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o= - Muon Is a Local Magnetic Probe

Muon probes the local magnetism Muon probes the local magnetic
from within the unit cell response of a superconductor
(Meissner screening or flux line lattice)

A
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o= Outline

1. Muon Properties
—  Pion decay
—  Muon decay
—  Parity violation
—  Muon spin precession

2. Muon Spin Rotation / Relaxation ([SR)
—  Facilities around the world
—  Muon production at PSI
—  [SRinstruments at PSI
—  [SRprinciple
—  Muon thermalization / Muon stopping sites / Muon stopping ranges
—  Measurement geometries

3. Muon Spin Rotation / Relaxation on Magnetic Materials
— Different static depolarization functions and examples
—  Magnetic phase separation / coexistence of different magnetic phases
—  Magnetic fluctuations

4. Muon Spin Rotation on Superconducting Materials
—  Using low energy USR to study the Meissner state of superconductors
— Using bulk SR to study the Vortex state of superconductors
—  Superfluid density and the symmetry of the superconducting gap
—  Magnetic and superconducting phase diagrams of Fe-based materials

5. Summary
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Muon Properties
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What is a Muon? Cosmics

Muon Flux at sea level:
~ 1 Muon/Minute/cm?

Mean Energy:
~ 2 GeV
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Muon Properties

Elementary particle/antiparticle:

mass: < 200 x electron mass
(105.6MeV/c?)

< 1/9 x proton mass
charge: + e, oder-e
spin: 1/2
magnetic moment : |3.18 X [,

(8.9x ), g H 2.00
gyromagnetic ratio: |85.145 kHz/G

unstable patrticle:

mean lifetime: 2.2 us
N(t) = N(O)exp(-t/ | ()

Leptons Quarks

I O I

The Generations of Matter
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o= Muon production and polarised beams

Pions as intermediate particles

Protons of 600 to 800 MeV kinetic energy interact with protons or
neutrons of the nuclei of a light element target to produce pions.

P+p—n +p+n

Pions are unstable (lifetime 26 ns).
They decay into muons (and neutrinos):

- +
o A S TRE L'

The muon beam is 100 polarised with S, antiparallel to P,,.

e
1

ik
M V,
4—-@%————@-———-@-@_»
P 5 S P

(g
[=E W,

Momentum: P =29.79 MeV/c. Kinetic energy: E =4.12 MeV.
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o= Muon as Result of Pion Decay
D+

Two-body decay > muon has always the energy 4.1 MeV in the reference
frame of the pion (assuming m, = 0)

Spinpion=0 P Muon has a spin 1/2 and is 100% polarized
(as only left-handed neutrinos are produced)
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(=] Muon Decay

4/495? 2.2 IS

Three-body decay P> Distribution of
positrons energies

Weak-decay of muon P> Parity-violation
leading to positrons
emitted anisotropically

Zurab Guguchia
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Measuring P(t): Muon Decay p° —e +v, +Vv,
®m Muon decay (life time 2.2. us) violates parity conservation
- asymmetric decay Eat BT
m Positrons preferentially emitted along muan spin (along it
polarization vector of muon ensemblg)
dN . (8 . -
B D ) = T o) 5 ”\
dQ 3 3 b
n. direction ol observation (detector posilion) & "":B-
[

|
® Measuring positrons allows to chserve time evolution of the , S\\
polarization Pt} of the muon ensemble 4
m Positron intensity as a function of time after implantation: j

T

N{; [l} . N,[:, |:1+ A“.P{[}] = TF P{t] s f)(tj . ﬁ | dNt‘_.:_ ({})
dQ2

m A, Maximum cbservable asymmetry
theoretically: A;=1/3
practically it depends on setup (average over solid angle,

1
x (1+—=DPcosb)
3

absorption in materials): Ay =0.25-0.30 6 : angle between spin
B A,P(t) is called asymmetry: A(t) (polarization) and positron
direction
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Anisotropic Muon Decay

Angular distribution of positrons from
the parity violating muon decay:

W(E,0)=1+a(E)cos(©)

spi The asymmetry parameter a = 1/3 when
all positron energies E are sampled with
equal probability.

Positrons preferentially emitted along

e+ energy spectrum in ;i decay [Michel spectrum) L

direction of muon spin at decay time

/

By detecting the spatial positron emission as a function of time

0.4{— v
”/ time evolution of muon spin !!!
I1I|] L 1 —r — — r —

30 40 50
e+ Energy E (MeV)
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CESl Muon Spin Precession — Larmor frequency

+ B
) = 1T) iu « Field axis: quantization axis
1 * Spin-state eigenvalue of S,

F= ( 0) « Stationary state

Zurab Guguchia
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CESl Muon Spin Precession — Larmor frequency

* Field axis: quantization axis
. o . je-61-5:
« Stattonary state

Quantum Mechanics: Classically:

B,, quantization axis Torque: T =mxB, = 7,8 x B,

.
vinthenewbase = y = ("7 o, dS
SI 5 Euler’s Eq.: E— =T
Calculation of y(7) A4S
with time dependent Schrédinger Eq. = 7 = YuS X B,

Calculation expectation values of 5,

(8a) :X-;-SH-X
Project back to the ref. frame of the lab.
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CESl Muon Spin Precession — Larmor frequency

BH
(S) Classically:
P =
. Torque: T =mxB, =y,8xB,
dS
Eulers Eq.: — =
ulerskg: — =7
dS
= 5 YuS X B,

Larmor precessions with angular velocity: wy, = v, B,

with 1y, = ig# — 8.51615 x 108 rad/sT
1

Frequency: ;—*“ = 135.539 MHz/T
JU
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e« --{m Muon Spin Precession - Bloch Equation
i') “B 7 \ ‘l’> R Rabi Oscillations
o ¢> X _\jﬁi T> X (S, )and (SJ..> precess with

s.

the Larmor frequency TL

Ehre Theorem
Bloch Equation
am "
i —=ym B
at

Larmor frequency

£
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o= - Summary - Muon Properties

The three key properties making [ SR possible:

1. The muon is 100% spin polarized.

2. The decay positron is preferentially emmitted along the muon
spin direction.

3. The muon spin precesses in a magnetic field.

Zurab Guguchia
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Muon Spin Rotation / Relaxation
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RS USR Facilities around the World

pulsed (50Hz) continuous
muon beams muon beams
SIS PSI

TRIUMF

) L
] SO

J-PARC (2009)

continuous
muon beams

pulsed (50Hz)
-:muonbeams

Facilities under study in South Corea, China, US

From “pSR brochure” by J.E Sonier, Simon-Fraser-Univ., Canada, 2002. http://musr.org/intro/musr/muSRBrochure.pdf
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Generation of polarized muons (u")

2.2 mA = 1.4 10'° Protons/sec
with 600 MeV

Production Target

+— 7T
p+ G =2 a5 D0 ..
Surface”

muons

~107- 108 u-/sec
100 % pol.

