
RESEARCH EXPERIENCE
Ferromagnetic insulators (FIs) are promising components in non‐silicon computing, spanning ap‐
plications from Boolean logic to wave computing and potentially even quantum computing1,2.
My research has focused on theoretically studying and manipulating magnons (elementary exci‐
tations of FIs) in the quantum domain, a field known as quantummagnonics. The long term goal
of my research is to contribute towards building quantum applications employing magnons. To
this end, I propose the project on Quantum Transport of Magnons in Ferromagnetic Insulators
thatwill develop our understanding ofmicroscopic quantumproperties of travelingmagnons and
build foundations for designing magnet‐based solid‐state quantum communication channels.

Background: This proposal combines techniques from bothmagnonics and quantum protocols.
My relevant background in these topics is summarised here with details to follow.
Magnonics: I have an extensive experience with hybrid systems involving magnons coupled
to optical photons in cavities and waveguides, as demonstrated through my papers3–10. These
works include optimizing magnon‐photon coupling, solving coupled magnon‐photon dynamics
and quantum measurements of magnons using photons. Additionally, I studied magnons cou‐
pled with quantum electrodynamics (QED) setups that consist of microwaves and superconduct‐
ing transmons, as shown by my papers11–15. These projects involved theoretical modelling and
quantum simulations of magnon‐QED systems. My research on magnonics included magnon
mode calculations using microscopic ferromagnetic models3,6,8, which is foundational for study‐
ing magnon transport.
Quantum Protocols: I have developed protocols for generating quantum states of magnons13,14.
The purpose of these protocols is to design excitation pulses that result in a given magnon state.
Further, I developed a protocol for quantum tomography of magnon states9, applying maximum
likelihood estimate on photons scattered by magnons. Focusing on a direct application of quan‐
tum transduction via magnons, I worked on a protocol to create two‐qubit gates mediated by
magnons15. Beyond magnetism, I have worked on a quantum communication protocol with
quantum error correction in optical fibers16, which can be adapted to magnon‐based commu‐
nication.

Select Research Works: My PhD research focused on understanding and optimizing optical pho‐
tons as a quantum interface to magnons. I utilized optical cavities, namely whispering gallery
mode cavities, made of a ferromagnetic material to enhance magnon‐photon coupling3,4. Col‐
laborating with Dr. James Haigh, an experimentalist at Cambridge, we demonstrated this cavity‐
enhanced coupling4. A key finding of my research was the identification of the magnon modes
that have a nearly perfect overlap with optical modes in such cavities6. With a high overlap, it be‐
comes feasible to achieve a coupling rate higher than magnon dissipation, a condition required
for any optical manipulation of magnons. As applications, I analyzed optically‐induced cooling5

and coherent pumping7 of high‐momentummagnons that are hard to access by commonly used
microwave methods.
Post PhD, my interests shifted towards quantum state generation in magnons, adapting ideas
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from quantum optics and cavity QED to magnonic systems. I proposed a method to generate a
superposition of two semi‐classical magnetization states, a spin cat state, using an anisotropic
magnet coupled to a microwave cavity13. This proposal was developed in collaboration with
Dr. Alexy D Karenowska, an experimentalist in quantum magnonics at Oxford. Cat states are
interesting for applications as they enable quantum error correction17.
A given quantum architecture employing magnons will typically require unique initial conditions
onmagnons. For this purpose, I developed a protocol to generate an arbitrary quantum state of
themagnons14, using their coupling to a superconducting transmon as shown in Fig. 1(a). Given a
desiredmagnon state, the protocol involves designing specific pulses to excite the transmon such
that the magnon‐transmon interaction leads to the magnon’s state being the desired one. I eval‐
uated the protocol by a numerical simulation including dissipation and transmon non‐idealities,
with realistic experimental parameters. Fig. 1(b) shows the results for a cat state and a superpo‐
sition of fixed magnon (Fock) states, the latter state being the desired initial state for quantum
sensing of magnetic fields. A comparison of the Wigner functions, which are quasi‐probability
distributions, of ‘target’ and ‘achieved’ shows that the protocol maintains the salient features
of each state such as the peak probability locations and the coherence fringes unique to each
state. A special case of this protocol was used to experimentally demonstrate a single magnon
Fock state18.
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Figure 1: (a) A setup consisting of a microwave cavity mediating an interaction between a
magnet and a superconducting transmon. The transmon is used to generate an arbitrary
quantum state of the magnons. (b) Comparison of Wigner functions (a quasi‐probability dis‐
tribution) of two target states and the corresponding states achieved by the protocol. Here,
Mx and My are the x and y components of the magnetization and the scale of the figure
MZPF is the vacuum fluctuations of Mx and My. The achieved states maintain the coher‐
ence fringes, despite magnon dissipation. Figure adapted from my paper, Ref. [14].

