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Abstract: & quot;Conventional & quot; superconductivity is one of the most dramatic phenomena in condensed matter physics, and yet by the 1970's
it was fully understood - a solved problem much like quantum electrodynamics. The discovery of high temperature superconductivity changed all
that and opened the door, not only to higher Tc's, but also to a wealth of even more exotic phenomena, including things like topologically ordered
superconductors with factional vortices and non-Abelian statistics. | will describe some of the evolution of the field of exotic superconductivity,
with a focus on recent theoretica and experimental work which sheds light on whether strontium ruthenate supports topological chiral
superconductivity.
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Superconductivity

» perfect conductivity — dissipationless supercurrents
- perfect diamagnetism — expels magnetic fields or traps flux in
quantized vortices B . .‘

-

A macroscopic guantum phenomenon




Conventional understanding of superconductivity rests on two
major paradigms of condensed matter physics:

Interacting Fermi liquid adiabatically
connected to non-interacting Fermi gas:

el
quasiparticies with same charge/spin.

» K

)
L¥

YNy 1T
- examples: crystals, charge and spin order

- local order parameter describes state (e.g. <m> for a ferromagnet




Superconductivity Key ideas:

BCS 1957  Electrons pair (Cooper pairs
» t‘ - Fermi liquid (metal) unstable to
. ‘ ? arbitrarily weak attractive interaction
e IR - - Pairs are coherent
Bardeen Cooper Schrieﬁe: - Global U(1) symmetry broken =

phase rigidity

Revolutionary step in understanding Fermi liquids
FIT CSSR & RCS avnlained all known electron hehaviotiir in materiale nre-1Q



1980’s: Quantum #Hall Effect

Integer QHE discovered in1980
by von Klitzing

Fractional QHE discovered in1982
by Tsui, Stormer & Gossard

— new wav nf lookina at natiire of onlantuim aroilind <tatec in CM
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Topological Order

» Not broken symmetry state; not Fermi liquid

» Classified by topological invariant

» Ground state degeneracy depends on topology

» Gapless edge/surface states in open geometry; bulk gap

» May support quasiparticles with new (fractionalized)
quantum numbers

» Topological quantum entanglement
- Topological order may be one route to quantum computing
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Topological Order

» Not broken symmetry state; not Fermi liquid
- Classified by topological invariant
* Ground state degeneracy depends on topology

» Gapless edge/surface states in open geometry; bulk gap

» May support quasiparticles with new (fractionalized)
_quantum numbers

 Topological quantum entanglement

- Topological order may be one route to quantum computing
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Science
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PHYSICS

Superconductivity can be understood as
topological order, with (gapped) edge
states, spin-charge separation,
topological degeneracy. [Hansson,
Oganesyan, Sondhi, 2004; also Wen.]

Electron

Superconductivity with a Twist

uprate oxades. winch were found w be
supcrconductung at relatively agh om-
peranares about 20 vears ago. have sov-
cral kess well«nown cousns. One of the most
mngang of these “uncomventonal™ materais,
Strontrumn ruthenase ( Se_Ru) | ). was observed 1o
be 2 supcrconductor m 994 (/). Now, two
reports, ane by Kadwmngra or ol on page 1267

Kxdwmngra or of and Xia o7 af. have drectly
ostablished the presence of an orbital moment
m Se.Ru(), They find that thes superconductor
has some simiannes © 2 magnet  mn techm-
<al terms. it breaks nme-reversal symmetry.
What this means quantum mechamically s
that its pair wave function s inherently
compiex (that 1s, having real and rmagmnary

-0+ %

A materal related to mgh-temperature
superconductors eximbits mobile regor
of twrsted symmetry much ke ordersg
TAGNeNC regions N MAgNets.

s-wave lead superconductor. The cot
rent passang through thes juncthon of
playod the samec paticrm as comw
Josephson junctions with increasn
strength. But for other junctons of t
tvpe. and cven for thermal cvching of
Junction, Kidwinglieged048 found con
different and random pamtierns. They exg



Strontium Ruthenate

irsa: 10100047

Fermi surface of Sr2ZRu0O4

- Same structure as cuprates
» Quasi-two-dimensional

» Discovered in 1994 by Yoshi Maeno
» T. <1.5K (disorder dependent)
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Early experiments = spin triplet pairing
with broken time reversal symmetry

KNIGHT s
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NMR measurement of spin susceptibility
- triplet pairing (most likely p-wave)
K. Ishida et al., Nature 396, 658 (1998).

