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Maritime Amatagj

e The effect is analogous to the abtraction of bwo ships in
the sea

Fig. 1. Two ships roll heavily on a long swell and there is no more wind to
damp their rolling. In this situation a strange force, ‘‘une certaine force
attractive,”” will pull the two ships toward each other. From P. C. Caussee:
*‘the Mariners Album,’” carly 19th century.

P. C. Caussé (1¥36) : “.une certaine force attractive.”



GENERALIZATION TO DIRLECTRICS:

o Extension of the Casimir eff. to dielectric materials (1961):

E.(d) 3 k| ok
> log det [1 — Ry - Rye 2k
Ah /O o (27r) ogdet |1 — Ry Iae

I.E. Dzyaloshinskii, E.M. Lifshitz & L.P. Pitaevskii Adv. in Phys. 10, 38, (1961)
Rahi et al. Phys. Rev. D 80, 085021 (2009)

Reflection coefficients relate different
components of the Electric field:

5.5 Zf,kH W }

R:{R K Rpp(i& k)

Dileleckric:

_ | Bss(i€ k) 0 }
5 [ 0 Ry
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° However there are several theorems ProkibLEivxg repulsion
A vacuum

Symmetric situations attract!

|

a
( -
Kenneth, O. & Klich, 1. Phys. Rev. Lett. 97, 160401 (2096).
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° However there are several theorems prohib&ms repulsion
A vacuum

Restrictive constraints to stable
equilibria:

not accessible for
dielectrics 1in vacuum

Rahi, S.J., Kardar, M. & Emig, T. Phys. Rev. Lett. 105,070404 (2010).
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Casimir force in vacuum?

e Nanostickion and nanofriction: Reverting the Casimir
force can be useful for MEMS and NEMS applications.



WHY REPULSION?

o Fuhndamenkal quesﬁow Can we achieve a re[au,tsi,ve
Casimir force in vacuum?

e Nanostickion and nanofriction: Reverting the Casimir
force can be useful for MEMS and NEMS applications.

e And people can be very
enbhusiastic about it..

Levitation - Using the Casimir Effect
Fact, not fiction _
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o Less than 10 proposals for repulsion since 194%

194-%

LQ.

Casimir proposes

Ehat bwo metballic

Pi.o&es abtract each

other due to

fluctuating EM zero

pom& enerqgy E

v

H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 51, 793 (1948).




THE HISTORY OF REPULSION

o Less than 10 proposals for repulsion since 194%

194-% 1961

‘bz.tjamskmswu etk al.
extension to dielectrics:
erutsaon under certain
conditions,

No reyui.sicw\ LA vacuum

ST Es 2 E9

I.E. Dzyaloshinskii, E.M. Lifshitz & L.P. Pitaevskii Adv. in Phys. 10, 38, (1961)
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THE HISTORY OF REPULSION

o Less than 10 proposals for repulsion since 194%

194-% 1961 1974

T. H. Boyer calculated the
Casimir force for a
perfect metallic plate
and a“perfe&” (pu — o0)
magnetic plate: he found
Repulsion:

Boyer, Phys. Rev. A 9, 2078 (1974)



THE HISTORY OF REPULSION

o Less than 10 proposals for repulsion since 194%

194-% 1961 1974 2000
Timothy H. Boyer \letamaterials’; £ &
!(L:'il\;}'l ,:) eml’t»er fJ\J; ‘ i ' .ﬂ <[ i
. ’ ‘\\H,

Mebamakerials: Several Foropasats thak
seem to give repulsion in vacuum.
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Zhao et al. Phys. Rev. Lett 103, 103602 (2009)

U. Leonhardt and T. G. Philbin, New J. Phys. 9, 254 (2007).
F.S.S. Rosa et al. Phys. Rev. Lett. 100, 183602
(2008),Phys. Rev. A 78, 032117 (2008)...
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THE HISTORY OF REPULSION

o Less than 10 proposals for repulsion since 194%
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of the City University of ']
(Recelved 17 December 1973

Timothy H. Boyer Ii Vietamaterials}
New ¥ , ;‘v
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Maghetoelectric materials are
excluded from the theorems. Are they
hetp{ut to obtain repulsion in
vacuum?



THE HISTORY OF REPULSION

o Less than 10 proposals for repulsion since 194%

194% 1961 1974 Ro00s 2010
Btimiciy B g P Ii Vietamaterialst

e toelackric makeriols are
excluded from the theorems. Are they
hetp{ut to obtain repulsion in
vacuum?



