
Fluxoid Quantization: 

Φ′ = Φ +
𝑚𝑚𝑚𝑚
𝑛𝑛𝑠𝑠𝑒𝑒2

� 𝐽𝐽𝑠𝑠 � 𝑑𝑑𝑑 = 𝑛𝑛Φ0 = Φ +
𝑚𝑚𝑚𝑚
𝑒𝑒
� �⃑�𝑣𝑠𝑠 � 𝑑𝑑𝑑

𝐽𝐽𝑠𝑠 = 0 ⇒ Φ = 𝑛𝑛Φ0 flux quantization

𝐽𝐽𝑠𝑠 ≠ 0 ⇒ Φ′ = 𝑛𝑛Φ0 flux is not quantized

SITUATIONS where this applies

(1) Near surfaces (within 𝜆𝜆) 𝑆𝑆𝑆𝑆 sample with trapped flux
Φ

𝐵𝐵, 𝐽𝐽

𝜆𝜆

Φ

Φ′ = 𝑛𝑛Φ0

𝑚𝑚𝑚𝑚
𝑛𝑛𝑠𝑠𝑒𝑒2

� 𝐽𝐽𝑠𝑠 𝑑𝑑𝑑

(2) Near vortex core (within 𝜆𝜆)

(3) Thin samples 𝑤𝑤 < 𝜆𝜆 ⇒ Little-Parks experiment

(4) Rotating sample ⇒ London rotation

(5) Transport current 𝚥𝚥
𝑛𝑛
⇒ thermoelectric effect

(6) 𝑆𝑆𝑆𝑆 weak links ⇒ Josephson effect

(7) Unconventional 𝑆𝑆𝑆𝑆 ⇒ 𝑑𝑑-wave, 𝑝𝑝-wave symmetry 
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(3) Little-Parks Experiment (1962)

Data: 𝑅𝑅

Φ/Φ0
1     2     3-3    -2    -1   0

𝑅𝑅 is periodic in Φ

Model:

Φ′ = 𝑛𝑛Φ0 = Φ +
𝑚𝑚𝑚𝑚
𝑒𝑒 � �⃑�𝑣𝑠𝑠 𝑑𝑑𝑑 = Φ +

𝑚𝑚𝑚𝑚
𝑚𝑚 2𝜋𝜋𝑟𝑟 𝑣𝑣𝑠𝑠

𝑣𝑣𝑠𝑠 =
ℏ
𝑚𝑚𝑟𝑟

𝑛𝑛 −
Φ
Φ0

𝑣𝑣𝑠𝑠 determined by 𝑛𝑛 and Φ --- maximize Δ𝐺𝐺 ⇒
𝑣𝑣𝑠𝑠 small as possible:     ∆𝐺𝐺 ~ 𝑛𝑛𝑠𝑠
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Recall variation of 𝜓𝜓 with 𝑣𝑣𝑠𝑠:

𝜓𝜓 2 = 𝜓𝜓∞ 2 1 −
𝜉𝜉𝑚𝑚∗𝑣𝑣𝑠𝑠
ℏ

2

= 𝜓𝜓∞ 2 1 −
2𝜉𝜉
𝑟𝑟

2

𝑛𝑛 −
Φ
Φ0

2

−2 − 1 0 1 2

𝜓𝜓 2

𝜓𝜓∞ 2

Φ
Φ0

Transition temperature 𝑇𝑇𝑐𝑐 when 𝜓𝜓 2 → 0 𝑑𝑑 ≪ 𝜉𝜉, 𝜆𝜆

1
𝜉𝜉2 =

2
𝑟𝑟
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𝑛𝑛 −
Φ
Φ0
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~
1 − 𝑡𝑡
𝜉𝜉02

1 − 𝑡𝑡 =
∆𝑇𝑇𝑐𝑐
𝑇𝑇𝑐𝑐

~
2𝜉𝜉0
𝑟𝑟
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𝑛𝑛 −
Φ
Φ0

2

−2 − 1 0 1 2

∆𝑇𝑇𝑐𝑐

Φ
Φ0

Δ𝑇𝑇𝑐𝑐
𝑇𝑇𝑐𝑐

~
𝜉𝜉0
𝑟𝑟

2

Shows up experimentally as a variation in 𝑅𝑅 (at constant 𝑇𝑇):

Φ =
1
2Φ0 ∆𝑇𝑇𝑐𝑐 Φ = 0

𝑇𝑇𝑐𝑐
𝑇𝑇

𝑅𝑅

𝜉𝜉~
𝜉𝜉0

1 − 𝑡𝑡 �1 2

Φ = 𝑛𝑛 +
1
2 Φ0Max suppression is at 

ria

𝑡𝑡 =
𝑇𝑇
𝑇𝑇𝑚𝑚



Significance of Little-Parks experiments: 

Sharvin & Sharvin repeated this experiment for nanoscale normal rings: 

𝑅𝑅

𝐻𝐻

Observed quantized magnetoresistance oscillations for 
2𝜋𝜋𝑟𝑟 < 𝑑𝜙𝜙 = 𝑣𝑣𝐹𝐹𝜏𝜏𝜙𝜙

This is due to phase coherence in normal metals over microscopic scales, not superconductivity 

𝑟𝑟

phase coherence length in 𝑁𝑁 (< 1𝜇𝜇𝑚𝑚)

Important result in nanoscale physics

(1) showed reality of the “fluxoid” 

(2)  demonstrated use of 𝐺𝐺𝐺𝐺 free energy to understand experiments
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