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Excitation and detection of terahertz coherent spin waves in antiferromagnetic a-Fe, 03
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The efficiency of the ultrafast excitation of spins in antiferromagnetic @-Fe,O3 using a nearly single-cycle
THz pulse is studied as a function of the polarization of the THz pulse and the sample temperature. Above the
Morin point the most efficient excitation is achieved when the magnetic field of the THz pulse is perpendicular
to the antiferromagnetically coupled spins. Using the experimental results and equations of motion for spins, we

show that the mechanism of the spin excitation above and below the Morin point relies on a magnetic-dipole
interaction of the THz magnetic field with spins, and the mechanism implies that the efficiency of the coupling

is proportional to the time derivative of the magnetic field.
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I. INTRODUCTION

In quantum mechanics the interaction between two elec-
trons depends on the mutual orientations of their spins. This
short-range spin-dependent part of the electron-electron in-
teraction, also known as the exchange interaction, is able
to induce a long-range ferromagnetic and antiferromagnetic
order of spins, respectively [1,2]. Although materials with
ferromagnetic order (ferromagnets) are used in conventional
magnetic data storage, spintronics, and magnonics technolo-
gies, antiferromagnets represent the largest, the least explored,
and probably the most intriguing family of magnetically or-
dered materials in nature.

It is believed that antiferromagnets can dramatically im-
prove the performance of these technologies in terms of
densities and speed [3-5]. The absence of net magnetiza-
tion and stray fields eliminates crosstalk between neighboring
bits or devices [3], and the absence of primary macroscopic
magnetization makes the spin manipulation in antiferromag-
nets inherently faster than in ferromagnets [4,6]. Fundamental
studies of spin dynamics, the developments of means and
approaches for the manipulation and detection of spins in
antiferromagnets, are presently among the hottest topics in
magnetism [7-9].
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Recently, it was argued that nearly single-cycle terahertz
(THz) pulses are the most energy efficient means of ultrafast
spin control in antiferromagnets. Several reports demon-
strated an efficient excitation of spins in antiferromagnetics
NiO [10,11], TmFeOs [12-14], and FeBO3 [15]. However,
despite several attempts, no THz excitation and detection of
coherent spin waves has been reported for hematite—the main
component of rust, the most widespread mineral in nature,
and, obviously, the most widespread antiferromagnet.

Here, we explore the efficiency of THz excitation of spins
in antiferromagnetic «-Fe,03. We demonstrate experimen-
tally and theoretically that the mechanism of spin excitation
relies on a magnetic-dipole interaction of the THz magnetic
field and spins and the efficiency of the coupling is propor-
tional to the time derivative of the THz magnetic field.

The paper is organized as follows. Section II reports about
details of the studied sample, its characterization, and experi-
mental procedure. Section III describes the main experimental
results. Section IV proposes a thermodynamic theory de-
scribing possible modes of spin resonance in this compound,
the temperature dependencies of the modes, and the torques
which can excite them. Based on a comparison of the theory
with the experimental results, conclusions are drawn, which
are summarized in the last section.

II. EXPERIMENTAL PROCEDURE

Hematite «-Fe, O3 is a prominent representative of a broad
class of canted antiferromagnetic iron oxides. The Fe’*
ions form two magnetic sublattices, the spins of which are
antiferromagnetically (AF) coupled due to a symmetric ex-
change interaction. Similarly to FeBOs, the crystal structure
of hematite «-Fe,O5 has the 3m point group [2,16].

©2021 American Physical Society
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FIG. 1. Experimental geometry. (a) Experimental schematic for
ultrafast terahertz (THz) pump-infrared (IR) probe spectroscopy. The
corresponding polarization transformations of the IR pulse with and
without a THz pump are shown by dashed and solid lines, respec-
tively. (b) The corresponding schematic representation of the mutual
orientations of antiferromagnetic vector 1, THz electric field (Ery,),
the electric field of IR (Er) pulses, and the external magnetic field
Hy. (¢) The incident THz electric field in a time domain and its
Fourier transform (inset).

