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Search for Broken Time-reversal SymmetrySearch for Broken Time-reversal Symmetry
inin  Unconventional SuperconductorsUnconventional Superconductors
SrSr22RuORuO44 , YBCO , YBCO……  and more.and more.

Variety of samples:
     Yoshi Maeno (Kyoto University) - Sr2RuO4 single crystals
      D. Bonn and R. Liang (UBC) - YBCO single crystals
      Gertjan Koster & Wolter Siemons (Stanford) - YBCO & SrRuO3 films
      G. Deutscher’s group (TAU) - YBCO films
      K. Behnia (ESPCI) - URu2Si2 single crystals
      Y. Aoki (Tokyo Metropolitan University) - PrOs4Sb12 crystals
      Fangcheng Chou (MIT) - Na0.33CoO21.4H2O hydrated crystals
      Alik Palevski (TAU) - sperconductor/ferromagnet proximity structures

Aharon Kapitulnik
STANFORD UNIVERSITY

Students:  Jing Xia
         Elizabeth Schemm

Also: Marty Fejer (Stanford) - Sagnac design
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Outline:Outline:

1. Time reversal breaking effects in unconventional superconductors

2. Sr2RuO4

3. The measurement apparatus

4. Searching for Time-reversal symmetry breaking signals in Sr2RuO4

5. YBa2Cu3O6+x 

6. Inverse proximity effect in S/F structures

7.  URu2Si2, PrOs4Sb12, etc.

8. Conclusions



Symmetry of pairs of identical electronsSymmetry of pairs of identical electrons

In general we write for pairs of identical electrons:
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Unconventional superconductivityUnconventional superconductivity

Conventional superconductors Unconventional superconductors
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Momentum average is harmless 
For non magnetic impurities: 
Anderson Theorem
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A Hallmark of unconventional superconductors is their 
sensitivity to scattering, i.e. interference.



S  =   RO   x   RS  x   T   x   U(1)

Orbital
rotation

Spin
rotation

Time
reversal

Gauge

Symmetry breakingSymmetry breaking

In the normal state the symmetry of the wave function include:

Possible broken symmetries:

Orbital rotation Crystal structure
U(1) Superconductivity
Spin Rotation Magnetism
Time reversal Magnetism
Time reversal other?



Search for Broken Time Reversal SymmetrySearch for Broken Time Reversal Symmetry  
in Unconventional Superconductorsin Unconventional Superconductors

��  For High Tc Superconductors (YBCO, BSCCO, etc.):
       anyon superconductivity [Historically was first search]

       d       +idxy , d       +is, etc.*
       Staggered-flux state, D-density wave (Laughlin, Chakravarty, Lee, etc.)
       Loop-Current Order (does not break translation symmetry: C.Varma)

� p-wave Superconductors:
       Sr2RuO4

       UPt3, PrOs4Sb12, and other heavy fermions
       (TMTSF)2ClO4 and other organic superconductors

X2-y2X2-y2

� Ferromagnetic superconductors
       ErRh4B4, UGe2, …

* A significant feature of the mixed symmetry states is that they may 
produce spontaneous currents and magnetic moments which can be 
measured using appropriate experimental techniques.



Search for anyon superconductivity in 
High-Tc Superconductors

In 2-dimensions, possibilities for quantum statistics 
are not limited to fermions or bosons.
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� = 1 - bosons
� = � - fermions
� = other integer - anyons: Ground State Breaks Time reversal Symmetry

V. Kalmayer & R.B. Laughlin, Phys. Rev. Lett. 1987;  R.B. Laughlin, Phys. Rev. Lett. 1988.

anyon anyon superconductivitysuperconductivity

YBa2Cu3O7-�

Expected TRSB effects - very large



Search for Broken Time Reversal SymmetrySearch for Broken Time Reversal Symmetry  
in Unconventional Superconductorsin Unconventional Superconductors

��  For High Tc Superconductors (YBCO, BSCCO, etc.):
       anyon superconductivity [Historically was first search]

       d       +idxy , d       +is, etc.*
       Staggered-flux state, D-density wave (Laughlin, Chakravarty, Lee, etc.)
       Loop-Current Order (does not break translation symmetry: C.Varma)

� p-wave Superconductors:
       Sr2RuO4

       UPt3, PrOs4Sb12, and other heavy fermions
       (TMTSF)2ClO4 and other organic superconductors

X2-y2X2-y2

� Ferromagnetic superconductors
       ErRh4B4, UGe2, …

* A significant feature of the mixed symmetry states is that they may 
produce spontaneous currents and magnetic moments which can be 
measured using appropriate experimental techniques.



