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Magnon-photon strong coupling for tunable microwave circulators
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We present a generic theoretical framework to describe nonreciprocal microwave circulation in a multimode
cavity magnonic system and assess the optimal performance of practical circulator devices. We show that
high isolation (>56 dB), extremely low insertion loss (<0.05 dB), and flexible bandwidth control can be
potentially realized in high-quality-factor superconducting cavity based magnonic platforms. These circulation
characteristics are analyzed with materials of different spin densities. For high-spin-density materials such as
yttrium iron garnet, the strong-coupling operation regime can be harnessed to obtain a broader circulation
bandwidth. We also provide practical design principles for a highly integratable low-spin-density material (vana-
dium tetracyanoethylene) for narrow-band circulator operation, which could benefit noise-sensitive quantum
microwave measurements. This theory can be extended to other coupled systems and provide design guidelines
for achieving tunable microwave nonreciprocity for both classical and quantum applications.
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I. INTRODUCTION

Nonreciprocal microwave devices are ubiquitous and im-
portant in classical and quantum information processing, as
they protect delicate measurements from reflected signals [1].
The nonreciprocal effect arises from broken time-reversal
symmetry, traditionally realized with ferrite materials [2—4].
Recently, a variety of avenues have been reported to realize
nonreciprocity without the use of magnetic materials, in-
cluding optomechanical coupling [5,6], reservoir engineering
[7,8], nonlinear effect [9,10], and temporal modulation [11].
Those approaches, albeit being nonmagnetic, typically require
strict phase matching condition and have limited tunability
[5-7,9,10], with added complexity in experimental imple-
mentations. Nowadays, due to the high demand in sensitive
microwave signal detections, especially at the single-photon
level for superconducting quantum circuits, low-loss, tunable,
and compact electromagnetic circulator devices are of great
interest [1].

Cavity magnonic systems have attracted significant atten-
tion recently [12-23] due to the strong interaction between
magnon excitations and microwave photons. Previous stud-
ies have demonstrated magnon-photon strong coupling in
various resonant microwave systems, such as copper three-
dimensional (3D) cavities [14-18] and coplanar microwave
circuits [19,20,24]. However, those cavity magnonic sys-
tems are in the conventional coherent coupling configura-
tion, where magnons are coupled with a single microwave
mode without any nonreciprocal effect. Only a few recent
works have investigated nonreciprocal coherent or dissipative
magnon-photon coupling in two-port systems to demonstrate
isolator devices [25,26]. The study of the three-port nonre-
ciprocal magnonic platform is highly motivated because of
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its applications in sensitive cryogenic microwave reflection
measurements [27,28].

In this work, we present a generic theoretical model for
nonreciprocal multimode cavity magnonic systems. We show
that by harnessing the selective coupling between the magnon
mode and microwave modes with different chiralities, as well
as the interference effect between different paths in a three-
port system, nonreciprocal microwave circulation with high
isolation, low insertion loss, and flexible controllability can be
achieved. For device implementation, we propose a practical
design based on a high-quality factor (Q) superconducting
ring resonator which is coupled with a high-Q magnon mode
in a low-Gilbert-damping magnetic media [12,29] under a
bias magnetic field. Two exemplary material platforms are
discussed: (1) yttrium iron garnet (YIG), a high-spin-density
material that can work in the strong-coupling regime to ob-
tain broader circulation bandwidth [30], and (2) vanadium
tetracyanoethylene (V[TCNE],), a highly integratable low-
spin-density material for narrow-bandwidth operation [31].
Unlike commercial circulators designed for octave broadband
operations, this work exploits cavity enhanced circulation
effect and trades the circulation bandwidth for high isolation
and low insertion loss, which are the most desirable perfor-
mance parameters for delicate single-photon-level quantum
measurements.