Below the Morin temperature (7 < Ty = 260 K), the
magnetic moments are oriented along the [001] crystallo-
graphic axis and the material has no net magnetization. At
Ty hematite undergoes a spin-flop phase transition. Above
the Morin point, the direction of spins is parallel to the basal
(001) plane with a slight in-plane canting. This canted or weak
ferromagnetic (WF) phase persists up to the Néel temperature
(Tn = 950 K) above which the material becomes paramag-
netic [17]. For the first time, the existence of the WF state
was observed experimentally in hematite more than 60 years
ago [17] and explained by Dzyaloshinskii [2] and Moriya [18]
as a consequence of an antisymmetric exchange interaction
between atomic spins. It should be also noted that near the
Morin transition temperature the WF and AF phases may
coexist [19].

In our studies we used a 500-um-thick plate of @-hematite
(x-Fe,O3) with a [001] crystallographic axis along the normal
to the sample. The crystal was grown by the floating zone
melting method under an oxygen pressure of 60 atm at 1670 K
with a growth rate of 8 mm/h. The details of the crystal
growth can be found elsewhere [20].

We excited «o-Fe,O3; with intense nearly single-cycle
terahertz pulses generated by tilted-pulse-front optical recti-
fication [21] of near-infrared laser pulses from an amplified
Ti:sapphire laser (A = 800 nm; pulse duration At = 100 fs;
the repetition rate is 1 kHz). The generated THz pulse beam
was collimated and focused onto the sample by using off-axis
parabolic mirrors [see Fig. 1(a)]. The focal lengths of the
mirrors were chosen to provide the smallest spot diameter
of about 500 pum at full width at half maximum (FWHM).
The polarization of the THz pulse was varied by using a
combination of two wire-grid polarizers where the second
polarizer set the output THz polarization direction, while the
first ensured constant intensity onto the sample. The peak THz
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FIG. 2. Ellipticity acquired by linearly polarized light as a func-
tion of the external magnetic field at 7 = 293 K. The solid line serves
as a guide for the eye.

electric field was up to 0.5 MV /cm. The pulse spectrum range
from 0.1 to 2 THz covers the characteristic frequency of the
antiferromagnetic resonance [Fig. 1(c)]. The induced ultrafast
spin dynamics is revealed by tracking the ellipticity of a
copropagating 100-fs IR laser pulse generated by an optical
parametric amplifier with a central wavelength A = 1350 nm
in the transmission geometry. To ensure that after every pump
pulse and relaxation the very same initial state of the medium
is restored, an external magnetic field Hy ~ 0.64 kOe was
applied at an angle of 10° to the sample plane.

Conventionally, the magnetic structure of weak ferromag-
nets is described by antiferromagnetic 1 = (M; — M;)/2M,
and ferromagnetic m = (M; + M,)/2M, macrospin param-
eters, where M; and M, are the saturation magnetizations
of the two antiferromagnetically coupled sublattices and
M,y = 870 G is the saturation magnetization for each of the
sublattices.

Figure 2 shows how the ellipticity acquired by linearly
polarized probe light upon propagation through the sample
depends on the applied magnetic field at room temperature.
The dependence is even with respect to the applied external
magnetic field. Hence the ellipticity must be explained as a
result of magnetic contributior(ls) to tl(le) symmetric part of the

dielectric permittivity tensor €;;" = € ;.

III. RESULTS

A time trace of the THz-induced dynamics contains os-
cillations with a frequency of 200 GHz at room temperature
[Fig. 3(a)]. The frequency of the observed oscillations is in
the ballpark of the one for the quasi-antiferromagnetic mode
(q-AFM) in this compound. We performed the time-resolved
measurements in a broad range of temperatures and processed
the obtained time traces (see Fig. S1 in the Supplemental
Material [22]) using the Fourier transform [see Fig. 3(b)].
It is seen that both the amplitude and the frequency of the
oscillations change dramatically with temperature. Close to
the temperature of the Morin transition, the frequency of the
oscillations softens down to 82 GHz. With a further decrease
of the temperature to 6 K, the frequency slowly increases and
returns to 200 GHz [Fig. 3(c)]. This behavior is in qualitative
agreement with the one expected for the g-AFM mode in the
hematite [23-25].
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FIG. 3. Terahertz-induced magnetization dynamics in «-Fe,0s. (a) Transient ellipticity of the IR probe pulse as a function of the time
delay between the THz pump and IR probe pulse. The solid line is a filtered signal, serving as a guide for the eye. (b) The Fourier spectra
of the transient ellipticity time traces measured at different temperatures. Corresponding time domain traces are shown in Fig. S1 in the
Supplemental Material [22]. (c) Squared resonance frequencies of the -AFM mode as a function of the sample temperature. Red triangles
show the experimental data; blue lines show the fit with Eqgs. (14) and (19); the green dashed-dotted line shows fit using the spin-wave

model [24,26].

