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> - A as a Measure of the Superfluid

me” 1 e
n = —— ) = -
o dme” A° P,

Only a few techniques can measure the absolute value, )\ : most average over the
sample or the sample surface
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I A as a Measure of the Superfluid

D -

The temperature dependence, A)\(T) usually is determined by the gap structure

Two-full-gap superconductivity

0.3

AA [um]

two full gaps
(A=0.4A,)

MgB,
Fletcher et al,

PRL 95, 097005 (2005)
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Nodal superconductivity
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> - A as a Measure of the Superfluid

A)\(T) is also sensitive to

* scattering

e.g., Hirschfeld, Putikka, and Scalapino in YBCO ™ ‘[~.”

0o

—
'rllfJ) s
08

 phase fluctuations
Carlson et al, 1999

06

04

03

* loss of carriers to competing order parameters

_—l}_] ¢
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Pnictide penetration depth theory

(not comprehensive)

Different materials have different gap symmetry
-- hypothesis:

Nodal and nodeless states are nearly degenerate; pnictogen height is a

possible switch (Kuroki et al, PRB 79, 224511 (2009))

Impurity scattering can alter the intrinsic behavior
a) intrinsic nodal:
impurity scattering lifts the nodes

Mishra et al, PRB 79, 094512 (2009)

2.5
N

b) intrinsic nodeless s+- :
interband scattering gives power law pg
Vorontsov et al, PRB 79, 140507(R)
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> - Questions in the Pnictides

 What is the order parameter?

Neutron scattering and STM gpi indicate that it's s+- in at least
some materials, but are there important further details or
significant variation across materials?

« Are phase fluctuations important for the low-temperature
behavior?

Probably not

 How does the neighboring magnetic phase impact the
superconductivity?

* Is inhomogeneity or sample variability prevalent? If yes,
why?



Local measurements of the penetration depth
In iron pnictide superconductors
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< Local Diamagnetism as a Measure of A

Magnetic force microscopy Scanning SQUID susceptometry
tip
_ é SQUID
l}‘ab z surface : ' surface
- - == == = = = = k“bI mirror plane

mirror plane
2(z+Ag(T)) 2 (z+Map)

| A
mirrored y % Image Field Coil
tip |

* local measurement: observe local variations / check sample homogeneity “at
no additional cost”

« avoid artifacts from edges and topography

« avoid mixing of A, and A, (if the sample surface is parallel to the crystal axes)

* time consuming

Want to see more details of technique and calibration data on known samples? Please ask.



Examples of fairly homogeneous samples



scan height

|
Indications of A uniformity:
1) Force gradient does not vary with
laterial position
2) Vortices look the same everywhere

63 nm

- )

0 50 100 150 200 250




%58 Susceptibility scans of LaFePO

I local T varies by ~0.4 K across the sample.

Scan just above the sample, and measure the field coil -- pick-up coil mutual inductance

To get local T.: pixel-by-pixel, extract h(T), convert to superfluid density, and extrapolate to zero.
field coil--pick-up coil

T= mutual inductance
050k =] S0mMm | T=500K T=525K T=575K
0.7
0.7
0.80
. 0.8 _
08 0.85
0.9 0.9 0.90
M M M
-
— (Dy/mA) (Dy/mA) — (Dy/mA)
T=6.00K T=6.25K T=6.50K
6.3
{0.80 :
o s
6.1
1 0.85 .
' / 6.0
315 ' _ 5.9
’ . . local T
' 20um (K)
M o I
(@y/mA) ad .
(Do/mA) (®/mA) | (~0.1 K systematic error on T)




Examples of “less homogeneous” and
“Inhomogeneous” samples



CPExamples of “not perfectly homogeneous” samples

=5.1K,B =038G T=65KB 068G T=86K3B =098G
< max L max

@

T=115KB =139G T=131.KB =160G TE=14.0K,B'mK=1,32G

_:-—

0 B, (Gauss) B ax 10pm

mag SuscC

Z: \EGON\DATA\2009 01 08 cooldown@can14 mat ZAEGON\DATAW2009.01.08.cooldown\scan25 mat
10 10