~ 4 MeV

generally used for “bulk’
condensed matter studies

For thin film studies: eV-30 keV
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C RS Muon Production at PSI

600 MeV Proton Cyclotron at PSI: Muons from Pion Decay:

T+,

R™ = g +v,

High o
Energy SRy Neutrino
. ‘_‘F’rﬂtﬂn Beryllium _

Magnetic field bands
path of charged particle

Square wave A
electric field
accelerales
charge al

each gap
Crossing. b S5

Muon kinetic energy: 4 MeV

Zurab Guguchia
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PSI| Experimental Hall

Target M
Thin graphite (5 mm)

Target E
4cm graphite

“necessary component to
expand proton beam before
SINQ”
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o= SuS — The Swiss Muon Source

High Field
MSR

Muon energy:
4.2 MeV (4%

9.5T, 20mK

GPS

General Purpose Surface
Muon Instrument
Muon energy: 4.2 MeV (1)

0.6T, 1.8K W

Shared Beam Surface Muon Facility
(Muon On REquest)

LTF

Low Temperature Facility
Muon energy: 4.2 MeV (u*)

3T, 20mK- 4K

Lcparirertisrbalin

Selizdapevdiion aTdn Halle |

Low-energy muon beam and

s | instrument , tunable energy (0.5-
4 30keV, uh), thin-film, near-

surface and multi-layer studies

B4 (1-300 nm)

& 0.3T, 2.9K

DOLLY

~ General Purpose
. Surface Muon Instrument

Muon energy: 4.2 MeV (u)

0.5T, 300mK

GPD

General Purpose Decay
Channel Instrument
Muon energy: 5 - 60 MeV

(W or )

0.5T, 300mK
2.8GPa
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C RS Principle of a SR Experiment

Implantation of muons into the sample

Muon /

!

»

/ Mass: m H 207 m,H 1/9 m,
Magnetic moment: [(H3I,
Charge: +e
Lifetime: ttH22 (s
Polarisation: 100 %

Sample

Zurab Guguchia
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RS Principle of a [SR Experiment

Detection of the decay positron

R---R=--®

Positron-
Detector

Sample

e L 2 (s

Static field distribution Fluctuation rates
Sensitivity: 103 — 104 [, (105 — 109 Hz)

ISitron

Zurab Guguchia
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Muons stopping in matter:

4.1-MeV p*, v ~0.27- ¢

|
lonization of atoms, 10°-10° excess e
|
2-3keV,v ~0.007 ¢
|

Muonium formation (u*e’), successive
e capture and loss

l
100 eV, v ~0.0013: c

l
mainly elastic collisions, stop at intersitial site

* Total stopping time in
condensed matter: <0.1 ns

* Only electrostatic processes
» no loss of polarization

* Penetration: ~0.1 mm

Zurab Guguchia
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o= USR — Muons Stopping in Matter

MUO”_ J Surface Muons
Production Energy: 4.1 MeV

ll V=027 c

10° - 10° excess e~

2 . .
% lonization of atoms 2.3 keV/ - ~
n v=0.007c « Total stopping time in
Y — matter < 0.1 ns
Muonium formation (u*e")
charge cycling 100 &V » Only electrostatic processes

— no loss of polarization!

b . _—— v=00013c

mainly elastic collisions
(dissociation, p*te= — u*)
stop at interstitial site

~L>[ thermalized p* }

» Penetration = 0.1 mm
\ J

stopping at an interstitial site
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S

=
(]

(001)—direction (in units of ¢)
oo

04 06 08 1.0 L.
(110)—direction (in units of (& +b")")

=
o

Positive muon likes to stop:
* In the potential minimum
 High symmetry sites

Interstitial Muon Stopping Sites

* Near negative ions ( e.g. 0%, As®) (muon hydrogen bond like in OH with ~1 A bond length)

o Large spaces in the crystal structure

Zurab Guguchia
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o= - Muon Implantation Depth

Cosmic muons

@

Bulk SR
Decay beam
g lky - @ P “Normal” samples (sub-mm)
s 4 » Bulky samples + samples in containers or

Surface beam 7/ pressure cells
LE-USR:
P Depth-selective investigations (1-200 nm)

10° 4 3 0
10 10 10 10° 10

Energy (MeV)
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Elecironic clock

Positron 800

Spin-polanzed detector 4 "
muon beam e_; T 600
] =
Nuor. 4 O
detector O 400

200

D 1 1 1 1 L 1 ]
12 3 45 6 7 8 9 10
Time (microsec)

f N(t) = Bkg + Noexp(—t/7,)

B, internal or external field fi : direction of detector

Zurab Guguchia
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(=] USR Spectra

N(1) = Bkg + Noexp(~1/7,)[1 +an - P(1)]

f(By)
L SR spectra |

0.3 —

m-ﬁﬁTﬂ‘~‘ : -

-

S

©

N

S

& 0.1 F

= |

(%_ 0 ‘ .' Wi 1 , ' By
S o1 kT u j _ﬂ_ o

= 02 FtllHiy! U—”- _

o i L“‘-ﬂ' i—“-g—m Frequency P> Value of field
E-'0123456?8910 at muon site
S

Time (microsec) (TL = O Br)

Damping P> Field distribution
and/or dynamics
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«m» Field Direction -- Field Distribution

(————

P.(0) cos* 0 J

et detector

= cos“ @ + 5;11126?(:0@,(}:u ]dB

e Static part \_/
e Oscillating part \_’/

\ angle between magnetic field and muon polarization at t =0

Zurab Guguchia
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e {m Different Measurement Geometries

/l\ ZF and LF: Zero field
B.a

2 I 1 I IIIIII I L] 1 1 [ ] I [ BN ] 1 I A | ¢ 1 1 I 1 I I I | I
and Longitudinal Field 1: - - 3
5 5 P - e g
~ geometry - 10-4) E 0s
E m 3 el UL — D
=, 0.8 Loy i '|:-. 6 -
-"._ YN Froorwa [
[i:'cl = R N bl — o2
¥ [ % \ o 1 |
- - X 5
3 0 i =
S g ON p
B2~ e - s
) = Tackwind TSI, E S
S oy — e e i 1 e
muon beam b I e 3 bl i i B i o e L I I |
q 0 1 a 4 5 4] 2 £ 4
RS Time i (T,] Time ¢ (ps)
muaon posilron posiLTem
bme ) Torward hewkweanrd
detector  dotector detector

Typically used for the study of:

o Static magnetism
» Temperature dependence of the magnetic order parameter
 Determination of the magnetic transition temperature
» Homogeneity of the sample

* Dynamic magnetism
 Determination of magnetic fluctuation rates
« Slowing down of fluctuations near phases transitions
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a1 Im Different Measurement Geometries

TF: Transverse Field

geometry
............
f I |
J.; i H
|
10 F
L N
T 08 |
| %
= g6 b A
- B
—e i .
muon bear 5 A
i e
0o Bt
muon - positron sumple 3 , Eire iy A SEa.
e O detectm S
detector Time £(r,)

Typically used for the study of:
* Magnetism
 Determination of the magnetic transition temperature
» Homogeneity of the sample
« Knight shift (local susceptibillity)
 Superconductivity

Foarizaion funclion £ FF

k|

a5l |

| [ | LT
LTI Y O o
| 1] Lk R

AIRTRIRTR R

: I | !" ;- I| .- i I

Y
[
y

I'\.' o
|

L1

Tirme ¢

« Absolute value and temperature dependence of the London penetration depth

 Coherence length, votex structure, vortex dynamics, ...

4

gl
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Local field in magnetic materials

Tnternal field : generally snm of dipolar

g RS
-, iy SOk Iy, )'rlu — KTy

Rt

1111 L

By, = Ho My ulpg] T 01T
1 3 3
P 4n Iy d"[ﬂaj

and conract field (spin density at muon site): 7/ )O %
= o 2l o ks e \\
Hiﬁ['il} 2 “Bpapiﬂ{].u )= 3 Hy ‘{p'LTLL} <~ &> \‘\ B

[Tigh sensitivity:
USSR time window 10-20 ps

—Fv = 50 kHz detectable

-
Fryp
_'}B:

v, = 0.1mT (Gaust)
r}r"l

(corresponds to 0.001 g or nuclear moments |1 )
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LESE

The uSR technique has a unique time window for the
study of magnetic flcutuations in materials that is__

complementary to other experimental techniques.

