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Microwave isolators, developed after World War I, are essential
non-reciprocal devices widely used to minimize signal reflections and
interference across various applications, including mobile base stations,

satellite communications, radar systems, magnetic resonance imaging and
industrial microwave heating. A typical commercial microwave isolator
provides 20 dB of isolation, reducing the backward power by two orders

of magnitude. Although higher isolation is always desired for systems that
require greater power or lower noise, such as superconducting quantum
computing, further reduction in the backward signal will inevitably lead
toan unacceptable degradation in the forward transmission in traditional
designs. Here we introduce the principle of a topological isolator, based
onaunique one-way edge waveguide that spatially separates forward

and backward waves, allowing for the complete absorption of the
backward-propagating mode without compromising any forward signal.
Thisideal isolation mechanism produces an unprecedented isolation level,
analytically derived to be 200 dB within a single-wavelength-size device. Itis
limited only by the evanescent fields within the topological bandgap in the
ferrite material that spans two octaves around 10 GHz. We experimentally
demonstrate this topological isolator in a stripline configuration with a
minimalinsertion loss of 1 dB and abackward signal deeply attenuated to
the instrument noise floor. This results in an ultrahigh isolation exceeding
100 dB—an eight-orders-of-magnitude improvement over conventional
counterparts. Our work not only paves the way for higher-performance
isolatorsin the aforementioned technologies but also sets the stage for
innovationin avariety of related microwave components.

Anisolator' allows the forward signal to pass and forbids the backward
signal, thereby protecting sensitive components and enhancing the
overall system performance by minimizing signal reflections and cross-
talk. Isolation is the key metric of isolators that quantifies their
non-reciprocity, defined as the power transmission ratio between the
forward and backward signals. Anideal isolator can be described by a

2 x 2 scattering matrix § = Su ::12 _|90 ](ref.z),wheretheisola-
21 922
tion (dB) (20log,o[|S,,/S1,]) is infinite. The most common isolator

type—ajunctionisolator’—isillustrated in Fig. 1a; it uses amagnetized
ferritediscatitsjunction tosplit the frequencies of the counter-rotating
resonator modes, inducingatypicalisolation of 20 dB over abandwidth
below one octave*”’.

However, this typical isolation level, of two orders of magnitude,
is often inadequate for high-end systems with increasing power or
increasing sensitivity. In quantum computing, for example, a lower
bound of 60 dB is required to isolate the ambient thermal noise from
the superconducting qubits at millikelvin temperatures®. Although
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Fig.1| A commercial junctionisolator and the proposed topological isolator.
a, Energy distribution of a junctionisolator when asignal isinput at Port 1. When
signalisinput at Port 2, most of the energy flows into the absorber port, isolating
Port1witharound 20-dB isolation. b, Ultrahigh isolation of a topological isolator
is determined by the evanescent wave, because the one-way backward mode can
be fully absorbed.

connecting multiple isolators in series can increase isolation, this
approachintroduces cumulative coupling losses, alarger device foot-
print, potential impedance mismatches and increased complexity,
all of which can degrade system performance. In addition to the junc-
tionisolator, various other types have been developed historically’°
and novel concepts on non-reciprocity have been proposed in recent
years™ %, but substantially improving the isolation in a compact dis-
tance remains a challenge. The general challenge is to prevent the
unintended absorption of the forward signal when further absorbing
the backward signal, as both forward and backward signals overlap
within the same spatial region.

Principle of topologicalisolator

We propose to alleviate the isolation bottleneck with topological
photonics®**., As the most robust non-reciprocal wave phenomena
discovered, the topological one-way waveguide separates the forward
and backward modes spatially’**, enabling theirindependent manipu-
lation. As depicted inFig. 1b, the backward one-way mode can, thus, be
absorbed at will by distributing the absorber along its path, without
any concerns of impacting the forward signal or the reflections. Con-
sequently, the backward-propagating mode can be attenuated to an
arbitrarily low level by increasing absorption along the bottom edge
of the topological isolator.

The isolation limit of the topological isolator is determined by
the evanescent field that decays exponentially from the output port
to the input port (Fig. 1b, blue dashed line), across the topological
bandgap material. Given that the backward propagation one-way
modeis entirely absorbed, the evanescent field, of the frequencyinside

the topological bandgap, is the sole remaining backward signal that
reaches the input port. Assuming that the forward signal has perfect
transmission (S,; = 0 dB), the limit of topological isolation is

Isolation (dB) = S5(dB) — S;5(dB)
= 0-20log,,[e7#] @
= BL(20log,,[e])

where fisthe decay constant and L is the length of one-way waveguide
between two ports. Theisolation limit is only proportional to the device
length (L) and the decay constant (). L will eventually be constrained by
thetopological material loss to have a high-enough S,, and Sgenerally
increases with the width of the bandgap.