'
—
o

T

0.2 o,

0.1



@Examples of “not perfectly homogeneous” samples

80

~1
(=]
T

=)
>

wn
>
T

AA(NM)

BaFe,(As 77P 23);

span: 0.3 CIDOImA




< -  Local Measurements of Penetration Depth in Pnictides

Experiments

1. AMT) of LaFePO (scanning SQUID)

2. Superfluid density on twin boundaries in Ba(Fe,_,Co,),As,
3. AMT) and A, of Ba(Fe,_,Co,),As, (scanning SQUID & MFM)



Scanning SQUID Microscopy of
Single-Crystal LaFePO
(Tc =6 K)

Cliff Hicks



b AMT) of LaFePO:
‘ linear, with a slope of 143+15 A/K

1. measurement points:

1000 . , —
6.3 ) 7.0 a s AIK:
6.2 5 S8 | 146
5 = 800~ LaFePO ‘ S
. 6.0 sample #1, ‘ .’ hrf o ¢ | 139
o point 1 ! e
59 55 o 6001 point 2 \
local T, local T,
® (K) 3 :
400t :
2. dA/dT over 0.7<T<1.6 K: ; ‘ ;
sample #1: 1. 146 200 b7 - - IR R
2.139 . ' :
3. 136 i sample #2
O 'l 1 'l
4. 150 0 : 5 3 4
sample #2: 1. 142 A/K TK)
b '
08 ' LaFePO
E ¢ | M0=6000
3. nodes are well-formed. -~ 4500
S 4|  3000R
N e
(.) not 0.2 | YBa,Cu304 49
MO)=12 ,(0)A,(0) =910+80 A
NS, 8 . ; ; . .
0 0.2 0.4 0.6 0.8 1

i i T
4. Ps MS€S sharply just below TC' (YBCO data: Bonn and Hardy, in Handbook of High- Temperature

Superconductivity, and Pereg-Barnea et al, PRB 69 (2004) 184513.)



S AMT) of LaFePO:

A 0)/A(N

08 T LaFePO

A(0)=6000
4500
3000 A

06 |

04t

}.(O): V}»a(O)}ub(O) :91 0i80 A

0 0.2 0.4 0.6 0.8 1
T/T-

0

low-temperature AAL(T) ~ T,
p, rises sharply just below T..

linear, with a slope of 143+15 A/K

Note: Carrington group also
sees AAT) ~ T in LaFePO,
(published before us) but with
a slope that varies between
samples, and a different
overall temperature
dependence.

[M0)/A(T)]?




Enhanced superfluid density on twin
boundaries of Ba(Fe,_,Co,),As,

Beena Kalisky
John Kirtley



Ba(Fe,_Co,),As,

< - Enhanced superfluid density on twin boundaries

L o : "8 8 8 B B o g ' ]
226 ©6s o &9 3
| o UD1 Method © eaeeaeebe@e%jhj@ a |
5 UD1, Method 2 e
_ 0 UD3, Method 1 g; 1
o UD3, Method 2 )
. : . mvae—-
uD1 00
o UD3 location 1 o T1 c
- ¢ UD3 location 2 Tl .
%e AN
00 %0 o ggoooooore' ! *JUj
\ . A 2 S o

3 04 05 06 07 08 08 1 11

. T/T
enhancement is C

comparable to the bulk diamagnetism at 17 K
about 2% of the bulk diamagnetism at 5K




Ba(Fe,, Co,),As,

< - Enhanced superfluid density on twin boundaries

, Checks:
,d o ¢ © 1) Spacing is similar to that of twin
] Y boundaries observed by polarized light
,W ‘ g Tol ol , microscopy in similar samp_les. |
~ Tetragonal cell ) Stripes do not change configuration on

thermal cycling above Tc, but they do
change configuration on thermal cycling
above Tstructural.
3) Existence of twins in UD single crystals
¢ confirmed by x-ray of single crystals from
Orthorhombic distortion the same batches.
i 4) Stripes exist only in underdoped samples
(study of 5 UD, 10PD, 2 OD)

BaFe,As,
Unit cell

Speculations on mechanism
-Competing order parameter,

e.g. suppression of SDW ?
-Frustrated magnetism ?
-Strain ?