AC-Susceptbility

W T
f =

uSR

Neuiron Scattenng

[ D e PR T T e e e T
% 0 w* W et w® ot

Fluctuation Rate (Hz)

muons

remanence
|

ac susceptibility
.|

perturbed angular correlations

Mossbauer

neutrons
i

| | I NN [N I N |

| [ N N RN [N TN () (|

1
10770

[
10712 10°8

10 100 10t 1 fs)
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Muon Spin Rotation / Relaxation
on Magnetic Materials
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Magnetism
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o {-{jm= Magnetism

Paramagnetism Ferromagnetism
. IIIIIII
fluctuating static
T>Te T<T.

The interesting property of magnetically ordered system is the
size and temperature dependence of the magnetic moment.

How do you measure this?
Macroscopic techniques (average over the hole sample):

SQUID, PPMS, ...

MH Mn

g N

—¥
_|"|

Zurab Guguchia
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o {-{jm= Magnetism

Paramagnetism Ferromagnetism Antiferromagnetism

S {111 [l 1]
i M 11111 N 1111}

fluctuating static static
T>Te T<T. T<Ty

The interesting property of magnetically ordered system is the
size and temperature dependence of the magnetic moment.

How do you measure this?
Macroscopic techniques (average over the hole sample):

MH Mn Mn

.

—¥
—¥
—¥
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o {-{jm= Magnetism

Scattering techniques: Local probes:

(neutrons, X-rays) ([SR, NMR, ...)

Strength of muon spin rotation / relaxation:

Investigation of magnetically inhomogeneous materials:
* Chemical inhomogeneity (“dirty samples”)
» Competing interactions, coexistence of different magnetic orders,
short range order, magnetic frustration
* Magnetism and superconductivity (competition and coexistence)

Zurab Guguchia
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e --{m Magnetically Inhomogeneous Materials

Homogen:
§ w
|vlhom E ::
E n:ui
'G,E}- ozl
Q -a.s:
Time (us)
Inhomo-
geneous: 5 jgzwmA/vww
i g o
|Vlinhom_ IVlhom E -:u:.:.
g azt
fl‘lrm(m}
Amplitude = Magnetic volume fraction
Frequency = Size of the magnetic moments (order parameter)

Damping = Inhomogeneity within the magnetic areas
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o= - Sensitivity of the Technique

Internal field at the muon site:

P T T L L I I B I R .
R T T L L R R A R
B . T L T T T I I R
e LT T I R
—— e WA e
_.----"-"l-""-""I"..l'!"-"""""'—l--.uL
f"F'-'-I'I""\:"h: : "-"r""l-'i,'h"‘\
- .
r#.&aur"‘*!.r_-na-.a%'q
FHp s ehwm gy
FEFFIFF :ﬁ Wy N AR
EERREELL G B
-\h:ﬂ'ﬂ\!*-*’F-._*"-"J'r.l"}'j;
LR T e e et
-.I.-n'l-'-"'i' '1“"-—--'1-.11
l--r'-""'"""l“""‘--—f--
_.....p.lll.l".l".i"l‘-..“.1"‘1.1._.._..-
N . LA L B N,
_'...r-.r_:l'f" I‘l.‘:""l"r_‘-h.-.-
e T A EIE N L T T T I .
S R R T A

=» static moments as low as 0.001 uB|
Form= lugandr =1 A= Baip = 1T can be detected by uSR

“
MUSR time window: 10-20 psec \\‘_
.
=» Frequencies down to 50 kHz detectable "
Fields of few Gauss (10 T) |
,,f'ffl
W g
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o= Advantages of uSR

Muons are purely magnetic probes (I = Y2, no quadrupolar effects).

——
Local information, interstitial probe complementary to NMR.
—p
Large magnetic moment: p, = 3.18 p, = 8.89 |, sensitive probe.

Particularly suitable for:

Very weak effects, small moment magnetism ~ 10-3 pg/Atom

Random magnetism (e.g. spin glasses).

Short range order (where neutron scattering is not sensitive).

Independent determination of magnetic moment and of magnetic volume
fraction.

Determination of magnetic/non magnetic/superconducting fractions.
—

Full polarization in zero field, independent of temperature unique
measurements without disturbance of the system.

Zurab Guguchia



FAUL SCHERRER IHETATUT

w-=m= Different Depolarization Functions

ferro antiferro dilute
- nuclear moments
JEEOE SREAN- i - electronic moments
Ll b FA b SeiiuiiRle
{ {14 {1t ocockooesoss :
4 kg Bl b Erleselead - static moments
1 | T 1 I' I 1 g 00O O OO0 OO O =
B T4 B Geeiers & - fluctuating moments

HAQVVVILL99090949<0<0  helical
200080000360000¢0 spiral
- various spin structures

- spin glasses (randomness)
- variety of field distributions

Zurab Guguchia
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Magnetism of Single Crystals
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e« =  Simple Magnetic Sample — Single

Single Crystal with \ =1/2

P.(t) = cos(yuBut)

Single Crystal with \ #1/ 2

P.(1) = cos” @+ sin” 6 cos(y,B,t)

cos ()

Balf) = ff(BH)[cusz 0 + sin® @ C[]S(?}IBpf)]dBp

P

i UW\/\J(\U H,

P inasingle crystal the amplitude of the oscillatory component
indicates the direction of the internal field

Crystal
AP(0)

B,

Zurab Guguchia



FAUL SCHERRER IHETATUT

-] -

Example:
Single Crystalline UGe,

Zurab Guguchia
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o= Single Crystalline UGe,

60 ' e [T ' A T T
UGe, U® @ B e L SR ST T ¥ T
v & = 021 lﬂu ]
— 40 Ferromagnetism ™7 = 7 A Y
- e ® a0l d,_:;‘ B
g % ® e & - sk 1
2 a3 P Supercon- e 1. T _é-' 0.0 [ -
E 20f Metamagnetic *._ ductivity Sl E ! ]
- Iransition i \ = [ ]
> 0.1 [ -
10T, k- i ]
i - 1
0 o It} | 20 02 UGEz -1
ressure (kbar) W T S —
Cavendish Lab. (L0 il 032 3.3 (.4
Time ¢ (s)
' o« @  Two magnetically inequivalent
X 2 @ ® muon stopping sites
+ @ 1
o Q. 'Q - y
| N '  No oscillations for P(0) pointing along

a-axis
b Internal fields parallel to a-axis (8 = 0)

» Qscillations around zero
P because single crystal

S. Sakarya et al., Phys. Rev. B 81, 024429 (2010)
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Magnetism of Polycrystals
(Powders)
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o= - Simple Magnetic Sample —

Pz(rj = ff(BH) [cusz 0 + sin” 0 cos (jf#Bpf)]dBH PO IyC ryStaI
Polycrystal (powder) 7 1By}
<
P0)
: B# |BI”|
o ' i e If isotropic:
e F(Bul) = f(B,) 4nBy;
i Emme f(B,)dB, — / [11:” sin(@) ddd¢ dB,
Pu(1) = 3 + 5 cos(z, Byl

Zurab Guguchia
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o= - Simple Magnetic Sample —
_Pz(r) = ff(BH)[cusz 0 + sin? F}cm(ypot)]dBp POchryStaI_

F(IByl)
Polycrystal: Ideal Case

B, By
1 2
P.(t) = 3 — 3 cos(y, But)

Zurab Guguchia
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o= - Simple Magnetic Sample —