Complementary to quantum state generation, it is required to have a method to perform quan‐
tummeasurements onmagnons. States containing a small number ofmagnons can bemeasured
using a superconducting transmon18,19, however this method lacks scalability and introduces ad‐
ditional dissipation. These issues are not present in measurements based on Brillouin light scat‐
tering20,21, i.e. inelastic scattering of optical photons by magnons. Using measurements on the
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scattered photons, I developed a protocol to perform quantum tomography of magnons9, i.e.
estimate their density matrix. I analyzed the setup shown in Fig. 2(a) where a large coherent op‐
tical light is scattered by magnons, while squeezed light is used to reduce the noise in the output.
Data analysis on scattered light using the maximum likelihood principle gives an estimate of the
state of the magnons, shown asWigner functions in Fig. 2(b). For a very low signal‐to‐noise ratio
(SNR), the protocol still manages to predict the ‘classical’ component of the magnon state, given
by the peak of the probability distributions. The protocol achieves high fidelity of reconstruction
even when signal‐to‐noise ratio (SNR) is 1, limited primarily by computational requirements.

Figure 2: (a) A magnet is subjected to optical light, a large coherent component that scatters
off magnons and squeezed photons to reduce output noise. The state of the magnons is
estimated based on the (homodyne) measurements of the output photons. (b) For a given
assumed state of themagnons, a cat state, the predicted states are shown for different values
of signal‐to‐noise ratios (SNRs). Figure adapted from my paper, Ref. [9].

Future Plans: My research output so far sets up theoretical foundations to study andmanipulate
magnons in a quantum domain. Building up on them, I am currently interested in understanding
microscopic properties of magnons and developing applications for quantum magnonics. This
proposal on quantum magnon transport allows for improving our understanding of magnon co‐
herence and more specifically, how quantum information is lost/preserved in a magnet. It also
gives an avenue to apply and adapt methods from quantum transport of electrons, quantum
communication, and open quantum systems to magnonics. I aim to develop such methods fur‐
ther and tailor them to be applicable to solid‐state systems.

Collaboration Experience: Throughout my career, I have collaborated with several experimen‐
talists, including Prof. Hans Hübl (Munich), Dr. Alexy Karenowska (Oxford), Prof. Roland Nagy
(Erlangen), and Dr. James Haigh (Cambridge). I have an international research experience, hav‐
ing conducted long‐term research in Germany, the Netherlands, France, and India, along with
two short‐term visits to Japan. I have worked with international collaborators from UK, China,
and Iran.
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RESEARCH PLAN: Quantum Transport of Magnons in
Ferromagnetic Insulators

