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Optical pump-probe setups are commonly used for the excitation and investigation of spin dynamics in
various types of magnetic materials. However, spatially homogeneous excitation is usually considered. In
the present study, we describe an approach to optical excitation of nonuniform THz spin dynamics and
to probing its spatial distribution inside a magnetic crystal. We propose to illuminate a crystal with laser
pulses of properly adjusted polarization to benefit from the strong optical birefringence inherent in the
crystal. This results in unusual behavior of the effective magnetic field generated by the pulses due to the
inverse Faraday effect and the peculiar sign-changing dependence of the direct Faraday effect inside the
crystal. The study is performed for an yttrium orthoferrite crystal as an example, although the proposed
approach is applicable to various magnetic materials with optical anisotropy.
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Studies of spin-system dynamics are concerned with
several different rapidly growing fields of technology,
such as modern telecommunication technologies [1,2],
quantum computing [3,4], several different approaches to
magnetic data recording and reading [5—7], light modu-
lation at GHz frequencies [8—11], biosensing [12], and
magnetometry [13]. Antiferromagnetic materials, such as
YFeO; and DyFeO;, are promising candidates for practi-
cal use in high-speed devices, since they possess a large
magneto-optical response [14—16] and allow the excitation
of quasiantiferromagnetic modes at nearly THz frequen-
cies [17-28]. Although these modes can be excited by THz
electromagnetic pulses [23-25], optical excitation via fem-
tosecond laser pulses is also very promising, since it has a
local (at micrometer and even submicrometer scales) and
tunable impact via various optomagnetic effects, includ-
ing the inverse Faraday effect (IFE) [26—33], predicted by
Pitaevskii [34] and further elaborated on and demonstrated
a little later by Van der Ziel et al. [35] and Pershan et al.
[36].

The IFE is related to impulsive stimulated Raman scat-
tering [37,38] and does not require absorption of light,
thus providing two main advantages: the optical impact is
instantaneous and nonthermal [26]. In an isotropic mag-
netic medium, the effective magnetic field induced via

* .
andrey.a.voronov@gmail.com

2331-7019/21/16(5)/L051001(6)

L051001-1

the IFE is maximum for circularly polarized incident
radiation and absent for linearly polarized radiation. The
IFE-induced magnetic field is parallel to the wave vector
of the light. However, in optically anisotropic materials,
the situation is more complicated. Because of the con-
version of the polarization of the light from an initial
circular polarization to elliptical and then linear while
propagating through the medium, the distribution of the
IFE field becomes spatially nonuniform. Moreover, gen-
erally, the orientation of this field may not be parallel
to the wave vector of the light [39]. Usually, this phe-
nomenon is reported to complicate the analysis of spin
dynamics [17], and several studies have been carried out
to find out how to interpret the observed probe signal with
respect to the polarization of the pump [17] or probe [40]
pulse or both of them [31]. We focus our study on the
IFE phenomenon; however, under certain conditions spin
dynamics in antiferromagnets can be also excited via the
inverse Cotton-Mouton effect [17]. In this case, pump-
probe studies can be performed in a very similar way to
that proposed in the present paper, and the results will be
qualitatively the same.

Here we show that, in contrast to the well-known sit-
uation in isotropic materials, optical anisotropy provides
a unique tool for the excitation and detection of spatially
nonuniform spin dynamics. Such possibilities cannot be
achieved in isotropic materials, due to the homogeneity of
the IFE field inside the pumping area.

© 2021 American Physical Society
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FIG. 1. Schematic representation of the configuration under
study and the dynamics of the antiferromagnetism and magne-
tization vectors in the quasiantiferromagnetic mode (inset).

The IFE can be described in terms of the effective
magnetic field Hipg induced by light,

ig
167t M,

Hypg = — [E x E*], (1)

where g is the magneto-optical gyration coefficient, M; is
the saturation magnetization, E is the electric field of the
incident light, and E* is its complex conjugate. Therefore,
if the polarization of the electromagnetic field varies inside
the magnetic material, Hygg also becomes inhomogeneous.

