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Muons for solid state physics & examples.
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In a few words:

Polarized muons (S=1/2) are implanted into the sample

The spin of the muon precesses around the local magnetic
field

The muons decay (2.2 pus) by emitting a positron

preferentially along the spin direction.

The positrons are counted/recorded in hystograms along

certain directions = the pSR spectra = the physics of your

sample.
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It belongs to the family of NMR, EPR, PAC, neutron

scattering and Mossbauer experimental methods.

Comparison of dynamical ranges accessible to different
techniques
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-Small magnetic probe. Spin: 1/2, Mass: m, = 206.7682838(54) m, =
0.1126095269(29) m,

- Charge: +-e

- Muon beam 100% polarized — possibility to perform ZF
measurements

- Can be implanted in all type of samples

- Gyromagnetic ratio: y, = 2n x 13.553882 (+0.2 ppm) kHz/Gauss —
senses weak magnetism.

- Allows independent determination of the magnetic volume and of
magnetic moment.

- Possibility to detect disordered magnetism (spin glass) or short

How ?

range magnetism.
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The muon decay into an electron and two neutrinos after an
average lifetime of t, = 2.19703(4) ps:

pt et + v, + v,

The decay is highly anisotropic.

Muon, positron, neutrino ESM 2011-Térgoviste, ROMANIA
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Angular distribution of the positrons from the
muon decay: W(E.8) = 1 + a(E)cos(6). When all
positron energies E are sampled with equal
probability the asymmetry parameter has the
value a =1/3 (red curve).
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How do we cook muons?

Origin: cosmic rays; accelerators

Muons: from pions;

nt = pt +v, (1. = 26.03 ns)

Pions: from protons
2 S5 ) =55 (o) 5 [g] B3 GG

P+Nn—o>n+n+ g+

Muon, positron, neutrino, cosmic ray, pion, proton, neutron
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Let's go back to beginning of the
XX'th century (1911):

Keywords are: radioactivity, radiation,

cosmic rays.
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1911: Wilson invents the cloud

chamber

? What are the cosmic rays?

? What do we find if we smash
the nucleus, and how we can do
that?

Nuclear  physics  starts its

development.

Scientist had ideas to

check/verify and started to have
tools to do that.

Muon, positron, neutrino, eesmieray, pion, proton, neutron




1919: Rutherford discovers the proton.

This was the first reported nuclear reaction, 4N + a — 170 + p.

The hydrogen nucleus is therefore present in other nuclei as an

elementary particle, which Rutherford named the proton.

Up to about 1930 it was presumed that the fundamental particles
were protons and electrons but that required that somehow a number
of electrons were bound in the nucleus to partially cancel the charge
of A protons (the atomic mass number A of nuclei is a bit more than
twice the atomic number Z for most atoms and essentially all the

mass of the atom is concentrated in the relatively tiny nucleus).

Muon, positron, neutrino, eesmieray, pion, preten, neutron
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1931: James Chadwick (NP 1935) discovers the neutron.

Picked up where Rutherford left off with more
scattering experiments...

Performed a series of scattering experiments
with a-particles

pelenium seurce gei

=, B———" ger counter
e A IS B ",,r

i > -

. | |
Eeryllivm - -~ 1000 ¥

Applying energy and momentum conservation he found that the mass of
this new object was ~1.15 times that of the proton mass.

Chadwick postulated that the emergent radiation was from a new
neutral particle, the neutron.

‘a+9,Be—— 12,C+ 1 n
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1932: Carl Anderson (NP1937) discovers the positron (predicted by

Dirac in 1928): in cosmic rays _ d
in a magnqﬁc field '4. 4 Carl Anderson I
P T BT b <0 11 R
1 les
v, i
i TN o 5
F RN i T [
%
. . \
N ; v
Lead Larger curvature :
of particle IS
plate above plate
') Paul Dirac
means it’s
moving slower l
: (lost energy as it
Positron passed through) traveled, it can be deduced it's not a proton.

Muon, pesitren, neutrino, eesmieray, pion, preten, neutren




Muons for

1934: Enrico Fermi (NP 1938)

To account for the “unseen” momentum in the
reaction (decay):

n>p+e +X

Fermi proposed that the unseen

momentum (X) was carried off by a

particle dubbed the neutrino (v §——(means “/ittle neutral one")
discovered in 1956.