Twinning boundary

L

Existence of twin boundaries previously demonstrated by Tanatar et al. by polarized light microscopy and x-ray



Ay and A(T) across the dome in
Ba(Fe,_,Co,),As,

Lan Luan



dCﬁotivation for Local Measurements in Ba(Fe,_,Co,),As,

Early literature showed different results from different groups on similar samples

For underdoped samples, 4, is greatly decreased (superfluid density is greatly
enhanced) on twin boundaries

Across the dome, vortex pinning landscape is not homogenous

—=S

“ . - . n
- 3

0 W W,

"
[




p(T)= 171 (T)? (1/um?)

il

Systematic evolution of py(T)

< 4.5%

°  4.9%M|{

¢ 51%

5 7%
8.5% H
11%

50

40

20

Mab(nm

10

T(K)

140 1
120+
100+

80+

40-

20+

0.00

0.05




O - Full single gap behavior at optimal doping

< 4.5%
4.9%M ||
5.1%
7%

8.5%
11%

* Tc

6 8 10
Co doping x (%)



<5 Two different gaps, or a power law,

D e : .
away from optimal doping
x 4.5% .
| donmy Two-full-gap fit with small second gap to
o 7% account for finite AL
v 85% H 4
11%
= X
° _
% xm 2 e ¢ ° ]
~ [
2 W3 - . .
0 r r r r r
40} 2 4 6 8 10 12
- Co doping x (%)
E:%ZO
3




d©58 Two different gaps, or a power law,
away from optimal doping

5% _ n
< | power-law fit Aﬂ, = AT
= ° 51%
E - away from optimal doping
E v 85% | . _ - . . ;
< 11% E 04 Py &
2 : 0.2
<7 o
0 &
3F
°
c 25 - o [
- J
ol . e L . E :
2 4 6 8 10 12
Co doping x (%)

pair breaking scattering



D -

= p,(T) rises sharply below T, for underdoped and optimal doped

4.5%

-
()]

5.1%
7%

(M2 (1/um?)

-
o

(¢,

p (=10,

4.9%M| faster rise than weakly coupled BCS

7T T
8.5% | A(T)=A,(0)tanh| —<— a5 —1
11% A,0) T

parameter a characterizes the rise,
a=1 for weakly coupled BCS
TK)

a=1.7 for UD and OptD

0.8¢

~00.61

(M

©0.4

0.2

faster rise than
MgB, and OD
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C‘DSBtrong reduction of p,(0) on underdoped side

p(T)= 17 (T)? (1/um?)

4.5%

0 2 4 6

ps(0) 1s reduced on either side of optimal doping
much more pronounced drop on underdoped side

ﬂ

500 1

7 15(0) (nm)

400 |

Y ‘
0 T (bulk)
N ¢ T (local)
o TAFM
A v TSVU
2 "
6 8 10 12

Co concentration (x%)




Homogeneity checks

X # by #by | resolve | sample pos
MFM | SSS | vortices | uniform | uniform

4.5%(UD) 1 0 x N/A N/A
4.9%(UD) 1 1 v X v
5.1%(UD) 1 2 v v v
7% (OptD) 1 1 v v v
8.5%(0OD) 1 0 v N/A v
11%(0OD) 1 1 v x x

x=11%




Interpretation: features that evolve with doping

140
1204 —+—T)
100+ o 7TB
< 80 " L
= ]
60 ~
. 40 1
the structure of the gap in k& space .
. 204 A
i S
scattering process | . 1 sC .
magnetic scattering 0.00 0.05 0.10 0.15 0.20

X

impurity scattering
strength of magnetic order and magnetic fluctuations
inhomogeneity

Interplay between magnetism and superconductivity

31
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Interpretation: strong reduction of p(0) on UD:

> . . :
magnetic phase taking charge carriers
<o " | 15T N -
— 400 B . . ; \:‘_ 100_\\\ Tl!
= 0 - 10 — 2 80 3 T,
E ® NVO ) \
—~300( = . ® s S aisow |
a 0 1 e
200- ) : . ) . 0 o %.00 /{:;SC 0.10 iL0.‘15 " o0
2 4 6 8 10 12
Co doping x (%)

coexisting magnetic order removing a large number of charge carriers

that might otherwise enter the SC phase

consistent with
magnetic transitions leads to Fermi surface

UD: p,(0) decreases faster than T,
SC not limited by phase fluctuation but

by competing phase
® UD

R 150 = OptD
3
— 10 o
g
Iy [ ]

5r o

0 1 1 1

0 5 10 15 20

25

reconstruction

ARPES (Liu et al, Nat. Phys. 6,419 (2010))
Quantum oscillations: Analytis et al., PRB 80,

064507 (2009).

