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Introduction

London’s Eq. J.=—pA 0, IS the stiffness

S

V' x Ampere’s Law VxVxB=pyVxI=—upVxA=—-upB

Solution VB = %B —P 5 B(x)= Boe_% A is the penetration depth
1
pi=

< >

}'v X

One usually measures A by applying a magnetic field. \We want to measure p, directly.



The Stiffnessometer

Use infinitely long coil in the center of a superconducting ring
to generate A with B=0.

A creates J. B=0

J creates magnetic moment m.

We measure m by moving the ring inside a pickup loop.




60mm coil 2 layers, 9300 turns,
10um wire, 0.25mm outer diameter.
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Expected vs. measured Stiffnessometer signal

t(z)
We measure the flux through the pickup coil  ¢(z) = j gdt = 27R, AR, )

0

Expected Stiffnessometer signal Measured signal Difference signal

pical signal from a pol N O Nb
' 6LT=5K I=10mA

= High T (T>T)
— Low T (T<T)

ring

« AV, Is the signal from the coil. 4V, Is the addition due to the ring.

ing



Extracting the stiffness

The important quantity Is:

AVring G A'ing (RPL)

AVcoil ) A:oil (RPL)

Rp, 1s the radius of the pickup loop.
G~1 is the Gradiometer numerical constant.

So we need to calculate A;,,(A) and invert it.
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Estimating the stiffness (A=%) near Tc

Close to T, when p, is small, the A generated by the ring itself compared to A from the colil is negligible.

r is the ring radius.

Rlng ps ACOlIh 5r
h = height and or = width

m = rxr IRing
ol 7] m m = magnetic moment of the ring.
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La, Sr,CuO, (LSCO) Compound

Cuprates family
Max Tc ~ 38 K
One CuO: plane/unit cell :

Layered structure with “spacer layers”
which control the carrier concentration




* La,CuO, has 1 electron per unit cell

=> spin %4 .

 Antiferromagnet Mott insulator
e La**->Sr?*: La, Sr,CuQ, hole

doping
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Single crystal growth

* Travelling Solvent Floating Zone (TSFZ)




Temperature dependence — LSCO x=0.125
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Two transitions in LSCO x=0.125

1.0 -
i A-ring
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« Stiffness develops before current can flow in the ¢ direction.
* No current dependence below 2mA.



Intermediate conclusions

* \We present a new technigue to measure small stiffness, or large
A on the order of millimeters, without applying magnetic field.

* We find two superconducting phase transitions in LSCO 1/8.



Is our signal for real?

« Compare two Nb rings: one is closed and the other is disconnected (open).

No current, with field With current, no field
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* We use the open ring to determine the leakage of magnetic field, and use external coil to
cancel it.



Extracting the stiffness

1

Maxwell: VxVx Ao =—ud(r)  London: J(r)=-pA, =———5(Ag +Au,)
Combining the two equations, the built-in Coulomb gauge, and
H r,z A
A(r,2) = Ain )6’, rrA—rl/R, ,AIR, 0.02
At (Rp) 0.00}
we get the equation: 0021 \
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Numerical solution of the PDE

Isotropic case — cut at a fixed angle VxVxA= %(lfﬂAj, A=0.1mm
r

A, (r,z) ] Ay (RPL)
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Effective penetration depth for A-ring

Use the isotropic PDE solution for the anisotropic case and
extract an effective penetration depth A .
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Next we want to determine A..



Extracting A,

Maxwell: VxVx Ay == d(r) London: J(r) =—-p,A =—Ps (Acoil +Armg) with
A2 0 0
p=| 0 Ay O
0 0 47|

and using A_, = zB—aé . Maxwell dictatesV - [,53 (ACO” + Aling )] = Qonly inside the ring.
7Y

We chose V . Ay =0 outside the ring without justification and solve

VxVxA:ﬁigé+Aj
r
Jump conditions: Jf[ O, (Acoi. + Aling )]L =0, AA, =0

Boundary conditions A(r — ,2)=A(r,z - +0) =0



Numerical solution of the anisotropic PDE
J(X,y,z=0) }g}mﬁ

A. =145 umand Ay, = 13.9 um
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z (mm)

A, =145 pm and A, = 13.9 um
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Current flows mainly on the inner radius of the ring
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The problem
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When we have signal from the a-ring, the c-ring is in saturation.
To find A, we need to find A, at low T by some other technique.



Muon Spin Rotation (uSR)




Low Energy Muon Spin Rotation (LE-uSR)




Sample and stopping profile
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Raw data and analysis

Asymmetry
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Time (usec)

A(E,t) = Ae™ J'OOO p(E, X) cos(yBoe‘X”t)dx
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Extracting A

0
0

For a given A,, we run over all A, and calculate A.

Then, we convert AV,
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Combining results

* LE-uSR, sensitiveto A < 10um,
cannot detect two transitions.
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Combining results

* LE-uSR, sensitiveto A < 10um,
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cannot detect two transitions. 1079 °
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Combining results

* LE-uSR, sensitiveto A < 10um, —
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Combining results
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Combining results
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Combining results

LE-uSR, sensitiveto A < 10um, T
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Other indication for two transitions

* We cut LSCO needles with the symmetry axis perpendicular or parallel to the CuO, planes.

C-needle A-needle

* \We measure the magnetization of the needles with H parallel to the symmetry axis.



M/M,

Stiffness vs. magnetization LSCO x=0.12
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Magnetic response also develops before current can flow in the c direction.



New phase diagram
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The T, difference Is strongest at the 1/8 doping.
The 1/8 anomaly is absent from c-needles.
The 1/8 anomaly represents difficulty of current to flow in the c direction.
Resistance T, measurements agree with the low magnetization T..



Current dependence near T,
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« The voltage due to the ring increases linearly.

 The stiffness Is A independent up to some critical A (some critical current).



Critical Aat T —

Now we have to be more careful

VxVxA_ = %(ACO” + Aling +V(p)

ring

n .
Vo= L IS the phase of the order parameter.

Up to a critical A, n=0 since we cool first.
Once we cross the critical A, n changes so that

A, +n/r=constant/r.

At the critical current vortices cross the sample.
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0.6¢ 2.62(2)/1

0.2} IC:3.2mA

11



Conclusions

« Studying superconducting properties with the stiffnessometer leads to new results.

« Most intriguing result is two stiffness transition temperatures in the same sample.

Thank you!



Finite colil vector potential
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Sample roughness is tens of nanometers
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