible. Such a strong dependence of the amplitude on tem-

perature and its vanishing in the vicinity of the Néel tem-

perature TN=348 K indicates a possible relation between the

observed excitation and the magnetic order.

If the observed mode itself is of nonmagnetic origin, its

coupling with the magnetic order in an optical pump-probe

experiment can be described by introducing the dielectric

tensor components 	�ij�Q�, which are functions of both the

magnetic-order parameter L and the parameter Q, describing

the medium excitation,

	�ij�Q� = 	�ij
�0��Q� + 	K1ijk�Q�Mk + 	K2ijk�Q�Lk

+ 	bijkl�Q�LkLl + 	cijkl�Q�MkLl ¯ , �33�

where 	�ij
�0��Q� is defined for the paramagnetic point group

and describes the magnetic-order independent modulations

of the dielectric tensor by the excitation Q. If 	�ij
�0��Q�=0,

this excitation cannot be detected in the paramagnetic phase

by means of an optical measurement. 	K1ijk�Q�, 	K2ijk�Q�,
	bijkl�Q�, and 	cijkl�Q� are modulations of the magneto-

optical susceptibilities of different order due to the coherent

phonons or some other nonmagnetic coherent medium exci-

tation. Therefore, the latter terms in Eq. �33� describe the

contributions to the modulations of the dielectric permittiv-

ity, which depend on the magnetic ordering �M and L� and

can thus be detected in the magnetically ordered phase only.

This can explain the decrease in the signal when the tempera-

ture is approaching the Néel temperature. On the other hand,

the Raman tensor, describing light scattering from the coher-

ent excitation Q, is

Rij =
	�ij

�Q
= Rij

�0� +
	K1ijk

�Q
Mk +

K2ijk

�Q
Lk +

	bijkl

�Q
LkLl

+
	cijkl

�Q
MkLl + ¯ . �34�

If Rij
�0�=0, this coherent excitation is Raman inactive and,

thus, its generation via ISRS cannot occur. However, if at

least one of the coefficients 	K1ijk�Q�, 	K2ijk�Q�, 	bijkl�Q�,
or 	cijkl�Q� is nonzero, this excitation can become Raman

active in the magnetically ordered phase. Note that the am-

plitude of the signal drops with temperature much faster that

the magnetization �Fig. 11�c��. This might indicate that both

excitation and detection of the 0.7 THz mode depend on the

presence of the magnetic order. For a more detailed explana-

tion of this excitation further thorough studies are required.

We note that the excitation of this mode is sensitive not only

to the presence of the magnetic ordering but also to the po-

larization of the pump �Fig. 11�d��. Therefore, its observation

in the experiments on the spontaneous Raman scattering re-

quires both magnetic ordering and the proper choice of the

incoming and scattered beam polarizations. This might ex-

plain why the mode with such a frequency was not, to the

best of our knowledge, detected in the reported experiments

on the spontaneous Raman scattering.

VII. CONCLUSIONS

The interactions of subpicosecond light pulses with the

easy-plane weak ferromagnet FeBO3 have been studied by

means of time-resolved magneto-optical measurements. We

have shown that coherent magnons can be excited by both

linearly and circularly polarized laser pulses and that the mi-

croscopic mechanism of this excitation is impulsive stimu-

lated Raman scattering. In certain experimental geometries

the amplitude of the magnons excited by linearly polarized

light was 2 orders of magnitude larger than of those excited

by circularly polarized light, while in another geometry they

were comparable. A phenomenological analysis of the exci-

tation of magnons via ISRS showed that this difference can

be explained by taking into account the strong ellipticity of

the spin precession in FeBO3.

We have also shown that the excitation of coherent spin

precession by light pulses can be described using light-

induced effective fields and the Landau-Lifshitz equation.

These fields can be induced not only by circularly polarized

pulses but by linearly polarized ones as well, which can be

considered as ultrafast inverse Faraday and Cotton-Mouton

effects, respectively. Moreover, we demonstrated that for a

two-sublattice magnetic medium one has to consider two ef-

fective fields. This approach gives results which are in per-

fect agreement with the conclusions of the analysis based on

ISRS. However, the former is convenient for the description

of large light-induced changes in the magnetic system when

nonlinearities in the spin motion cannot be neglected.