II. THEORETICAL MODEL

A. Coupled-mode theory

A schematic of the circulator is shown in Fig. 1(a), where
a three-port superconducting ring resonator simultaneously
supports two degenerate counter-rotating microwave modes.
This ring resonator is aligned with a ferrimagnetic disk
of similar dimension for optimal mode overlap. Under a
static out-of-plane magnetic bias field, the ferrimagnetic disk
supports a uniform magnon mode with the resonant frequency
linearly proportional to the external field [32], wy, ~ y|§0|,
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FIG. 1. (a) Schematic diagram of the device. The superconduct-
ing ring resonator supports both counterclockwise (ccw; accy) and
clockwise (cw; a.y) rotating microwave modes. A ferrimagnetic
disk (gray color) with similar dimension is placed on top of the
superconducting ring and biased perpendicularly. There are three
straight waveguides with threefold geometrical symmetry induc-
tively coupled with the ring resonator. (b) The schematic shows the
magnon-photon coupling, where the microwave mode a.., is coupled
with the magnon mode m with the coupling strength g..,, while mode
dey is coupled with magnon mode via a different coupling strength
Gew- Keews Kew, and i, are the total dissipation rates for mode acy,
deew, and m, respectively.

where y = 2.8 MHz/Oe is the gyromagnetic ratio. The sys-
tem Hamiltonian can be written as

H/l = Ween@l oy, eew + Oowaly ey + @pm'm + Hi /. (1)

Here, deey (Aiew), dow (aby), m (m') are the annihilation
(creation) operators for the counterclockwise (ccw) and the
clockwise (cw) microwave mode, and the magnon mode,
respectively, with their resonant frequencies denoted as wcy,
wew, and w,,. Since the ccw and the cw modes are or-
thogonal, we only need to consider their linear coupling
with the magnon mode in our system. So the interaction
Hamiltonian is

Hint/h = —geew(@eew + aley, )(m + mT)
— gew(@ew +al,)(m +m'), )

where g..w and g.y are the coupling strengths between the
respective microwave mode and magnon mode [26,33,34].

Under the rotating wave approximation, the Heisenberg-
Langevin equation can be written as

a = Mya + Ksj,, 3)
with the input-output relation

Sout = Csin + M2a~ (4)

Here a = {acew, dew, m}7 is the vector of the cavity field. s;, =

T T :
{Sint» Sin2, Sin3}’ and Sout = {Sout1, Sou2, Sou3}”  are the input
and the output fields at the three ports. Matrix M;(3 x 3) is
given as

. Koo .
—lWcew — ~5+ 0 I8cew
. Ke ;
M; = . 0 —iew — £ 8w . ,
18cew 18cw —lwy — 3

(&)

in which .y, kew, and k,,, are the total dissipation rates for the
microwave and magnon modes, respectively. K and M, are the
(3 x 3) matrices describing the coupling of three incoming
and outgoing waves with two resonant modes. Based on the
relation among K, C, and M, (see Appendix), the matrix
K (3 x 3) satisfies the energy conservation relation KK t=r o
and can be in general written as

K = —M,'C
\/chw,el \/chw.dem «/chw,eSein
= «/ch,eleiﬂl WV ch,eZeiﬁ2 »\/’(cw,e3€i‘93 . (6)
0 0 0

Here o () is the relative phase between the excitation port 2(3)
and port 1 for mode ac.y. B; describes the phase difference
between cw and ccw modes at port 1, and (B53y — B1) denotes
the relative phase difference for the cw mode between port
2(3) and 1. Kcew.e1(2,3) and kew e1(2,3) represent the external
coupling rates of the two microwave modes to the three input
and output ports, respectively.

C is the (3 x 3) matrix describing direct coupling of in-
coming and outgoing waves. Due to energy conservation,
C must be unitary C'C = I. But the specific expression for
C depends on the physical implementation of the excitation
ports. For example, in the case of a waveguide end-coupling
scheme with negligible crosstalk between ports, C =1 for
open-ended (capacitive) coupling [35,36]; and C = —I for
short-ended (inductive) coupling [35,37-39]. In this paper,
we assume that the waveguides and the ring are inductively
coupled with no dissipative coupling across different ports,
namely,

-1 0 0
c=10 -1 0 . @)
0 0 -1

With the expressions of matrices in Egs. (3) and (4), the
equation of motion can be solved in frequency domain to
obtain the scattering matrix (defined by soy[w] = Slwlsin[w])