Stripline ferrite one-way edge mode

The ferrite material not only has a large topological bandgap due to
the photon-magnoninteractionbut also a divergent fat the magnon
resonance (Fig.2a, Methods and Supplementary Section ). Ferrite has
long been the material of choice for microwave isolators***’; although
the existence of surface states was previously known?, their topological
originand robust nature have only been fully understood recently*>*°,
When an external magnetic field (H along the zaxis) isapplied perpen-
dicular to athin plate of ferrite whose saturation magnetization is M,
the corresponding characteristic frequencies are the Larmor frequency
oftheinternal magnetic field [w, = uoy(H - M,)] and the frequency of the
biasfield (w,, = u,yH), where i, and y are the vacuum permeability and
gyromagnetic ratio?, respectively (if the ferrite is not fully magnetized
[H<MJ],itistoolossy (Fig. 4)).

The topological bandgap opens from the magnon resonance
(y/wowy), which is the geometric mean of the two characteristic fre-
quencies, to the bias frequency (w,). Inthe gap, the field decay constant
B diverges at the resonance frequency (the lower band edge) and van-
ishes at the bias frequency (the upper band edge), and so does theisola-
tion limit according to equation (1), as verified in the simulation
(Fig. 2d) inthe next section. Topological one-way edge modes exist at
the domain-wallinterface between two ferrites of opposite magnetiza-
tions™ (Fig. 2b). The low-frequency edge mode (Fig. 2a), dispersing
from zero frequency and flattening at the Larmor resonance (w,),
overlaps with the bulk modes in frequency. We focus on the in-gap
one-way mode whose dispersionbegins fromzeromomentum and the
lower band edge, traverses the entire bandgap and converges towards
the bulk dispersion at high frequencies.

We use the stripline edge-mode geometry (Fig. 2b) for a number
ofitsadvantages. First, the stripline configurationis actually a folded
version of the domain wall*, topologically equivalent but much easier
to implement with one uniform magnetic field. Second, the stripline
edge is defined by the edge of the central conductor, rather than the
ferrite edge, whichis morelossy than the bulk due to the extrasurface
disruption. Third, the stripline configurationis the standard geometry
for commercial isolators®, featuring a central conductor sandwiched
betweentwo ferrite plates sealed with parallel ground planes. Histori-
cally, isolators utilizing a similar edge structure are referred to as the
edge-guided mode isolator'®. However, neither the topological pro-
tection of the edge mode nor the underlying principle of topological
isolation was recognized at the time. Despite extensive research on
this device** ¥, the overall performance of edge-guided mode isolators
remains inferior to that of junctionisolators.

Design of topological isolator

Our design of the topological ferrite isolator is shownin Fig. 2c, based
on the one-way stripline edge mode. Similar to a commercial strip-
line device, the topological isolator consists of four materials: ferrite,
copper, absorber and aluminium. The dimensions of the two ferrite
platesare 25 mm (L) x 50.8 mm x 0.4 mm. The copper film with 0.2-mm
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Fig.2|Design of the topological isolator. a, Band structure of the ferrite one-
way edge mode. b, Mode profile of the stripline edge mode and its topological
equivalence to the ferrite domain-wall mode. ¢, Exploded view of the stripline

ferrite topological isolator. d, Calculated scattering parameters of the
topologicalisolator. e, Simulated energy distributions at 10 GHz, when the signal
isinput from Port 1 (left) and from Port 2 (right).

@ Components of topological microwave isolator

Ferrite (bottom) 30 mm
H‘ Ferrite (top) " ——
: e
@ Aluminium | Absorber
(top) (top)
Copper
|
Aluminium 1 " Absorber
° ° (bottom) ~ (bottom)
b Experimental performance of topological isolator with H = 5,100 Oe (1.05M,)
| | -
I 2 octaves | «— 1dB
| — |
T T - e |~ — 7 "Regularisolation |
| |
| |
8 l !
Z i 100 dB I
g b Sn — Sy,
@ ' — S S
g ol | 21 22
E A '
8 ! !
© -100 - | ' | Noise floor
. ( .
| [
-120 . {M 'Q ) 4‘ ' .
/ |
-140 H I
| | | | |
0 NoNom 5 10 @y 15 20

