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Spontaneous symmetry breaking is a source of the phase transition in a variety of physical systems
including such as non-Hermitian. It has recently been demonstrated that so-called exceptional points,
which are singularities in non-Hermitian systems, separate the areas with symmetrical and asymmetrical
eigenstates. Such separation is evidence of phase transitions in non-Hermitian systems taking place at
exceptional points. In this paper, we experimentally demonstrate that exceptional-point phase transition in
a system of two coupled magnonic waveguides coupled by dipole-dipole interaction occurs. Using infrared
laser irradiation to control the spin-wave losses in one of the waveguides covered by a semiconductor
GaAs layer, we observe a change in the wave numbers of the propagating spin waves and a change in the
distribution of spin-wave intensity between the waveguides. Retrieving the experimental data, we find the
spin-wave propagation parameters and, based on these and the use of coupled mode theory, we argue that
in the system of magnonic waveguides the exceptional-point phase transition is observed.
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I. INTRODUCTION

Non-Hermitian systems with exceptional points (EPs)
are of great interest [1—6], which is due both to the desire
to extend quantum mechanics to non-Hermitian systems
[1-4] and to phenomena that take place in such systems
[5,6]. Among non-Hermitian systems, PT-symmetric sys-
tems have been most studied. For such systems, a breaking
of the PT symmetry of eigenstates has recently been pre-
dicted [1-4]. In recent years, PT-symmetry breaking has
been investigated in optics [5—19], acoustics [5,20], and
magnetism [21-24]. PT-symmetry breaking occurs at a so-
called exceptional point in the system parameter space.
At the EP, two eigenstates become identical, which is
possible due to the system’s non-Hermiticity. This corre-
sponds to a maximal degree of nonorthogonality of these
eigenstates [5,6,19]. Further, the phase transitions asso-
ciated with the EPs have been demonstrated in various
classical and quantum non-Hermitian systems without P7-
symmetry [5,6,19,25], in particular, systems maintained
far from thermal equilibrium [26]. The non-Hermitian sys-
tems possess a set of unusual properties near the EPs
[5,6,19,25], which paves the way to creating alternative
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types of lasers [27-33], sensors [34—37], and waveguides
[14,38-40].

In magnetic systems, phase transition associated with
the EP has been observed in a three-layer structure
comprising thin Co and NiFe layers separated by a Pt
spacer and possessing different levels of loss [21]. Inter-
layer coupling was varied by thickness of Pt spacer,
making phase transition possible near the EP. A sys-
tem incorporating loss and gain for propagating spin
waves was theoretically proposed in Ref. [22], where a
system of two ferromagnetic Ys;FesOy; (YIG) waveg-
uides separated by a Pt spacer was excited by a spin-
transfer torque [41]. As a result, the spin-wave losses
were increased in one waveguide and decreased in the
other. In such a way, the possibility of reaching the EP
was shown. In both cases, interlayer exchange Ruder-
man—Kittel-Kasuya—Yosida (RKKY) interaction [42] was
considered as a mechanism of the magnetic layer cou-
pling. This is one possible realization for observation of
PT-symmetry and the EP in magnonics.

We propose another magnonic system for observation
of the EP phase transition. It consists of two magnonic
waveguides coupled by dipole-dipole interaction. We
report on the observation of the EP phase transition in such
a magnonic waveguide system. In contrast to previously
reported observations of the EP in the absorption spectra
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associated with ferromagnetic resonance in magnetic lay-
ers [21], we propose a planar structure consisting of two
ferromagnetic (YIG) waveguides separated by an air gap.
Spin waves were excited by the microwave microstrip
antenna in one of the waveguides. Generally, an obser-
vation of the EP phase transition requires control of the
losses in at least one of the waveguides [21,22] or of
the waveguides’ coupling strength [43,44]. For this pur-
pose, we covered both waveguides with a gallium arsenide
(GaAs) semiconductor layer and illuminated it by infrared
(IR) laser radiation [45], so that only one waveguide was
exposed. With the use of Brillouin light scattering (BLS)
spectroscopy, we have measured spatial distributions of
the magnetization oscillations intensity in the waveguides.
At a variation of the IR laser power, changes characteris-
tic of EP phase transition were observed in the BLS data.
By fitting these data, we have retrieved the dependences of
complex wave numbers and waveguide eigenmodes in the
coupled waveguides on the IR laser power. Based on these
dependences we show that the EP phase transition takes
place in such a magnonic system.