Balf) = ff(BH)[cusz 0 + sin? F}ctls(jfyByr)]dBH POchryStaI
Polycrystal: Ideal Case Polycrystal: Real Case
SB, ) FiB) 1 (By—(8B, y)*
B, r: _
A “?nf.f\.B 1 an |
I (AB,2) = J (B — (B, £ (IB,[)dB,
H,
s L2 o 1 >
(1) = 3+ Jeos(yuBut)| B | P.(1) = Ly —exp y#(zﬁb’p V% | CDslyp <3ﬁ>r|
P (1) P.(r)
1
| | M f Mﬂ \ | \




Example:
Magnetism of Polycrystalline EuFe,(As, ,P,),

Zurab Guguchia
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d;l_:b -

AFe,As,(A=Ba,Sr,Ca,Eu) Toow(Fe =190

Eu2t 4f7 S=7/2 Tarm(EU?) = 19K

,‘%ﬂ?— '
AN

Guguchia et.al, PRB 83, 144516 (2011).
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Magnetic structure of EuFe,As,at 25K

'07 —= Teow(FE) = 190 K
AFe,As,(A=Ba,Sr,Ca,Eu) ow(Fe)

1 T e (EU2Y) = 19 K
<

Eus*— 4f 7, S=7/2
.Eu
@ re
e~

c
A

a - b‘.

Y Xiao et al., PRB 80, 174424 (2009).
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EuFe,[As P

T 1%

1.2 x— 0 A -
_ Y= 0126G-1)
Toow(Fe) =190 K $=02 (i=1)

=1 ilow fieq. componeat. i =1)
yv= 1 (high freq. component 7= 2

400

Tam(EUZY) = 19K

@- 0.3 00— o o,
@~ - " o i o
. ! !
" 0.0 -
[ { Lo L5100 200
Ao TK)
) 'q“1 :rFl.'c}] * ! s
T ’ :Iillll u}
b .Iill:ll. LHI:‘R}
1) & T (ReL 25 7
;2“ T z
= 134 i
g L7 A ]
=
: —
L 20 O -
MO
{] - i a 1 L L i 1
{} 4 (6 0% 1.0

P content »

_ Z. Guguchia et. al., Phys. Rev. B 83, 144516 (2011).
Y. Xiao et al., PRB 80, 174424 (2009).

Z.fabgluehia, A. Shengelaya et. al., arXiv:1205.0212v1.
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= emperature-pressure phase dlaqram for

(-]

150

oo B

EEUke,(As, 88Rq )

® [ (uSR)

PM 2 ® i
“ oy I_..' |
. E T T J T
S0 & .“ "3 04 05 06 24 (b) e p— 0141 Gla
2 () =
~ é
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Enle® N@'ﬁl ot
R 10 = T (-
[ L 4
, 20 : | !
1P : [
(144 GiPa | e | =044 GPa
0,66 LiPa | o :
11 Gl ® 00 ggp00
.97 (iPa 1 ®
T = |
2 o
o I
2 : 8
) : B i ®
L 5 0 15 20 25
TiK)
w1
160) Z. Guguchia et. al., arXiv:1205.0212v1.
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1.2 - 1

(1.9

EuFeﬁ{_Asl_d_PTL

().0

Guguchia et al, JSNM 26, 285 (2013).
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Temperature-doping phase diagram

Tule (As P),

100
40
ey =

0.0 0.2 0.4 0.6
1} conlent x

Guguchia et al, JSNM 26, 285 (2013).

0.%

ARY

T(K)

1.0

Temperature-pressure phase diagram
Tale (A : :
150 ; ® Ty (USR)
¢ I
® 7 (iSR)
100 %
50 F
0

p(GPa)
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Example:
Magnetism of Polycrystalline La, g.:Ba, ;,:CuO,
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OIE effect on T, and magnetic fraction V,,

-

30
20)
£
= 10
=s)
]
L ... B
0.0} ————— :(: . . o
:|.,HI_EHBB,M:5UHUJ1’ ) ':’51':'?‘.‘: 1
[

0.0 i i ; i . I ' a
() 1) 20 30 )

T(K)

i)

Z. Guguchia et al., Phys. Rev. Lett. 113, 057002 (2014).
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Example:
Magnetism of Polycrystalline LaOFeAs
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o {-{jm= Polycrystalline LaOFeAs

e Zero Field Muon Spin Rotation
« Static commensurate magnetic order

0.4l
o7l
06 [l
osHT
04l
03[+

Muon spin pelarization

g.2

0.1

0.0
a.a

Time {us)
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o {-{jm= Polycrystalline LaOFeAs

et ' ' S o

. w@mﬁ ' » Zero Field Muon Spin Rotation

3 ?i; o Static commensurate magnetic order
S « T-dependence of the Fe magnetization with

e ' high precision, Ty, = 138 K
» 100% magnetic volume fraction

o B

1SR frequency (MHz)

T
| SR T ik

\ [ \ \ |
] 2 AU kil LU 101 127 170

Temperature (K)

TETA vt v e

L |

0.6

07k ¥
0.6
0.5

0.4+

0.3

Magnetic volume fraction

0.1

nn

T T T T T T T T T T T T
a 20 4 & 80 100 122 4C
Temperature {K)
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o {-{jm= Polycrystalline LaOFeAs

:4 I I I = = =

o kERReaE e Zero Field Muon Spin Rotation
A 1! « Static commensurate magnetic order
I o  T-dependence of the Fe magnetization with
e high precision, T, = 138 K
5 ) « 100% magnetic volume fraction
£y

| _ Ter‘r;nperature (k)

Fe

As
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o {-{jm= Polycrystalline LaOFeAs

:4 : : I I I I I I = = =
o WLEDF% ' » Zero Field Muon Spin Rotation
A ?i; « Static commensurate magnetic order
T  T-dependence of the Fe magnetization with
= 11 - . 5 .
= high precision, T, = 138 K
D c c
5 )  100% magnetic volume fraction
B sl

Temperature (K) 1 P 3 - T;)

Baip = 2 ;3
'L.}li

_wﬂ,% i ¢ M(‘jssbat_Jer _spectroscopy
e emr e « Hyperfine field B,;(0) = 4.86(5) T
E _ % & ) =>
S e e Saturation moment [ = 0.25-0.32 [
= 5k Wil

T- 123K :I* .'?

T=127 K H",ﬁllu'l

LaOFeAs I'.ull

1 7 a g

vels by rmes)
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o {-{jm= Polycrystalline LaOFeAs

:4 I I I = = =
o kR » Zero Field Muon Spin Rotation
0o s » Static commensurate magnetic order
I o . Tﬁ  T-dependence of the Fe magnetization with
A 2 high precision, T, = 138 K
® - o 3 « 100% magnetic volume fraction
% 4 = ERNE : B B B
= ;n e bl p— i T Re L contact field
Temperature (K) 1 Ft9rm. - v > €| Wi,
Baip = ‘L'i-}'f {r—f r; —m t-J
« MOssbauer spectroscopy
P * Hyperfine field B,;(0) = 4.86(5) T
= =>

Saturation moment [ =0.25-0.32 [

Q0.08F oo LIEE -]

* Neutron scattering
« Saturation moment [ = 0.36(5) [

=1
T T

[i] 0 40 B0 30 100 120 140 1BD
T (K)
C. de la Cruz et al., Nature 453, 899 (2008)
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Randomly Oriented Magnetic Moments
Short Range Magnetism

Magnetic Disorder
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o {-{jm= ~Randomly Oriented Moments

f( By ) .