Slw] = C + Ms[—iwl — M;]"'K. (8)

B. Circulation under threefold symmetry

Based on the generic coupled-mode theory described
above, we now focus our discussion on the system circulation
with threefold geometrical rotational symmetry. Under this
condition, the microwave modes a..y and a.,, are degenerate
and have external coupling rates to each of the three waveg-
uides with the value «,/3. The total dissipation rate kecw =
Kew = Ko + ki, where k; and k. are the microwave intrinsic
dissipation and total external coupling rates, respectively.
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At the same time, we have the relative excitation phase
difference between port 2(3) and 1 as o = —n = —2nmw /3,
where n is the integer representing the mode number. Here,
we focus on the two degenerate fundamental circulation mi-
crowave modes (n = 1), for which we have w..w = w.w and
a = —n = —2m /3. Such phase difference is determined by
the threefold rotational symmetry, because the fundamental
mode is formed when the wavelength equals the ring perime-
ter with the azimuthal number to be 1, leading to a 27
phase shift along the ring [2,4]. The relative phase difference
between two ports under threefold rotational symmetry will be
427 /3, depending on the mode propagating directions. Since
these two modes are orthogonal to each other, it can be shown
that the relative excitation phase §; between a..y and ay, does
not contribute to the final expression of the scattering matrix,
and we can set that to be 0 for simplicity.

Due to the selective coupling rule, the magnon mode would
only couple with microwave mode with the same chirality.
Therefore, for our two circular microwave modes, only gccw =

J

g is significant and g ~ 0. It is worth pointing out that a
different eigenmode basis can be chosen for the two degener-
ate microwave modes by applying a unitary rotation

cosd —sind O
U@B)=|sind cosd O
0 0 1

. Then the new M; matrix will become the general form in
Eq. (5) with gecw = g sinf and g., = —g cos 6. This rotation
of the basis, nevertheless, will not change the physical results
of our analysis.

Under the threefold geometrical symmetry, the coupling
matrix K is given by

1 e*i(Zn/3) ei(Zn/3)
K, . .
K = I?E 1 61(271/3) 671(271/3) . (9)
0 0 0

Finally, using Eq. (8), we can obtain the scattering matrix
elements

Si =Sy =Su3=—1+ L + felln/2 = 1 = on)] (10)
=092 =003 = Blkew/2 — i@ — @)l 3{& + [km/2 — (@ — @) [Kcew /2 — (@ — Weew)]}
23y, e B k)2 — i(w — wp)]
Sip=83=5835 = ’ H
12 3 31 S[ch/z — (W — wew)] + 3{82 + [Km/2 —i(w— wm)][’(ccw/z —i(w — wCCW)]} o
—i27/3 27 /3 — 7 —
S S S0 e K, e B (k)2 — i(w — wp)] (12)

We see that the scattering matrix satisfies relations S| =
522 = S33, 512 = 523 = S31, and 321 = S13 = S32, as expected
from the rotational symmetry. Without the threefold symme-
try, for example, if three waveguides are designed to have
different dimensions, the microwave external coupling rates
for three ports are very different, and the reflection coefficients
could be in general different, S;; # S»; # S33. Such degen-
eracy will also be broken for other transmission parameters.
Hence, if the microwave circuit is designed to be nonsymmet-
ric, the system circulation performance is only optimized for
one kind of connection configuration under certain magnetic
bias condition.

Next, as we can see from Egs. (10)—(12), although the
microwave ccw and cw modes are degenerate due to the
structural symmetry, selective coupling between the magnon
mode and the two rotational microwave modes gives rise to a
nonreciprocal scattering matrix. If there is no magnon-photon
coupling (g = 0), S12 and S»; do not have the amplitude nonre-
ciprocity. In the situation when (g # 0), the signal circulation
starts to occur due to magon-coupling-induced interference;
the isolation ratio between the scattering matrix parameters
S1» and S»; depends on both g and the magnon resonance
detuning (Weew/cw — @m)-

