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Observation of terahertz magnon of Kaplan-Kittel exchange resonance
in yttrium-iron garnet by Raman spectroscopy
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Backscattering Raman spectroscopic investigations were performed on an yttrium-iron garnet single crystal
using linearly and circularly polarized light. A terahertz (THz) magnon of the Kaplan-Kittel (KK) exchange
resonance was discovered, which had been regarded as unobservable via optical methods. The KK exchange
resonance had a 7.8-THz frequency at 80 K, and the polarization selection rule led to an antisymmetric Raman
tensor of the A, mode. Moreover, the assignment of all the Raman-active phonon modes, 3A;s, 8E,, and 1475,
was proposed. This study will stimulate further investigation of the coupling of THz magnons and phonons and

pave the way toward THz optomagnonics.

DOI: 10.1103/PhysRevB.102.174432

I. INTRODUCTION

Yttrium-iron garnet (Y3FesOp,, YIG), which possesses
superior properties such as long-lived spin waves with very
low damping (¢ ~ 1073) and a high Curie temperature
(T. = 560K), has been regarded as an important magnetic
material since its discovery over 60 years ago [1-4]. YIG
is a ferrimagnetic insulator that is one of the best candi-
dates for applications in spintronics [5], magnonics [6,7],
and spin caloritronics [8]. For developing magnetic devices
with ultrafast responses, studies on terahertz (THz) magnon
mechanisms are inevitable [9—14]. However, previous studies
on YIG mostly focused on applications of acoustic magnons
with frequencies in the gigahertz (GHz) range [15-19]. Exist-
ing studies provide limited information about the properties
of THz optical magnons in YIG [4]. Recent investigations
of full magnon band structures have been based on several
theoretical methods [20-24]. In experimental studies, the THz
magnons in YIG have been identified only using inelastic neu-
tron scattering spectroscopy [25-28]. Hence, to understand
the behaviors of the THz magnons in YIG in further detail,
it is necessary to investigate other optical properties such as
the selection rule using Raman spectroscopy.

YIG contains 20 Fe atoms in the primitive bcc unit cell.
The magnetic moment is carried by Fe** spins in the 12
tetrahedral d sites (majority) and 8 octahedral a sites (mi-
nority) with an antiparallel state in the unit cell, forming a
two-sublattice ferrimagnet [3]. Among the 20 magnon modes,
there are two types of modes with opposite precession direc-
tions. Twelve modes belong to the counterclockwise (along
the direction of the applied magnetic field) mode, which has
a relatively low frequency and inconspicuous temperature-
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dependent frequency shift. The other eight modes belong to
the clockwise mode, which has a relatively higher frequency
and significant temperature-dependent frequency shift [20].
On the other hand, in a ferrimagnet with two sublattices, there
are two uniform modes at wave number k = 0, namely, an
acoustic mode (Kittel mode) with counterclockwise rotation
and an optical mode with clockwise rotation [29-31]. The
optical mode is identical to the Kaplan-Kittel (KK) exchange
resonance [32] between a-site and d-site Fe sublattices, which
has been considered unobservable via optical [infrared (IR)
or Raman] methods [29] and has not been observed to date
[33,34].

Therefore, in this study, we investigated the magnetic
and crystallographic properties of a single-crystal YIG using
polarized-backscattering Raman spectroscopy. Considering
the temperature dependence of Raman shift from 80 to 140 K,
we clearly identified a THz magnon of the KK exchange reso-
nance. With regard to the crystallographic properties, although
the phonon modes of YIG have been studied using Raman
spectroscopy for decades, not all the phonon modes have
been observed [34-37]. Here, using linearly and circularly
polarized light, we completed the phonon-mode assignment
of YIG.

II. MATERIALS AND METHODS

The a-site and d-site magnetizations of the Fe sublattices
in YIG are defined as M, and My, respectively. Under an ef-
fective magnetic field, the magnetization during precessional
motion in response to torques is described by the Landau-
Lifshitz-Gilbert (LLG) equation. The LLG equations for M,
and My neglecting damping can be written as follows:

dM,

= —yM, x H,,
dr Y X H,
M, (1
— = —yM Hg,
dr Yy Mg X g
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FIG. 1. Schematic of the KK exchange resonance mode. (a) Sub-
lattice magnetizations M, and My under effective magnetic fields
H, and H, in the ground state, respectively. (b) Ferromagnetic and
antiferromagnetic vectors M and L under effective magnetic fields
H and h in the ground state, respectively. (c) In the KK exchange