SrSr22RuORuO44

Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita,
J. G. Bednorz & F. Lichtenberg, Nature 372 (1994), 532.

Sr2RuO4 is a layered perovskite 
isostructural with La2-xBaxCuO4.

Quasi 2-dimensional
Strongly correlated Fermi liquid
TC = 1.5 K

TC (as discovered) ~ 0.93 K



The superconductivity of Sr2RuO4 condenses from a metallic 
state that is a strongly correlated two-dimensional Fermi liquid.
(Low temperature T2 of resistivity, quantum oscillations)

SrSr22RuORuO44 is a strongly correlated Fermi liquid: is a strongly correlated Fermi liquid:

Early measurements  indicated that Sr2RuO4 shows evidence 
of strong triplet(S=1) correlations in the normal state.
(e.g. similarity to ferromagnetic SrRuO3)

Fermi liquid parameters and S=1 bear strong 
quantitative similarity to those of 3He*.

* Rice and Sigrist, 1995



Early evidence for unconventional -Early evidence for unconventional -  
odd parity pairingodd parity pairing

Destruction of 
superconductivity 
by nonmagnetic 
impurities

Knight-shift does not 
Change below TC. 

[Makenzie et al., 1998]

[ Ishida et al., 1998]

[Duffey et al., 2000]

In-plane field

Sensitivity to scattering:

Spin triplet pairing



Odd parity

[Y. Liu al., 2004]

Results
consistent
with odd
parity!

+

FS -

+

FS -
+

FS
-

+

FS
-

K. D. Nelson, Z. Q. Mao, Y. Maeno,2 Y. Liu, Science, 306 (2004) 1151 - 1154.

� phase shift between opposite crystal faces in phase sensitive measurements



What is the actual symmetry of the orderWhat is the actual symmetry of the order
parameter of Srparameter of Sr22RuORuO44??

Given: 

1. Spin triplet pairing

2. 4-fold symmetry with in-plane (2D) pairing

3. Weak coupling superconductor (low Tc, tunneling)

4. Assume: weak Spin-orbit coupling 
(only effect is to pin the spin triplet to the plane)

Which state is realized ?

T.M. Rice and M. Sigrist, J. Phys. Cond. Mat. 7, L643 (1995).
G. Baskaran, Physica B 223&224, 490 (1996).



Suggested symmetry for the
order parameter of SrSr22RuORuO44::

Sz= 0

No nodes
Lz= +1, -1

This is a chiral state with orbital magnetic moment and degeneracy = 2

Time Reversal Symmetry is Broken!

T.M. Rice and M. Sigrist, J. Phys. Cond. Mat. 7, L643 (1995).
G. Baskaran, Physica B 223&224, 490 (1996).



Is this an example of orbital magnetism?Is this an example of orbital magnetism?

Can we measure a spontaneous magnetization?

M=?

However:
sample will always contain surfaces and defects at which the Meissner screening of
the TRS-breaking moment is not perfect, and a small magnetic signal may be
expected in some cases.

In general no spontaneous magnetic moment
due to compensating Meissner currents.

NO!  Because of Meissner Effect! � M=0



Muon Muon spin rotation as local measurement: spin rotation as local measurement: 

Observation of a spontaneous
extra relaxation of the 
spin-polarization function
below the superconducting 
transition temperature.

[Luke et al., 2000]]

Bintern

μ

Estimated local field: � 0.5 Oe

Muons disturb the 
local order

However: 

1. The effect was isotropic

2. Signal could come from other sources



P.G. Bjornsson, Y. Maeno, M.E. Huber, and K.A. Moler,
Phys. Rev. B 72, 012504 (2005).

Search for edge currentsSearch for edge currents

No edge currents were detected using scanning Hall probe 
and scanning SQUID



SSolution:

Magneto-Optical-likeMagneto-Optical-like Measurements! Measurements!

nR � nL

Bulk measurements are needed which do not dependBulk measurements are needed which do not depend  
on defects in the superconductor.on defects in the superconductor.



Faraday Effect:
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Start with a material magnetized in the      direction.
In the optical regime we cannot define a measurable susceptibility.

