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ACCOMPLISHMENTS

I. TRANSITION METAL DICHALCOGENIDES

Two dimensional TMDCs have a honeycomb lattice structure like graphene, but the two
inequivalent sites are occupied by different atoms. The breaking of inversion opens up a gap
at the two valleys. In addition the heavy transition metal causes spin splitting of the bands
as a result of spin orbit coupling. For MoS,, the band structure is shown in Fig.1. To a
first approximation the band structure consists of Mo d bands lying between the Mo-S s-p
bonding and anti bonding bands. In the vicinity of +K (valleys), the symmetry adapted
basis states are d2 and d,2_,» + i7d,, where T = =+ is the valley index. The Hamiltonian is

Fig. 1: Crystal structure and low energy bands of MoSs'. Red and blue label Mo and S respectively.
Mo atoms form a triangular lattice, and their d orbitals make up the low energy theory near +K.

o,—1
5 (1)
where & denotes the pauli matrices for the basis states, a is the lattice parameter, t the
effective hopping integral, A is the energy gap, 2\ is the spin splitting and §, is the spin
pauli matrix.

There are three aspects of these systems that make them particularly interesting?:

- K

A
H = Hy+ Hyoe, Ho=at(tk,o, + kyo,) + 562, Hgoe = AT

e The spins in the valence band have valley speci-
ficity. In a hole doped system, there are two
inequivalent fermi surfaces with one valley hav-
ing spins up while the other having spin down
states. The quantization axis is perpendicular to
the plane of the crystal. The spin splitting is very
large (0.15 ~ 0.46 e€V) and there is a significant
window in doping where the singly degenerate
bands occur at the chemical potential.

e The bands have nontrivial Berry curvature (¢) 8- 2: Optical transitions in TMDs. De-
associated with them, with the sign on the two Pending on the polarization, light causes
valleys being opposite of each other. One of the transitions in one valley or the other".
consequences is that the velocity of the electrons
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has a term of the form O x E in the presence of an external electric field. Since the signs
are opposite not only between the two valleys, but also between the conduction and valence
bands in the same valley, electron and holes move in opposite directions transverse to an
applied electric field.

An alternate view of the topological nature of the band structure is to recognize that
associated with each state (k, E,,(k)), where E,.(k) is the energy of the state in band n and
valley 7, is an angle 6, _; which only depends on |E | and 7. The angle parametrizes the mixing

of the two basis orbitals. The mapping (k, E,,(k)) — (01> Pnre,), where ¢y, = tan™" (k, /k.),
wraps the band n onto the Bloch sphere. The resulting texture is of a hedgehog reflecting the
skymionic nature of the bands. While this is the property of the linearly dispersing physics
extrapolated to all energies, the picture is a useful reference to understand the structure of
the low energy theory.

e The orbital content of the bands allow for valley selectivity!™. The optical matrix elements
connecting the valence and conduction band are such that only one circular polarization of
light couples to a given valley. It is important to emphasize that the optical activity comes
not from the orbital magnetic moments of the atomic orbitals but the orbital moments of
the Bloch state®. The spin splitting also implies that magnetic coupling to individual valley
is possible. Both these abilities allow for, not only new ways to probe correlated phases, but
also control of the valley degree of freedom.

1. Superconductivity

Given the valley structure of the energy landscape, two classes of superconducting states
are generically allowed. For attractive interaction and proximity to s-wave superconductor
the Cooper pairs are made up of electrons from different valleys and have a net zero center
of mass momentum. The lack of inversion and spin splitting implies that these states are
admixtures of spin singlets and triplets with nontrivial orbital structure. This allows for
the realization of Majorana fermions on a ferromagnetic chain placed in proximity to the
unconventional superconductor. A rather remarkable aspect is that valley selective probes
couple to one of the electrons of the pair, an ability not available in other superconductors.
Consequently, the pair breaking due to circularly polarized light is valley discriminating
leading a new type of anomalous Hall effect of the qausi-particles®.

We demonstrated that attractive interactions and
proximity to an s-wave superconductor leads to an
inter-valley paired state (type A in Fig.3). The super-
conducting state is unconventional in that the spin-
valley locking leads cooper pairs which are equal mix-
ture of spin singlet and m=0 triplet states. Moreover
the pairs live on different Fermi surfaces, one in each
valley. Such configuration, in conjunction to strong
spin splitting of the hole bands and non zero Berry
curvature (nonzero €2, in Fig.4) engenders the super- Fig. 3: Two classePof superconductors
conducting state with a number of anomalous proper- i TMDS: A) Intervalley paired state,
ties. We showed that the state is stable against large and B) Intravalley paired state.
in-plane magnetic fields. In particular, for ultra-clean
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systems there is no pair breaking effect of the magnetic field and the transition tempera-
ture is weakly suppressed due to change in the effective interaction strength. Inter-valley
scattering is necessary for the in plane fields to have a pair breaking effect.