II. THEORETICAL MODEL

Spin-wave dynamics in two coupled waveguides
[shown in Fig. 1(a)] is described by the Landau-Lifshitz-
Gilbert (LLG) equation of motion of magnetization [46],
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where M, are the magnetization vectors in the waveg-
uides S;, S,; y is the gyromagnetic ratio (2.8 MHz/Oe);
W is the ferromagnetic free energy of the system of two
coupled waveguides; and « is the Gilbert phenomenolog-
ical dissipation parameter, which is estimated as a ratio
of the ferromagnetic resonance (FMR) linewidth to the
FMR frequency, @ = Afpmr/feMr- In our measurements,
we have obtained AH =0.54 Oe at fryr = 9.7 GHz, that
is, Afpmr = 1.512 MHz. As a result, we have o = 1.6 x
1074,
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If the magnonic system includes both gain and loss
[21,22], Eq. (1) may be invariant at parity opera-
tions, namely, at M; — —My, H; — H(6W/6M; ;) and
time reversal (f — —t: M, - —M,, Hjp — —Hj»).
In this case, the system described by Eq. (1) is
PT-symmetric, and the EP transition related to the
PT-symmetry breaking can take place in it. However, an
EP may be observed in more general class of magnonic
systems, so that PT symmetry is not necessary. We demon-
strate the EP in a system of two coupled lossy waveguides,
which do not possess PT symmetry.

Along with the LLG equation, the Maxwell’s equations
and electromagnetic boundary conditions are used to find
spin-wave dispersion and coupling between waves in the
waveguides. Combining all equations, one can reach a set
of Schrddinger-type equations for the wave amplitudes
(see, for example, Ref. [47]):
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where 4; and A4, are the spin-wave amplitudes, vy, =
2d(a)3 J4w)exp(—2k; 2d)f (z) are the wave group veloci-
ties, B12 = (Vg 12/w)[vg12 + wd]f(z) are the wave dis-
persion coefficients, wy = 4wy My, M, is the saturation
magnetization, d is the ferromagnetic film thickness, &
are the real parts of the wave numbers in the first and
second waveguides, f(z) is the function describing the
spatial mode distribution in the waveguides due to their
finite width (typically having sinusoidal character), and «
is a phenomenological dipole-dipole coupling parameter.
The analysis of Egs. (2) can be carried out for the
continuous-wave (CW) case in the coupled mode approx-
imation [22,48]. In this approximation, the spin-wave
amplitudes in the waveguides are represented as 4;, =
a12(x) - F12(v,z). Here, F1 (v, z) describes the spin-wave
distribution in the section of the nth waveguide, and a,, (x)
is the partial amplitude of the spin wave in the nth waveg-
uide. Assuming that F';»(y,z) does not change along the
waveguides, one may find that the spin-wave amplitudes

FIG. 1. (a) Schematic of the
structure and of the experi-
mental setup; (b) micropho-
tograph of the GaAs profile;
(c) microphotograph of adjacent
YIG stripes (S} and S5).
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obey the following equations [22,48]:
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Here, the matrix M = <1g1 l «
ik gy
tion and interaction of the waveguide modes, and ¢; =
ki +ig, and g, = ky + ig, are complex wave numbers
in the uncoupled waveguides. We note that the imagi-
nary parts of the wave numbers are related to the Gilbert
parameter as g1, = aw/vg1 .
Equations (3) determine the waveguide modes of the
coupled waveguide system, which are defined as the eigen-
states of the matrix M ,

> describes the propaga-
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and the complex wave numbers,
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where K| ; and G, are the real and imaginary parts of the
wave numbers in the coupled waveguides. In terms of the
averages k = (k1 + k2) /2,2 = (g1 + g2)/2 and differences
Ak =k — k, Ag = g1 — g2, Eq. (4b) can be rewritten as