Scalable quantum architectures require integration of multiple units22,23 not only to increase
computational power but also to perform diverse tasks such as storage, logic, and sensing. Such
units must then communicate via quantum channels24,25 that serve to transfer qubits and gen‐
erate entanglement between them. For long‐distance (kilometers) communication, optical pho‐
tons are essential due to their uniquely long coherence lengths. However, their high frequency
(>100 THz) makes them difficult to couple with low frequency (≪1 THz) devices commonly used
for computation. For near‐device communication, where such long coherence lengths are un‐
necessary, low frequency alternatives to photons are highly desirable25.
Ferromagnetic insulators (FIs) support low‐loss magnons that are promising as information car‐
riers in a quantum channel for several reasons. Magnons couple to a variety of quantum sys‐
tems, such as superconducting qubits26,27, microwaves28,29, nitrogen‐vacancy (NV) centers30–33,
phonons34, and optical light35–37, allowing for communication between different quantum tech‐
nologies as depicted in Fig. 3. There are evidences supporting macroscopic coherence lengths
of magnons18,19, including the demonstration of quantum superposition in a sub‐mm magnet.
There are several low‐loss FIs which are promisingmaterials for building quantum channels, such
as Yttrium Iron Garnet (YIG), chiral Mott insulator Cu2OSeO3, organic compound V[TCNE]x, and
2D van der Waal materials like CrX3. To realize magnon‐mediated quantum communication, it is
essential to understand and control magnon transport in a quantum regime.

Figure 3: Magnons in an FI can mediate communication between different qubits, here ex‐
emplified by a Nitrogen‐vacancy center in a diamond, a superconducting transmon circuit, a
mechanical oscillator, and a microwave cavity.

Objectives: To develop a theory of quantum transport of magnons, and methods to analyze
quantum communication mediated by magnons.
Concretely, the proposal aims to
1. [Coh]: find an expression for the quantum coherence length of magnons in terms of material

and impurity parameters.
2. [Wave]: model the errors suffered by a propagating quantum wavepacket of a magnon.
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3. [Ent]: analyze entanglement generation between remote qubits communicating via magnons.

State‐of‐the‐art: Classical transport of magnons over mm‐distances was demonstrated using
electrical measurements38–40, and has been studied extensively. In these studies, magnon trans‐
port was found to be significantly different than the electronic case because of their bosonic
nature and a non‐monotonic dispersion relation that can lead to unique phenomena such as
spontaneous Bose‐Einstein condensation41.
As electrical measurements are incoherent, performing studies on quantum transport requires
quantum interfaces to magnons. A possible interface is provided by the superconducting
transmon which was used to generate and measure superposition of magnons18. In the same
setup, I showed how to generate an arbitrary given quantum state of the magnons14. However,
transmons have low spatial resolution limiting their application in transport, which typically
requires point‐to‐point measurements. Nanoscale resolution along with high sensitivity can
be achieved using NV centers30–33, although their application to quantum measurements of
magnons is not yet developed33. On the other hand, optical photons can achieve sub‐micron
resolution for magnon measurements20,21 and I proposed a protocol to perform quantum
tomography of magnons using them9.
An important application of quantum transport theory is a microscopic analysis of remote en‐
tanglement generation mediated by magnons. It was proposed that magnons can be used to
entangle two distant spin qubits42,43, however such proposals require strong magnon‐qubit cou‐
pling that is yet to be demonstrated. In contrast, entangling protocols used in quantum commu‐
nication via optical photons can work even at weak qubit‐photon coupling44–46, as I discussed
recently with microwave cavities being qubits16. An example is the so‐called Barrett‐Kok pro‐
tocol45 which has been demonstrated in optical fibers47,48. While optical photons are not suit‐
able for near‐device communication, as argued above, these protocols can be adapted for most
bosonic channels including magnons.

Methodology: Here, I discuss the methods used for the three aims mentioned in Objectives,
along with risk management. The timeline is shown in Fig. 4 with further details to follow.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Coherence Length [Coh] Motion of a Quantum Wavepacket [Wave] Remote Entanglement Generation [Ent]

Magnon Propagation Error Model Magnon-Qubit Entanglement Magnon Measurement

Figure 4: A Gantt chart showing the monthly timeline of each module and sub‐modules.