Consider a biaxial crystal in which the incident light
propagates along a magnetic field that coincides with one
of the optical axes of the crystal. Such a configuration
may be implemented in various types of canted antiferro-
magnetic materials, including orthoferrites, that possess a
high optical anisotropy and magneto-optical response. For
definiteness, we consider the material yttrium orthoferrite
(YFeOs3), with the ¢ axis perpendicular to the sample plane
(Fig. 1).YFeOs3 belongs to the family of rare-earth ortho-
ferrites with an orthorhombic crystal structure. Below the
Néel temperature, YFeO; behaves like a weak ferromag-
net, with two Fe’* sublattices coupled antiferromagneti-
cally by an exchange interaction and aligned along the a
crystal axis. The presence of the Dzyaloshinskii-Moriya
interaction leads to a slight canting of the neighboring Fe3*+
spins by an angle of 0.5° in such a way as to give the mate-
rial a small macroscopic magnetization along the ¢ crystal
axis. In such a configuration, the diagonal elements of the
permittivity tensor are &,, = 2.365, &), = 2.4, &.; = 2.337,
&y, = —ig, and g,, = ig, where g = 0.001 (other elements
are equal to zero), so that |e; — g;;| > ;.

The polarization conversion in the material can be
described using Jones matrices [14,41]. This allows one
to calculate the distribution of the electric field along the

coordinate of light propagation, knowing the initial polar-
ization state E, = J E._j. The form of J for the configura-
tion under study is presented in the Supplemental Material
[42]. Let us take the initial polarization of the incident
light to be in the form (E\, E,).—o = [cosa, (sina)e™V ],
where « describes the angle between the polarization of
the incident light and the a crystal axis, and v is the
ellipticity angle that specifies the retardation between the
two orthogonal polarizations. For example, o = 45° and
Y = 0 correspond to a linear initial polarization at an angle
of 45° to the a crystal axis, and o = 45° and ¥ = £90°
correspond to circularly polarized incident light.

Since the medium investigated simultaneously pos-
sesses optically anisotropic and gyrotropic properties, the
resulting distribution of the optical electric field, as well as
that of the IFE field, depends strongly on the polarization
and wavelength of the incident light (Fig. 2). Using Eq.
(1) and the Jones matrix for the case considered (see the
Supplemental Material [42]), one can obtain

Hipg = HI?:E sin (2etpy ) sin (kpm Anz + wpm), (2)

where An = /e, — /g, in the approximation [g] <
|&xx — &y ], Which is valid for anisotropic antiferromagnets
over a wide spectral range [41]; H}; = —g|E|*/(167 M)
is the IFE magnitude for circularly polarized light; and
kpm, ¥pm, and apy, are the wave vector of the pump in
vacuum and its ellipticity and polarization angles, respec-
tively. Therefore, in this case the light induces Hygg, which
oscillates through the crystal-plate thickness in accordance
with a harmonic law. The initial phase of the spatial dis-
tribution equals the ellipticity angle of the incident light
Ypm. Consequently, by varying the ellipticity of the inci-
dent light, one can modify the initial phase of the spatial
oscillations of the induced magnetic field along the direc-
tion of the crystal thickness [Figs. 2(a) and 2(c)-2(f)]. The
second possibility is to tune the spatial frequency of such
oscillations by changing the wavelength of the incident
light [Fig. 2(b)]. At the same time, the amplitude of Hygg is
determined by the polarization angle of the incident light.
Let us now analyze how the inhomogeneous pattern of
Higg launches spin dynamics in the antiferromagnetic crys-
tal. Spin dynamics in an antiferromagnet can be described
in terms of a unitary antiferromagnetism vector L =
M| — M;,)/(2M,), where M| and M, are the magnetic
moments of the sublattices, and M, is the saturation mag-
netization of each sublattice. In a spherical coordinate sys-
tem with the polar axis aligned along the c crystal axis and
the azimuthal axis along the a crystal axis, L has the fol-
lowing components: L. = (sin 6 cos ¢, sin 0 sin ¢, cos ).
The dynamics of L can be described in terms of
the following linearized Euler-Lagrange equations, which
are derived using the corresponding Lagrangian £ and
Rayleigh dissipation functions R [21,43-46] (for more
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FIG. 2. IFE-induced effective magnetic field distribution
inside c-cut yttrium orthoferrite (normalized to HIOFE) vs (a) the
ellipticity and (b) the wavelength of the incident light. (c)~(g)
Effective magnetic field distributions generated by illumination
with (c) right circularly polarized light (¢ = 45°, ¥ = 90°); (d)
left circularly polarized light (o = 45°, ¥ = —90°); (e) light
linearly polarized at an angle of o = 45° to the a crystal axis
(¢ = 0); (f) light linearly polarized at an angle of « = —45° to
the a crystal axis (¢ = 0).

details, see the Supplemental Material [42]):

. 2. 5

01+ =01 + w36, =0,
T 3)