32



- Interpretation: Sharp rise of p(T) near T_:
| magnetic fluctuation mediated pairing

T T T T T
L EOET g -~ 3 N — A —
N TGRS 120 T“
~- 100-] o T,
0.8f s 1 ' P T
. N, 80-] \ .

T(K)

S o 51% ~ © \
:QwO.G’ 0 79 \\, . ZZ SDW - ]
Ew()-47 110/0 \/~I\' %OO j/:;sc 0?1\:\;;}0‘15; 0.20
= YBCO S I
0.2f |'~'~ MgB2
——BCS
0 1 1 |
0 0.2 0.4 0.6

UD and OptD: in vicinity of AFM order
onset of SC and suppression of AFM going on simultaneously

Forming of SC pushes the low-freq fluctuation to higher spectrum, favoring of SC
Monthoux and Scalapino, PRB50, 10339 (1994)

OD:
not so many low-freq fluctuations since away from magnetic order

33



d@bB Interpretation: weakened full gap behavior away from OptD:
I magnetic scattering and magnetic mediated pairing

]
> x
& 2r ¢ * e °
3 n
[ n ]
0t :
3F -. _
. ° B—> -04 E
c 25 ° ° 0.2 \g/
<@ <
2 E L L | L I3 L 0
2 4 6 8 10 12
Co doping x (%)

* pair-breaking scatterings

consistent with heat transport (Reid et al, PRB 82, 064501) anisotropic gap

UD OD

* FS reconstruction may lead to gap deep minima  far away from AFM order=> reduce pairing
* stronger AFM order=> more low-freq magnetic  strength=> modulation of the gap
fluctuation=> more pair-breaking scattering

34
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> Summary on Ba(Fe,_,Co,),As,

systematic change with doping of

ps(T)

* fast reduction of p,(0) for
underdoping

* sharp rise of py(T) near Tc for
underdoped and optimally
doped

* increasing AA magnitude away
from optimally doped

Strong relation between
superconductivity and magnetism

E

=
3

>

4.5%




d@':: Speculation

Is there intrinsic nanoscale spatial variation in these materials due to the stoichiometry?
If yes, how would the measured penetration depth reflect that?

Silly toy model en route to a better one:

Parameters inspired by Ba(Fe,_,Co,),As
-model the dome INSpl y Ba(Fe;_,Co,),As;

0.12 le3 sz.nnples
nominal f
20F o1k
< | AL averaged over the
< | stoichiometry landscap
~
o (é 0.06
| Xl .... 0.04}f Uniform
-give each unit cell 0, 1, or 2 Cobalts with BCS AA
Poisson statistics 0.02}
saverage a coherence volume to get the
“local doping” 0 , : ;
-assign a penetration depth based on the L L
Tc associate with the local doping T(K)

~average the penetration depths (or ny)

Useful conversations with Jim Sethna, Steve Kivelson, Catherine Kallin, Lan Luan
Calculations by Tom Lippman



< -  Local Measurements of Penetration Depth in Pnictides

Experimental Results
1. Superfluid density on twin boundaries in Ba(Fe,_,Co,),As,
e strongly enhanced
* repels vortices
2. AMT) of LaFePO (scanning SQUID)
« AMT)~T at low temperature
* p, rises steeply below Tc
3. AMT) and A, of Ba(Fe,_,Co,),As,across the dome
» fast reduction of ps(0) for underdoping
» sharp rise of ps(T) near Tc for overdoped and optimally doped
* increasing AN magnitude away from optimally doped

Question: How does the existence of an intrinsic stoichiometry
landscape on coherence length scales in at least most underdoped
samples influence the theory?