resonance, M, and M, precess in the clockwise direction. (d) L also
precesses in the same direction, while M is stationary.
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where y is the gyromagnetic ratio of iron that is invariant in
both a- and d-site sublattices. The effective magnetic fields H,
and Hy acting on M, and My can be expressed as H, = —AMy
and Hy = —AM,, respectively, as shown in Fig. 1(a). The
Weiss constant A is positive. Assuming M, = (—M,, mj, ms)
and My = (Mg, mﬁ, my), the precessional motions with time
dependence exp(iwt) can be derived from Eq. (1). The
frequency of the KK exchange resonance is obtained as
follows [32]:

w = Ay|M, — Mqy]. @

Here, the effective fields arising from magnetic anisotropy,
demagnetization, and magnetic dipoles are omitted because
their contributions to the resonance frequency are negligibly
small.

Because the magnetizations in the a- and d-site sub-
lattices orientate in opposite directions with strength ratio
IMg| : |[M,| =3:2, the ferromagnetic M =M, + My and
antiferromagnetic vectors L = My — M, coexist in YIG [see
Fig. 1(b)]. M and L would also exhibit precessional motion
under the effective fields H and h, expressed as follows:

H=H, +H, = —\M,
h=H, — H, = AL. A3)

The LLG equations for the vectors M and L are as follows:

M Y MxH+Lxh)

— =—-=-Mx x h),

dt 2

dL y

& Y Mxh+LxH). 4
T 2( xh+L x H) “®

Assuming M = (M, my, m;) and L. = (5M, I, I,) according to
the ratio of My and M, in YIG, the time-dependent motions
of M and L in the y-z plane are expressed as follows:

dmy, dm,
—_— = — = 0’ 5
dt dt ©)
% = —AyM(OSEm, — 1)
dt ©En
dl
d—; = —AyM(l, — 5my). (6)

Equation (5) shows that the ferromagnetic vector M is not
in precessional motion [see Fig. 1(d)]; this implies that the
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FIG. 2. Homemade backscattering Raman-spectroscopy system.
The incident light from the 785-nm diode laser (LD785-SEV300,
Thorlabs) passes through a collimating lens (CL), half-wave plate
(HWP), polarized beam splitter (PBS), bandpass filters (BPF), polar-
ized filter (PF), beam splitter (BS), quarter-wave plate (QWP), and
objective lens (OL). The diameter of the focused laser spot equals
25 pm. After sample irradiation by the incident polarized light at
40 mW, the scattered light from the sample is polarized using a
Glan-Taylor prism (denoted by A). Subsequently, the inelastically
scattered light is separated from its elastically scattered counterpart
using an edge filter (EF), combination of lenses (L), and pinhole
(PH). The scattered light comprising different wavelengths is spa-
tially separated by the grating (1200 g/mm grating blazed at 500 nm)
in the monochromator (Acton SpectraPro 2500i, Princeton Instru-
ments) followed by subsequent detection by CCD image sensors
(S11501-1007S, Hamamatsu Photonics). The frequency resolution
of this Raman system equals 1.0 cm~'. The heating caused by the
focused laser spot results in a 1-2 cm™! redshift in the Raman
spectrum.

projecting vectors of the y-z plane, namely, My and M,, are
not only antiparallel but also of the same magnitude [see
Fig. 1(c)]. On the other hand, the antiferromagnetic vec-
tor L precesses clockwise, and the precessional frequency
obtained using Eq. (6) is the same as that obtained using
Eq. (2), namely, @ = Ay M. This frequency is equivalent to
(1284 — 8Sa)|Jad| = 10]Ja4], where Sy = Sq = 5/2 and Jyq is
the exchange constant between the magnetizations at the a-
and d-site sublattices [23]. Thus, the KK exchange resonance
is identical to the clockwise uniform mode at k = 0 [29,30]
(a1 mode in Ref. [23]).

In the proposed 180° backscattering Raman-spectroscopy
system (Fig. 2), the diode-laser radiation with 785-nm wave-
length was linearly and circularly polarized using polarizers
as well as half- and quarter-wave plates. In accordance with
the selection of polarization of the incident and scattered light,
two linearly polarized configurations [parallel (||) and crossed
(L)] and four circularly polarized configurations (RL, LR,
RR, and LL) were defined as shown in Fig. 3. The helicity
of the circularly polarized light was defined as the direction of
polarization rotation in the sample plane, irrespective of the
propagation direction.