Excitation of two optical phonon modes was shown to

occur via ISRS when the pump pulse duration is reduced to
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40 fs. Along with this, an additional mode at 0.7 THz was

observed, but its origin has not been clarified so far. The

latter excitation was observed only in the magnetically or-

dered phase although its frequency was not sensitive to tem-

perature changes. Therefore, it is suggested that it is a non-

magnetic excitation �coherent phonon, for example� that

becomes Raman active only in a magnetically ordered state

and thus can be excited via ISRS only below the Néel tem-

perature.
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APPENDIX A: DYNAMIC COMPONENTS OF THE

DIELECTRIC PERMITTIVITY TENSOR

The complete expressions for the dielectric permittivity

tensor components, accounting for contributions which are

of first and second orders on the small spin deviations, are

presented in Table III.

APPENDIX B: NORMAL COORDINATES FOR FMR

MODE OF SPIN PRECESSION IN FeBO3

Spin waves can be treated using the classical Hamiltonian

formalism, which is one of the general methods for descrip-

tion of waves of various origin.80 The Hamiltonian formal-

ism for the magnons in the magnetic dielectric medium was

developed in Ref. 81 and the application of this apparatus to

the case of magnons excited by laser pulses was considered

recently in Ref. 53. Here we consider only the particular case

of two-sublattice antiferromagnetic of an easy-plane type,

i.e., FeBO3.

The deviation of the magnetization of kth sublattice from

the equilibrium can be considered in the local coordinate

system, where the zk axis is directed along the equilibrium

magnetization, as shown in Fig. 12. Then, for a case of a

homogenous precession, the canonical variables bk can be

introduced through the linearized Holstein-Primakoff

transformation,104

bk =
Mxk

k + iMyk

k


2�kMk

, �B1�

where k=1,2 for the two-sublattice antiferromagnet and Mk

and �k are the magnetization and the gyromagnetic ratios of

the kth sublattice. Mxk�yk�
k is the projection of the magnetiza-

tion of the kth sublattice on the x�y� axis of the kth local

coordinate system. The Hamiltonian Hmagnon is a quadratic

function of the variables �bk ,bk
�	. The equation of motion for

these variables holds

i
�bk

�t
=

�H

�bk
�
, − i

�bk
�

�t
=

�H

�bk

, �B2�

where H=Hmagnon+Hint and Hmagnon and Hint being the

Hamiltonians describing the coherent magnons and their in-

TABLE III. The modulation of the dielectric permittivity tensor �ij by FMR and AFMR spin precessions

�columns 3 and 4�. Underlined are the components used in the discussion of the FMR mode excitation via

ISRS. The coordinate axes x, y, and z are chosen as shown in Fig. 1. The magnetic field is assumed to be

along the x axis, so that L�0� � y, M�0� �x.

Tensor

element

FMR �lx, my, mz�0� AFMR �mx, ly, lz�0� Mixed

contribution

�xx
s b1lx

2+c2mylx−c3lxmz b2Lyly +c1mxly +b5Lylz+c8Mxlz 0

�yy
s b2lx

2−c1mylx+c3lxmz b1Lyly −c2mxly −b5Lylz−c8Mxlz 0

�zz
s b3lx

2−c4mylx b3Lyly +c4�Mxly +mxLy�+b8lz
2 0

�xy
s �b1−b2�lxLy −

1

2
�c1+c2��Mxlx−myLy�+c3Lymz 0 b5lxlz−c8mylz

�xz
s 2b4lxLy +c5�myLy −Mxlx�−c6Lymz 0 b6lxlz−c7mylz

�yz
s b4lx

2+c5mylx+c6lxmz b6Lylz+c7Mxlz 0

�xy
a iKmz 0 0

�xz
a iK1my + iK2lx 0 0

�yz
a 0 iK1mx− iK2ly 0

M
1

M
2

(001)

M

1
O

L

y

x

z
1

y
1

x
1
,x
2

z
2

y
2

z

FIG. 12. �Color online� The choice of the local coordinate sys-

tems �x1 ,y1 ,z1	 and �x2 ,y2 ,z2	 for Eq. �B1�. Note that the length of

L and the canting of the sublattice magnetizations M1,2 are not to

scale.
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teraction with the electric field of light, respectively.

The Hamiltonian Hmagnon can be reduced to the diagonal

form,

Hmagnon = �
n

�nQnQn
�, �B3�

by performing the transformation from the canonical vari-

ables bk to normal coordinates Qn of nth eigenmode of spin

precession. Qn in this case are the classical analogs of the

quantum-mechanical creation and annihilation operators105

and satisfies the equation of motion,

i
dQn

dt
=

�H

�Qn
�

. �B4�

The transformation is �see Eq. �12� of Ref. 53�

bk = �
n

�ukn
�

Qn − vknQn
�� , �B5�

where the coefficients ukn and vkn should satisfy the condi-

tions that guarantee that the transformation �Eq. �B5�� is ca-

nonical and Qn is a normal coordinate �Eqs. �8�–�11� of Ref.