Extra Slides



< Local Diamagnetism as a Measure of A

Magnetic force microscopy Scanning SQUID susceptometry

pickup loop

field coill —

Cantilever frequency shift Mutual inductance between field
coil and pick-up loo
af=—r L 1 oF PIEE-HR To0P
"2k az

Related to gradient of force on tip

F=[ V(¥ Hr
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Local Diamagnetism as a Measure of A

Scanning SQUID susceptometry

Lan Luan Tom Lippman
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D - Measurement accuracy of AL : £7 %

I

Test: penetration depth of Pb

300 + 1000 &
%
i
! .bb
Dominant source of error: imperfect 500 ®
G ) — 200 | 4
calibration of the z-piezo o *
S 0 o’
thermal gradients between sample and g% 1 2 3 oy
sensor: less than 20 A effect on h over = 100 4,-1/2 i
S (1-(T/TY)") "
1K< Teample <8 K. _ .‘.“" |
. .... . ..0“..“.
Of -saslariiamiaet? =
0 1 7] 3 4 5

sample temperature (K)

Filled: our data.
Open: Gasparovic and McLean, PRB 2 (1970) 2519



S Measure local A, by MFM

Ba(Feq 95C0 05),AS,

tip-SC interaction can be approximated by tip interacting with its
mirrored 1mage separated by 2(z+A, (T)) for z>>A, (T)

SEM image of the tip

hO h02

+ + +C
0z (z+A,) (z+A,)° 2(z+ ),ab)3)

A (T=5K) =325+50 nm

Model the tip:
truncated cone
400 ° data
b = | ~fit
T _____ 5990 OF 1
=
- A
2(2+),,(T) c (
=200}
‘mirrored i 12
tip 100}
Ot .
0 1

2
distance from the surface z(! m)

3 4
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= 'Measurements with different tips give same A

Ba(Feq ¢5C0g 05),AS,

before an accidental crash after the crash

SEM image of the tip

Systematic errors dominate: mostly from uncertainty in the tip geometry
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= Calibrating A, measurement
Sample: YBa,Cu,04,, single crystal Ortho-ll, x=0.56, Tc=58K

previous measurements:

- data | | Our measurements
s i
,§150- extrapolate to A(0)=180 nm
3 A(6K)=1 25 - - -
2500 (6K)=190(20) nm
N 20
50! ;%15
<
10}
of | | | . : . .
0 1 2 3 4 4 6 8 10 12 T(K)

distance from the surface z(um)
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Penetration Depth in Single Crystal Pnictides

Sample

(single crystal) | 1 full | 2 full T: - method group reference
gap gaps | nodal
SmFeAsO, ¢F, , P ¢ (4 ® - | RF oscillator | Bristol PRB 79, 140501
111 PrFeAsO, % v ~ | microwave | Kyoto | PRL 102,017002
LaFeAsO, F, :
i ? RF oscillat A
NdFeAsO, oF, | P ¢ b ¢ (4 oscillator mes PRL 102, 247002
LaFePO P 4 P ¢ (4 8 | RF oscillator | Bristol PRL 102, 147001
P-based .
scanning
LaFePO > 4 > ¢ v ® SQUID Stanford | PRL 103, 127003
BaFe,(As,_P,), x x v ® | microwave Kyoto arXiv 0907.4399
(Ba,_, K )Fe,As, P v ® - microwave Kyoto PRL 102, 207001
122 (Ba,_, K )Fe,As, b ? ® ¢/ | RF oscillator | Ames PRB 80, 020501
: PRL 102, 127004
Ba(Fe, Co,),As, x ? x v | RF oscillator | Ames PRB 79, 100506
MFM &
Ba(Fe,_ Co,),As, x v x x SQUID Stanford PRB 81, 100501
®: ruled out v': preferred explanation by authors