Quantum Coherence Length of Magnons [Coh] 8 months
The length of a magnon communication channel is limited by the quantum coherence length of
magnons. I will calculate this coherence length by applying Keldysh formalism on a microscopic
model of a ferromagnet, as shown in Fig. 5.
The Hamiltonian includes spin‐spin interactions49, namely exchange interaction that aligns
nearby spins, long‐range dipole‐dipole coupling, and Dzyaloshinskii‐Moriya interaction (DMI).
These interactions can be solved to give the spatial distributions of the magnon modes49. At
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Figure 5: The microscopic model of an FI, including spin‐spin interactions and magnetic im‐
purities. The impurity can dissipate into a bath consisting of magnons and phonons.

cryogenic temperatures, dissipation of magnons is dominated by magnetic impurities50–52 as
opposed to intrinsic mechanisms being dominant at room temperature.
Applying Keldysh formalism, I will calculate the Green’s functions, i.e. spatio‐temporal correla‐
tions, of ferromagnetic spins. Notably, the spatial decay of the Green’s functions will give the
magnon coherence length. I will find the dependence of this coherence length on the direction
of magnon and the ground state magnetization, providing a knob to tune transport.
I will apply this theory to low‐loss FIs that are promising for quantum magnonic applications,
particularly YIG and Cu2OSeO3.
Risk Management: If it becomes infeasible to solve the Keldysh equations of motion analytically,
then a semi‐numerical approach will be employed. The coherence length is estimated via a nu‐
merical integral over the scattering channels and a statistical average over impurity locations.
QuantumWavepackets of a Magnon [Wave] 14 months
Information through any quantum channel must be encoded in quantum wavepackets53,54, that
may consist of superpositions of semi‐classical waves. Given a wavepacket, I will find the domi‐
nant forms of errors using methods from open quantum systems55,56.

Magnon
State ρ̂

Post scattering∑
k Σ̂kρ̂Σ̂

†
k

Figure 6: A propagating wavepacket of magnons interacts with impurities, suffering informa‐
tion loss which is modelled using ‘Kraus’ operators Σ̂k.

Propagation (8 months): The motion of a magnon wavepacket is primarily governed by its dis‐
persion relation and stochastic scattering by impurities. I will model a single‐impurity scattering,
as shown in Fig. 6, using the Nakazima‐Zwanzig equation55,56 that gives a stochastic evolution
of magnons after tracing out the impurity. This model will give an effective evolution of the
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magnon’s density matrix, ρ̂ →
∑

k Σ̂kρ̂Σ̂
†
k where each Kraus operator Σ̂k corresponds to dif‐

ferent types of losses including loss of particle and coherence. Simulating multiple scattering
events, I will numerically find the fidelity of how closely a magnon wavepacket maintains its orig‐
inal form as a function of the distance it has travelled. This fidelity is a measure of the robustness
of a given wavepacket.
Error Model (6 months): For transporting information, a magnon must be encoded as a flying
qubit. An encoded wavepacket is a generic superposition of |ψ0⟩ and |ψ1⟩ that are pre‐defined
wavepackets corresponding to the bits 0 and 1 respectively. Such a superposition can undergo
different types of errors during its motion, including bit‐flip, phase‐flip, and information loss
to outside the superposition space. I will find the probability per unit length of these errors
depending on the chosen basis, {|ψ0⟩ , |ψ1⟩}. The probabilities are found by numerically solv‐
ing the stochastic evolution of magnons, as discussed in Propagation, for an arbitrary encoded
wavepacket. These probabilities will then be used for optimization tomitigate errors, e.g. to find
a pair {|ψ0⟩ , |ψ1⟩} least susceptible to bit flips.
Risk Management: Solving the stochastic quantum equations directly, e.g. via the package
QuTiP, may turn out to be too computationally intensive. In that case, I will employ compact
data structures to represent quantum states, in particular tensor networks57 and Boltzmann
machines58, using existing libraries59,60. Secondly, if it turns out that either the bit‐flip or the
phase‐flip errors are too high, I will use bosonic codes consisting of multiple magnons tomitigate
these errors17, similar to my work in microwave cavities16.
Remote entanglement generation [Ent] 14 months
Essentially all quantum communication protocols require an entangled state between the com‐
municating parties61, exemplified by the two qubits in Fig. 7. I will find the fidelity of entangle‐
ment generated via magnon‐mediated communication.