BCS Condensate

Fig. 4: Pair breaking excitations due to circularly polarized light. For a given polarization a
quasipartilce(hole) is generated in the valence band in one valley and the conduction band in the
other.

The Berry curvature allows for valley specific particle hole excitations in the normal state.
Depending on the polarization light couples preferentially to one valley or the other. One of
the questions we aimed to answer is whether the property extended to pair breaking in the
superconducting state. Our analysis shows that that this indeed is the case. Fig.4 depicts
the pair breaking response for right circularly polarized light where the two quasiparticle
generated occupy different valleys and different bands. For opposite polarization the valleys
and bands are switched®.

Another phenomena enabled by the symmetries is the possibility of generating Majorana
particles. The system has two of the three needed ingredients namely spin splitting due
to large spin orbit coupling and an odd parity component to the superconductivity. If we
can also break time reversal symmetry all the necessary ingredients are available to create
topological superconductivity. To this end we considered a system where we place a chain
of magnetic atoms on the superconducting TMDC. (see Fig.5)

Depending on the relative orientation of the chain with respect to the two dimensional
crystal, the spacing between the magnetic atoms, and direction of the spin a large space
in parameter exists where majorana bound states appear at the end (see Fig.6). Thus the
superconducting state in TMDCs offers a new system for generating topological excitation
adding to the list of potential platforms for quantum computation”.

A key question that arises is what new phenomena is enabled due to valley specific
excitations and whether defects such as vortices acquire nontrivial topological character. A
related question is whether or not the existence of two fermi surfaces leads to Leggett modes
(internal Josephson effect) and how they can be detected if allowed. Our work has uncovered
a number of new phenomena. They result from two observations: 1) intra valley pairing
involves cooper pairing at finite center of mass momentum and 2) the pair breaking for such
superconductors also is valley specific (i.e. addressable by the polarity of incident light).
Remarkably the pair breaking at energies corresponding to the superconducting gap (unlike
the intervalley case where the energy is of order the band gap) is itself valley selective.

Repulsive interactions tend to stabilize intra-valley paired superconducting states. Since
the momentum of the cooper pairs is associated with the K and K’ points of the Brillouin
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Fig. 5: Schematic illustrations of (a) the lightly-hole doped system and (b) its disconnected Fermi
surface pieces with opposite spin directions. (c) Schematic setup of the proposed magnetic moments
form a ferromagnetic chain on the monolayer TMD superconductor. We show that Majorana zero
modes 7 can be realized at the ends of the chain induced by the magnetic moments. (d) Schematic
illustration of the three momenta K,,, n = 0, 1, 2, associated with the valley centers.
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Fig. 6: (a) Schematic illustration of the chain orientation relative to the 2D crystal structure
characterized by the angle ¢.. The dash lines correspond to the mirror-plane directions along which
the bands are gapless. (b) Calculated topological phase diagram as a function of ¢, € (0, 7/6) and
Ka (K = |K,| and a is the spacing between magnetic atoms) for the magnetic moments aligning
in the crystal plane, i.e., § = w/2. The dark color represents topological phase characterized by an
odd number of Majoranas at its ends, whereas the light color refers to non topological phase.

zone, with the net momentum zero, the state is characterized by finite supercurrents which
form closed loops within the unit cell. The flux pattern generated by one of the valleys is
shown in Fig.7. The supercurrent from the other valley has the opposite chirality and the net
flux cancels. This is reminiscent of the FFLO®? phase, except here multiple wave vectors
are involved. The fact that that superfluid density of one of the valleys can be depleted
by circularly polarized light implies that the flux patterns are revealed under illumination.
Currently we are still analyzing if these currents are an artifact of the approximation scheme
implemented and that the only effect is to generate a modulated pair density wave. Either
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Centers of the links map to a Kagome lattice
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Fig. 7: Intraunitcell flux patterns generated by the supercurrents associated with the Cooper pairs
of one of the two valleys. The flux has opposite polarity from the other valley resulting in net zero
flux.

result is of great interest and will lead to a publication of signifiant impact.

In addition to phenomena associated with the geometric pattern, these unconventional
states also have a nontrivial superconducting phase. The lack of spin degeneracy (and
inversion) leads to both chiral and non-chiral order parameters which are/nearly are
degenerate within mean field or perturbative renormalization group analysis'®. As such
TMDCs are a rare example where one can study the interplay of the two sectors namely
spatial and internal.
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