Lastly, we discuss the experimental controllability for the
parameters to realize the threefold symmetry. First, regarding
the frequency degeneracy of ccw and cw modes, for the planar
microwave ring resonators, such as the microstrip ring, the
resonant frequencies for ccw and cw modes with same mode
number are highly degenerate, unless the extra geometrical

3lkew/2 — i(® — ®cw)] - 3+ [km/2 — i(@ — wp)][Keew /2 — i(@ — Ween)]}

(

perturbations are introduced [40,41]. Therefore, the wecw/cw
can be regarded as degenerate when the microwave circuit
has threefold geometrical symmetry. Next, for the external
coupling rates among the ccw and cw modes and three waveg-
uides (Kcew,e1(2,3) and Kew e1(2,3)), as the ccw and cw modes
are highly degenerate, the external coupling rate between
each waveguide and the ring is determined by the impedance
[42—44], which depends on the geometrical dimensions and
dielectric substrate material [35,45]. Thus, by utilizing precise
lithographical patterning, we can engineer the waveguides
on the same chip with identical geometry yielding threefold
symmetry. The degeneracy of external coupling rates can
be well controlled and modeled at the microwave frequen-
cies. Other literatures also explored tuning external coupling
rates dynamically during the measurements by utilizing a
superconducting quantum interference device [46]. For the
microwave intrinsic dissipation rate k; of the superconducting
ring, this value is minimal at the cryogenic temperature to
be around several megahertz [47], and can be regarded as
evenly dissipated to three ports in consideration of the system
symmetry.

III. MATERIAL PLATFORMS

In this session, we are interested in implementing circu-
lators via both high-spin-density and low-spin-density ferri-
magnetic materials. To achieve circulators with low insertion
loss and high isolation, an ideal ferrimagnetic material should
have the low Gilbert damping factor ¢{. A wide exploited
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TABLE I. Material parameters for YIG and V[TCNE],.

Name 4w M, Af @ ~ 10 GHz Thickness
YIG bulk 1750 G 3 MHz ~1 mm
YIG thin film 1750 G 3 MHz 1-5 um
V[TCNE], 90 G 2 MHz 1-5 um

high-density ferrimagnetic material is the single-crystal ferri-
magnetic material yttrium iron garnet (YIG; ¢y ~ 3 x 1079)
[29,48-52], whereas a particularly interesting low-density
ferrimagnetic material is organic-based ferrimagnet vanadium
tetracyanoethylene thin films (V[TCNEI],, {vitceng), ~ 3.8 X
1073) [31,53,54]. The relevant material parameters of bulk
and thin-film YIG as well as V[TCNE], are listed in Table I
[26,48,53].

A. YIG-based circulator

YIG is widely used as the magnon media for its excellent
magnetic properties such as long spin lifetime and wide
tunability. YIG has a relatively large saturation magnetization
(4 My, 1750 G [55]), which is about 20 times higher than that
of V[TCNE],, and thus can be regarded as a high-spin-density
material [29,31,48-54]. Recently, YIG thin films and spheres
have been used to study the coherent coupling between
magnons and microwave photons. The reported coupling
strengths range from several megahertz to a few gigahertz
by engineering the mode overlap factor, mode volume, and
resonant frequencies [14,15,15-20,24]. Both YIG thin film
and YIG bulk can be promising candidates for building high-
performance circulators, due to their low Gilbert damping
factors. The key difference is that, for YIG thin film, when
magnetized in the out-of-plane direction, the bias field needs
to overcome the demagnetiztion field (~1750 Oe) to fully
saturate and effectively excite the magnon resonances (v, =
ylli, — H,|, where Hj is the demagnetizing field). On the
other hand, the demagnetization field for the bulk is only
around tens of oersted. Thus, compared with bulk, using YIG
thin film as the magnon media may introduce extra flux in the
superconducting microwave resonator [56,57].

In this session, we show the use of YIG bulk disk as the
magnon media to achieve microwave circulation under the
condition where the magnon and photon are strongly cou-
pled (g > Keews Kews Km), and the superconducting microwave
ring resonator is overcoupled (k. > k;). In this scenario, the
magnon resonance can be detuned from the microwave res-
onance into the dispersive coupling regime to reduce loss
induced by ferrimagnetic damping. The inherent tunability
of the magnon resonance offers extra functionalities for this
system to achieve adjustable isolation ratio and switchable
signal propagation directions.