We set μ=1 and describe the behavior of the electromagnetic 
waves  in the matter by ��(�) only, or equivalently by 
�(�) = i��(�).

The general form of the conductivity for a cubic lattice:

[See a more thorough discussion in P.S. Pershan, J. of App. Phys., 38, 1482 (1967)]

Signature for time reversal-
symmetry breaking



Because of the axial symmetry, the index of refraction for 
right and left circularly polarized light is related to the 
complex optical conductivity by:

Where:

Using the formula for Faraday effectFaraday effect - �F:



Consider a Polar Kerr EffectPolar Kerr Effect at normal incidence

After reflection the complex amplitudes are different.  
The polarization is now elliptical with the major axis rotated by:

In the last equality we used a small phase difference and small difference of the n-s.

For small �:

�K



Magneto-optics and Time-Reversal SymmetryMagneto-optics and Time-Reversal Symmetry

�

Magnetic sample

�

Sample with depolarization
(i.e. linear birefringence)

Reverse the time !Reverse the time !

mirrormirror

Magnetic sample
Sample with depolarization
(i.e. linear birefringence)

��2�

TRS is broken

We can distinguish between magneto optic signal (Kerr and Faraday)
from depolarization effects if we measure the difference between a
light beam with its time reversal counter part beam.

mirrormirror



Faraday effect in different materialsFaraday effect in different materials

�F



KerrKerr effect of thick film Ferromagnetic SrRuOSrRuO33:

Note size of effect:
Saturation value is 
� 10 millirad !!!

�K

For some ferromagnets �K can be of order �rad!

Example:Example:

�
K
 [

μ
ra

d]

T [K] 



Considerations for the experiment:Considerations for the experiment:

1. We need to detect very small rotations
(early estimates for Sr2RuO4 gave �K~10-10 rad).

2. We need to reject aall reciprocal effects such as
linear birefringence and optical activity.

3. We need to measure an absolute value of the Kerr
effect, rather than a result of a modulated signal*.

A simple cross polarization method will not be enough!

* Note that for searching for TRSB no modulation is possible!



	

Solution:Solution:  The   The Sagnac Sagnac EffectEffect

A Sagnac Loop at rest
is reciprocal! Mirror

CW

CCW
Laser

Beam Splitter

Polarizer

Detector

Mirror

Mirror

�

�� =
2�

�

4A

c
� +
�



Michelson’s Paper
This experiment utilized a large rectangular array of 

pipes and mirrors, with the legs lying in the

direction of the earth's rotation having a length of 

2010 feet, and the legs lying along longitudinal

lines having a length of 1113 feet. A calibration loop 

had the same longitudinal length, but only a

very short length in the direction of the earth's 

rotation, so that the effect of the earth's motion in

the direction of the light traveling the 2010 foot 

legs could be compared to the effect in the

calibration loop in which light traveled only a 

negligible distance in this direction. By comparing

 the fringe displacement of the large loop to that 

of the calibration loop, the effect of the earth's motion

(through the aether) was to be discovered.



Fiber-optic implementationFiber-optic implementation
Example: Earth Rotation

(or, as we did, partially point it to 
have exactly 100 μrad)

�� =
2�LD

�c
�

[S. Spielman et al., 1990]

100 μrad

Perpendicular to 
rotation axis

Fiber-optic configuration



The The Sagnac Sagnac interferometerinterferometer

Free-space configuration

A beam of light is split and the two beams are made to follow a trajectory in opposite
directions. The phase difference between the two parts is measured by interferometry.

Fiber-optic configuration
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A phase modulator
actively biases the
interferometer to its
maximum response.

Detected intensity

TRS preserved: Bright fringe
No first harmonic

TRS broken: Away from bright fringe
First harmonic detected

Modulator



Use Use Sagnac Sagnac loop to measure magnetization:loop to measure magnetization:
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Detected intensity

Fiber optic realization of the basic 
Sagnac loop: 

To measure Faraday effect 
we use two quarter waveplates

To select one set of circular polarizations 

To measure Faraday effect 
we use two quarter waveplates

To select one set of circular polarizations 

M



Optimally doped YBa2Cu3O7-� Thin Films in Transmission:

Noise

~ 2 μrad/Hz1/2

Results: No effect to within 1 μrad

S. Spielman et al.Phys. Rev. Lett. 1990; Phys. Rev. Lett. 1992

No shot noise limit. Main problems: Drift, need for higher power (�1 mW)



	/4

The The loopless loopless interferometerinterferometer

	/44444444444444444444444

If we fold the system along
the dashed line, we measure
in reflection. If we use the
two axes of the fiber -
we do not need a loop.

