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An interesting and yet controversial history of Majorana zero modes 
(MZMs) and topological quantum computation (TQC):

• 1980–1997: active exploration of anyons & topological phases/orders
• 1997–2007: idea of TQC introduced & explored (led by Kitaev et al.)
• 2007–2012: practical proposals for realizing MZMs discovered (Fu & 

Kane; Maryland & Weizmann groups)
• 2012–now: active experimental search for Majoranas

Some Backgrounds

4

False positives –– suffer from “confirmation 
bias”: disorder, Andreev bound states, etc.

“I don’t know for sure what was in their heads… 
but they skipped some data that contradicts 
directly what was in the paper. From the fuller 
data, there’s no doubt that there’s no Majorana.”

–– Remark by Sergey Frolov



• Challenge in building a scalable quantum computer: quantum 
decoherence (environmental noises, charge fluctuations, etc.)
• Relaxation: perturbation perpendicular to quantization axis –– bit flips
• Dephasing: perturbation along quantization axis

• Active error corrections: repetition code (bit flip), Shor’s 9-qubit code 
(arbitrary single-qubit errors), surface code (better scalability)…
Expense: large overhead of qubits

• Topological quantum computation (Kitaev): 
Quantum information encoded in topological (necessarily nonlocal) 
degrees of freedom, which are insensitive to local probes.
⟹ Fault tolerant at the hardware level

5

Topological Quantum Computation



• How to suppress bit-flip errors? 
• Encode | ⟩0 and | ⟩1 states with empty and occupied electron sites
• Single bit-flip errors are impossible b/c. fermionic parity conservation
• Electron jumps avoided by placing the fermionic sites far apart

• How about dephasing errors?
• Dephasing described by operators
• One may define Majorana operators 

• An isolated Majorana site is immune to error (again due to fermionic 
parity conversation)
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More on Kitaev’s Argument



• 1D chain of spinless fermions:

• Trivial limit:

• “Topological” limit: 
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The Kitaev Chain

Majorana zero modes
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Finite Kitaev Chain



• Bogoliubov-de Gennes formalism:

• “Kitaev ring”: periodic boundary condition
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Topological Phase from Bulk Spectrum

Particle-hole symmetry:



• Insight: Gap closings correspond to fermionic parity switches 
• The excitation energy of the Bogoliubov quasiparticle changes sign as a 

pair of levels crosses zero energy
• It becomes favorable to add/remove a Bogoliubov quasiparticle
• This changes the fermionic parity of the ground state

• Pfaffian (for 2n x 2n antisymmetric matrix A): 

• Basis transformation:  

10

Bulk Topological Invariant



• Can define a bulk invariant:

• Alternative invariant when        : winding number (cf. SSH model)

• Topological classification: Class D or BDI (when        )
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time-reversal : TH(k)T�1 = H(�k); T
2 = ±1

particle-hole : CH(k)C�1 = �H(�k); C
2 = ±1

sublattice/chiral SH(k)S�1 = �H(k); S / TC

Chiu, Teo, Schnyder, Ryu, RMP 88, 035005 (2016)

Bulk Topological Invariant



Intrinsic p-wave superconductors are very rare in nature (𝜈 = 5/2-FQH; 
Sr2RuO4?)

Basic ingredients to realize a 1D spinless p-wave superconductor 
(Kiteav chain) in engineered platforms:
• Proximity coupling to a conventional s-wave superconductor
• Spin polarization
• Spin-orbit coupling
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Physical Realizations

TI/SC

Fu & Kane, PRL 100, 096407 (2008)
Fu & Kane, PRB 79, 161408 (2009)

SM/SC

Lutchyn, Sau, Das Sarma, PRL 105, 077001 (2010)
Oreg, Refael, von Oppen, PRL 105, 177002 (2010)

FM atomic chain/SC

Nadj-Perge et al., PRB 88, 020407(R) (2013)
Nadj-Perge et al., Science 346, 602 (2014)



• History of Majorana zero modes

• Why Majorana fermions might be useful in topological quantum 
computation

• Kitaev Chain: 1D p-wave topological superconductor
• Finite chain: conditions for topological phase
• Bulk-edge correspondence (the Kitaev ring)
• Bulk topological invariant and topological classification

• Synthetic platforms for realizing the Kitaev chain
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Summary


