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Proj ect Description

Overview - This is a project in the general area of theoretical condensed
matter physics, in which we study how t he quant um behavi or of many el ectrons
| eads to various properties that materials exhibit. This is inportant from
bot h fundanental understanding of the nature and potential applications point
of view. The universe we live-in is governed by the standard nodel which
descri bes the ground state, a.k.a. the vacuumas well as the low |ying
excitations, a.k.a. the elenentary particles on this vacuum background. This
under st andi ng based on quantumfield theory [1] is verified by many
experinents using | arge and expensive synchrotrons with extrenely high
ener gi es.

In condensed matter, however, each class of materials is a mni-universe with
its own vacuum and excitations but nevertheless is governed by simlar
guantum field theories. The advantage is that the energy scales are nuch
smal | er and theoretical predictions can be verified using nmuch cheaper tabl e-
top experinments around the globe. Furthernore, unlike the universe in these
systenms the vacuum and excitations are tunabl e using various knobs that are
avail able to the experinmentalist.

One such problemis the confinenent of quarks into protons and neutrons.
Normal Iy, gluons create an attractive strong force between quarks that
beconmes stronger with distance. Thus it is inpossible to nove apart the
constituent quarks of a proton. |Inagine a universe in which one could tune
the coupling so that at sone specific threshold, the quarks becone
deconfined. Since the quarks carry fractional charges, this process is
tantamount to charge fractionalization. These research topics belong to the
general area of strongly correlated systenms, i.e. systens in which nmany
fermons interact strongly with each other. In this |limt, many of the
standard approaches to study quantum systens breaks down and new and creative
approaches are needed.

In this project we deal with the problemof spin fractionalization in a
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strongly correlated systemcall ed Kondo lattice nodel [2, 3]. This nodel is
used to theoretically study a class of materials called heavy ferm ons. The
nmodel has a vacuumand its lowlying excitations are spin-1 particles that
are called magnons. To sinplify matters we use a strong coupling expansion,
whi ch assunmes the vacuum has relatively low correlations [4]. W would |ike
to see under what conditions these nmagnons fractionalizes into their, nore
el ementary, constituent spin-1/2 particles which are called doubl on and

hol on. The doubl on and hol on attract each other and under usual
circunstances, they are trapped into a magnon boundstate by a confi nenent
force. Such fractionalization has application in fault-tol erant topol ogi cal
guantum conputation, as storing information in non-local qubits nmade of
fractional particles protects them agai nst decoherence and | ocal noise

sour ces.

One way to achieve such fractionalization is by introducing an attractive
Coul onb interacti on between el ectrons. Although this is normally not

feasi ble, together with an undergraduate student we have shown that one could
engi neer heavy fermion materials in proximty to a superconductor [5]. This
effectively has the sane effect, creating a repul sion between doubl on and
hol on that leads to fractionalization of the magnon. This is a prediction
that experinmentalists can verify by scattering neutrons from heterostructures
made of heavy ferm ons and superconductors.

Specific Aim- The specific aimof the project is to study whether such
fractionalization can take place naturally. In a Kondo lattice, the
uncertainty principle allows virtual doublon-holon pairs to be created and
shortly-after annihilated, so that the vacuumis not an enpty space. Rather
it is a plasma of bubbling doubl on-holon pairs, very simlar to the electron-
positron plasma in the vacuum of the universe. The goal of the current

project is to see whether this plasma by itself can lead to fractionalization
of a given magnon. The inportance of the plasma is that such virtual doubl on-
hol on pairs are quantum nmechani cal ly indi stingui shable from the doubl on-hol on
of a magnon and can exchange a partner, effectively nodifying their
interaction. Furthernore, they can get polarized and screen the

el ectromagnetic interaction between the doubl on and hol on of a magnon
boundstate. W will assess to what extent these effects are successful in

i berating the doublon and hol on out of a nagnon. W will cast the resulting
liberation in terns of deconfining transition of the gauge fi el ds.
Furthernmore, we will focus on conputing experinmentally neasurable quantities,
and potentially collaborate with experinentalists on verifying theoretical
predictions.

Strategy - The first goal is to derive an effective Ham |tonian descri bing
the system This is equivalent to a large matri x whose ei genval ues are the
spectrum of the system The next step is to diagonalize the Ham |tonian. To
this end, we use a technique called renornalization group (RG, which allows
to gradually take into account the influence every doubl on-hol on pair have on
a given magnon. This is tantanount to iteratively diagonalizing a |arge
matrix. To this end, we draw Feynman di agrans that represent elenmentary
processes involved and derive the so-called RG equations. These are a set of
differential equations that govern the evolution of the systemin the
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configuration space. Once integrated out, we can predict the behavior of the
Kondo lattice. In particular we are interested in conputing the so-called
dynami cal spin susceptibility which can be nmeasured experinentally via
neutron-scattering spectroscopy. Consequently, the project may invol ve

col l aboration with the Oak Ri dge National Laboratory, but this is yet to be
det er m ned.

Mentoring plan - The projects | assign to students are usually so chall engi ng
that we have to work on it together and typically they require work beyond
the duration of two nonth to cone to a full fruition. Nonetheless, there are
concrete mlestones that can be passed along the way. W neet tw ce a week
and find how to proceed. Throughout my career and now as a Pl, | have had a
successful experience with undergraduate internship, the nost recent case is
Et han Huecker, who did his capstone project with ne on fractionalization in
Kondo | attice heterostructures. Qur work led to the paper [5] which Ethan
presented in person at the APS March neeting 2023. | al so organi zed a series
of journal clubs on topology follow ng | ecture notes by John MG eevy, in
whi ch Ethan played a major role. It was a pleasure seeing his scientific
maturity over the course of the project, and also helped ne to learn how to
di ssect an anbitious idea into smaller projects with clear m | estones. W

al so have outdoor group activities to help team building and col |l aboration
within the group. After |eaving ny group, Ethan started his graduate studies
in University of Florida since Sept 2023.

Requi red Background - This is an advanced project at either graduate or
seni or undergraduate level. It assunes that the student has a solid
background in mat hemati cs and has had two senesters of quantum nechani cs and
is proficient with linear algebra and the ket/bra |anguage. Famliarity with
2nd quantization and a codi ng | anguage |i ke Python or MATLAB is very hel pfu
but not necessary.
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