To reveal the mechanisms of excitation and detection of
the mode, we systematically varied the orientation of the
electric field of the THz pump Ery, (£§) and infrared probe
ERr (B) pulses in the x-z plane at T = 293 K, i.e., above the
Morin temperature. The observed time traces were processed
with the help of the Fourier analysis and the corresponding
dependencies of the Fourier amplitudes of the q-AFM mode
are shown in Fig. 4.

The THz polarization dependence is unipolar and reaches
maximum when the magnetic field of the THz pulse coincides
with the direction of the external magnetic field Hy. In other
words, a nonzero response in the time domain is observed
when the THz magnetic field is parallel to the net magnetiza-
tion in the WF phase, i.e., nearly perpendicular to the slightly
canted spins.

The probe polarization dependence shows two extrema
at B &~ +45° and changes the sign in the vicinity of g =
0°. Similar behavior was observed in the experiments with
FeBOj3 [15]. Such a dependence evidences that the polariza-
tion ellipticity detected in the measurements originates from
the magneto-optical Cotton-Mouton effect.

However, if the detection mechanism in the WF phase
seems to be clear, a much lower signal-to-noise ratio below
Tu prevents us from experimental verification of the origin of
the g-AFM mode in the AF phase. This is why we propose an
extensive theoretical analysis of the problem.

IV. THEORETICAL ANALYSIS AND DISCUSSION
A. Detection mechanism

A light-matter interaction in the simplest case of the
electric-dipole approximation is defined by the dielectric per-
mittivity tensor €;. Neglecting dissipations in the crystal, it

can be shown that the tensor is Hermitian (¢;; = 61'*]') [27]. Ex-
pansion of the tensor in a power series of 1 up to second-order
terms and the subsequent diagonalization of the tensor show
that light in such a crystal will have two mutually orthogonal
modes with refractive indices 7, ;. In particular, for the case
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FIG. 4. The Fourier spectral amplitude of the -AFM mode as
a function of the polarization direction of the probe pulse g for
£ =0° (a) and of the pump pulse & for B = 45° (b). The measure-
ments were performed at 7 = 293 K. The solid lines correspond to
fits with functions given by Egs. (16) and (3), respectively.
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of a single domain (Hex # 0) and Kk || ¢ axis we obtain [28]

1= (@ + Q) £ (@ — 2 +422]. (1)
where Qi =e€u — €] /€6, Q=€ —€/e,, and
Q. = € — €€, /€,y. We use Cartesian coordinates where
the direction of the y axis coincides with the optical axis
([001] crystallographic axis), while the x and the z axes lie
in the sample plane and x is parallel to the direction of the
external magnetic field [Fig. 1(b)].

In the expansion of the dielectric tensor only the symmetric
part e;;) = e;‘;) depends on the quadratic terms with respect
to 1. This dependence eventually results in magnetic linear
birefringence and magnetic linear dichroism, which are also
often called the magneto-optical Cotton-Mouton effect [29].

In order to understand how the polarization of the IR pulse
changes upon propagation, we use the formalism of the Jones
matrices [30]. First, the electrical vector of the optical pulse
is rotated from the laboratory coordinate system to the frame
of the crystallographic axes. Subsequently, static phase retar-
dation T in the sample is introduced and, finally, the electric
vector is returned back to the laboratory coordinate system.

By applying a similar procedure we take into account the
optical elements in our detection, consisting of a quarter-wave
plate, Wollaston prism, and balanced detector. It can be shown
that the signal in the differential channel of the balance detec-
tor can be written in the following form,

Ip1_pa o EJ sin(T") sin(28), )

where E is the electric field of the IR pulse at the detector.

If the THz pulse is applied, the total phase retardation
I" can be represented as a sum of the time-independent and
the THz-induced contributions I' = I'g + §I'(¢). Taking into
account that the THz-induced signal is relatively small com-
pared to the static one I'y, we obtain

Ip1_pa o EZ sin(28) cos(T'9)8T (). 3)

Equation (3) shows how the detected signal depends on the
retardation §T°(¢). The latter is induced via the Cotton-Mouton
effect when the Néel vector 1 oscillates in the sample plane
(WE T > Ty).