Qubit 1 Qubit 2Measure

Figure 7: The BK‐protocol to entangle two distant qubits involves generating magnon‐qubit
entanglement and a joint measurement on the two magnon waves.

I will consider NV centers as qubits and the Barrett‐Kok (BK) protocol of entanglement generation
as discussed above in State‐of‐the‐Art. However, the following framework will be applicable to
other qubits and entangling protocols as well. Entanglement is generated in two steps:
Magnon‐Qubit Entanglement (8 months): NV centers are initialized according to the BK‐
protocol45. An excitation in NV can decay into the magnons via the dipolar interaction33.
This forms an entangled state where the excitation can be in NV or in the form of a magnon
wavepacket. Using the input‐output theory62, I will find the efficiency of this decay and the
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spatial wavepacket of the generated magnon.
If an NV has decayed into themagnet, amagnonwill propagate to the center of the two parties as
shown in Fig. 7. Magnon motion away from the center can be suppressed using other magnets
on top of the magnon communication channel63,64. Using the model of magnon propagation
discussed above in [Wave], I will calculate the probability of errors suffered by the propagating
magnon.
Magnon Measurement (6 months): A measurement in the center of the two parties can reveal
either 0, 1, or 2magnons, depending on howmanyNVs have decayed. Following the BK‐protocol,
if only one magnon is measured, then an entangled NV‐NV state is heralded, i.e. measurement
induces a collapse of the joint state of the NVs into an entangled state. For other measurement
outcomes, the protocol is restarted. A quantummeasurement of themagnons can be performed
using a superconducting transmon18,19, optical light9,20,21, or a third NV center30–33. I will find the
efficiency of these measurements and compare with each other.
Risk Management: If either the magnon‐qubit entanglement or magnon measurement is ineffi‐
cient for entanglement generation, I will analyze entangling protocols designed for noisy chan‐
nels65,66 using the same theoretical tools as discussed here.

Impact: This project will have a high impact on two scientific fields:
• Magnetism: The recent demonstration of magnon quantization, along with several emerging
ideas for quantum magnonic applications, led to a growing interest in understanding mag‐
netism at a quantum level. A quantum transport theory of magnons will complement existing
methods for magnon manipulation and measurements, laying the foundations for magnonic
implementations of quantum computing. This project will contribute not only to the analyses
of such implementations but also to comparison with other quantum technologies.

• Quantum Computing: As quantum channels are essential components of nearly all scalable
quantum architectures, there is a need to find suitable information carriers, particularly for
near‐device communication. Developing magnons as effective carriers opens possibilities for
implementing such communication algorithms and building complex quantum architectures.
The framework developed in this project can further lead to new communication protocols
tailored to solid‐state quantum channels.

Dissemination: I aim to publish in high‐impact journals appropriate for this work such as Phys.
Rev. Lett., Phys. Rev. B, J. of Phys. and Quantum Sci. Tech. I plan to disseminate this research
in magnetism conferences such asMagnonics and Spin Mechanics that I have attended multiple
times, along with quantum information conferences such as WQRN and QIP. I will put all of my
papers on arXiv before submitting to journals for open access. I will upload the codes developed
during the projects on my GitHub account1 for further development by other researchers. I will
use my website2 to publish accessible summaries of my projects aimed at non‐specialists.

1github.com/sancharsharma
2sancharsharma.com
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