Frequency (GHz)

Fig.3 | Experimental performance of the topologicalisolator. a, Disassembled view of the isolator showing all components laid out. b, Experimental scattering
parameters of the device (M, = 4,850 Oe), showing isolation greater than 100 dB. The two dash-dotted vertical lines represent the edges of the topological bandgap.
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Fig. 4| Topological isolator under varying H values. a-f, Scattering parameters of the topological isolator when H sweeps across the ferrite’s M,.

thicknessisthe central conductor of the stripline. The top copper geom-
etry near the ports (Figs. 2c,e and 3a) is engineered toimpedance-match
the edge mode for higher S,,. The bottom copper geometry is widened
into the absorber for lower S,,. Silicone absorbers are placed on the
sides of the ferrites with a thickness 0of 1.2 mm. The aluminium provides
metallic boundaries to support and seal the entire device.

The simulated scattering parameters of the topological isolator
areplottedinFig.2d (detailed in Methods). Toreveal theisolation limits
determined by the evanescent fields, we set the absorption coefficient
of the absorber to be sufficiently large (Supplementary Section II)
such that S;, no longer changes. The results show an extremely large
isolationlevelinside the topological bandgap with abandwidth of over
two octaves. The isolation is 60 dB at the upper band edge, reaches
200 dB atthe mid-gap and exceeds 400 dB around the lower band edge.
Although the isolation is divergently high at the magnon resonance,
itis not a proper device operation point due to the strong material
absorption and a resulting low forward transmission (S,, = -18 dB).
Comparing Fig. 2a,d, it is evident that this isolation limit is governed
by equation (1).

The unprecedented topological isolation is consistent with the
field profilesinside theisolator. The energy distributions at10 GHz are
presented in Fig. 2e. The left panel displays the energy distribution of
the forward signal from Port 1, with asmallinsertionloss S, = -1.4 dB.
Theright panel displays the energy absorption of the backward signal
from Port 2, confirming that only the evanescent field reaches Port 1.
This isolation of S,, — S;, =181 dB is an extremely high number for a
single-wavelength-size device, indicating a substantial potential advan-
tage over conventional isolators. The field profiles at 3.5 GHz and of a
more compact device are plotted in Extended Data Fig. 1.

Experimental results

Encouraged by the theoretical results, we fabricate the topological
isolator, with its components displayed in Fig. 3a. A magnetic field
of H=5,100 Oersted (Oe) is applied, slightly exceeding the ferrite’s
saturation magnetization and consistent with the theoretical setting
shown in Fig. 2. The key characteristics of the experimental results
presented in Fig. 3b closely align with those in Fig. 2d.

The experimental isolation exceeds 100 dB (Fig. 3b), equivalent
toatleast five commercial isolators connected in series (as compared
directlyin Extended DataFig. 2). Moreover, this ultrahighisolation level
is still substantially lower than the predicted limit of 200 dB (Fig. 2d).

This is because the absorption of the backward mode is complete in
simulation but incomplete in experiment, due to the limited absorp-
tion coefficient of the absorber in use (Supplementary Section II).
Although extending the backward path could easily enhanceisolation
(Supplementary Section ll), the current device footprintis limited by
the size of the magnet (Methods and Supplementary Section V). More
critically, the currentreturnsignal (S,,) already approaches the instru-
ment noise floor of around -120 dB (Fig. 3b, grey line), preventing the
characterization of higher isolation levels.

The ultrahighisolation occurs within the predicted topological
bandgap, which spans over two octaves from 3 GHz to 14 GHz. Beyond
the bandgap, the isolation drops to around 20 dB and remains con-
sistent up to 43 GHz (Extended Data Fig. 3a). This over-three-octave
isolation effect (from 3 GHz to 43 GHz) results from the ultrawide-
band one-way edge dispersion, experimentally confirmed in
Extended Data Fig. 3b. The reduced isolation level of 20 dB above
14 GHz, same level as that of commercial isolators, is attributed to
the coexistence of two-way bulk states beyond the bandgap. This
further emphasizes that without completely eliminating the back-
ward modes using one-way waveguides, itis challenging toincrease
isolation much above 20 dB.