Sample 1full | A’ (TA%(0) Ay,
(single crystal) gap 2 tulgaps | Trodal | 12 method group reference
11 FFeé:fy((T?éfXSsix)) x dirty x v | RFoscillator Ames | PRB 81, 180503(R)
SmFeAsQ, gF; , x x - RF oscillator Bristol PRB 79, 140501
1111 PrFeAsO, x x - microwave Kyoto PRL 102, 017002
hf‘j';iﬁzgzgg';z: x ? x v | RFoscillator | Ames PRL 102, 247002
LaFePO x x v x RF oscillator Bristol PRL 102, 147001
P-based
LaFePO 3 x v 3 SQUID Stanford PRL 103, 127003
BaFe,(As_,P,), x x v x microwave Kyoto PRB 81,220501(R)
KFe,As, x x 4 x microwave Kyoto PRB 82, 014526
(Ba,_, K )Fe,As, x 4 x - microwave Kyoto PRL 102, 207001
122 (Ba,_, K\ )Fe,As, 3 ? x v RF oscillator Ames PRB 80, 020501(R)
Ba(Fe,,Co,),As, x ? x 4 RF oscillator Ames ?2;705 ’ 11020750851'
Ba(Fe,Ni,),As, x ? x v RF oscillator Ames PRB 82, 060518(R)
Ba(Fe,,Co,),As, x 4 x ? MFM & SQUID | Stanford PRB 81,100501(R)
®: ruled out ? > not ruled out

v': preferred explanation by authors

- 1 no comment




< - Literature on pnictides penetration depth measurements

Different measurement techniques/groups/samples yield different results
(Ba,_, K )Fe,As,

Kyoto group Tc=30K Ames group
\"/LO L. ' 1.00f
ool Aq5(0)=600 ~nl
0.8 '
S
206 =
"ﬁ to Agb(0)=180 nm
S <
~_ 04 5
< & '
' < 0.3t
0 ' ‘
0 10 20 30 0%t @)
T'(K) . .
0.0l 0.0.0 . B 0.07 ) ) ) ) . : _
0.0 0.2 0.4 0.6 08 1.0
TIT,
hypotheses:

sintrinsic or extrinsic inhomogeneity and/or sample variability
*A,, @nd A, mixing
sunknown A, limits AN measurements



Ba(Fe,, Co,),As,

< - Enhanced superfluid density on twin boundaries

T(K)

Stripes observed in under-doped, but not in over or optimally-doped

Te Tspw Ts Tool | observed
18.25:0.25K | 36.847K | 55¢5K | SSM | Stripes
- T - T 12.75:t0.5K | 57.3+4K | 69.5:2K | SSM | Stripes
140 Stripes or  Stripes not 18.25:0.25K | 36.867K | 55:5K | SSM | Stripes
1 twins observed 12.25¢1K | 57.3+4K | 69.5:2K | SSM | Stripes
120 - \_observed 19.9+0.1K | - - SSM
100 ] 202:0.1K |- - SSM
__ 22.8:0.1K |- - SSM
80 - T SDV\;\ % - 134+0.5 |134£05 | XRD | Twin boundaries
| 18.7K0.25K | 36.847K | 55¢5K | XRD | Twin boundaries
60 - \ - 92.24¢0.7 | 98.5¢#1 | XRD | Twin boundaries
i 134£0.5 | 134+0.5 | POL | Twin boundaries
40 - - 92.2+0.7 | 98.5%1 POL | Twin boundaries
- 46K3.2K |77.3t2 {|86.7t2 | POL | Twin boundaries
20 - =
@01 2 1
A 1 A A A e e -
0\90 0.05 0.10 0.15 0.20  Susceptibility measured in situ

susceptibility using Quantum Design 5T MPMS

determined by the temperature derivatives of resistivity



| _ _ _ | Ba(Fe,,Co,),As,
< - Enhanced superfluid density on twin boundari

eS

Modeling geometry:
2-D sheet of enhanced superfluid density

side view: w

|-e- Exbt. - background subtracted
At Modeling

23
o
xb }"3 xb % 50 100 150 200

Position(um)

the stripe width w is resolution limited;

the excess Cooper pair density AN, scales with w 3nm <w <Sum

10°m™ < AN, <10 m™



— Effect of Twin Boundaries Ba(Fe,,CosAs;

on Vortex Pinning anc

Motion

*\/ortices do not pin on stripes
*\ortices avoid stripes even
when deliberately dragged by
applied force

Questions :

*What is the physics of twin
boundaries with higher ns?
*What is the effect of caging
by the twin boundaries on the
vortex state?

*Does it enhance Jc?




figures from the paper
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