B. Ground state

An equilibrium orientation of the magnetization is deter-
mined by the minimum of free energy of the crystal. The
expansion of the thermodynamic potential, containing the in-
variants with respect to the 3m(Dsy) point group of «-Fe,03
in terms of normalized antiferromagnetic 1 and ferromagnetic
m vectors, takes the following form [2,16,31]:

W = 33m’ + 3b1(-n)* + ;b:(1 - m)*
+ 3D(m -1)* — 2Mom - H,, )

Here, J =4H., My and D = 4H.,M, are the effective
values describing the isotropic exchange interaction, and
by =2H, My and b, = —2H,;M, are uniaxial out-of-plane
anisotropy constants of the second and the fourth order, re-
spectively. n is the direction of the easy axis. The last term
H; = Hy + Hry, + d x 1 comprises the interactions with the
static external magnetic field Hy, the magnetic field of the

THz pulse Hry,, and the Dzyaloshinskii interaction, where
the Dzyaloshinskii vector d is oriented along the [001] crys-
tallographic axis.

Looking for a minimum of the thermodynamic potential
given by Eq. (4) and neglecting the longitudinal magnetic
susceptibility x; of the antiferromagnet with respect to the
transverse one x| = 4M§ YA (DI > J), one can represent m
as a function of 1,

XL
m=—
2M,

(H; —1(H; - D], Q)
where we assumed that [M;| = |[M;,| = M. This is equivalent
tom? +1> = 1 and ml = 0 [16].

Substituting (5) in (4) gives

1 1
W= Sbin) + 2b(lm)* — %[Hf —(H, 1)L (©)

The minimum depends on the mutual orientation of the vec-
tors 1 and n. In order to define the magnetic ground state of
the crystal, it is convenient to introduce the q-AFM vector
in spherical coordinates: 1 = (sin6 cos ¢, sin @ sin ¢, cos ).
Then, the total energy (6) is given by the expression

1. 1
W= Ebl sin® 6 sin® ¢ + sz sin* 0 sin* ¢ — %HOZ sin® 0,
(7

where the Dzyaloshinskii field is included in the redefined
single-ion anisotropy constant b; = b; — x, d>.

There are two stable states for 6 and ¢ that satisfy the
global minimum of free energy: WF or an easy plane (EP)
and AF or an easy axis (EA). The EP phase corresponds to
the case when 1 L ¢ while for the EA phase 1||c.

Finding the minimum value of the potential (7), it is impor-
tant to note that if H} < d* and b, < 0, the stability regions
for1||c and 1 L ¢ overlap. Indeed, since b = b(T), the expan-
sion of free energy in a Taylor series with powers of T — T,
where T is the temperature at which the high-temperature
phase loses stability, shows the coexistence of two different
phases:

b4
lJ_c:90=5, =07 at T >T, (8)

b4
l|c: 6y =

T3 T <=1 (14
—, = —, — Al < = i B
2 Y73 2=4 b

2
©))

Estimates of the corresponding temperatures will be
given below.

C. Excitation mechanism

The oscillations and their temperature dependencies can
be understood by starting out with the expressions for the
effective Lagrangian £ and the dissipative Rayleigh function
R [32,33]. In the selected spherical coordinates they take the
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following form:
XL
2

L= L4

v

1 1
— —b; sin’ @ sin® ¢ — —b, sin* @ sin* ¢,
2 4
My .
R = 2002 4 sin?0¢?),
14

where y is the gyromagnetic ratio, and o« is the Gilbert
dumping constant. The H,, H,, H, are the components of
H; = (dcos 8,0, Hy — d sin6 cos ¢).

Above the Morin point, i.e., in the WF easy-plane
phase (T > Ty), the linearized Lagrange-Euler equations
L(82) — 2 4+ 2K = 0, etc., with the angles 6 = 6; + /2
and ¢ = ¢ + 0 take the following form:

. 2.

0 + ;91 + y2(H§ — Hod)#) = 0, (12)
L2, by .
¢1+;¢1+V d(d_HO)—i_X_L ¢ =YyH, (13)

where 7 is a damping constant [33,34].

A characteristic property of the dynamic equations (12)
and (13) is that the driving force is proportional to dH/dt.
This effect was first predicted theoretically in Refs. [33,34],
and then later demonstrated in NiO [10,35].