Example: CW beam

	/4 Mirror



Loopless Sagnac Loopless Sagnac magnetometermagnetometer

(1) There is no optical-

viewport, allows lower

temperatures (0.3 K)

operation.

(2) It rejects

depolarization effects

such as linear

birefringence.

(3) Both DC and AC

performance are shot-

noise limited.

Jing Xia, Peter Beyersdorf, M. M. Fejer, and A. Kapitulnik, Appl. Phys. Lett. 89, 062508

	=1.55 μm



PPerformance: NoisePerformance: Noise

Shot-noise-limited

performance above 3μW

To achieve 10 nano-radian resolution, minimum averaging time will be:

100 seconds, with 10 μW optical power

50 seconds, with 20 μW optical power

)/(/3.0

2
6.0_

HzradP

P

f

ave

ave

noiseshot

μ



�

�
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�

h

Photon shot noise for 1.55
um wavelength and 80% detector
efficiency, Pave in μW:

Detector noise: Detector
noise found to be 0.5
pW/sqrt(Hz), this gives:

� det ector � 0.56
detectorNEP

Pave

� 0.28 /Pave (μrad / Hz )



PPerformance: Drift over TimePPerformance: Drift over Time

Typical Drift: 10-20 10-20 nradnrad over a day after careful alignment

Best resolution achieved at a fixed temperature: <10 10 nradnrad

Power @ detector :

0.7 �W

Lockin time constant:

1 second

Temperature:

100K to 150K

(warming)

Power @ detector :

8 �W

Lockin time constant:

10 second

Temperature:

room temperature

Average over

10 minutes

Average over

1 hour

30 nanorad

24 hours

30 nanorad

12 hours

10 nanorad



Kerr effect measurements of Kerr effect measurements of ferromagneticferromagnetic
Transition in Transition in SrRuOSrRuO33

Polar Kerr effect from a 30 nm SrRuO3 thin film. (a) Kerr
rotation in zero magnetic field with temperature down to
0.5 K. (b) Kerr rotations of the same sample measured in
different cool-downs in zero fields. (c) Kerr rotation in a
saturation field of 200 Oe.

Jing Xia, Peter Beyersdorf, M. M. Fejer, and A. Kapitulnik.   Appl. Phys. Lett. 89, 062508



Kerr effect measurements ofKerr effect measurements of  
SrSr22RuORuO44

Yoshi Maeno, Kyoto University

Jing Xia

Marty Fejer
Peter Beyersdorf

Samples:

JJing Xia, Yoshiteru Maeno, Peter Beyersdorf, M. M. Fejer, and A. Kapitulnik, Phys. Rev. Lett. 97,
167002 (2006)

3X3X0.3

mm crystal

Au wires



Zero field coolZero field cool

Sign of zero-field-cool data is random

Maximum Kerr rotation of zero-field-cool ~ 65 nanorad

Beam size = 20 μm
Incident power =0.7÷ 2 μW



cool in H=-47 Oe

Warm up in H=0

Train the Train the chiralitychirality

with magnetic field:with magnetic field:

cool in H=+97 Oe

Warm up in H=0

Last two points before 
field switched to zero.

Dashed lines are guide to the eye



Some theory: 

Start with the lagrangian:

where:

Calculate the off-diagonal part of the conductivity:

Victor Yakovenko, Phys. Rev. Lett. 98, 087003 (2007) 

Estimate:



More theory: 
Vladimir Mineev, Phys. Rev. B 76,  212501 (2007).

Using phenomenological two-fluid model we derive the Kerr rotation of the polarization
direction of reflected light from the surface of a superconductor in a state breaking time-
reversal symmetry. We argue that this effect found recently in superconducting state of
Sr2RuO4 by Xia et al (Phys.Rev.Lett. 97, 167002 (2006)) originates from the
spontaneous magnetization in this superconductor.

Estimate:

Vortex contributionChiral state

negligible



HOWEVER:

both Yakovenko and Mineev neglect the second term as being ineffective at high frequencies.