The peak experimental transmission of S,; = -1 dB (80%) occurs
near the upper band edge of the topological bandgap, closely match-
ing the simulation results shown in Fig. 2d. At lower frequencies, the
experimental S,, is a few decibels lower than the simulation results.
This discrepancy arises because the material model (Methods) used
in the simulation assumes that the ferrite is completely magnetized.
In practice, however, not all magnetic dipoles align with the external
field due to lattice imperfections, magnetic interactions and bound-
ary terminations in ferrites. This leads to reduced magnetization and
increased ferriteloss*, particularly near the magnon resonance where
the absorption peaks (Supplementary Section V).

Atransmission dip in S, (Fig. 3b) is observed inside the bandgap
thatdoes notappear in the simulation results shownin Fig. 2d. This dip
arises from the surface effect of the ferrite, where the surface satura-
tion magnetization is lower than that of the bulk. Consequently, the
surface Larmor frequency shifts into the bulk bandgap (Fig. 2a) and
the corresponding slow-light edge mode enhances absorption. In
Extended Data Fig. 4, we model this surface effect and reproduce the
experimental dip in simulation. More details are provided in Extended
DataFig. 5and Supplementary Section VI.
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Bias tuning

We present the evolution of the scattering parameters of the topologi-
calisolator under varying external bias fields (Fig. 4) by adjusting the
current in the electromagnet. Without the bias field (Fig. 4a), the fer-
rite behaves asareciprocal and lossy medium, resulting inequally low
transmissions for both S,, and S, below the magnetization frequency
(W = oYM, = w,,— w,). When an external bias is applied (Fig. 4b), S,;
rises as the ferrite loss decreases®®. Simultaneously, the backward signal
(S;,) continues to drop due to the formation of the backward one-way
mode at the edge, where the modal energy overlaps the absorber and
dissipates more rapidly. As the external bias reaches (Fig. 4¢) or just
exceeds (Fig. 3b) M, of the ferrite, both S,; and isolation bandwidth
reachtheir maximum values. Furtherincreasesin external bias beyond
M, (Fig.4d-f) shift the bandgap to higher frequencies, demonstrating
wavelength tunability. At these high biases (H > M,), S,,in the bandgap
is consistently below -100 dB and fluctuates near the noise floor of
theinstrument.

Conclusion

We introduce the concept, explain the principle, design the model,
construct the prototype and test the performance of a topological
isolator that achieves an isolation greater than 100 dB with a ferrite
length of less than one vacuum wavelength. Despite the ultrahigh
level, the achieved isolation still falls short of the predicted theoreti-
cal limit by ten orders of magnitude (Fig. 2d), leaving considerable
room for future improvement. For example, amore advanced absorp-
tion technique could further increase isolation or shrink the device
footprint, by using a more efficient absorber or a slower backward
one-way mode**°. Inaddition, optimizing the coupling design—from
SubMiniature version A connector (SMA) to the edge mode—could
improve the broadband transmission or reduce the coupling length.
Our findings demonstrate the potential of topological photonics**
to drive innovation in microwave technologies?, a field ubiquitously
used but often considered mature.
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Methods

Ferrite model

Ferrites are ferrimagnetic materials widely used in commercial isola-
tors, and they are characterized by their M, values. When the ferrite
is fully magnetized under an external magnetic field (H > M;) applied
along the z direction, its permeability tensor (p) has the following
gyrotropic form*:

puojk 0
p=|-jkpu O [, (2)
00 Ho
Wowy—w? WO, . . -
where u =y, z)gimz and k = uq wé_mz.Themternal magneticfieldisgiven

by H,=H - M, for a thin ferrite plate in the x-y plane. The Larmor fre-
quencyis w, = toyH,, the bias frequency is w, = tt,yH, and the magneti-
zation frequency is w,, = lloyM..

The bulk bandgap opens for the extraordinary wave (Fig. 2a and
Supplementary Section I), whose wavevector propagates in the x-y
plane and the electric field aligns with H along the z axis. The
bandgap frequency, determined by the bulk dispersion relation
m“’z_f; (ref. 2), ranges from \/w,w, (resonance
frequency) to w, (bioag frequency), between which the wavevector
isimaginary (k> =-?<0), where Bis the field decay constant. The
larger the M,, the larger the gap. The edge-mode dispersions of
2 = wept = w2epy =% (ref. 31) are plotted in Fig. 2a (two red lines)

K2 = wepes = w ety

w2 —w?

and derivedin Suppolementary Section|.