To be compatible with the relatively strong bias magnetic
field, superconductors with high critical field, such as the
NbTi film on the sapphire substrate, can be used for the mi-
crowave circuits fabrication [58]. The proposed device should
be designed to maintain the threefold structural symmetry
with three identical waveguides inductively coupled with the
ring resonator at the 27 /3 angle difference. The resonant
frequencies of the ccw and cw modes are determined by

the superconducting resonator geometry, and are degener-
ate (Weew = Wew) in the absence of the magnon media. The
intrinsic microwave loss «; /2 for both microwave modes can
be estimated based on the previous literature to be around
several megahertz [47,59,60], when the static magnetic field
is much lower than the NbTi critical field. The total external
coupling rate for the ring resonator can be adjusted by chang-
ing the impedance of the input waveguides. Here, based on
previous magnon-photon coupling studies within microwave
coplanar resonators [19,25], the external coupling rate k. /2w
can be engineered from tens of megahertz to several gigahertz.
To explore both magnon-photon strong- and weak-coupling
regimes, we will set k,/2m to a moderate value (600 MHz),
which can be achieved experimentally via the impedance
design. Given the system’s structural symmetry, the external
coupling rates should be identical for both ccw and cw modes.

The magnon-photon coupling strength g can be engineered
by changing the microwave mode volume and frequency
[33,61], engineering the field overlap [33,34,61], and uti-
lizing materials with different spin densities [33]. During
experimental measurements, g can be tuned dynamically by
changing the gap between the ferrimagnetic disk and the
circuit to effectively tune the field overlap factor [34], adding
an additional ground plate to modify the microwave field dis-
tribution, and tuning the temperature [62]. Such engineering
flexibility offers various techniques for system optimizations.

Figures 2(a) and 2(b) show a mapping of the transmission
spectra |S,; |2 and |S12|2, respectively, as a function of fre-
quency detunings A,, (Wn — Wecw/ew) and Ay (@ — Wcew jew)
calculated from Egs. (11) and (12), with g/2w = 600 MHz,
k./2m = 600 MHz, «;/2n = 2 MHz, and «,,/27 = 3 MHz.
The avoided crossings in the transmission spectra indi-
cate the strong coupling between the microwave photon
and the magnon, with clear asymmetric transmission un-
der positive and negative magnon resonance detuning A,,.
As we can see in the Figs. 2(c) and 2(d), |Sy;(—|A))I?
equals [S12(+] A% At the same time, the optimal circu-
lation with minimal insertion loss and large isolation ratio
(liso.] =201og;(|S211/1S12]) can be achieved by optimizing
the magnon resonance detuning A,,. As shown in Figs. 2(c)
and 2(d), when A,, = £0.87 GHz, the insertion loss (|]IL|) can
be as low as 0.05 dB, with the isolation ratio reaching 56 dB.
Noticeably, the directionality of the signal propagation can be
easily switched by changing A, without reorienting the exter-
nal magnetic field. When the magnon resonance is optimized,
the maximal isolation ratio that can be achieved in a system is
limited by intrinsic losses «; and «,,. If the system dissipation
losses can be optimized to «; /27w = «k,, /2w = 0.5 MHz by the
fabrication process optimization and/or operating at ultralow
temperatures, the isolation ratio can be further enhanced to
63 dB, with insertion loss being reduced to 0.02 dB.