_ 1
Oy =k+ig=+ 5\/4/<2 + AK2 — Ag? +2iAkAg. (5)

The difference of the wave numbers is

AQ = 4k + AK? — Ag? + 2iAkAg. (6)

The EP [4,9] occurs when the real and imaginary parts
of the wave numbers are equal and the two waveguide
modes coincide [5,6,12,17,19]. These conditions hold true
at AQ = 0, which is possible only at Ak = 0. In this case,
Eq. (5) is modified to

- 1
Oio=k+ig=x EV k2 — Ag2, (7

At k? > Ag?, the wave numbers Q;, have different real
and equal imaginary parts. In this case, one of the waveg-
uide modes is symmetric, and the other is antisymmet-
ric. When spin waves propagate along the magnonic
waveguides, energy oscillations between the waveguides
occur. The length of oscillations is determined by the
inverse difference of real parts of the wave numbers
(Ly = m/Re AQ). In the other case, k> < Ag?, the expres-
sion under the square root in (7) assumes a negative value,

so that the wave numbers Q;, differ in imaginary parts.
Instead of being symmetric or antisymmetric, the eigen-
modes are localized in one or other waveguide. In this case,
the energy does not oscillate between the waveguides, that
is, the length of oscillations L is infinite. Thus, a pure decay
of the spin waves in the waveguides is observed.

In a real system, the condition for EP existence
(AQ = 0) may be unattainable [49]. This is due to the
fact that the variation of imaginary parts of the wave num-
bers almost inevitably leads to a change in the real parts
of wave numbers. As a result, Ak is not zero, and the con-
dition of the EP existence (AQ = 0) is not met exactly.
However, a change in the system parameters may guide the
system in some vicinity of the EP, and a transition from the
energy oscillations to decay can be observed. In the current
paper, we experimentally demonstrate such a transition in
a system of two magnonic waveguides covered by GaAs
semiconductor films. An optical IR illumination of one of
the waveguides is used to control losses, thereby chang-
ing the value of Ag. BLS measurements of the magnetic
moment distributions in the waveguides show a qualitative
picture of the EP transition. Further, the modal wave num-
bers, which were directly retrieved from the experimental
data, exhibit a convincing picture characteristic of the EP
transition.

III. EXPERIMENTAL METHODS

For the EP observation, lateral magnonic waveguides
were fabricated from YIG film with saturation mag-
netization 47 M=1750 G and ferromagnetic resonance
linewidth AH =0.54 Oe at a frequency of 9.7 GHz.
Each waveguide was 40 mm in length, d =10 um thick,
and w=200 um wide, and the gap between them was
t=40 um [Fig. 1(a)]. To produce the adjacent magnonic
waveguides S| and S5, the YIG film was structured using a
local laser ablation system (LLAS) based on a YAG:Nd
fiber laser with a two-dimensional (2D) galvanometric
scanning module (Cambridge Technology 6240H) oper-
ating in a pulsed regime with a pulse duration of 50 ns
and power of 50 mJ. Semiconductor n-type GaAs film
was used to fabricate the layer, which was then used to
compose the YIG/GaAs sandwich structure, since it is
one of the most utilized types of semiconductor substrates
used in CMOS-based electronics as it has high mobility
of charge carriers, direct and wide band gap. LLAS was
used to fabricate two trapezoid forms of the GaAs sur-
face with a trapezoid base equal to the width w of each
YIG stripe and the same distance between short bases of
the trapezoid equal to the distances between S; and S,.
Figure 1(b) shows the microphotography of the GaAs pro-
file, while Fig. 1(c) demonstrates the microphotography of
adjacent YIG stripes (S and S3). A 830 nm CW semicon-
ductor laser (hereinafter referred to as an IR laser) was
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used to illuminate the area of the contact between the S,
waveguide and GaAs.

Our experimental structure, which is known as a
magnonic directional coupler, was proposed in [50] and
has already found practical applications [51] (see Fig. 1).
In our recent work, we have shown that the spin-wave
dynamics in such a coupler can be easily changed by
the power of the excitation signal, leading to spectacu-
lar physical phenomena [44]. In particular, it was shown
that the coupling between waveguides can be controlled
by spin-wave excitation power.