MuSR measurement of internal B fields
- internal B fields turn on with Tc
—>broken time reversal symmetry
Luke et al., Nature 394, 558 (1998).
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|Chir'c1| p-wave suEerconducTiviH \

| General triplet OP: 9 =A,(B)xy, +A,, (BN, + Ay, (PY s, + X;0)]

1 -Iﬂ ia|
=$ T+ D
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Equal spin pairing in ab (xy) plane



Early experiments - spin triplet pairing
with broken time reversal symmetry

ENIGHT S
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NMR measurement of spin susceptibility
- triplet pairing (most likely p-wave)
K. Ishida et al., Nature 396, 658 (1998).

MuSR measurement of internal B fields
- internal B fields turn on with Tc
—>broken time reversal symmetry
Luke et al., Nature 394, 558 (1998).
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|Chir'c1| p-wave suEerconducTivin \

| General triplet OP: 9 =A,(B)xy +A,, (B, + A4, (PY s, + 2,0

Equal spin pairing in ab (xy) plane
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Chiral p-wave superconductivity

p.xip,;
| Pr
\A(f))\ = A0

Breaks time-reversal symmetry

A(ﬁ) = Ao

Angular momentum L =11
-> chiral (or twist)

p.+p, degenerate with p,-ip, > can have domains



Superfluid 3He

Lee, Osheroff & Richardson (1971)

Pressure (MPa)

- 0 1 2 3
Temperature (mK)
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Angular momentum & edge currents

Each Cooper pair carries angular momentum h and the BCS state
wB(,'S == H (‘uk ‘+ ivt jejﬂ a;:'aajhr )‘05H
ko
carries angular momentum <L_>=Nh/2. (Stone & Roy, PRB 2004.)

“Angular momentum paradox”
OO g
Strong coupling, £<a,

like FM with local Lange Coo. s pairs ~ & Scattering at edge = edge
_moments adding Only e within A of E¢ are states (also from top. orde
IIIII paired. Factor of (A/E. )? and full ang. mom.

non-topological



Topology of chiral state connected to winding of A

gk)-u  Ak) ) = e |
H=| . =d(k)- Alk)=A, (k. xik,)/k,
AN(k) e(k)—pu] (k)7 (k) = Aok, xik,)
5(k) = (Re(A(K)), Im(A(K)), e(k) — p) k>k, = 0=+
Anderson pseudospin representation of BCS

k<k
Anderson pseudospin has nontrivial (skyrmion) form 3 ':
in momentum space for u>0 (BCS). ——

» [For u<0 (BEC) 5 is trivial and points along +z] k=k: = 3 winds b

21 around FS

= s
N=_— / d2ké - (a,axaya) u>0
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& Part of BdG energy spectrum as function of angular momentum for
chiral p-wave in disk geometry.

- meliral p-wave state has topological order, analogous to 5/2 Moqre:Read
QH state, characterized by Chem number = +1. (Read & Green 2000)



Spontaneous supercurrents for chiral p-wave

= Equilibnum supercurrent
within g of surface

Screening current within
A+¢ of surface

- Magnetic field B~10G
Stone and Roy (2004) within A of surface and

Matsumato and Sigrist (1999) B~20G at domain walls.

The equilibrium supercurrent is connected to the angular momentum
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and to the topological order.