Next, we study the controllability of the coupled sys-
tem based on other tuning parameters. Figure 3(a) shows
a mapping of the 20 dB isolation bandwidth as a func-
tion of the magnon-photon coupling strength g, and the mi-
crowave total dissipation rate x = k. + ;. The degenerate
microwave resonant frequency is 10 GHz for this calculation.
The contour lines delineate 20, 50, 100, and 200 MHz cir-
culation bandwidths when [iso.| = 20 dB, respectively. The
parameter spaces can be divided into four regions. Region I
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FIG. 2. (a) and (b) are the mapping of the transmission |S,;|?
and |S12|2, respectively, as a function of A,, and A, under strongly
coupled conditions with «,/27 = 600 MHz, 2g/27 = 1200 MHz.
The mode splitting at the on-resonance condition is around 2g. Under
different detunings A,,/2w = £0.87 GHz, the transmission spectra
are plotted in (c) [(d)] when YIG is biased with magnetic resonance
lower (higher) than the microwave resonance.

represents the weak-coupling regime (g < k) where the cou-
pling strength is too small to induce significant phase modula-
tion at output ports. Similarly, in region IV, at the ultrastrong-
coupling limit when g >> «, the weak signal circulation can be
understood as the ccw and cw microwave mode splitting in the
frequency domain being much larger than its linewidth, due
to the strong coupling with the magnon mode. Thus, the ccw
and cw modes have minimal effective overlap in the frequency
domain to enable the effective circulation. In region III, when
the system is near or at the strong-coupling regime g ~ «,
the 20 dB isolation bandwidth increases linearly with g and
k. The optimal circulation happens when the magnon mode
is detuned away from microwave modes. Lastly, in region II,
when the magnon and photon are weakly coupled g < «, the
isolation bandwidth also yields a linear relation as g and «
are increasing linearly. Compared with region III when the
system is near strongly coupled, in region II, the magnon
mode is tuned close to the microwave mode to achieve strong
enough phase modulation for broadband circulation. These
properties show that for different applications, various isola-
tion bandwidths can be engineered by tuning magnon resonant
frequency, magnon-photon coupling strength, and microwave
total dissipation rate.

Another critical performance parameter of a circulator is
the insertion loss (|IL|). In Fig. 3(b), we study the con-
tribution of the microwave intrinsic loss to the insertion
loss at different microwave external coupling rates with the

0 50 100 150 200 250 20 dB |iso. |
[ W  bandwidth (MHz)

(@ 15 4
’:n? 1.0
N
R
o
S~
LI S .
051 /soMHz
‘,,/r/ T
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a\ 0.5 Ke/2m
S 0 300 MHz
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k;/2m (MHz)

FIG. 3. The 20 dB isolation ratio (|iso.|) bandwidth is plotted in
(a) as a function of g/2m and « /2w, where the black dashed lines
are contour lines of 20, 50, 100, and 200 MHz |iso.| bandwidth,
respectively. The magnon frequency detuning A,, is chosen at each
k and g to maximize the isolation bandwidth. (b) When g/2x is set
to be 1200 MHz, the insertion loss (IL) as a function of «;/27, for
different «, /27 is plotted. The colored lines in (b) correspond to the
colored circles in (a).

magnon-photon coupling rate fixed at g/2w = 1200 MHz. As
ke/2m is varied from 300 to 1200 MHz, with the increase
of «;, the |IL| increases correspondingly. Thus, the high-Q
superconducting microwave resonator is ideal for achieving
ultralow loss circulation. Figure 3(b) also indicates that at the
same microwave intrinsic loss rate k;, the insertion loss can
be reduced by increasing the microwave external coupling
rate k.. This is because when «, is dominating in the total
microwave dissipation rate, less microwave signal in the res-
onator dissipates into the intrinsic loss channel, thus, result-
ing in the low insertion loss. The analyses above establish
that many desirable features of a circulator—high isolation,
low insertion loss, and tunable bandwidth—can be achieved
simultaneously.

B. V[TCNE],-based circulator

In this session, we focus on the microwave circula-
tion based on the low-spin-density ferrimagnetic material
V[TCNE],, which is an organic-based high-quality ferrimag-
netic semiconductor (E, = 0.5 eV, 0 = 0.01 S/m) exhibiting
room temperature magnetic ordering (7, > 600 K) [31,63,64].
VITCNE], has a very low Gilbert damping factor on a
similar level as single-crystal YIG for both continuous and
micropatterned films [54]. Particularly, this material can be
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FIG. 4. (a) and (b) are the mappings of the transmission |S,;|?
and |S)»]%, respectively, as a function of A,, and A,. The V[TCNE],-
based circulator is weakly coupled with g/2m = 100 MHz and
k./2m = 600 MHz. (c) plots the full scattering parameters, showing
low |IL| and high |iso.| being achieved simultaneously [correspond-
ing to the bias condition shown by the dashed white line in (a) and