In the experiment, spin-wave excitation was performed
in a waveguide S; by an Au microstrip antenna 1 um
thick and 30 um wide. A microwave signal with power
P;;=—15 dBm from a synthesized CW generator (Anritsu
MG3692C) was applied to the input antenna. The struc-
ture was magnetized with an external magnetic field of
Hy=900 Oe induced by a GMW3472-70 electromagnet
and directed along the y axis to excite a Damon-Eshbach
magnetostatic spin wave in the input region of S;. Light
with a wavelength of 532 nm and a power of 1 mW
generated by single-frequency Excelsior (Spectra Physics)
EXLSR-532-200-CDRH Ilaser can be focused to a 25-pum-
diameter beam on the surface of the S| or S, waveguide.

The stationary spatial distribution of dynamic magneti-
zation was studied by the BLS method, which is based on
the effect of inelastic light scattering on coherently excited
magnons. This corresponds to the linear regime of spin
wave excitation and propagation. To obtain maps of the
spatial distribution of magnetization, a precision position-
ing system was used. The IR laser was rigidly connected
with the positioning system and was focused into an ellip-
tical shaped spot using a cylindrical lens on the whole area
of the S, stripe as shown in Fig. 1(a). The experiment
was carried out in a quasi-backscattering configuration; the
optical signal intensity was proportional to the square of
the dynamic out-of-plane component of magnetization in
the spatial region, where the laser beam was focused on the
magnonic stripe from the side of the Gadolinium Gallium
Garnet (GGG) substrate. Maps of spin wave intensity were
measured over an area of 0.5 x 4 mm? within the contact
of the YIG stripes with the adjacent GaAs slabs.

IV. EXPERIMENTAL RESULTS AND NUMERICAL
ANALYSIS

A. Manifestation of the exceptional point in the results
of BLS measurements

To demonstrate the EP phase transition, a series of 2D
maps of spin wave intensity were obtained. Firstly, the
measurements were carried out in the absence of the IR
laser irradiation. Due to dipole-dipole coupling between
the two waveguides the spin wave excited in the first
waveguide (S]) oscillated in a periodic manner between
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FIG. 2. Series of 2D maps of spin-wave intensity measured
with the BLS technique at different levels of CW IR laser power
focused with a cylindrical lens on the S, waveguide: (a)—(e) the
spin wave excited in the first waveguide (S1); (f),(g) the spin
wave excited in the second waveguide (/). The values of the
spin wave intensity are given in arbitrary units, and the scale is
the same in all the plots. The value of the laser power is shown
at the right of each plot.

the two waveguides [Figs. 2(a) and 2(f)]. The oscilla-
tion length, Ly = 7 /AK, at which the spin wave power
transfers from S; (S,) to S» (S)), is determined by the
value of AK = Re AQ. To control the spin-wave propa-
gation along the waveguide system, the S, waveguide was
exposed to the IR laser radiation. The IR laser radiation
induces charge carrier transfer from valence band to con-
duction band in the GaAs semiconductor layer covering
the waveguides. This increases the conductance of semi-
conductor. Therefore, due to variation of the boundary con-
ditions at the surface of the S, waveguide, both the change
in the spin wave’s dispersion and an increase in losses in
the S, waveguide occur. This causes an increase in the
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Spin-wave intensity distributions in the two magnonic waveguides at (a) P = 0; (b) P = 100 mW; (c) P = 200 mW. The

points show the measured results. Thick lines show the results of simulations with Eq. (3) at the values of paremeters that corre-
spond to the minimum square deviation from the experimental data. These parameters are (a) AG &~ 6.32 x 107*, AK ~ 0.377, (b)
AG =~ 144 x 1072, AK ~ 0.292, (c) AG ~ 0.654, AK ~ 0.079. The blue and red curves correspond to the S; and S, waveguides,

respectively.

oscillation length Ly [see Figs. 2 (b) and (c)]. As the IR
laser power reached values near P =200 mW [Figs. 2(d)
and 2(g)], the energy transfer between the waveguides
disappeared. The increase in losses in the S, waveguide
has led to a decrease in the propagation length in this
waveguide. This change is clearly seen when comparing
spin wave intensities obtained when the first [Fig. 2(d)] or
second [Fig. 2(g)] waveguide is excited.