53�.
For a two-sublattice antiferromagnet, possessing an easy-

plane magnetic anisotropy �e.g., FeBO3�, the transformation

bk→Qn holds79

b1 + b2 =
 �HE

�FMR
�QFMR − QFMR

� �

+
1

2

�FMR

�HE

�QFMR + QFMR
� � , �B6a�

b1 − b2 =
 �HE

�AFMR
�QAFMR + QAFMR

� �

+
1

2

�AFMR

�HE

�QAFMR − QFMR
� � , �B6b�

where ��A�FRM are the frequencies of the �anti�ferromagnetic

modes of spin precession and Q�A�FMR are the normal coor-

dinates for these modes. For the FMR mode of spin preces-

sion we find that

b1 + b2 =
1


2�M0

�mz + ilx� , �B7�

where mz=Mx1

1 +Mx2

2 , lx=My1

1 −My2

2 , x and z are the axes of

the general coordinate system of the sample �Fig. 7�, M0

=M1=M2 is the sublattice magnetization, and � is the gy-

romagnetic ratio. Combining Eqs. �B6a� and �B7� we get

lx = 
2�M0
 �HE

�FMR
�QFMR − QFMR

� � , �B8a�

mz =
1

2

2�M0
�FMR

�HE

�QFMR + QFMR
� � , �B8b�

which lead to the relations presented in Eqs. �7a�–�7d�.
Similarly, for the AFMR mode of spin precession we find

b1 − b2 =
1


2�M0

�lz + imx� , �B9�

where lz=Mx1

1 −Mx2

2 , mx=My1

1 +My2

2 , and x and z are the axes

of the general coordinate system of the sample �Fig. 7�.
Therefore, the relations between the normal coordinate for

this mode and the deviations of ferromagnetic and antiferro-

magnetic vectors are

lz =
1

2

2�M0
�AFMR

�HE

�QAFMR − QAFMR
� � , �B10a�

mx = 
2�M0
 �HE

�AFMR
�QAFMR + QAFMR

� � . �B10b�

APPENDIX C: SOLUTION OF THE EQUATION OF

MOTION FOR LIGHT-EXCITED MAGNONS

The solution of equation of motion for a magnon normal

coordinate Q,

dQ

dt
+ i�0Q = − iF�t� , �C1�

is found in a form

Q�t� = − ie−i�0t�
−�

t

dt�F�t��ei�0t�. �C2�

The initial conditions for which we find the solution are

Q�t→−��=0 and dQ /dt�t→−��=0. Two limiting cases are

considered in this work. In the first one the driving force

exerted by the laser pulse has an impulsive character F�t�
=F0	�t�, where F0 is an amplitude of the driving force, de-

fined by the intensity and polarization of light and the

magneto-optical permittivity, as discussed in the Sec. III �see

Eq. �13��. In this case the solution �Eq. �C2�� has a form

Q�t� = − iF0e−i�0t = − F0�i cos �0t + sin �0t� . �C3�

As an example, we consider the circularly polarized pulse

propagating along the z axis. Then

F0 = �
I0

8nc
Kbz �C4�

and

Q�t� = �
I0

8nc
Kbz�sin �0t + i cos �0t� , �C5�

which corresponds to Eq. �15a�. The consideration for the

linearly polarized light is analogous. The resulting expres-

sion for the normal coordinate differs in phase from Eq. �C5�
by � /2 because the product eie j

� in the expression for the

driving force F0 is imaginary for the circularly polarized

light and is real for the linearly polarized one.

In the limiting case of an absorptive medium the light

exerts a quasistationary driving force approximated by the

Heaviside step function,
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F�t� = �F0� + iF0�, t � 0

0, t � 0,
�

where we do not make any assumption about the origin of

this force. Then the solution �Eq. �C2�� of the equation of

motion is

Q�t� = F0�
cos �0t − i sin �0t − 1

�0

+ iF0�
cos �0t − i sin �0t − 1

�0

. �C6�

Assuming that iF�t� is real, i.e., F0�=0, F0��0, we obtain Eq.

�20a� and, consequently,

mz�t� = 2F0�bz

sin �0t

�0

,

lx�t� = 2F0�ax

�1 − cos �0t�
�0

. �C7�

Otherwise the time dependences of mz and lz are the oppo-

site. The term �cos �0t does not appear in both cases, in

contrast to the impulsive excitation.