(®)].

integrated onto various substrates by chemical vapor deposi-
tion while maintaining excellent magnetic properties. Consid-
ering high-quality YIG can only be grown on lattice-matched
substrates, V[TCNE], can be an alternative solution for highly
compact integrated magnonic devices. The saturation mag-
netization of V[TCNE], (90 G) is over an order of magni-
tude smaller compared with that of YIG (1750 G), leading
to the small demagnetizing field and significantly reduced
bias magnetic field which is desired for many applications
[57,65,66]. On the other hand, the lower material spin density
weakens the magnon-photon coupling strength g under the
same microwave circuit design and magnon mode volume,
making it difficult to reach strong coupling.

Here, we discuss the microwave circulation when the sys-
tem is weakly coupled (x,, < g < k). For low-spin-density
material, we assign the magnon-photon coupling strength
g/2m to be 100 MHz, with microwave dissipation rates
ki/2m =2 MHz, «./2wr = 600 MHz, and magnon resonant
linewidth «,, /2w = 2 MHz. The mapping of the transmission
scattering parameters is shown in Figs. 4(a) and 4(b). Similar
directional transmission between |S2|* and |S,|? is observed,
with a Lorentzian-shaped transparency window that shows
the magnon resonance. A line cut of the transmission map
at a fixed bias field, indicated by the white dashed line in
Figs. 4(a) and 4(b), is reproduced in Fig. 4(c) as a function of

the excitation frequency. The low insertion loss (0.09 dB) and
high isolation ratio (77 dB) can be achieved with optimized
detuning (A,, = 0.16 GHz). Due to the small magnon-photon
coupling strength, the 20 dB isolation bandwidth is around
0.5 MHz, much narrower compared to that of YIG. This
narrow-bandwidth circulator nevertheless has promising ap-
plications in circuit QED systems where it can serve as the
filtering function for multiplexed superconducting qubits and
resonators [67—69].

Next, we discuss the circulation performance for the
V[TCNE],-based narrow-band circulator, when the threefold
geometrical symmetry cannot be fully satisfied experimen-
tally. With the same magnon-photon coupling strength, mi-
crowave intrinsic dissipation rates, and magnon linewidth,
the following two symmetry-breaking conditions are studied.
(1) First, the microwave ccw and cw dissipation rates are
assigned to be nondegenerate and differ by 20% (kcew./2m =
600 MHz, .y /2w = 720 MHz). When the system is biased
at the same magnon detuning (A,, = 0.16 GHz) compared
with the symmetrical device, as shown by the dashed lines
in Fig. 5(a), the isolation ratio decreases to 27 dB. However,
by optimizing the magnon detuning to 0.21 GHz, the high
isolation (61 dB) and low insertion loss (0.16 dB) can be
achieved again at a slightly different frequency, indicated by
the solid lines in Fig. 5(a). (2) Second, the slight differences
among external coupling rates between waveguides to the
ring resonator can be introduced experimentally, due to the
imperfections during device patterning and packaging. Here,
the total external coupling rates for the ccw and cw modes
are designed to be the same (Kcew.e = Keew,e = Ke = 27T X
600 MHz), while the coupling rates to three waveguides are
'3—2@, %Ke, and Oé—SKe, respectively. When the magnon detuning
A, remains the same as the symmetrical case, illustrated by
the dashed lines in Fig. 5(b), the isolation ratio decreases
drastically to 19 dB. Similarly, the high-performance circula-
tion can be restored via tuning magnon resonances (isolation
ratio: 67 dB; insertion loss: 0.15 dB), as shown by the solid
lines in Fig. 5(b). It is worth noting that because the system
does not maintain the threefold symmetry, leading to S,; #
S13 # S3», the magnon detuning can only be optimized for
one type of connections. Despite the potential system imper-
fections during the experimental implementations, the tun-
able magnon resonance can optimize the signal interferences
at different ports dynamically to achieve high-performance
circulation.