b r - | & |

% r ' t A e

L. 1 & r . | o, —

Bp.:r
I it
- n 1 1 P e o fl:B,u.fr} — —EKP[— : 2 ]
J2n(aBly - HABS)
N, If isotropic:
P = F B TG N | f('B.U” = f[B,ri) 4"{3,%
z Maxwell distribution:
| FIB) 48] exp ]
Bul) = ———"%70, tXp|= 3
A P(0) JmaBy 2ABD
X
IB#E
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o {-{jm= Randomly Oriented Moments

Kubo-Toyabe function

Bil¥) = ff(BH)[cusz 0 + sin® @ C[]S(’]JFBPI)]JBH f(B,)

Py(1) = % e %[1 — Yl ABI)? | exp| -

Vi (AB)t*

7]

P-(1)
1

/3
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Example:
Kubo-Toyabe depolarization
due to nuclear moments
InN and MnSi
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INN & MnSi

InN
Semiconductor
Study of the hydrogen-related defect chemistry

MnSi
system lacking inversion symmetry
itinerant-electron magnet MnSi

Y.G. Celebi et al., Physica B 340-342, 385 (2003)

10 =
0.8

0.6

Polarization

0.4

0.2

a0 . | i 1 L 1 L | L |

Time (microseconds)

R.S. Hayano et al., Phys. Rev. B 20, 850 (1979)

T (T-285K)

TIME (g sec)

In the paramagnetic state, a KT function is very often observed reflecting
the small field distribution created by the nuclear moments




Detection of Magnetic Phase Separation

Coexistence of Different Magnetic Phases
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Example:
Helical magnetic order in MnAs

Zurab Guguchia



FAUL SCHERRER IHETATUT

-] -

Experiments Iin Zero Field

10

o o
@ o
L3

L

Muor soin polerzation
(]
.‘

ook

CrAs, p="'Bar, T=5K

.

e |
-
Yoo

'

}

At ambient pressure CrAs is 100% magnetic!

f{us)

0 Cns

e

00

il

B,

1 2

P:(1) = 373 c0s (Y But)
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RS Helical magnetic order

4 Cﬂlb e
X / T S §
Ly B :I.-::) = i
e =0
) 8(n ) == _———T’:
Ly s b
S @aﬁ.}
2 B
O E— E—| S 1Y
% \/(B mm (Bma:r —8 ) ' | E‘bc
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RS Helical magnetic order

10
CriAs, p=1Bar, =bK J :

08 } ,'
5 & 1 / :
™ oo ‘
E O : :
d ....
e
(o
o3
=
(| .
- Yo

hapag ¥ 3

Qo0 O oe 0o 0 Cs Qcs 010

f{us}

Confirmation of helical type of magnetic order in CrAs
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Example:
Microscopic Coexistence of Superconductivity
and Magnetism in Fe-based superconductors
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LES

FeSe(11-lanuly)

0t g

it

A0

11}

miliFa)

10
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o= RuSr,GdCu,Oq

e - I "
Resistivity: Magnetization: 5 x ‘\
(superconductivity) (ferromagnetism) F}M '

Bl T . i
| : I
S

_ 00 .

= FM

= I

7 0.0 g

. I

- : FM
T 50 100 150 200 250 300 & 0 1w 10 20 T‘
TIK TIK) 3 )
I
FM
~100% e 2o o
: RuSr,GdCu, 0O,
Magnetic volume
Structure:

T. Nachtrab et al., Phys. Rev. Lett. 92 (2004) 117001
Mikroscopic coexistence of

superconductivity and
magnetism

L[]

C. Bernhard et al., Phys. Rev. B 59 (1999) 14099
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o= Static Magnetism Probed by ZF

‘Single Crystals — Magnet p(r R
l
LAy
. ] e SR | e .
P.(1) = Exp[—i'}ﬁ{ﬁBﬂ*}r] cos(y,But) Frequency- . LT 3
Size of the magnetic moments
« Damping:
Inhomogeneity
« Amplitude:
Polycrystals - Magnet Magnetic volume fraction
.F ; \I s ]' 2 ] 2 &B 252 —— B ' ~
A= i_ EDKP[— ET;;{ I }f ] LD&‘[T,H{ jI}I] Liat e
Randomly oriented static moments P:(1)
1
¥a (OB

P(1) = ]? L %[1 =yl b | exp|-———] /3
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Muon Spin Rotation on Superconducting
Materials
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Superconductivity -- Introduction

Discovery by Kamerlingh Onnes
in 1911 in mercury

Received the Nobel Prize in 1913 for “his
investigations on the properties of

matter at low temperatures which led,

Inter

helium™.

alia, to the production of liquid

Zurab Guguchia
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-] - Superconductivity -- Introduction

| ENOWN SUPERCONDUCTIVE z
__ I, FILEMENTS d YA YA A

= BLUE = AT AMBIEMT PRESSLRE
= GREEM = OMLY UMDER HIGH PRESSIRE

Mme I1¥& Y8 ¥IE WIB ¥l IB B

29 e
ar

SHPERCONDUCTORS.ORG

* | anthanide 62 B4 65 ]3] 67 6s A4 70
Series Sm|Eu|Gd| Tb|Dy | Ho| Er |Tm|Yb
Actinide a4 as oy [es [eg oo [ oz fios
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1908

1911

1933
1935

1950

1950

1957

1957

1962

1986

= Superconductivity -- Timeline

Kammerling Onnes: production of liquid helium

Kammerling Onnes: discovery of zero resistance

Meissner and Ochsenfeld: superconductors expell applied magnetic fields (MOE)

F.and H. London: MOE is a consequence of the minimization of the electromagnetic
free energy carried by superconducting current

Ginzburg and Landau: phenomenological theory of superconductors

Maxwell and Reynolds et al.. isotope effect

Abrikosov: 2 types of superconductors (magnetic flux)

Bardeen, Cooper, and Schrieffer. BCS theory -- superconducting current as a
superfluid of Cooper pairs

Zurab Guguchia
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Main Characteristics:

@® /
&)
o
4y}
E o
o
g
J TI: [
0 temperature (K) T>Te T<T¢
Kamerlingh Onnes Meissner and Ochsenfeld

Is a superconductor “just” an ideal conductor?

New thermodynamic state of matter!

Zurab Guguchia
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|deal Conductor

: magnetic magnetic
figled field
OM QFF

'YYYYY

field
OFF

An ideal conductor in magnetic field

Lenz-Faraday’s law: currents to keep B

constant inside of the sample

deal conducior

Superconductor

superconductor

magnelic
field

N
. - h/\\ %)

A i#TJ
mag na>& L L
fiald &

O
+ ralaxatlon

A superconductor in magnestic field

New thermodynamic state of matter

From: Lecture on Superconductivity, Alexey Ustinov, Uni. Erlangen, 2007
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CHSE Phenomenological London’s equations

In a sample without resitance, the electrons will feel a foree:

('j}::‘h"::l
I cll — m it F. and H. London,
. Proc. Roy. Soc. A149, 71 (1935
Recalling that the current density is: j= —nee(v) y ( )

one obtains the first London equation (eceeferalion equation):

AY B owith A=

il P

Taking the curl of this equation

neing the 3rd and dch Maxwell equations

B
VxE=—2" 5 = P
ot . VxVxB=V(VeB)-V?B
i 4
7w I3 i ( om 11147 i
V fenj (assuming o )
ome obtains:
A\OB _ 10B AB- !B
DN i
A _19 Aj=
e A<
ot --:.‘l.2 (__)f 1 i1
with: ;‘.E - _\‘ s L with: AE - = : _:
LLL. 'u“ ‘uuf_?rls 'Hu j.‘[]'." Ttg
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- 1st Nano-scale Param.: London Penetration Depth

1 .
AD= .0 A= ypd

B,(X)

1A%

B_(w) — B(0)exp «/A) 32(x)

N

A= v’

exp{ /M)

<1
Hnt=ii
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L ESE Ginzburg-Landau Equations (1950)

Powerful phenomenological theory, based on
the Landau theory of second order transition.