Scanning SQUID microscopy: search for edge and domain currents

* =5 A
——
r - :
Ay iy
i i
- ) ]
e

states along the mner and ocuter edges of SmaRuDy. The
cotl on the nght represents a SQUID packup loop.
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| ! Extended Matsumoto—Sigrist

020 :r’/ -
0.15 — : , —

S oo B -
0.05 S‘HN Em-?_‘t =]
0.00 ; 2

-0.05 ' 1 ‘
-200 -100 0 100 200
Position relative to somple edge (um)
o He3 scanning SQUID signal across ab

face of Sr,RuQ, single crystal at T=0.27K

J.R. Kirtley, C. Kallin, C. Hicks, E.A. Kim, Y. Liu,
woof_A_ Moler, Y. Maeno, PRB 76, 014526 (2007).
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, ! Extended Matsumoto—Sigrist
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He3 scanning SQUID signal across ab
face of Sr,RuQ, single crystal at T=0.27K

J.R. Kirtley, C. Kallin, C. Hicks, E.A. Kim, Y. Liu,
risa: 101004_A_ Moler, Y. Maeno, PRB 76, 014526 (2007).

Smaller SQUIDs, Hall |
probes, micron sample
-> still no spontaneous
fields observed
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i Extended Matsumoto—Sigrist
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He3 scanning SQUID signal across ab
face of Sr,RuQ, single crystal at T=0.27K

J.R. Kirtley, C. Kallin, C. Hicks, E.A. Kim, Y. Liu,
risa 10004_A Moler, Y. Maeno, PRB 76, 014526 (2007).

Smaller SQUIDs, Hall |
probes, micron sample
-> still no spontaneous
fields observed

Experiments put uppe
bounds on edge
currents which are ~
3 orders of magnitude
smaller tham-psedicted




Time Reversal

Symmetry Breaking

[Expen'ment TRSB? |Domain size [limit >0.3u]
muSR (Luke & Ishida) Yes <2pu
SQUID (Kirtley) No <2pu
Nano-SQUID (Hicks) No <05y
Scanning Hall Probe No <1p
(Moler)
Kerr rotation (Kapitulnik) | Yes > 50 p with field cooling
~>15-20 pin ZFC
Tunneling Maybe <1p ~0.5p dynamic
(van Harlingen)
Tunneling (Liu) Parity >10-50 p
| @rner junctions No? (only seen in one case) ...




Raghu, Kapitulnik and Kivelson have proposed chiral p-wave SC
on the quasi 1-d bands, arXiv:1003.2266.

- hole

electron

St Ru0, cleaved at 180 K
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Raghu, Kapitulnik and Kivelson have proposed chiral p-wave SC
on the quasi 1-d bands, arXiv:1003.2266.

e hole

electron

Se,Ru0, cleaved at 180 K
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Energy Spectra for Chiral p-wave SC in Strip Geometry
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Chiral p-wave SC on
2d xy band gives one
chiral mode at each
edge of strip. (Chern
number is 1.)

Chiral p-wave SC on 1d
xz and yz bands gives
one non-chiral mode at
each edge of strip.

Hole and electron bands
— Chern numberis 0

-> not topologlcally
protected



Zero modes in SC and Majorana Fermions

BCS quasiparticles are superposition e 2 ol v a)
of electrons and holes . : ol n

E=0 — 1§ =2(Hua,-+ + @) =7, Majorana Fermion

(spinless or one spin only)
Yo => A single y mode
© cannot accommodate
+ an electron, need 2!
S
O

C=n+iy, € =1 —ip

Always come in pairs, but can be spatially separated in topological
state, and protected by bulk gap. E.g., one Majorana zero mode al
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vortex core or at edge.