Also, in the undercoupled scenario, the magnon resonance
needs to be tuned close to the microwave resonance, so
the overall insertion loss is more sensitive to the magnon
linewidth «,, than the strongly coupled system. By operating
at cryogenic temperatures with reduced «,,/27r = 0.5 MHz,
the |IL| can be further decreased to 0.04 dB for the ideal
symmetric device and 0.06 dB for the nonsymmetric device
as we discussed above, while maintaining |iso.|>50 dB.

Recently, a technique for micropatterning of V[TCNE],
thin films has been developed for creating high-fidelity litho-
graphically defined structures without observable deteriora-
tion of magnetic properties [54]. With further improvement
of the magnon-microwave mode overlap and a reduction
of the magnon-mode volume, higher magnon-photon cou-
pling strength can be realized even with a low-spin-density
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FIG. 5. (a) Transmission spectra of V[TCNE],-based circulator
when the ccw and cw modes have different total external coupling
rates (Keew,/2m = 600 MHz, K¢y /2w = 720 MHz). The solid lines
are transmission S parameters when the A, is 0.21 GHz, while the
dashed lines are the transmission parameters when the magnon de-
tuning remains the same as in the symmetrical V[TCNE], circulator.
(b) Transmission spectra when the external coupling rates to each
waveguide are nondegenerate. The solid and dashed lines denote
the S parameters under the optimized and unoptimized magnon
detunings, respectively.

VI[TCNE], system, giving rise to a broader operating band-
width.

IV. CONCLUSION

In summary, we have theoretically investigated a
high-performance microwave signal circulation based
on a multiport coupled magnon-photon system. The
nonreciprocity arises from the interference between the
two counterpropagating microwave modes, introduced
by the -chirality-dependent coupling with the magnon
excitation. The device implementations are analyzed using
practical parameters of the superconducting microwave
circuit and low Gilbert damping factor materials (YIG
and V[TCNE],). High-performance microwave circulation
with low insertion loss (<0.05 dB) and high isolation
ratio (>56 dB) can be achieved with both high- and
low-spin-density —materials. Although the obtainable

isolation bandwidth in the low-spin-density material
(V[TCNE],) is narrower than the high-spin-density
platform (YIG), it is beneficial for applications that desire
frequency-selective isolation such as superconducting
quantum computing systems, for example, to isolate the
qubits from the environment and to curtail Purcell decay
[68,69]. Additional advantages of this magnon-photon system
include great tunability and directional switchability. The
proposed theory is general and can be applied to study
multimode-induced nonreciprocity in other hybrid systems,
such as the quantum optical circulators based on chiral
atom-light coupling [70,71].
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APPENDIX
1. Proof of M]M, =T,

We denote the external and intrinsic dissipation matrices
for the microwave signal as

Keew,e 0 0
r,= 0 Kewe 01,
0 0 0

and

Keew,i 0 0
Fi = 0 ch,i 0
0 0 Km

Consider a special case with no incident wave (sj, = 0) and no
intrinsic loss (I'; = 0). Due to energy conservation, the decay
of the intracavity energy should equal to the output power

—%1“) = slutsom. From Eq. (3), we have
d(a’ da' d
(Zta) = d_ata + aTd—‘; = aT(MﬂL + Mi)a = —aTFea.
(AD)
On the other hand, the output power is
simsout =a'M,"Ma. (A2)
Comparing Egs. (A1) and (A2) above, we get
My'M, =T,. (A3)

2. Proof of —-CTM, = KT
From energy conservation, we can predict that sjnsin -

s Sout = d(‘:l—:”) +a'T"ja. Combining Egs. (3), (4), and (A3),
we can have

st CTMaa +a™My Csiy = —s] KTa —a'Ksi,.  (A4)

Therefore, we can get —CTMZ =K.

According to the relation among K, C, and M,, we can
drive the expression of matrix K as shown in Eq. (6), and the
full scattering matrix can be calculated from Eq. (8).
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