Pseudowave-function «» acting as order parameter (in the normal
phase = (1, in the superconducting phase = ().

1+ describes the superconducting electrons and their density
?I-H L ..{. T J |'_"

The free energy density /. can be expanded in a series:

:._-:_F 1 i . <]
I AV 2cA)|” +

i 1 T 2. !
o= Tt ol o .
M Z

2 |‘.-':-'|.I J

The order parameter and the vector potential are obtained by min-

imizing the Ginzburg-Landau formula with respect to - and A.

Zurab Guguchia
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CHSE 2"d Nano-scale Param.: Coherence Length

1

2m

fs = Jn+alv

; T -
P+ Sl +

Let assume a situation without field and at an interface

vaccuumysuperconductor,
Minimizing the free energy with respect ta 0
N hi” ®
at + 3T — - : Ve =10
Qi
Taking info account that ++(0) — O and that w( 3 0) —
h ) £ X o
() = ilae Lanh( B i
V2§
ith: & | h? 2 &
with: £ = = ——
> V 2m o 3
f__f . ﬁ'f.'f.'
mA
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- == Type | and Type Il Superconductors

Number of
superelectrons
B B
Magnetic flux
density >
Magnetic
contribution B2/,
A A
> Condensation -
@ energy -B2/2(, =
3 8
5 5
[«B] —
& &
[«B]
(D) [<B]
2 Total I
energy
Type | Type |l
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Type | (L < )

Zurab Guguchia

/

v

Meissner phase

v

Vortex (Abrikosov) phase
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Vortex (Abrikosov) phase

“Flux Line Lattice”

Magnetic flux quantum
o= h/2e=2.067 - 1015 Wh

Bitter Decoration

Pb-4at%In rod, 1.1K, 195G
U. Essmann and H. Trauble, Phys. Lett 24A, 526 (1967)

| PR ey e b R *i; »
Henm a7y R

!I'l'fiﬂ-;q. ﬂ" "‘""_"'%
A A R o
i= ‘-.-b..fi"h - 'Ei‘

*ﬁ‘l-‘ cEil "E;"lq"'!i
= = -l"‘l"l!}h-pi‘m
i,.!i\lq'ﬁ“ﬁ

comora e A PR s
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Muons and Field Distribution in Type |l S.C.

Bishop et al., Scientific American 48 (1993)




Using Bulk Muon Spin Rotation to Study
Superconducting Materials
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T Flux-line lattice (Abrikosov lattice)

.

M

alamantary flux quantum

Pq =2—-2E}6?x10 -15 Vs

Lm:al internal lield

Superconducting
wavefunction

Yo - \( 5
/ S .

-E, ?‘.

Penetration
depth A:

Magnetic extent
~A
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RSl Field Distribution in a Type Il S.C.

.09

.08

0.07

.03

0.02

0.m

Boc

i i i | i i i -
E?'EI SBO 580 1000 1070 1020 1030 1040° 1050 1060
Mag. Field, B, (G)

Since the muon is a local probe, the [SR relaxation function
IS given by the weighted sum of all oscillations:

G(l) = /f(BH)(;t,‘-:-_%{:")prNJ}dBH
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C PRSI SR a Type Il Superconductor

> T,

c
0.2

NANAL ]
VUV

Time (p.s}'

p(B)

YBa,Cu;304 o7
Pumpin et al., Phys. Rev. B 42, 8019 (1990) Bext
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C PRSI SR a Type Il Superconductor

T<T

c

p (B)

v .

i,

p(B)

YBa,Cu;304 o7
Pumpin et al., Phys. Rev. B 42, 8019 (1990) Bext
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CHSE Field Distribution in “Extreme” Type Il S.C.

 Ginburg-Landau parameter A g
B = ,:3-:) i
i 3
« Large range of fields (up to B.,/4) where

. _pY3
London model applies Bty
« Vortex cores well separated and do not b =85 B

interact
« Vortex fields superimpose linearly = =

In an ideal vorex state the vectors £ form a periodic two dimens:cnal lamice. Thereforz [7-4]
can be solved m Fowmien space (K space].

. o
For an hexagonal latrice: i/
'1|—|b —d.i-b—ecs6)’ ' 4

Reuprocs]l veclons.

=, hx? ok Fxd
a=2 : =T

i (bec) i (hur o B

=,

& |b| 4 | "
d |= 20— T_—|L,|

|H. t| 4 4d
k,, —mi —ab"
ialsn hexagonal symmeTy)
By e [7-5]

k
With Fouricr componcnts:

s i
b, EIBH}E 4’
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Field distribation: Blr) 7

Bir) must fulfill the modified London equation:

B(r) — PABI(r) = ¢ Y _d(r —r,)i

i

We expect a periodic magnetic [ield

d
and therefore can 11se;
Bir) — ZB{K) expiKr)
K
v——v

with Fourier components:
M 1 - : nopd
B(K) = = Bir) exp(—iKr)d"r
The modificd London coguation becomes

(liclds only along 2):

K

3 (B(K) + F¥E*B(K)) exp(iKr) = Ny Y exp(iKr)
K

and one finds:

I

. (K)
G d 1 i /‘\.'ﬁI'LF:"
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b
With: B.(r) = E —_exp(+Kr)
T 14+ A2K? '
K
The second moment [ABZ) = (B2} — (B.)*
of the field distribution is given by:

(ABZ) =Y IB.(K)]?
K.L0

Talking o account the perfeet triangular latiice where:

ip ] J.{):I_:: a ey xg
Koesiy e % (m* 4+ mn +n?) and that K70 3 |
S
3d,”
{EBIE e f 4 Z 3 : .3 |
G4 L (L ATH0.0) (m~—mn+n-)°
(AD) = 0.00371

» By measuring the second moment of the field
distribution (for example by uSR), we directly
determine the London penetration

Zurab Guguchia
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Extract Information from the [SR data

Field distribution depends on the

Theory -zl

Maisuradze et al.,
(2008) 0.08

microscopic parameters of

—:_a:f(:"l.’l"l i o L |_
= superconductivity { and
) N iy Theoretical models of the flux line lattice
| < =snam to fit the [SR data

v

220

240

260 280 300 320

B(mT) Structure, symmetry of the flux line lattice

Pd-In alloy

Vortex motion

Charalambous et al., =

Phys. Rev. B 66,

Characteristic lengths: magnetic penetration
depth |, radius of the vortex core - coherence

054506 (2002) i

length (

Classification scheme of superconductors

Zurab Guguchia
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Extract Information from t*

* data

Single crystals
« Anisotropy field distribution

Polycrystals or sintered sample

» Disorder of pinning sites

« Strong smearing of the field distribution

Pd-In alloy

Charalambous et al., s
Phys. Rev. B 66,
054506 (2002) g

Pimpin et al.,
Phys. Rev. B 42
8019 (1990)

Sonier et al., PRL

83, 4156 (1999)

