Lecture 8: Perfect Diamagnetism
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e Method I and Method 11
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2. Energy and Coenergy in Methods | and 11

3. Levitating magnets and Maglev trains
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Description of Perfect Diamagetism

Image removed for copyright reasons.
Please see: Figure 2.17, page 50, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

Surface currents or internal induced magnetization?
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Methods | and |1

Image removed for copyright reasons.
Please see: Figure 4.10, page 173, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

B=pH  B=u (H'+M)
Method | Method 11

B field is the same in both methods.
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Example: Magnetized Sphere

Image removed for copyright reasons.
Please see: Figure 4.11, page 174, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

M = Myi, = M, (cosfir —sinfip) for r < R.

VxH=J=0 BE) H=_Vy
V-B=0 -
B = po (H+ M) Vi =V-M

For this example: Vzw =0 Laplace’s equation
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Boundary Conditions

Inside the sphere:
w(r < R)=Cyrcosf ) H(r < R)= —Cy (cosbi, —sinbip)

Outside the sphere:
w(r > R) = Co Coig mm) H(r>R)= % (2cosfi, + sinfiy)
-

Boundary Conditions:

nx (Hy—Hp) =K =) C1R> = (5

n- (B2 — Bl) = O ‘ iT : <H|7«=R+ - H|7’:R_> = i7' : M‘r:R_

Mo

Therefore, M = M, (cos0i, —sin0iy) HmE) Cy = =3
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Magnetized Sphere

M M,

M, (R\3
H(r > R) = ?O(—> (2cosfi, 4+ sinbip)
T

(cosBi, —sinfip)

Image removed for copyright reasons.
Please see: Figure 4.11, page 174, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.
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Magnetized Sphere in field

_ Mo
Image removed for copyright reasons. H(T’ S R) — (HO —_ _> 1y

Please see: Figure 4.11, page 174, from Orlando, T., and K. Delin 3
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

r
1 3
3 r

For this to describe a superconductor (bulk limit), then B=0 inside.

2 R\3
H > R = HO 7MO - COSQ.T
Happ = Ho iz (r=1 ( * 3 < ) ) l

Therefore, 0=M + H(r < R) = Myi, + <H0 - %) L
3
Sothat p7 = _EHO
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Comparison of Methods

Method | Method II
B! = MOHI ‘B = Uo (HII + M>
Inside a bulk superconducting sphere:
I'—og B/ =0
T H = 3 1,
H' =0 = otk
3
3. . M= — > H,i.
KI=—Re{§HOS|n9}1¢ o ot
K/’ =0

B field is the same, but not H.
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Methods | and I1: Summary

Maxwell’s Equations

v xH =J! v x HIT = gl!
B = u,H! B = uo (HU+M)
V x B = pod! V x B = uod 4+ poV x M
%/_J
JI = (Js,app + JS,iﬂd) + Jn JH = Js7app + Jn JS,iI’]d
—
JL .
London Equations
g=2 (/\JI) p=2 (/\JH)+Q(/\(V><M))
~ ot s ot Y
V X </\JIS> =-B V x (AJD) + ¥ x (A (Y x M) = B
Massachusetts Institute of Technology: L;
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Why Method i
Question:

The constitutive relations and London’s Equations have
gotten much more difficult. So why do Method 11?

Answer:
The Energy and Thermodynamics are easier, especially
when there is no applied current.

So we will find the energy stored in both methods.

Poynting’s theorem is a result of Maxwell’s equation, so both methods give

oD 0B
—fZ(ExH)-ds—/V (EE —I—H'a +E'J> dv
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Method I: The Energy

Combining the constitutive relations with Poynting’s theorem,

—fZ(ExHI)-ds = /V (E : %—? +H. aa—]f + a2t -% (/\Jg)) dv —|—/VE-Jndv

Power dW/dt in the E&M field

The energy stored in the electromagnetic field is
dW=/V (E-dD +H'- dB +IL - d (AJL)) dv

So that the energy W is a function of D, B, and AJ/'= v .
However, one rarely has control over these variables, but
rather over their conjugates E, H', and J.
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Method I: The Coenergy

The coenergy is a function of E, H', and J is defined by

W+W=/V(E-D+HI.B+JIS-(/\JIS))dv

and with
dW=/V(E-dD—i—HI-dB—I—JIS-d(/\JIS))dv

ives
J « EQS -~ MQS

dVT/:/V(D-dE+B-dHI+/\JIS-dJIS)dU

(The coenergy is the Free Energy at zero temperature.)
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Interpretation of the Coenergy