The sample was mounted under vacuum maintained inside
an optical cryostat (VPF-100, JANIS) capable of controlling
temperatures over a wide range from the boiling point of
liquid nitrogen to 500 K. The temperature sensor was attached
to the sample holder made of copper.

Before we searched for the KK exchange resonance mode,
we investigated the phonon modes using angle-resolved polar-
ized Raman spectroscopy [38] to distinguish the magnon and
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FIG. 3. Schematics of linearly and circularly polarized configu-
rations for selection rules. The parallel- and crossed-polarized light
rays indicate that the polarizations of the incident and selected
scattered light are parallel and perpendicular, respectively. R and
L represent the right- and left-handed helicities, respectively, of the
circularly polarized light.

phonon modes. A YIG single crystal grown by the floating
zone technique was oriented along the [111] direction and
polished to a thickness of 160 um. YIG belongs to the cubic
centrosymmetric space group /a3d and crystallographic point
group m3m [2]. The phonon Raman tensors are described in
the Appendix, where the bases of the Raman tensors [39] are
transformed to & || [112], 9 || [110], and 2 || [111].

For the crystallographic point group m3m, all three
Raman-active phonon modes, namely, Ay, E,, and Tpe, are
not expected to have polarization azimuth dependence on

linearly polarized light propagating along the z direction.
On the other hand, we have the Jones vectors |H) = (1, 0)
for horizontal polarization, |V) = (0, 1) for vertical polariza-
tion, |R) = (1, —i)/~/2 for right-handed circular polarization,
and |[L) = (1,17)/ /2 for left-handed circular polarization [40].
Therefore, the Raman intensity ratios [/ : I, : Irr : Irr] of
Ajg, Eg, and T, are calculated to be [1:0:0:1], [1:1:
2:0],and [3: 2 : 4 : 1], respectively [41]. Further, L g = I,
and I ;. = Igrr. In addition, an in-plane magnetic field of 2.5
kOe was applied using permanent magnets to saturate our
sample magnetically. This ensured that Faraday rotation of the
incident and scattered light in the sample did not influence the
Raman selection rules.

III. RESULTS AND DISCUSSION

Figures 4(a) and 4(b) show the Raman spectra ranging
from 100 to 775 cm~! at 80 K and their magnifications,
respectively. In previous studies, with only linearly polarized
configurations, some ambiguous peaks could not be distin-
guished [34,35]. However, in the present study, using both
linearly and circularly polarized configurations, all the phonon
modes, namely, 3A1,, 8E,, and 1475, in YIG were success-
fully assigned and are listed in Table I.

By considering the THz magnon frequency range re-
ported in [21-24,26,27], we focused on the spectra in the
240-270-cm~! range, as depicted in Figs. 5(a) and 5(b) for
the RR- and LL-polarized configurations, respectively. For
the RR-polarized configuration, we observed a tiny signal to
shift significantly from 80 to 140 K and blend into the tail
of the T, phonon signal above 140 K. Additionally, a nearly
identical signal was observed for the LL-polarized configu-
ration. Because of the significant temperature dependence of
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FIG. 4. (a) Full Raman spectra with various polarization configurations at 80 K. For linear polarization, dark and light green spectra
represent parallel- and crossed-polarized configurations, respectively. For circular polarization, black, red, blue, and purple spectra represent
the RL-, LR-, RR-, and LL-polarized configurations, respectively. (b) Magnification of (a).
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TABLE 1. Assignment of phonon signals in YIG (111) Raman
spectra at 80 K. All shifts are in cm ™.

Ref. [34] Mode Ref. [35] Mode  This study Mode
130 T, 131 Ty, 132 Ty,
175 Ty, 174 Ty, 174 Ty,
178 T,
193 T, 194 Ty, 194 Ty,
237 Ty, 238 Ty, 239 Ty,
274 E, 274 E, + T, 272 E, + T,
274 Ty
290 E,
315 E, 319 E,
324 Ty, 323 Ty
340 Ajg
347 E, + Ay, 346 E, 345 E,
380 T, 378 P 377 Ty
396 Ty,
416 E, 416 E, + T,
420 E, + Ty 419 P
449 Ty +Aig 445 Ty, 446 Ty,
456 E,
505 E,
507 Ajg 504 Ajg 507 Ajg
581 T,
593 Ty, 592 Ty, 587 Ty,
624 E, 620 E,
675 E,
685 E, + T,
698 A+ E, 692 E, + T,
704 Ajg
711 Ty,
736 Ajg or 737 Ajg
740 Ajg E, + Ty, 739 E,