0.06

0.04 1

0021

0.00

YBa,Cu;0g4;,
| =130 (10) nm

LU

0.05
0.04 -
0.03 -
el
o.m -

0.00 |-

YBa,Cu;0q4 g5
single crystal

| =150 (4) nm

Bi1 812 813 B4 8®15 816 BT
Frequency (MHz)
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o= Extract Information from t* * data
L., | Pimpinetal.,  oos .YBaZCU3Oé-97 |
((t) = exr;{—gﬁ“'.*'-] % cos(yu{Bgt) Phys. Rev. B 42 [ =130 (10) nm
N E , —— 8019 (1990) sl
depolarization oscillations
where: - = "5 (AR 004 b
0.02
Ginzburg-Landau model sl
” . R
, > oo o 77 F (MHz)
(AB2) = U.L}U:}?l':—i R
’ A [SR measurement of the second moment of
the field distribution allows to determine the
London model London penetration depth A.
\ o 1t
“ TV poe?n, The damping of a TF-[ SR spectrum is
proportional to the super fluid density n,
1 poe? ber of C i
= g — . (number of Cooper pairs).
A2 o
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e {m Classification of SCs: Uemura Plot

1 ﬂ,nf‘,g
w e T versus 1p X0 X 5 X —T
a T
h{lﬂ]}bd ﬁ'f aleAsD T | !
& Ndleds u T
60+ i \\ ] a}@mmm_[_
; ﬁ f'cF:x‘ule_xF'h
= - e-doped 2 e » Conventional superconductors have
= % ‘*“"“‘““‘f“ @am kreas, | IOW T and high superfluid density
B~ - ®Qrc, Se e, ]
20+ g ' * Ba RbFeAs,
7] : e _ & Rble As,
- ¢ﬁ$ ¢ O nb
’ i Q ; ] v | i 1 ; .
I, : 5 a0 a1 » Unconventional superconductors have
6 (0) (us) relatively low superfluid density

(“dilute superfluid”)

Z. Guguchia, et al., Phys. Rev. B 84, 094513 (2011)
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- - Pairing Symmetry in Cuprates

Wave function of two electrons: Gap function: A (k) has a lower

J ‘ \ \ \ '
Wiry, sy, 82) = w{rp, ra)xis. s2) symmetry than the Fermi surface

where:
(1. s ): 8pace part

v (s, 52 ): spin part

spinsinglet (x = —= (|11} —|11})
- V2

=5 — [0 space part must be even.

#(s-wave (| = 0)Yd-wave (| = 2)) etc...

BCS High-Tc's As the gap disappears along some directions
spin friplet:( y = %m LV LT ) of the Fermi surface (“nodes”), extremely-low-
- L4 energy quasiparticles excitations (and therefore
—. § = 1 — space part must ba odd. significant pair-breaking) may occur at very low
=- p-wave (| = 1), -wave (| = 3), elc... temperafure
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o= s-wave Superconducting Gap

 BCS conventional pairing: s-wave gap
Isotropic s-wave pairing a K,
From uSR:
" " - iyt i
2 ] }L-:: - m (N5
.T P _I If—J - I|nr . .—Jr1|- [ T' I) — T T T
R R - s |
g RN
¥ “
o 0B ~
~ \
. : - N\
and for an isotropic energy gap (s-wave): 08} n
o F \
% oal \
i ; SaraIa. i \
; e P AL Al o ]
o — s s . | D
(T ns (0] (l \;' o &P kﬂ,},.‘) [% i \\
Tk ‘ ‘
> 0.0 . ' ' e
w00 0.2 0.4 06 0.8 10
B. Muhlschlegel, Z. Phys. 155, 313 (1959) i T/T,
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o= d-wave Pairin% Symmetry

d-wave SC state:

2r o
. . | R i . .
ng(T) = ng(0) [l - J [ HleT)[1- fleT))de df]

JT."{HT
i
with:
-1
fle,T) = (l | a:xp{w"lez - |AT) cus{ig:jliz;"kﬂTD
remembering that:
= r‘ L]
J 1‘9' ,ugef’-n,,

one gets: (for T < 1)

L

ng( 1) o (0) (1 -2C

L

AL(0) )

. T
A(T mJ{:m(Hc : )
\ ] ' .fLG:'

10 g — — — —
e -
0.8 ,

0.6 .

0z -

0.0 02 0.4 0.6 0.8 1.0
T/ T
e

Single crystal YBa,Cu,0q o5
J.E. Sonier et al, PRL 72, 744 (1994)
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C RSl Multiband Superconductivity

ARPES on Ba, K, Fe,As,:

¥ .

«  Multiband superconductivity

outer | =barrel

— R « Nodeless gaps

o |
' %

L3
S A . h
M ¥ inner [-barrel

T AT, Aoyt) AT, Ag2)
TR =W TeR T :
s =) A (0. A1) A =0,A2)

V. B. Zabolotnyy et al., Nature 457, 569 (2009).
D. V. Evtushinsky et al.,Phys. Rev. B 79, 054517 (2009).
D. V. Evtushinsky et al., New J. Phys. 11, 055069 (2009).
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e

v

x=035 ¥ =0.65

— Ref. 26
& This work

Ba, Rb Fe As,
Tetragonal -

40

S R e e e— WS R e— S WSS e NS SR SN

0.0 02 04 0.6 0.8 1.0
x (Rb)
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ﬁ:_ T A TR s-wave gap
Bﬂl_:{thFE:;"'iS: @ x=(035

20 a K,

1.3

10

AT (um™)

CpJT=005T qqﬂa
. | . B ot B

U. 1 Dy i
0 10 20 30 40 30

T (K)
‘ Pro(T) = wp (1) + (1 — w)p2(T) ‘

pi(T) = A0 (T, Ao, ) /A7 (0, Ag ), 1 =1,2

Ag1 = 92.06(2)meV, Agoe = 1.50(2)meV, w = 0.51(2)

Ay ,=1.1(3) meV, A,,=7.5(2) meV, w =0.15(3).

Guguchia et al., Phys. Rev. B 84, 094513 (2011).
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a-m Melting of the vortex lattice

high-T. type Il superconductor

o0
z Be,(T)
§
3
| a7
(] .
5| TIHL
=4 [ & Il Vg
E vortex
solid
phase o Bc1 (T)
Meissner

temperature T  T¢
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Ol 15

Sr1.85CaCun0g.s

p (B)

| | I | | | I |

Vortex lattice melting

Bint - UﬂHaxt (mT) Leeetal Phys Rev lett 71 3862 (1993)
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Lineshape asymmetry parameter o
“skewness parameter”

o = (AB)%)YS /{(AB)A) /3

vortex solid vortex liquid

P(8) P(B)

a>0 a<0

Zurab Guguchia
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BSCCO (2212)

0.5

skewness parameter o

p(B)

temperature (K)

vortex solid
p(B)
'

a>0

vortex liquid

a<0

e i s ol G S Tt g i

Zurab Guguchia

1 L 1
LcCT Cl adl.,

—r

0 = (AB))'3/(AB))




Using Low Energy Muon Spin Rotation to Study
Superconducting Materials
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LRSI Low Energy [SR

Variable muon energy: 0 — 30 keV

ko U Cosmic muons

. v

Decay beam " Depth-sensitive local magnetic spin
Bulk uySR probe on the nm length scale
Surface beam ;J
e Thin films
 Near-surface regions
 Multilayers