The correct derivation requires to find the equation of motion to the superconducting phase
and substitute it in the above equation for the current. When this is done correctly, and in
the absence of scattering, the second term IS the Meissner term and cancels the electric
field. The result is that

In the equation for the transverse current:

Comment #1:

The beam of light IS NOT a plane wave. It is of finite size with a gaussian
profile and thus includes electric field gradients. This leads to a finite effect,
of the same order as before that now depends on the size of the beam*:

* Lutchyn & Yakovenko, PRB 77, 144516 (2008); R. Roy and C. Kallin, PRB 77, 174513 (2008)

� Signal too small to measure!



Comment #2:

It has been shown that impurity scattering induces a finite Kerr effect in a
Chiral px±ipy superconductor.

Jun Goryo, arXiv:0806.0548v4 [cond-mat.supr-con] 

Goryo obtains �K ~ 60 nanorad using measured materials parameters!



However: However: 

Among other consequences of p±ip is the existence of 
edge currents and currents between domain walls.

No detected edge currents!



Comment #3:

It has been shown very recently that spin-orbit interaction in Sr2RuO4 is very
strong in parts of the Fermi surface.

Spin-orbit coupling induces a strong momentum dependence, normal to the RuO2
planes, for both orbital and spin character of the low-energy electronic states.

M.W. Haverkort, I. S. Elfimov, L. H. Tjeng, G. A. Sawatzky, and A. Damascelli, Phys. Rev.
Lett. 101, 026406 (2008);  Guo-Qiang Liu, V. N. Antonov, O. Jepsen, and O.K. Andersen,
Phys. Rev. Lett. 101, 026408 (2008).

The superconducting state
will be characterized by some
mixture of triplet and singlet
superconductivity.

While TRSB may still
exist with spin-orbit
scattering, edge currents
may be destroyed.



Phase sensitive measurements:Phase sensitive measurements:  
evidenceevidence for  for ppxx±±ipipyy

• Interference patterns consistent 
  with px±ipy

• Switching effects consistent with
  surface domains of order �0.5 μm

But,
These are surface domains!



Summary of observations:Summary of observations:
•  Maximum signal is ~65 ÷ 100 nanorad

•  Signal onsets at TC

•  Temperature dependence of signal can be fitted with a
   quadratic dependence on the gap.  [ �K � �2 � (�c��) ]

•  Chirality can be trained with a magnetic field.
A minimum field is needed.

•  Domain size is large, of order beam size >20 μm (or larger)
Zero-field cool statistics show some fluctuations

•  Signal cannot be explained by trapped flux
max. zero-field cool signal equals field cool

•  There is no Light-power dependence on the size of the
   signal (no heating effect).



Tc=1.85 K

Measure on 
Warming up
From 0.3 K

PrOs4Sb12

Cool down in -400 Oe
Then
Turn field 
to zero



T. Cichorek, A. C. Mota, F. Steglich, N. A. Frederick, W. M. Yuhasz, M. B. Maple, PRL 94, 107002 (2005) 

PrOs4Sb12



Kerr effect measurements ofKerr effect measurements of  
underdoped underdoped YBaYBa22CuCu33OO6+x6+x

D. Bonn and R. Liang (UBC) - YBCO single crystals
Gertjan Koster & Wolter Siemons (Stanford) - YBCO films
G. Deutscher’s group (TAU) - YBCO films

Jing Xia
Elizabeth Schemm

Marty Fejer
Steven Kivelson

Samples:



Two major classes of theories have been introduced inTwo major classes of theories have been introduced in
an attempt to describe the an attempt to describe the pseudogap pseudogap state:state:

1. T* represents a crossover into a state
with preformed pairs with a d-wave gap
symmetry.
(P. A. Lee, Physica C 317-318}, 194 (1999);

V. J. Emery and S. A. Kivelson, Nature 374, 434 (1995))

2. T* marks a true transition into a phase
with broken symmetry which ends at a
quantum critical point, typically inside
the superconducting dome.

(S. Chakravary et al., PRB 663, 094503 (2001);

C. M. Varma, Phys. Rev. B 55}, 14554 (1997))

(Schematic) Phase diagram of YBCO

[p]



Recent experiments to search forRecent experiments to search for
current loop order includecurrent loop order include

Muon spin relaxation 

J.E. Sonier, J.H. Brewer, R.F. Kiefl, R.I. Miller, G.D. Morris, 
C.E. Stronach, J.S. Gardner, S.R. Dunsiger, D.A. Bonn, 
W.N. Hardy, R. Liang, R.H. Heffner, Science 292, 1692 (2001).