the frequency shift, the tiny signal was assigned to the THz
magnon. The wave number k of the detected magnon in the
180° backscattering geometry was 4wn/A (n is the refractive
index, A is the incident light wavelength). Therefore, agk ~
0.05rad « 1 (the lattice constant of YIG ag = 1.24 nm [2]),
meaning that the THz magnon of the KK exchange resonance
with k &= 0 was excited at 7.8 THz, the frequency correspond-
ing to 260 cm ™! at 80 K.

Furthermore, the temperature-dependent frequency shifts
of the THz magnon in our RR and LL spectra were identified
and compared to the results obtained from neutron scattering
measurements [25,28] and simulations [23,24], as shown in
Fig. 6(a). Our results show the same tendency as reported
in other studies. However, there is a frequency deviation
between our results and the others. The exchange constant
Jag was determined in previous studies based on the results
of magnetization, specific heat measurement, inelastic neu-
tron scattering, or first-principles calculations. However, we
consider that Raman spectroscopy provides a more precise
frequency resolution than other techniques. By extrapolating
the magnon frequency of 7.8 THz at 80 K down to 4 K
based on the temperature dependence of magnetization [42],
we obtained a frequency of 8.0 THz at 4 K. This yields
Jag = —38 K according to 10|J,4| = 8.0 THz. Furthermore,

(b) LL Raman shift (THz)
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FIG. 5. YIG (111) Raman spectra in the 240-270-cm~' range
with (a) RR- and (b) LL-polarized configurations in the 80-140 K
temperature range. The red, green, and purple curves fit the magnon
and two T, phonons, respectively. The blue curve denotes the sum
of the red, green, and purple curves. Fitting was performed using
a Voigt function that represents the convolution of the Gaussian
and Lorentzian functions with full widths at the half maxima of
1.0 and 2.5 cm™!, respectively. Unlike other phonon signals, the
magnon peaks indicated by arrows represent significant temperature-
dependent frequency shifts.

the in-plane magnetic field of 2.5 kOe shifted the magnon fre-
quency by a few GHz, which is well below the experimental
resolution.

Moreover, we focused on the same frequency range and
repeated the Raman measurements with all linearly and circu-
larly polarized configurations at 80 K; the results are shown in
Fig. 6(b). The Raman intensity ratio of the KK mode was [/} :
I, : Igy : Ig] = [0: 1:0: 1], indicating that the magnon Ra-
man tensor can be expressed in the antisymmetric form as

0 K
k= <—iK 0)'

This antisymmetric form of the KK mode corresponds to lin-
ear (first-order) magnetic excitation, where K is proportional
to m, [43—47]. The similarity of the KK mode to the one in
the GHz acoustic magnon (Kittel mode) excited through light
scattering [17-19] indicates that the KK and Kittel modes
have the same symmetry. In the KK mode, all the atomic
spins from the same sublattice simultaneously rotate with their
spins always parallel and with the same precession amplitude,
similar to the Kittel mode in the ferromagnetic subsystem.
The other sublattice behaves in the same way. Therefore, the
direction of precessional motion of each sublattice is reversed
under mirror operations (o, or o), which corresponds to the
A, mode [48]. Note that the antisymmetric form of the Raman
tensor and the corresponding A, mode cannot be assigned to
the phonon mode under the m3m point group.

Symmetric contributions owing to quadratic (second order)
excitation [45,47,49-51] were not observed in the present
study, probably because the linear magneto-optical (Faraday)
effect dominated the quadratic magneto-optical (Cotton-
Mouton) effect at a wavelength of 785 nm [52].
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FIG. 6. (a) Temperature-dependent frequency shift in the KK
mode. The red and black lines with error bars denote the KK mode
observed in our Raman spectra with RR- and LL-polarized config-
urations, respectively. The purple line with squares [25] and orange
line with pentagons [28] represent the experimental data for neutron
scattering. The blue line with triangles [24] and green line with
hexagons [23] indicate the simulation results obtained using different
models. The KK mode is fitted with normalized magnetization (yel-
lowish green) [42]. (b) The selection rule for the KK mode of YIG
observed with crossed-, RR-, and LL-polarized configurations at 7.8
THz and 80 K.