3D TOPOLOGICAL INSULATORS

e The btwo ey ideas behind TI (both 2D and 3D):

1) Strong spin orbit coupling

2) Time reversal symmetry

Kane, Hasan Rev. Mod. Phys, 82 3045 (2010)
Qi, Zhang arXiv:1008.2026 (2010)



3D TOPOLOGICAL INSULATORS

e The two ey ideas behind TI (both 2D and 3D):

1) Skrong spin orbit coupling: Band itnversion (mass gap inversion)

2) Time reversal symmelry: Massless Dirac fermions on the interface

() M <0

Trivial Usulator To po Llogical insulator

yise— () M <0

Kane, Hasan Rev. Mod. Phys, 82 3045 (2010)
Qi, Zhang arXiv:1008.2026 (2010)
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3D TI +#O0R A QUANTUM +IELD THEORIST

o Start with a 3D T-lUhvariant fermionic action des«aribiug
an insulator:

. / A3t (I — m)W + FPVF,,

o Perform a chiral transformation: U — B

- / A dtT (I — U4 PO,

/ me’ "* = m(cos 8 + ivys sin §)

This term breaks T unless: 0 =0, 7 . T; 0=02n+1)7m 11 _
— 0 Trivial
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3D TI +0K A QUANTUM FIELD THEQORIST
Theta classifies 3D TI

Na,
X o S
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T@megwauv Trivial

~# Topological Insulator




3D TI +#O0R A QUANTUM +IELD THEORIST

° Fujikawa realized that the path integral measure is not
variant under a chiral transformakion:

e 2 i

. 3 LV "
DWTD\IJ ik elfdﬂj dt@ S1h FMVF'U“ Dq.:j/-‘-Dq:j/ Mhe‘ré Y = _E,uvaFpa

2

Fujikawa, Phys. Rev. Lett. 42: 1195 (1979)
Hosur et al. PRB 81, 045120 (2010)
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3D TI +#O0R A QUANTUM +IELD THEORIST

® ﬁujiw‘awa realized bthabt bhe Fw&h integral measure is not
variant under a chiral transformakion:

e 2 i

. 3 LV "
DWTD\IJ ik e’LdeL' dt9 S1h FMVF'U“ D\IJ/TD\IJ/ Mh@.‘ré Y = _E,uvaFpa

2

Fujikawa, Phys. Rev. Lett. 42: 1195 (1979)
Hosur et al. PRB 81, 045120 (2010)

° So the action for a T-invariant TI is finally:

2

St = / dz?dtUt () — m)¥ + FM'F,, + eg—hFWFW
70

° and the EM response is (integrating out fermions):
2

Srr = | deddt (cE2 + 1 'B2) + 0 E-B
TT / 9 (8 —|—,u )"‘ o h
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3D TI +#O0R A QUANTUM +IELD THEORIST

e This ackion is valid tnside the bulie r:rvs&ai

2

Str = /dedt (eE* + 1~ ' B?) +9—hE B
2T

Bub..the theta term implies a QHE on the boumdarjt
0 0

Sl = / dz’dt—F*'F,, / dz°dte**° —9, (A, 0,A,)
8mh

Smh

QHE: Sy = % do?dte"? 4,0, A,

Hence the axion term is a description of both the bulk
and the boundary only when T is broken at the boundary
(more on thab Laker).



OPTICAL PROPERTIES OF 3D T1I'S

° This action changes the optical response of the TI with

respecﬁ ko Ordimart’ dieleckrics:

62
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OPTICAL PROPERTIES OF 3D T1I'S

° This action changes the optical response of the TI with

respe& ko ordimmv dieleckrics:

62

= | dz3dt (eE* + 4~ 'B?) + 0 E-B
St1 / z°dt (¢E° +p B7) + 05—

:/da;3dt(E-D+B-H)

o Maxwell’s equations still valid but with different
constitutive relations:

V-D=0 V-B=0 a6

H=.'B E
1 0D
VxH=-" + i
¢ Ot D =¢E B
1 OB m

Mol — - — —
c Ot AXLOWN éi.e&rodfjmamws!