APPENDIX D: LIGHT-INDUCED EFFECTIVE FIELDS

AND TORQUES

As an example of derivation of light-induced fields we

consider the case of light propagating along the z axis. First,

we obtain the expressions for the circularly polarized light.

The relevant dielectric permittivity tensor component is

	�xy
a = iKmz. �D1�

The Hamiltonian describing the interaction of a short circu-

larly polarized laser pulse with the medium is

Hint
��

=
1

16�
�xy

a
Ex�t�Ey

��t� = �
I0

8nc
Kmz	�t� , �D2�

where Ex�y��t� are the time-dependent x�y� components of the

electric field of light.

Therefore there is only “ferromagnetic” effective field in-

duced by such a pulse,

Heff,��
= −

�Hint
��

�m
= �

I0

8nc
K	�t�ẑ , �D3a�

heff,��
= −

�Hint
��

�l
= 0. �D3b�

Then, taking into account the equilibrium orientation of fer-

romagnetic and antiferromagnetic vectors �M �x ,L � y� we

find that the torque created by the light-induced effective

field Heff,��
is

dm

dt
= − �M � Heff,��

= − ��Mx · Hz
eff,��

�ŷ

= � �
I0

8nc
KMx

�0�	�t�ŷ , �D4a�

dl

dt
= − �L � Heff,��

= − ��Ly · Hz
eff,��

�x̂

= � �
I0

8nc
KLy

�0�	�t�x̂ . �D4b�

Therefore, circularly polarized pulses propagating along the

z axis create the torque that moves the spins in the xy plane.

Interaction of linearly polarized pulses propagating along

the z axis is described by �see Table III�

�xx
s = b2Ly

�0�2 + c1Mx
�0�

Ly
�0� + �b5Ly

�0� + c8Mx
�0��lz, �D5a�

�yy
s = b1Ly

�0�2 − c2Mx
�0�

Ly
�0� − �b5Ly

�0� + c8Mx
�0��lz, �D5b�

	�xy
s = �b1 − b2�lxLy −

1

2
�c1 + c2��Mxlx − myLy� + c3Lymz.

�D5c�

The Hamiltonian is

Hint
lin =

I0	�t�
4nc

��b2Ly
�0�2 + c1Mx

�0�
Ly

�0��cos2 �

+ �b1Ly
�0�2 − c2Mx

�0�
Ly

�0��sin2 � +
1

2
��b1 − b2�lxLy

�0�

−
1

2
�c1 + c2��Mx

�0�
lx − myLy

�0�� + c3Ly
�0�

mz�sin 2�

+ �b5Ly
�0� + c8Mx

�0��lz cos 2�� . �D6�

The light-induced effective fields in this case are

Heff,lin = −
�Hint

lin

�M
= −

I0	�t�
4nc

��c1 cos2 � − c2 sin2 ��Ly
�0�

x̂

−
1

4
�c1 + c2�Ly

�0� sin 2�ŷ +
1

2
c3 sin 2�Ly

�0�
ẑ� ,

�D7a�

heff,lin = −
�Hint

lin

�L

=
I0	�t�
4nc

�1

2
��b1 − b2�Ly

�0� −
1

2
�c1 + c2�Mx

�0��sin 2�x̂

+ ��b2 cos2 � + b1 sin2 ��Ly
�0�

+ �c1 cos2 � − c2 sin2 ��Mx
�0��ŷ
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+ �b5Ly
�0� + c8Mx

�0��cos 2�ẑ� . �D7b�

Only the components Hz, Hy, and hx of these fields can lead
to an excitation of the FMR mode of the spin precession.
Therefore, the torques exerted by the linearly polarized pulse
propagating along the z axis are

dm

dt
= − ��M � Heff,lin + L � heff,lin�

= − ���Mx
�0� · Hz

eff,lin�ŷ + �Mx
�0� · Hy

eff,lin + Ly
�0� · hx

eff,lin�ẑ�

� �
I0	�t�
8nc

�b1 − b2�L�0�2 sin 2�ẑ , �D8�

where we took into account that Mx�Ly. There is also the

torque

dl

dt
= − ��Ly

�0� · Hz
eff,lin�x̂ = �

I0	�t�
8nc

c3L�0�2 sin 2�x̂ , �D9�

however, as discussed in Sec. V C, the amplitude of the pre-

cession caused by a torque directed in the xy plane is 2

orders of magnitude smaller that of the one caused by a

torque along the z axis �Eq. �D8��. Therefore, the linearly

polarized pulses propagating along the z axis excite the spin

precession because of the light-induced effective field

heff,lin�x.
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