Consider the case where there are only magnetic fields:

W:/ dW:/B-dHIdU W:/dW:/ /HI~dde
H! v B B Jv

Image removed for copyright reasons.
Please see: Figure 4.12, page 184, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

The energy and coenergy contain the same information.
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Method II

— 11 I 11
dW—/V(E-dD + H'-dB + JT- d (AJT+ AV x M)) dv
AW = /V (D-dE + B-di" + (AJE+ AV x M) - dI) do
In the important case when of the MQS limitand J¥ = Js app = 0
— II
AWy, =0 = /V (H. dB) dv

AW

haapet = /V (B - aH") dv

Note that these two relations apply also in free space.
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Example: Energy of a Superconducting Sphere

Image removed for copyright reasons.
Please see: Figure 2.18, page 50, from Orlando, T., and K. Delin.

Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

B(r<R)=0 HH(r<R)=gHoiz
3 3
H(r > R) = Re{ﬁo (1 - <§> )cosa}i,-—Re {HO <1+%<§> )sine}ig
Winsi e:/ / HH'dB dv=20
4= Jp V( ) av

1
Woutside = /B /V <HH : dB) dv = /V ; B2 dv#=0
JB. . o
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Magnetic Levitation

Image removed for copyright reasons.
Please see: Figure 4.17, page 195, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

Image removed for copyright reasons.
Please see: Figure 4.18, page 195, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.
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Magnetic vs. Gravitational Forces

Image removed for copyright reasons.
Please see: Figure 4.17, page 195, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

Image removed for copyright reasons.
Please see: Figure 4.19, page 196, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.
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Magnetic Levitation Equilibrium Point

Image removed for copyright reasons.
Please see: Figure 4.20, page 198, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

Image removed for copyright reasons.
Please see: Figure 4.21, page 199, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

® = 7R%B, = 2nRnB

1 2 P2
m:/ _BdezﬁR 2=
V o Ho 87 pon
5 2
fm = ——Wn(®,n) ~ —  Force is upwards
on 8mpon

Equilibrium point Sm(no) = mg- Mo = »
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Levitating magnets and trains
CD2
~ 8mpon?

Jm

Image removed for copyright reasons.

Please see: Figure 4.17, page 195, from Orlando, T., and K. Delin. Image-removed for copyright reasons. _
Foundations of Applied Superconductivity. Reading, MA: Please see: Figure 4.22, page 202, from Orlando, T., and K. Delin.
Addison-Wesley, 1991. ISBN: 0201183234 Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.
B =1 Tesla
Area = 0.5 cm? B =2Tesla
— = 2
n,=1cm Area =100 cm
Force = 1 Newton np=10cm

Force = 1,200 Newtons
Enough to lift magnet,
but not a train Enough to lift a train
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Maglev Train

Image removed for copyright reasons.
Please see: Figure 4.22, page 202, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

Magnets on the train are superconducting magnets;
the rails are ohmic!
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Principle of Maglev

The train travels at a velocity U, and the moving flux lines

and the rails “see” a moving magnetic field at a frequency of

o~ U/R.
If this frequency is much larger than the inverse of the
magnetic diffusion time,
Tm = pooRd
then the flux lines are “repelled” from the ohmic rails.

Uood

From the previous numbers, U > 40 km/hr for levitation.
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Real trains have wheels and high-voltage rails

Image removed for copyright reasons.
Please see: Figure 4.23, page 203, from Orlando, T., and K. Delin.
Foundations of Applied Superconductivity. Reading, MA:
Addison-Wesley, 1991. ISBN: 0201183234.

Synchronous motor action down the rails provides thrust
to accelerate train to the needed velocity to levitate, and
provides a source of energy to further accelerate the train

and to overcome the losses due to drag from the wind.
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Macroscopic Quantum Model

Our Approach to Superconductivity

$-\c,o\ Superconductor as a perfect
C\°$ conductor & perfect diamagnet

|
| Macroscopic Quantum Model ¥(r)
7

Supercurrent Equation J(r)

L N

Type 11 Superconductivity

Large-Scale Applications

Josephson Equations

Small-Scale Applications

\ /

Ginzburg-Landau

(1) = | ¥()P e
1

Microscopic Quantum BCS
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