The change in the properties of propagating spin waves
was due to an increase in Ag induced by the IR laser signal,
so that the value of

Ly = m/Rey/k? + A2 — Ag2 +2iAkAg  (8)

also increased. Since the change in imaginary parts of the
wave numbers was almost inevitably accompanied by a
change in the real parts of wave numbers, Ak did not
remain zero, so that the condition of the EP (AQ = 0) was
not met exactly. As a result, we do not observe a disappear-
ance of oscillations predicted exactly at the EP [22] but an
increase in the oscillations period near the EP [Fig. 2(c)]

~ 0.3

AK (cm™

0.0

100 150 200
Power (mW)

0 50

250

changing by field redistribution between the waveguides
[Fig. 2(d)].

B. Confirmation of the existence of the exceptional
point: numerical analysis

To demonstrate the existence of the EP in a convincing
manner, we retrieve the wave numbers of the eigenmodes
from the experimental data. To this end, we fit the experi-
mental data for the spin wave intensities by solving Eq. (3).
At the first step, we simulate Eq. (3) for the magnonic
waveguide system at zero IR laser power (P = 0). In this
regime, the parameters of the two waveguides coincide.
Using the least-squares method, we find the dipole-dipole
coupling parameter « and the imaginary part of complex
wave numbers g; , which are equal to each other at P = 0.
We choose the fitting parameters at which the best approx-
imation is achieved [see Fig. 3(a)]. At the second step,
we simulate Eq. (3) at nonzero power of the IR laser,
which is used for irradiation of the S, waveguide (P > 0).
We take into account that ¥ and g; do not depend on P.
Using the least-squares method, we find the imaginary part

0.15 ® "

0.00¢ :
0 50 100 150 200 250

Power (mW)

FIG. 4. Dependence of the difference between (a) real and (b) imaginary parts of the wave numbers of the two eigenmodes on the IR
laser power P retrieved from the experimental data (dots) and fitted by Eq. (6) with x = 0.197 cm™!, Ag = &P — £&P?, & = 3.37 x
1073 em™' mW™!, & =6.70 x 107% em™! mW™2, Ak = xP, and x = 1.86 x 107> cm™! mW~!. Power P = P corresponding to

the phase transition is shown by the vertical dotted line.
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of the complex wave number in the S, waveguide, g5,
and the difference between the real parts of the complex
wave numbers in the S| and S, waveguides, Ak. Using
the parameters found and Eq. (4b), we calculate the val-
ues of AK, Gy, and G, at each value of the IR laser power
(Fig. 4).

The data obtained for AK and AG (dots in Fig. 4)
are fitted by Eq. (6) (curves in Fig. 4) with an assump-
tion of quadratic dependence of Ag on the IR laser
intensity, Ag = & P — &P?, &, describing the absorbance
saturation in GaAs, and with Ak depending linearly on
P, which implies the waveguides’ identity at P = 0. We
observe that AK becomes small at the IR laser power P
below some P¢ [Fig. 4(a)], whereas a significant difference
between the decay rates, AG, appears above P¢ [Fig. 4(b)].
The power corresponding to the phase transition, Pc =
184 mW, was found numerically by a minimization of
|AQ| in Eq. (6).

Besides the change in the wave numbers, the distribu-
tions of spin waves in the waveguide eigenmodes are also
changed close to the EP phase transition. At the EP, the
waveguide eigenmodes coincide. When the system param-
eters move away from the EP, the waveguide eigenmodes
become essentially different from each other. To deter-
mine the EP in terms of the eigenmodes, the so-called
c-product is used [4,52]. The c-product for each of the
eigenmodes is determined as (ey | eg) [4,52], where |ey)
and |eg) are the left and right eigenvectors of the matrix
M in Eq. (3). That is, M|eg) = Aleg) and (e, | M = (e,| A,
where A is one of the eigenvalues of matrix M. The
c-product (e; | eg) is calculated by the componentwise
multiplication of components of left and right eigenvec-
tors with the same eigenvalues. It is known that at the
EP, the c-product for each of the coincident eigenmodes
becomes equal to zero [4,29,52]. This means that these
eigenmodes are self-orthogonal at the EP [4,52]. The
dependence of the c-product on the IR laser power can be
used as additional proof of the existence of an EP in the
system [29].