If we identify Hp = —d, ch = 2H 1 H,;, and take into
account that d(d — Hy) ~ d?, we recover the well-known ex-
pressions for g-AFM and q-FM frequencies:

wxpm ~ v [HZ + Hp(Ho + Hp)), (14)

It is seen that the equations of motion (12) and (13) have
a form typical for a damped harmonic oscillator, where the
magnetic-dipole (Zeeman) interaction between the spins and
the magnetic field of the THz pulse acts as a toque for the
g-AFM mode. Interestingly, in the geometry of the experiment
the torque for the q-FM mode is equal to zero. A resonant
excitation of the g-AFM mode with the THz magnetic field
Hry, = H (t)(—sin&, 0, cos §) gives

@1(t) = —yH{"™ cos (wapmt e "/* cos €. (16)

This dependence of the orientation of the THz magnetic field
is in good agreement with the experimental data in the WF
(T > T\) phase [Fig. 4(b)].

The dependence of H? is linear with respect to tempera-
ture ch = aT + p. Substituting the values for a = 0.067 x
103 kOe? /K, p = —16.7 x 10° kOe?, and Hp = 22 kOe from
Ref. [23], the fit with Eq. (14) shows very good agreement
with the experimental data [Fig. 3(c), blue solid line].

Repeating the linearization procedure for the AF easy-axis
phase (T < Ty, 0 = 6, + m/2,and ¢ = ¢ + 7 /2), we obtain

. 2. 2 ;
01 + ;91 _ ;(/_(bl —+ bz — QXJ_H(?)QI = J/Hx» (17)
L

L2y .
o1+ -1 — — (b1 +b)p; = yH,. (18)
T XL

Returning to the definitions of the exchange and the
anisotropy fields and neglecting the external magnetic field

. 2 2
0
|:(— — H> sin 6 + (H, cos ¢ + H, sin (p)coséi| + %(— — H,sing + H, cos <p>
’ 14

10)

D

(

with respect to the anisotropy field, we observe the case of
two degenerate modes of antiferromagnetic resonance with
the frequency:

wapy = ¥ Hext (Haz — Ha). (19)

As in the previous case, the equations of motion are equa-
tions for harmonically damped oscillators and the q-AFM
mode can be triggered with the Zeeman torque. Thereby, the
solution is as follows:

01(t) —siné
— _ WAFM . —t/T
((pl(t)> yH ™ cos (w;t)e ( cosE > (20)

where H*™ is the spectral component of the magnetic field
of the THz pulse at the frequency of the AFM mode w in the
AF easy-axis phase.

The fit of the temperature dependence below the Morin
temperature (7" < Ty) using Eq. (19) shows good agreement
with the experimental data in the vicinity of Ty (Fig. 3, blue
solid line).

An extension of the theory to the low-temperature range
can be obtained with the help of a spin-wave model [24,26].
The fit with this model is shown as a green dashed-dotted
line in Fig. 3(c). However, despite the good match one should
remember that the spin-wave model simply has more fit pa-
rameters.

Finally, we can estimate the values for the temperatures 7}
and 75 at which the WF and the AF phases lose stability. The
temperatures 77 and 7, can be obtained by extrapolation of
the temperature dependence of the frequency of the -AFM
mode given by Egs. (14) and (19) to the intersections with
the horizontal axis [see Fig. 3(c)]. The intersection of the two
lines gives the value of the Morin temperature 7y;. At this
point the WF and AF phases have equal free energies. Thus,
substituting the values b; = 200 Oe and b, /b; = —0.23 [36],
from Egs. (14) and (19) we obtain the following estimates:
Ty =~ 235 K, T, = 282 K, Ty ~ 258 K. The obtained Morin
transition temperature is close to the values reported ear-
lier [2,17,23].

V. CONCLUSIONS

We experimentally demonstrated that ultrafast dynamics
triggered in hematite «-Fe,O3 by intense nearly single-cycle
terahertz pulses. We show that the dynamics corresponds
to the quasi-antiferromagnetic resonant mode in the com-
pound. The mode is detected due to the magneto-optical
Cotton-Mouton effect and excited via the mechanism of a
magnetic dipole interaction of a THz magnetic field with
spins. The coupling efficiency is proportional to the time
derivative of the magnetic field of the THz pulse and reaches
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the maximum when the orientation of the THz magnetic field
is perpendicular to the antiferromagnetically coupled spins.
Using theoretically derived expressions we fitted the experi-
mentally observed temperature dependencies of the mode near
the Morin point and estimated the temperatures at which the
high- and low-temperature phases lose stability.
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