2 . (

¢1 + g + i) = yHy,

where 6; and ¢; are the small deviations of the
angular variables 6 and ¢, 2/t ={Myy/xL, w1 =
y [Ha (Ha = 1 Hex) +2K3/x1]"? and @ = y [Hy (Hext
—2H,) + HZ%, — 2Kac/x l](l/ 2 are the frequencies of the
quasiantiferromagnetic and ferromagnetic modes, respec-
tively, Hext =3 kOe is the external magnetic field,
H; =150 kOe is the effective magnetic field of the
Dzyaloshinskii-Moriya interaction, Kac and K, are the
magnetic anisotropy constants, x, is the transverse sus-
ceptibility of the material, y = 1.73 x 107 is the gyro-
magnetic ratio, ¢ is the dimensionless Gilbert damping
constant, and Hy, is the external driving force that appears
due to the IFE. For a Gaussian optical pulse, Hg =
Hipg(2) exp [—t2 /(2 Atz)], where At is the pulse duration
and Hipe(z) is given by Eq. (2). Notice that spatial deriva-
tives of 6 and ¢, are neglected in Eq. (3) due to the slow
variation in space, so that the coordinate z appears in Eq.
(3) only as a parameter describing the driving field H;.
Let us focus on the quasiantiferromagnetic mode. The
calculated frequency w; is about 0.52 THz, which is in
good agreement with recently reported experimental val-
ues [19,23]. The first equation in the system of Eq. (3)
gives 6 = 0, and the solution of the second equation is
@1 ~ sin (w1t 4 B), where B is the phase shift. The exact

form of the solution is presented in the Supplemental Mate-
rial [42]. Thus, the antiferromagnetism vector L oscillates
in the a-b crystallographic plane (see the inset of Fig. 1).
The dynamic component of the magnetization is given by
the expression Mg = x.[L x L]/y. Using the solutions
obtained, one can derive the components of the dynamic
magnetization My = (0,0, M), where M, is given by

t .
My = H x, exp (—;> sin (w1t + &), “4)
where
H, 2 P 2 1 2
H, = IFE (2) w1 267/ nexp _M L6
Aw 2 Aw

Aw = 10" rad/s is the spectral width of the laser pulse,
which corresponds to the pulse duration At = 100 fs, »r =
V1+1/(w7)2, and & = B — arcsin s~ !. Thus the ampli-
tude and the initial phase of such a quasiantiferromagnetic
mode have a strong spatial dependence, so that such modes
are labeled as inhomogeneous quasiantiferromagnetic (I1Q-
AFM) modes hereafter. The full adjustability of the spatial
distribution of the driving force Hygg [Figs. 2(a) and 2(b)]
allows one to excite IQ-AFM modes with a harmonic
distribution along the c axis.

There is still much uncertainty about how optical bire-
fringence of the probe together with a complex spatial pro-
file of the mode act on the observed probe signal, although
some studies describing certain special cases numerically
have been carried out [31]. Optical birefringence is usu-
ally treated as an unfavorable effect in the pump-probe
technique and in some cases can be reduced by tuning
the crystal composition [47]. Here we aim to develop a
general analytical theory of the pump-probe technique in
the presence of birefringence. This is especially impor-
tant for spin modes characterized by a vanishing integral
foh My(z) dz = 0 (where 4 is the crystal thickness), which
cannot be detected in isotropic materials, since the full
Faraday rotation of the probe polarization is zero in this
case.

We consider the probe polarization to be aligned along
the a crystal axis. For a homogeneous magnetization of
an optically anisotropic crystal, the Faraday rotation has
an oscillatory behavior along the optical axis due to the
birefringence [41], ® = —g sin (ky, Anz)/Ae, where kp, =
27 /Apy. When the amplitude of the precession of the
magnetization with time, M;‘(z), oscillates along the z
axis, the gyration acquires an oscillating term as well,
2(z) = goM ; (z)/M;, and the resulting Faraday rotation of
the probe caused by the oscillating magnetization can be
calculated from

h
q)osc = _/
0

80 Mj@)
Ae M

koy Ancos (kpyAnz)dz.  (6)
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It should be noted that while the oscillating part of the
magnetization is induced via the IFE in the present case,
the considerations below are valid for any mechanism of a
harmonic magnetization distribution.