Vortices in a superconductor

Half-quantum vortices in triplet SC
Both the spin and the orbital parts of ¥ can ‘
wind around the vortex \" S
phase
=A@ -t +e ), ] K
a=0/2 and A — Ae” =0=0 /2

1 from rotation
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““F*Vortex in only 1 spin component! of spin state



Half-quantum vortices in chiral p-wave

€ half-quantum vortex has spectrum E_=nw,, w,=A%E: - one
zero mode - Majorana fermion

€ Since BdG gps, v, pick up phase 1 when @ changes by 21
phase, interchanging 2 half-quantum vortices (lvanov, 2001) 2

Yi = Yin ) SO £ ;—r

L

€ moving HQV (with Majorana fermions) around each other
* moves one between degenerate gs = non-Abelian braiding

statistics = of interest for quantum computing
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Vortices in a superconductor

I Half-quantum vortices in triplet SC |

Both the spin and the orbital parts of ¥ can f
wind around the vortex \" rorr
phase
Yy =A@ -e"Itt), +e ), ] K
a=60/2 and A — Ae”” =0=0, /2

1 from rotation
““F*Vortex in only 1 spin component! of spin state """
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Half-quantum vortices in chiral p-wave

€ half-quantum vortex has spectrum E_=nw,, w,=A%E. - one
zero mode - Majorana fermion

€ Since BdG gps, v, pick up phase 1 when @ changes by 21
phase, interchanging 2 half-quantum vortices (lvanov, 2001) =2

Y: " Lis Lo — T Y:  F;

e

€ moving HQV (with Majorana fermions) around each other
* moves one between degenerate gs = non-Abelian braiding

statistics - of interest for quantum computing
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Are HQV vortices stable?

 Vortex in only one spin component = circulating
supercurrents carry spin current -2 log divergent energy

= %(%)[pj[w E ;i‘;A)z + pg,(vsi

No screening

1 .
—tV Ay
+—(Vx 4)

» Look for HQV in mesoscopic samples to minimize this
energy cost

x* The HQV has a spin polarization because v,# vy [Vakaryuk &
Leggett, PRL 2009]. For S_=0 state, this polarization lies in the
plane.

irsa: 10100047 Page 35/43



Ultrasensitive Cantilever Magnetometry

10
& \
- 8r \
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- \ T.=143K
o a4k \\ (bulk value)
- N\
‘; 2- K&v—w
.
- ..,
04 06 08 10 12 14 16
Cantilever temperature (K)
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Evolution of the Fractional Fluxoid State

= = H,=0 - see jumps in

...L:’ E & Magnetization

% = corresponding to integer
> ~ 4 SC flux quanta
=

-12
H,#0 = magnetization

& jumps split into two %
jumps.

I
120804 00 04 08 1.2
Hg H,, (mT)
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2 b Budakian (UIUC) unpublished



S

Budakian unpublished

Pirsa: 10100047

FF stabilized by H, fron

coupling to spontaneous
polarization of FF state
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G=Eo(n—2%2)+Epp —jirr-H

FF stabilized by H, fron

coupling to spontaneous

Epr/Eo =026 { =
= polarization of FF state

Ap. =2 x 1077 JJT-

Ep =~ 32220 = 0.1 eV
0.72 0.76 080 0.84 Spontaneous FF polarization:
. Hg Hz (mT)
prr =~ 10* up
. . in agreement with prediction
3 mmooBMudaklan unpublished of Voharysk & Leggett ..




In conclusion

» Compelling evidence that Sr,RuQ, is a triplet SC and
several experiments see evidence of broken TR symmetry

» Absence of observable fields at surfaces due to
spontaneous supercurrents is puzzling - different pairing
symmetry or more to learn about chiral p-wave?

» Direct observation of topological nature is difficult due to
screening. Thermal conductivity? Hall viscosity?

Budakian’'s experiments suggest how
to stabilize HQV for other studies -
evidence of Majorana fermions would
be direct evidence of topological order.
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FF stabilized by H, fron

coupling to spontaneous
polarization of FF state

Hg Hz (mT)

Budakian unpublished
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Vortices in a superconductor

| Half-quantum vortices in triplet SC |

Both the spin and the orbital parts of W can :
wind around the vortex \" rom
phase
dy=Ap)|-eItt) +e L)) ] K
a=0/2and A > A"’ =>P=D, /2

 from rotation
““F*Vortex in only 1 spin component! of spin state """
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