Neutron scattering
C. Stock, W.J.L. Buyers, Z. Tun, R. Liang, D. Peets, D.
Bonn, W.N. Hardy, L. Taillefer, Phys. Rev. B 666, 024505
(2002)

B. Fauqué, Y. Sidi, V. Hinkov, S. Pailhes, C.T. Lin, X.
Chaud, P. Bourges, Phys. Rev. Lett. 996, 197001 (2006).

H.A. Mook, Y. Sidis, B. Fauqué, V. Balédent, P. Bourges,
arXiv:0802.3620 (2008).



More data is needed that is relevant toMore data is needed that is relevant to
magnetic properties of YBCOmagnetic properties of YBCO

Use of magneto-optical effects to probe these
properties has the advantages of

– Bulk measurement capability

– Ability to use highest quality (often tiny) samples

– Ability to probe both normal and superconducting states

In addition, polar Kerr effect measurements using
the loopless Sagnac interferometer provide

– High resolution of magnetic (or other TRSB) signals



Sagnac Sagnac measurements: samplesmeasurements: samples

Single crystals (UBC)
– Ortho-I,II,III,VIII
– Mechanically

detwinned
– Aligned for measurement

along the c-axis

c-axis thin films
(Conductus/Stanford)
– Underdoped through annealing

in reduced atmosphere

(D. Bonn, R. Liang, W. Hardy)

(G. Koster, W. Siemons) [p]

c - axis

a - axisb - axis Ba

Ba

Y

Cu

O



Anatomy of a data setAnatomy of a data set
Ex: Ex: YBaYBa22CuCu33OO6.676.67  ((ortho-VIIIortho-VIII), ), underdopedunderdoped
single crystalsingle crystal

Tc = 65 K

Magnetization data courtesy of D. Bonn
[p]



Anatomy of a data setAnatomy of a data set
Ex: Ex: YBaYBa22CuCu33OO6.676.67  ((ortho-VIIIortho-VIII), cooled in high field), cooled in high field

1. At high temperatures,
flat (zero) Kerr
rotation

2. Below Tc, a signal
dominated by trapped
vortices

3. In some intermediate
temperature range
Tc < T < Ts, a small but
nonzero Kerr signal

Ts

Tc

Response of
trapped vortices TS

We note three distinct 
régimes:

Ts

Tc



YBaYBa22CuCu33OO6.676.67 : Reduce the effect of trapped : Reduce the effect of trapped
vortices by cooling in a lower fieldvortices by cooling in a lower field

Now cool the
sample in a
smaller (60 Oe)
positive field and
warm up at zero
field

The vortex signal
below Tc is
weaker, but the
signal below Ts

remains

Tc

Ts

60 Oe

T

Bext



YBaYBa22CuCu33OO6.676.67 : Cooling in zero field eliminates : Cooling in zero field eliminates
the vortex effectthe vortex effect

Zero field:
< 3 mOe

No
contribution
from trapped
vortices

What remains
is now pure
signal

Tc

Ts

T

Bext



Repeat this exercise with other samples:Repeat this exercise with other samples:
YBaYBa22CuCu33OO6.56.5  ((ortho-IIortho-II))

Tc = 59 K

[p]



YBaYBa22CuCu33OO6.56.5 : The same general Kerr behavior : The same general Kerr behavior
appearsappears

Cool in high field (5 T), warm up in ZF:
• trapped vortex signal seen below Tc

• Kerr signal does not fall to zero until
some higher Ts

Cooling in zero field allows us
to isolate the (non-vortex)
signal below Ts

Tc

Ts

Ts

Tc

5 TBext

T

Bext

T



What happens near optimal doping?What happens near optimal doping?
YBaYBa22CuCu33OO6.926.92 ( (ortho-Iortho-I))

Tc = 91.7 K

[p]



YBaYBa22CuCu33OO6.926.92 : After cooling in high field, no : After cooling in high field, no
signal is seen above signal is seen above TTcc

5 TBext

T

Tc

No effect above Tc

Tc



YBaYBa22CuCu33OO6.926.92 : After cooling in ZF, the (pure) : After cooling in ZF, the (pure)
signal departs from zerosignal departs from zero  belowbelow  TTcc

Zero field:
< 3 mOe

Eliminating
the vortex
contribution is
now necessary
to see the
additional
TRSB signal

TcTs

T

Bext



Data from all crystals (zero-field cool, zero-field Data from all crystals (zero-field cool, zero-field warmupwarmup))

Tc

Tc

Tc

Tc

Ts Ts

Ts

Ts



Summary ofSummary of
crystal datacrystal data

Tc(p) and TN(p) are
experimentally
determined1 for the
UBC crystals

1 Ruixing Liang, D. A. Bonn and W. N. Hardy, Physica C 3336, 57 (2000)



ComparisonComparison
with with μμSR dataSR data
((Sonier Sonier et al.et al.))