If the microwave magnetic loss of the ferrite is considered, we
replace w, and o, with w, +j‘%" and wy, +j’%" respectively, where
AHisthelinewidth of the Larmor resonance? For the nickel spinel fer-
rite, we use AH =80 Oe. The frequency-dependent parameters
p=p —ju’, k=K'= jk"and ps = p . — ju; are plotted in Extended Data
Fig. 6. The dielectric constant of ferriteise =€’ — je” = €’ - je’ tand, where
tandisthedielectriclosstangent of ferrite. For the nickel spinel ferrite,
we use €’ =13.5 and tand = 0.0002. Such a small dielectric loss can be

ignored in simulations.

Simulation

We use COMSOL Multiphysics 5.4 to simulate the scattering parameters
and field profiles of the topological isolator, in which the SMA ports
are modelled by the ‘coaxial ports’ for frequency scans. A number of
measures are used to reduce the computational time and complex-
ity. First, copper and aluminium are approximated as perfect electri-
cal conductors. Second, due to the up-down mirror symmetry of the
stripline, half of the structure is simulated. Third, only the odd mode
is considered, by using a perfect-magnetic-conductor boundary at
the middle copper plane, to compute the fundamental transverse
electromagnetic mode of the stripline.

Fabrication and measurement

We choose nickel spinel ferrites for its large saturation magnetization
(M,=4,850 Oe), resultinginalarge bandgap andisolation. The material
parameters and losses of the ferrite are tabulated in Supplementary
Section II. Beryllium copper is used as the central conductor, due to

its high strength and high conductivity, whose shapeis defined by wet
etching. We use the Eccosorb BSR/MFS absorber thicker than1 mm for
sufficient absorption.

Theelectromagnet (Supplementary Section IV) supplies an exter-
nal uniform magnetic field in an area of 50 mm x 50 mm from O Oe to
10,000 Oe by adjusting the currents. The experimental scattering
parameters in the main text are collected using a vector network ana-
lyser (Keysight N5230A, 10 MHz to 20 GHz), calibrated by a calibra-
tion module (Keysight N4691B). The scattering parameters shown
in Extended Data Fig. 3 are collected using another vector network
analyser (Keysight N5224B, 10 MHz to 43.5 GHz), calibrated by a cali-
bration module (Keysight N4693D). The instrument noise floor is the
transmittance when the vector network analyser ports are sealed.

Data availability

The datapresented in the main text are available viaFigshare at https://
doi.org/10.6084/m9.figshare.29554457 (ref. 44). All other data that
supportthefindings of this work are available fromthe corresponding
author onreasonable request.
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Extended Data Fig. 1| Simulation results of topological isolators with scattering parameters of a device with a ferrite length of 25 mm, along with
differentsizes in y-direction. The left panel presents the scattering parameters the energy distributions at 3.5 GHz and 10 GHz. The absorber used in these
of adevice with a ferrite length of 50.8 mm, identical to Fig. 2d, along with the simulations is the same as that in Fig. 2d,e, as listed in Supplementary Table S1.

corresponding energy distributions at 3.5 GHz. The right panel presents the
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Extended Data Fig. 2| Comparison between1topological isolator and 5

the deviceis t = %2, where @represents the phase of S, and w is the angular
Jjunctionisolators (UIYCI1318A10T13SF) connected in series. Note that, even dow
inthis case, our topological isolator could have higher transmission, higher

frequency. Consequently, a single topologicaliisolator exhibits about 1/3 group
delay compared to 5 junction isolators.
isolation, and lower group delay. The group delay time of the forward signal in
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Extended DataFig. 3 | Ultrawideband response (up to 43.5 GHz) of the topological microwave isolator. a. Experimental scattering parameters with the phase of
S,. b. Propagation constants of stripline one-way edge mode extracted from experimental data using (Phase of S,,)/(Propagation distance of S,,), which fit well with the

analytical results.
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Extended DataFig. 4| S,, dip due to surface effect of ferrite. a. Photonic band surface ferrite, being higher than the bulk Larmor frequency (w,). The Larmor
structure of bulk ferrite. b. Photonic band structure of surface ferrite. resonance linewidth (AH’) of the surface layer is determined by the spectral width

c. Comparison between simulated and experimental scattering parameters after of the transmission dip. The thickness of the surface layer is determined by the
surface ferrite modification. The saturation magnetization of the surface layer is depth of the S,, dip. The details of the modeling are in Supplementary Section VI.
determined by the dip frequency, which equals the Larmor frequency (wg) ofthe
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Extended Data Fig. 5| SEM images of the sidewall cross-section of the 400 pm-thick nickel spinel ferrite used in the topological isolator, exhibiting micron-
scale grain sizes.
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