 Buried interfaces

10* 10% 10° 10° 10
Energy (MeV)
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= Low Energy [SR Apparatus

electrostatic mirror

i I -
N

o It 7

| , oy T‘m D sl
M CP detector E It'] ﬁﬂj

| UltraHighVacuum
Spin-rotator Einzel lens moderator
(ExB) (LN, cooled) ~ 1019 mbar

b

i

Einzel lens

18
b Bl
(LN, cooled) | |!L
J B r: E
Start d
aormeton ¥ EI

Conical lens

[ m 3¢

Sample cryostat
et detectors
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= Low Energy [SR Apparatus

electrostatic mirror

Ny o

__wemd

“surface” [+ beam, ~4 MeV

~__~ & sa
M CP detector .ﬁ
| Moderator
Spin-rotator Einzel lens moder
(ExB) (LN, cooled)  Source of low energy muons
Einzel lens =1k .}-ﬂ
(LN, cooled) | |]J
3 3 5 C
Start detector =
(10 nm C-foil) ™ |@ |
& s l ‘L_’/>
Conical lens \ ’

T Sample cryostat
et detectors
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-] -

Low Energy [SR Apparatus

electrostatic mirror

Spin-rotator
(Ex B)

Einzel lens
(LN, cooled)

L

Start detector
(20 nm C-fail)

To {8 A

Einzel lens
(LN,, cooled)

Conical lens

E;f‘lf“n«_.'il’

= | ||| Sample cryostat
et detectors

e

moderator

“surface” [+ beam, ~4 MeV

Moderator

15 eV [+ 4 MeV [+

-~
«

T

<500 nm <100 {m
s-Ne, s- Ar, Ag at 6K
s-N,

+ Efficiency ~ 104 - 10
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-] -

electrostatic mirror

Low Energy [SR Apparatus

Spin-rotator
(Ex B)

Einzel lens
(LN, cooled)

L

Start detector
(20 nm C-fail)

Conical lens

E;f‘lf“n«_.'il’

am A7E T

Einzel lens
(LN,, cooled)

= | ||| Sample cryostat
et detectors

e

Moderator

moderator

75—-20keV [* m 4 MeV [*
<
1\ 4—
/ 4—
—
—

<500 nm <100 {m
s-Ne, s- Ar, Ag at 6K
s-N,

+ Efficiency ~ 104 - 10
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= Low Energy [SR Apparatus

electrostatic mirror

-

“surface” [+ beam, ~4 MeV

T
L

r—~__m
M CP detector
(ngn-égtator Electrostatic mirror
o Deflection of the low energy

F

Einzdl | are

(I_Irlllz2 co?)rI]:d) L

Start detector EI

(20 nm C-fail)
s
-

Sample cryostat

e+ detectors
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-] -

electrostatic mirror

AW,y

Low Energy [SR Apparatus
o

“surface” [* beam, ~4 MeV

—

\/m

M CP detector

Spin-rotator
(Ex B)

Einzel lens
(LN, cooled)

i |
Start detector

(10 nm C-foil) ™

$:

Conical lens

-

i

. m 3¢

Spin Rotator

Rotates muon spin for different
experimental conditions

Einzel lens
LN,, cooled)

L

moderator

T Sample cryostat

3 C

e+ detectors

B-Field
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-] -

Low Energy [SR Apparatus

electrostatic mirror

M CP detector

Spin-rotator
(Ex B)

Einzel lens
(LN, cooled)

b |

Start detector
(20 nm C-fail)

Conical lens

Einzel lens
(LN,, cooled)

moderator

.IJE

Sample cryostat
et detectors

. _J.I-m.'.'n“

“surface” [* beam, ~4 MeV

Trigger detector

e Start of the LE-[SR
measurement

 Time-of-flight measurements
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= Low Energy [SR Apparatus

electrostat

M CP detector

ic mirror

\ _!Wn"‘#ﬂn“

“surface” [+ beam, ~4 MeV

Sample cryostat

Spin-rotator Einzel lens moderator
(Ex B) LN led i I
(LN, cooled) » Deceleration and acceleration
ogd  bgm of the [*
8

Einzdl lens e
(LN, cooled) 1 L
Start detector
(10 nm C-foil) 7]

Conical lens

T Sample cryostat
et+ detectors
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-] -

Low Energy [SR Apparatus

electrostatic mirror

I, gy .

__wemd

“surface” [+ beam, ~4 MeV

HE
~_~

\/m

LLT
M CP detector .ﬁ

Spin-rotator
(Ex B)

Einzel lens
(LN, cooled)

]

Start detector
(20 nm C-fail)

'LEI

Conical lens

jf_m 3¢

[, P [ — Sample cryostat
(LN cooled) o Deceleration and acceleration

E of the [+

— — .
S Guard rings

i B e—a— +]/AHY

Sample

T

T 2HIHY

— HV=£0-125k¥Y

Sapphire

Sampl e cryostat Sample plate
e+ detectors

Radiation shield

Cold finger




Example:
Magnetic field profile in type-I and type-II
superconductors
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e e Depth dependent pSR measurements

B(z) = B, exp(-z/\)

Mucn Spin Polansation

superconductor

Muon Spin Polarisation
‘<\ | ———
1] -
.F\.. e ————e
o
— L

...........
o 1 2 3 2 & A 7 R 8 10

Y

Muon Spin Polanisation
Bl b oooe e oEa
{’\
_,_,—o—"'_'-'_'-'f:ll
-
//__x’
-

@, (2) =¥, Big (z)

o 1 ] 3 2 5 g 7 & 8 W

Zurab Guguchia Jackson et al., Phys. Rev. Lett. 84, 4958 (2000)



IV ENW §B W Ivl e e B f uf B i e HE Al §F W W WOI T IIIIIVIV‘-I I WSSl W 1§ Ivl e B B N

FAUL SCHERRER IHETATUT

-] -

I—/—\f—ﬁ-—-ﬂf"“* n(z.E): muon implantation
B(z)

profile for a particular
Superconductor muon energy E
uSR experiment =
ey magnetic field probability
: distribution p(B, E)
e I sensed by the muons
:.—E 36 ' 15.;‘:“%'9 ka¥ys o e
& sil "‘ A i 29.4 keV
£ ali- i NG A A .
5%0'2_-" LA " L - niz, B)dz = p(B, E)dB
: 0 50 100 150 200
Depth z [nm] & , "N ‘
f n(C, ) d¢ :/ p(d, E)dj3
T T 0 JB(z)

- Magnetic field profile B(z) over nm scale

= B(Z)
Jackson et al., Phys. Rev. Lett. 84, 4958 (2000)
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dmmeasurement of the magnetic penetration depth

- R -

B(z) =B, exp(-z/\)

nductor

(SR experiment ®
magnetic field probability
distribution p(B) at the muon

= .
site

® p(B) ® B(z)

YN

Jackson et al., Phys. Rev, Lett, 84, 4958 (2000)
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«( Diféet measurement of A in a YBa,Cu;0,_., film

muon energy (keV) —

o 34 69 159 209 249 294
ok IN |
LN |
~
£
o 7 il
o
©
< 6 .
o
D
(=8
5 =
T(K) A(nm
® 20 146(3
) ® 50 169(4
® 70 223(4
® 80 348(6)
=0 20 40 60 80 100 120 140 160

muon implantation depth z (nm)

o g O O ] =990y
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-] -

Summary
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w(--]m  Muon Spin Rotation / Relaxation ([SR)

Magnetism:

* Local probe
» Magnetic volume fraction

* [SR frequency
« Magnetic order parameter (103 — 10 [;)
o Temperature dependence

* [SR relaxation rate
» Homogeneity of magnetism

« Magnetic fluctuations
e Time window: 10°-10° Hz

Superconductivity:

* Field distribution of vortex lattice
 Penetration depth
 Coherence length
 Vortex dynamics

* Absolute determination of penetration
depth [ (0)

» Temperature dependency of
e Penetration depth, [ !4 <®B2>2 (2
e Superfluid density nym* <®B2> [
-  Symmetry of the SC gap function

Zurab Guguchia
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