In addition, unlike the acoustic magnon, the ferromagnetic
vector M of the KK mode does not precess, as shown in
Fig. 1(d). Therefore, the KK mode was considered to be unob-
servable via optical methods [29]. Nevertheless, the KK mode
was observed in our Raman method as a linear magnetic exci-
tation, which usually results from the precession of M. This
contradiction can be explained as follows. The absorption
coefficient of YIG at 785 nm is 50-100 cm™! [53-55]. This
is attributed to off-resonant transition with the nearest reso-
nances at 900 nm (°A;, — *T},) and 700 nm (°A;; — *T5,)
in octahedral Fe3* ions [54]. The Faraday rotation of 600°—
800°/cm at 785 nm [52,56-59] dominantly originates from
optical transitions in octahedral Fe** ions [59—62]. Therefore,
the Faraday rotation is more sensitive to M, than My. The KK
mode resulted from the precessional motion of M, [63].

The KK exchange resonance between iron and rare-earth
sublattices is identified in rare-earth iron garnets through IR
[64-66] and pump-probe [67-69] spectroscopy. However, in
YIG, because the ferromagnetic vector M of the KK mode

does not precess owing to the equality of y for M, and
Mg, this mode cannot be observed by IR spectroscopy and
magnetic resonance spectroscopy.

IV. CONCLUSIONS

All the phonon modes, namely, 3A1,, 8, and 147, in
YIG were identified and assigned using linearly and circularly
polarized light through Raman spectroscopy. A THz magnon
of the KK exchange resonance in YIG was discovered in
Raman spectra at temperatures from 80 to 140 K, and the
exchange constant was J,g = —38 K. The selection rule of
magneto-optical coupling in YIG was experimentally con-
firmed, which suggested an antisymmetric magnon Raman
tensor (A;) corresponding to the linear magneto-optical effect.
This study will stimulate further investigation of the coupling
of THz magnons and phonons for applications involving spin
caloritronics and pave the way toward THz optomagnonics.
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APPENDIX: PHONON-MODE RAMAN TENSORS

The Raman tensors R pertaining to the crystallographic
point group m3m with X || [100], ¥ || [010], and Z || [001] can
be expressed as follows [39]:

1 0 0
R(A) =al0 1 0], (A1)
0 0 1
1 0 0
R(E;))=b[0 1 0 |,
0 0 -2
-3 0 0
RE)=b[ 0 V3 o], (A2)
0 0 0
0 0 0
R(Ty) =d[0 0 1],
01 0
0 0 1
R(T;)=d|0 0 0],
1 0 0
0 1 0
R(T;) =d[1 0 0 (A3)
0 0 0

In the above equations, a, b, and d indicate the nonzero Raman
tensor elements.
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Because our YIG sample was cut along the [111] direction,
the original tensors were transformed from the [001] direction
to the [111] direction using the transformation operator T
given by

N S

1
NG V23
1 1 1
T = 7 7 7| (A4)
_2 0 L
NG V3

This equation rotates X || [100], ¥ || [010], and Z || [001] to
R || [112], 9" || [110], and 2’ | [111], respectively. Subse-
quently, the Raman tensors R' = T~'RT can be expressed as

1 0 0
R(Ag)=al0 1 0], (A5)
0 0 1
-1 0 V2
R(Ey)=b[l 0 1 0|,
V2 0 0
0 1 0
R(E}) =b|1 0 V2 (A6)
0 V2 0

g 4 23 V2
R(Ty)=2|-2v3 0 NP
-2 V6 4
44 23 -2
R(Ty)=2[2v3 0 —v6l.
V2 V6 4
(2 0 22
R(T})=—-[ 0 -6 0 (A7)
6\ovz o 4

The Raman scattering intensities /(&;, &) for Ajg, Eg, and 1o,
can be expressed as

I, (8. &) o [& - R (Arg) - &), (A8)

Ie,@.8) o & -R(E)) - &) + [&f -R(ED) - &, (A9)
I, &, &) o [e7 - R'(Toy) - &+ [e7 - R (T) - &

+ler R(TD) - & (A10)

In the above equations, & and & represent Jones vectors
corresponding to the incident- and scattered-light rays, respec-
tively.
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