F. Wilczek, Phys. Rev. Lett. 58, 1799 (1987).



OPTICAL PROPERTIES OF 3D T1'S

Crazy consequences of axionic physics:

0, ~arctan(1/a)

a, =e%2h ¥ = 0,.~arctan(c)
‘UT—:E Ein Ey w) 0}(
vacuum g _ B
> vac

z2=20
T &, 0, 6

2=/
substrate

By =0

Maciejko et al. PRL (2010), Tse et al. PRL (2010)

&y 1y

 — ———

Qi et al. Science (2009)



OPTICAL PROPERTIES OF 3D T1'S

1) Integrate maxwell equations to find
boundary conditions:

conserved normal tompmmem&: D and B
conserved tangential tompomavx&: H and E

2) Find reflection coefficients:

) R = { R,s (i€, k|, 0%)  Rsp(i€ k), 0)
Ry (i, k), 0)  Rpp(i€, ky, 67)

S
= Vacuura wikh:

R, p(i€, k|, 0) = sgn(0)rsp (i€, k|, 6])

Chang et al. Phys. Rev. B 80, 113304 (2009)



LIFSHITZ FORMULA FOR TI'S

e Can we prove anatvﬁiﬁai.i.j Ehat there will be repulsion?

Ec(d) df || SOVEL
= locgdet [1 — R+ - R 3
Ah /0 D (27T) R [ L }

Cownsider the case:

0,=—60, =80

Ry = | Ts(ig’kH’HQ) IZ’/’sp(igakHa‘HD _
| (K, 10)  rp(iE Ky, 6%)




LIFSHITZ FORMULA FOR TI'S

Integrand of the Lifshitz formula at long and short
distances:

1
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LIFSHITZ FORMULA FOR TI'S
Integrand of the Lifshitz formula at Llong and short

diskances:
o, --

Tep < Tp I%%log[l—B2}<O

S the inteqrand qoes to zero from neqative values

£l f Abbtraction!

1
Tsp > Tp i~ 73 log |1+ B’Q} = (0

the integrand qoes to m&ni&v from positive values

& Repulsion!



NOMERICAL INTEGKATION:

Analytical analysis confirmed by numerics:

0=m
(@ 2
1F 0,=n
(@)
O .
(=) el:n
S
w” -1
6,=-1
(€)

Opposite signs for 0
0 o002 oo / 006 008 o terms generate repulsion
d/c .
R at short distances

At short distances, the magnetoelectric toupi.i,b»\g winsg, while
at large distances, it is the ordmo\rv dielectric response.



NOMERICAL INTEGKATION:

Dependency on the parameters:

0 0.02 0.04 0.06 0.08 0.1
w_ d/c

Low £(0) favors repulsion High 0 favors repulsion
ak lower disktances. ak lower diskances



WHAT ABOUT REAL MATERIALS?

Real T1I are amism&ropw
(all uniaxial for the moment)

S@ra=diag(c.,c1,€|)

Anisotropy can enhance
repulsion f €| > €
for a wide range of
frequemaies

C /. ste ] i
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2 T T T T T
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12 ooe,l/u)rw,’L =04 ||
il —_— coe’l/(uR’L =0.6 |
—— ooe’i/ool:"L =0.8
16y —_—— (De,J_/(DR,J_ =1
-18f
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WHAT ABOUT REAL MATERIALS?

T nust be broken ot the surface: Insulating ferromagnet
opens a gap through Zeeman coupling at the surface,

Effective surface hamiltonian:

Hs:0-°‘k|+MO-Z
62

Ozy = sign(M) o




WHAT ABCUT KEAL MATERIALS?

T nust be broken ot the surface: Insulating ferromagnet
opens a gap through Zeeman coupling at the surface,

["sﬁ' E4fective surface hamiltonian:
AT TATATATA W H, = o - k| + Mo,
2

€

Ozy = sign(M) o

The sign of the maqgunetization controls the QHE of the
surface and thus the sign of theta.

<&
¢

-

0=7

Com&rcﬁ.tuf\g; M cownbrols 0,=n
et (a)
the Casimir resgomsa!

0,=7

0,=-7
(©




WHAT ABOUT TEMPERATURE?

Temperature plays against repulsion:

1.0 T T T T
2 g0)-1 |
Y - Atraction
1 e . 0.8
O_
0.6 -
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11} _
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CONCLUSIONS:

Casimir effect with TI is very unusual and could be
n principle even tunable with external parameters

Anisotropy can be used to enhance the effect, but
temperature plays against repulsion

Maghetoelectric materials still remain an un@.xptored
area in Casimir physics, and could be used to achieve
re[mts&on LA vACuum,
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