Kerr effect (   )
μSR (   )

J. E. Sonier et al., Science 2292, 1692 (2001)

n.b.: μSR measurements
also performed on UBC
crystals



Comparison withComparison with
neutron dataneutron data1,21,2

Kerr effect (   )
μSR (   )
Elastic neutron
scattering (    1,    2)

1 B. Fauqué et al., PRL 996, 197001 (2006); 2 H. A. Mook et al., arXiv:0802.3620 (2008)



Kerr data on Kerr data on underdoped c-axis underdoped c-axis thin films:thin films:
A check on origins of the effectA check on origins of the effect

Tc

Ts

Tc

Ts

� YBa2Cu3O6.65
     • Tc (onset) = 60 K
     • Ts � 160 K
     • cooled in 200 Oe, ZF

warmup

� YBa2Cu3O6.75
     • Tc (onset) = 72 K
     • Ts � 140 K
     • cooled in 60 Oe, ZF

warmup
200 OeBext

T

60 OeBext

T



New Result (although only one film):New Result (although only one film):
Measurement along (110)Measurement along (110)
��YBaYBa22CuCu33OO6.656.65 Bext

T

- 300 Oe

Tc Ts



Kerr effectKerr effect
data revisited:data revisited:
thin filmsthin films
includedincluded

Single crystal (   )
Thin film (     )



Summary: current observations for YBCOSummary: current observations for YBCO

     1.  A (very small) time reversal
symmetry-breaking signal
appears below a temperature  Ts

>> Tc for all underdoped YBCO
samples measured.

     2.  A (very small) time reversal
symmetry breaking signal appears
below a temperature Ts < Tc for
near optimally doped samples.

     3. There is an unusual hysteretic
memory effect in the magnetic
response (training effects)



Example of anomalous
magnetic behavior:
YBa2Cu3O6.67 underdoped
single crystal (ortho-VIII)

• First cool in a - 60 Oe field and
warm up in zero field:

• Now cool the same sample in
a + 60 Oe field and warm up in
zero field:

The signal does not change
sign, but is 10x smaller in
magnitude



YBaYBa22CuCu33OO6.676.67 : Applying a large field at room : Applying a large field at room
temperature suffices to train the effecttemperature suffices to train the effect

After applying +4T at RT After applying -4T at RT

Bext

T

- 60 Oe

Bext

T

- 60 Oe

Bext

T

+ 60 Oe

Bext

T

+ 60 Oe



YBaYBa22CuCu33OO6.676.67 : Finding the coercive field : Finding the coercive field
at room temperatureat room temperature

• First cool the
sample in a -60 Oe
field and warm up in
zero field

• Then cool in a +3
T field and warm up
in zero field

• Full reversal of
signal is now
achieved

TcTr
ap

pe
d 

vo
rt

ex
 r

es
po

ns
e

Ts

•  ––qK , ZF warm up after -60G
cool

•  qK , ZF warm up after +3T cool

•  ––�K , ZF warm up after -60G cool

•  �K , ZF warm up after +3T cool

Tc

Ts



A possible explanation of the magneticA possible explanation of the magnetic
response:response:

• Similar results have been
obtained for the other
underdoped crystals (x =
0.5, 0.67, 0.75)

• Magnetic ordering sets in
at some TM above room
temperature.

• At Ts the magnetic order
acquires some
measurable component.

TM > room temperature

[p]



Why are we observing vortices?Why are we observing vortices?
Cooling at ± 60 Oe

Bext

T

- 60 Oe

Bext

T

- 60 Oe

Bext

T

+ 60 Oe

Bext

T

+ 60 Oe

We do not see vortices in other systems after cooling in such low field



Possible explanation:Possible explanation:

There is a magnetic phase in the YBCO crystals at all
temperatures we measure.

At Ts, there is another electronic transition that alters the
magnetic phase and thus produce a small ferromagnetic
moment for us.

The field of the vortices below Tc act on that magnetic
phase to produce the vortex response.