FIG. 6.

1.0/0-0-0-0_o_o _ |

0.8} W

c-product

0.6} i

0 100 300

Power (mW)

FIG. 5. Dependence of the c-product for one of the waveguide
eigenmodes. The vertical dashed line shows the IR laser power
P = P¢. The dependence of the c-product for the other waveg-
uide eigenmodes is the same. The dashed red line is a dependence
of the c-product on the IR laser power calculated by using the
dependences for AK, AG, « obtained by fitting the experimental
data.

We retrieve the waveguide modes from the experimental
data and calculate the c-products. Our calculations show
that the c-product for each of the modes has a minimum
at the same value of IR laser power equal to P (Fig. 5).
Based on this dependence, we conclude that at P¢, the
maximal degree of nonorthogonality of the eigenmodes
is achieved. This serves as the second argument for the
existence of the EP at the IR laser power of Pc.

Thus, the dependences of the real and imaginary parts
of the wave numbers on the IR laser power indicate the
existence of an EP in the system. A similar conclusion fol-
lows from the dependences of the c-product for each of
the modes on the IR laser power. All these dependences
indicate that the passing near the EP occurs at an IR laser
power of P = 184 mW. The passing near the EP leads to
the transition from energy oscillations between the waveg-
uides to the pure decay of the spin wave intensity. This
change is clearly visible in the maps of spin wave intensity
measured by BLS techniques.

0.8 P =125 mW (b)

X (mm)

Spin-wave intensity distributions in the two magnonic waveguides at (a) P =0, (b) P = 125 mW measured under the

excitation of the S} (solid curves) and S, (dashed curves) waveguides. In the both cases, the S, waveguide was irradiated by the IR
laser. The blue and red curves correspond to the S; and S, waveguides, respectively. The solid and dashed arrows show the positions
of the maxima/minima of the spin-wave intensity in the S| and S, waveguides, respectively.
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C. Nonreciprocal spin-wave behavior below the
exceptional point

We have observed a nonreciprocal behavior below the
EP, as predicted in [22]. At P = 0, the waveguides are
identical to each other and, therefore, the eigenstates are
symmetrical and antisymmetrical. In this case, the intensity
distribution of the spin waves is symmetrical with respect
to the permutation of the waveguides [cf. Figure 6(a)].
At 0 < P < P¢, the eigenstates are nonorthogonal, so that
the intensity distribution of the spin waves becomes non-
symmetrical. This change in the eigenstates leads to a
nonreciprocal response, which consists in the difference in
the positions of the maxima and minima of the spin-wave
intensity under the excitation in the S; and S, waveguides
[compare the positions of arrows in Figs. 6(a) and 6(b)].

V. CONCLUSIONS

We have demonstrated the exceptional-point phase tran-
sition in a system of two coupled magnonic waveguides.
Using an IR laser irradiation to control the spin-wave
parameters in one of the waveguides, we have observed
a change in the spin-wave propagation from oscillation
between the waveguides to pure decay. From the exper-
imental data, we find the parameters of the propagating
spin waves for different powers of the excitation signal. To
illustrate the existence of the EP, we track the difference
between the wave numbers and demonstrate that in our
case at a IR laser power of P = P¢ &~ 184 mW this differ-
ence is minimal. This proves the passage of the parameters
of the magnonic system near the EP. In addition, we calcu-
late the c-product for each of the waveguide eigenmodes
based on the experimental results. It is known that at
the EP, the eigenmodes are self-orthogonal [4,52], that is,
the c-product becomes zero. In our magnonic system, the
c-product has a minimum at P = P¢ that serves as the
second argument for the existence of the EP. The pass-
ing near the EP leads to change in the propagation of the
spin waves along the two coupled magnonic waveguides,
which is clearly visible in the maps of spin wave inten-
sity measured by BLS techniques. Thus, we argue for the
existence of the EP phase transition in coupled magnonic
waveguides.
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