According to Egs. (2) and (4), M7 (z) ~ sin(kymAnz
+ Y¥pm), and the probe Faraday rotation is determined by
the correlation between the phases and frequencies of the
harmonic functions in the integral in Eq. (6). Actually,
Eq. (6) gives a clear picture of how the probe wavelength
can be tuned to allow one to see the desired 1Q-AFM
mode and explains why it is possible to probe spin modes
with foh M; (z) dz = 0, which is impossible in an isotropic
medium regardless of the probe wavelength. Figure 3(a)
shows that for every value of the pump ellipticity, it is pos-
sible to tune the wavelength of the probe pulse in order
to detect the spin oscillations caused by the nonuniform
1Q-AFM mode. The value M/ /M, ~ 0.01 is chosen in the
present considerations as a typical value of the magne-
tization precession amplitude for YFeOjs. Notice that, in
the case of a single-color pump-probe experiment (Apy, =
Apb = 1.2 um) [black dashed line in Fig. 3(a)], if the ini-
tial pump polarization is linear (Ypm = 0), the amplitude
of the Faraday-effect oscillations is zero due to the pres-
ence of two harmonic functions of different symmetry in
the integral in Eq. (6). The maximum values of the probe
Faraday-effect oscillations take place near the condition
of coincidence of the spatial distribution of the effective
magnetic field Hipg with the derivative of the polarization
conversion of the probe pulse [cos (kp, Anz)]; however, the
optimal wavelength is slightly blueshifted [see Fig. 3(a)]
due to the multiplication by A, in the integral in Eq. (6).

An expression for the oscillating part of the mag-
netically induced probe ellipticity Wo, can be derived
similarly to Eq. (6).

The distribution of the magnetization induced via IFE
can be found after combining the expressions for the Fara-
day rotation @ and ellipticity W, of the probe pulse (for
more details, see the Supplemental Material [42]):

% e Ae (Pose + 1 Wosc)
27 J_so

Mi(z) = —
¢ (Z) gOkpb An

exp (—ikyo Anz) d(ky, An). (7)

Note that although in the present study the wavelength
dependences of Ae and g are neglected, all basic results
described by Egs. (2), (6), and (7) remain valid under
the substitution of Ae(A) and g(A) for the corresponding
material.

The expression obtained is particularly useful for study-
ing an inhomogeneous magnetization. It allows one to
reconstruct the distribution of the inhomogeneous magne-
tization, including that induced by an incident pump pulse
via the IFE, Hipe(z), using the measured spectral depen-
dences of the Faraday effect ®,s. and ellipticity Wos of
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FIG. 3. Amplitude (taking account of sign) of the temporal
oscillations in the probe polarization @, (a) and induced ellip-
ticity Wy, (b) depending on the wavelength A, of the probe and
the ellipticity angle Y, of the pump pulses. The wavelength of
the pump pulse (A,m = 1.2 pum) and the length of the crystal
(h = 68.6 um) are chosen in such a way to provide excitation
of the IQ-AFM mode.

the probe pulse. Figure 4 shows the whole process. Notice
that even if such measurements are performed in a lim-
ited spectral range [Figs. 4(a) and 4(b)], the magnetization
distribution reconstructed through Eq. (7) [Fig. 4(d)] is in
solid agreement with the real field [Fig. 4(c)].

Let us now briefly summarize what unique possibilities
for the optical launching and probing of spin dynamics
are provided by birefringence. Optical birefringence leads
to modification of the incident pump-pulse polarization
inside the crystal, which is responsible for the spatial dis-
tribution of the effective magnetic field induced via the
inverse Faraday effect that launches magnetization oscilla-
tions. The spatial distribution of the IFE inside the crystal
can be tuned by variation of the pump wavelength and
polarization.
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FIG. 4. The distribution of the magnetization precession
amplitude induced by a pump pulse with a certain wavelength in
an anisotropic material can be reconstructed (d) using the mea-
sured spectral dependences of the amplitude of the oscillations
of the polarization plane (a) and ellipticity (b) of the probe pulse.
(c) Real distribution of the magnetization precession amplitude
in the medium.

Importantly, it is possible to investigate the temporal
dynamics of such inhomogeneous modes, including modes
characterized by fOL M;,“ (z) dz = 0 that cannot be seen in
isotropic materials, in conventional pump-probe experi-
ments. Optical birefringence affects the magneto-optical
Faraday rotation, allowing one to tune the wavelength
of the probe to achieve sensitivity to any of the modes
excited. Also, anisotropic crystals provide a unique pos-
sibility for reconstruction of the spatial distribution of the
inhomogeneous magnetization, which can be either static
(for example, in the case of a domain structure [46,48,49])
or dynamic (induced by a pump pulse as in Ref. [50], or
generated via a traveling spin wave excited near the surface
of the antiferromagnetic crystal [51]). Even if the spectral
region where the probe measurements can be performed
is limited, one can achieve good agreement with the real
magnetization distribution in the medium investigated.
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