This is in agreement with measurements on optimally
doped and overdoped YBCO Crystals which see a very
weak structural phase transition near Ts.



Science 319, 597 (2008)



SummarySummary
• We see evidence of time reversal

symmetry breaking in underdoped YBCO,
which
– onsets at high temperatures in the

far-underdoped regime
– onsets below Tc near optimal doping

• The signal is very small, suggesting that
we are observing a secondary effect.

• The sharp onset of Kerr signal at Ts
suggests that a phase transition occurs;
however, the ordered state is unclear.

• The Kerr signal also displays an unusual
hysteretic memory effect, whose origins
are still an open question.



Preliminary Results on some interestingPreliminary Results on some interesting
Systems:Systems:

The power of the The power of the SagnacSagnac
Magnetometer!!!Magnetometer!!!



First direct observation ofFirst direct observation of
InverseInverse Proximity Effect in Proximity Effect in
Superconductor/Ferromagnet  Superconductor/Ferromagnet  structuresstructures

Jing Xia

Samples:
Alexander Palevski
M. Karpovski 
V. Shelukhin

 (Tel-Aviv University)

Aharon Kapitulnik
SSTANFORD UNIVERSITY



Proximity Effect atProximity Effect at
Superconductor/Normal-metal InterfaceSuperconductor/Normal-metal Interface

S N

Order parameter - � Order parameter - none

Characteristic energy - � Characteristic energy - �F, kBT

Size of Cooper pairs: Proximity length:

x

�(x)

S N



Proximity Effect atProximity Effect at
Superconductor/Ferromagnet  Superconductor/Ferromagnet  InterfaceInterface

S F

Order parameter - � Order parameter - M

Characteristic energy - � Characteristic energy - J

e

?



S F
e

In the ferromagnet, J will tend to break the pairs and align the spins

The result is an oscillating and exponentially decaying
superconducting order parameter that penetrates into F layer.

S F

x

�(x)

�



Inverse Proximity Effect:Inverse Proximity Effect:

How does the ferromagnet order parameter
penetrates into the superconductor?

WWhat is the magnetization in the superconductor?

Prediction by Bergeret, Volkov, and Efetov (Phys. Rev. B 69, 174504 (2004):

S F

The result is net magnetization in the superconductor
but with opposite sign to that in the ferromagnet



Predicted behavior of the magnetization:Predicted behavior of the magnetization:

M(x)

x

Bergeret, Volkov, and Efetov, Phys. Rev. B 69, 174504 (2004)



Temperature dependence of the magnetization:Temperature dependence of the magnetization:

Reduced moment in -F

Induced moment in -S

S F



How can we measure the
magnetization in the
superconductor?



Ferromagnet/Superconductor Proximity Effect

Very thin ferromagnet
Tcurie>270 K

Substrate

Measure from Ferromagnet side

Measure from superconductor side

Optical penetration
depth in
superconductor < dS Superconductor



Pb/Ni Pb/Ni ProximityProximity  bilayerbilayer
�s� 83 nm, Large spin orbit interaction

S

F
Ni layer hysteresis loop at 8 K



Measurement from Ni side (similar sample)Measurement from Ni side (similar sample)



Measurement from Measurement from Pb Pb sideside

Cool in ++1T down to 10 K,
continue in zero field to 1.5 K,
then measure at zero-field
warmup.

Resistive Transition



Al/(Co/Pd Al/(Co/Pd superlatticesuperlattice) Proximity ) Proximity bilayerbilayer
�s> 150 nm, Weak spin orbit interaction

Resistive Transition

Cool in +1T down to 10 K,
continue in zero field to
0.29 K, then measure at
zero-field warmup.



Temperature dependenceTemperature dependence

?

Tc



Tc

Some analysis:Some analysis:

�
Important factors:

1. We measure �100 Å into the 500 Å layer
2. The coherence length is � 3 times the thickness
3. J/Tc�350/0.6�600

*Bergeret, Volkov, and Efetov, Phys. Rev. B 69, 174504 (2004)

Points 2 + 3 + calculation by Bergeret et al.* gives indeed: 

We find:



More to come on More to come on Superconductor/Ferromagnet Superconductor/Ferromagnet ProximityProximity



Sr2RuO4

SrRuO3

YBa2Cu3O7-�

URu2Si2

PrOs4Sb12

Sagnac Magnetometer

Sup/Ferro proximity