Muon, pesitren, neutrine, cosmicray, pion, preten, neutren
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1935: Yukawa (NP 1949) predicts the existemce of a particle who
mediates the strong interaction (later called pion). He estimated its

mass to be around 0.1 GeV.

Yukawa theory predicted that the negative
mesotron should be easily captured around
the positively charged atomic nucleus and

absorbed by the strong force before they

could decay.

Muon, pesitren, neutrine, cosmicray, pion, preten, neutren
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1936: Seth Neddermeyer and Carl Anderson discover the muon
(mesotron): mass between that of the electron (x 200) and proton

/10
(/10) Penetrating cosmic ray tracks with unit charge

but mass in between electron and proton
(first seen in 1930 but misinterpreted as
ultra-high-energy electrons obeying new laws

of physics). \q

Is this the
Yukawa
particle?

Particle Electric charge Mass
(x 1.6 10 C) (GeV=x 1.86 10?’ kq)

0.0005

0.106

0.938
0.940

0
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Yes, it was, for some years ...

It was the mass that caused the muon to be confused with the pion.

1947: Marcello Conversi, Ettore Pancini & Oreste Piccioni:
show that the mesotron decays and measure its lifetime.

Targets: Iron; Carbon, ..

Muon, pesitren, neutrine, cosmicray, pion, preten, neutren
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Results of the experiment to implant cosmic ray muons
in matter and measure their lifetime:

vt in anything 2 us

Cin C 2 us ~ interackion: 1/~
i ).l. L

- in Pb 0.07 us X

—— —— ——

hence, mesotrons (muons) are trﬁius of )}- S
i : or e ; -
not interacting strongly enough IB) ~ Mg [, x (ead ::hfjf
I : = Fure
to be Yukawa's particle! il SR

Reason for u interaction: w capture

(radius of w orbit is ~ (m,/m,) X radius of e orbit)
so the w occupies an orbit close to the nucleus, and
sees the full +Ze charge on nucleus)

Muen, pesitren, neutrine, cosmicray, pion, preten, neutren
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1947: Cecil Powell (NP 1950) discovers the pion in cosmic rays
captured in photographic emulsion (Peak du Midi, french Alps)

The birth (A) and
death of a pion,
recorded by Lattes,
Occhialini and Powell
in 1947, one of the
first observations of
the creation of a

muon. AB=0.11 mm.
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ALL THE INGREDIENTS HAVE BEEN DISCOVERED

e ——— e —
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Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays : the Magnetic
Moment of the Free Muon*

Riciarp L. Garwin, T LEoNn M. LEDERMAN,
AND MarceEL WEINRICH

Pliysics Department, Nevis Cvclotron Laboratories,
Columbia University, Trvington-on-Hudson,
New Vork, New Vork

{(Received January 15, 1957)

It seems
possible that polarized positive and negative muons will
become a powerful tool for exploring magnetic fields in
nuclei (even in Pb, 29, of the x~ decay into electrons?),
atoms, and interatomic regions.
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What to do with muons ?

Muons for time-dependent studies in magnetism

Probe the magnetic field inside matter at a microscopic level

in order to have an insight into its magnetic and electronic

properties: local fields, field distributions and dynamics.

Exploit the analogy with
protons
- Diffusion in metals
- A model for hydrogen in
semiconductors and
dielectrics

Muonium chemistry -
isotope effects
- A spin label for organic
radicals = molecular
dynamics

And where?

ESM 2011-Targoviste, ROMANIA
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PSI
TRIUMF ISIS

g

nSR facilities of the world.
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500 MeV
High
Energy
Proton
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Primary
Production
Target
Carbon or

Beryllium
Nuclei

Neutrino

Pion T_=26ns
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Production of a beam of polarised muons:

* Consider pions decaying at rest,
» since the pion is spinless and the neutrino helicity is -1
(i.,e. its spin and linear momentum are antiparallel),

conservation of linear and angular momenta dictates:

Vu ;A “+
P, Sy, 8 P,
One can have a muon beam which is 100% polarized, with Sy

antiparallel to Py.

Such a beam is called a surface muon beam (Arizona beaam).

Muon kinetic energy: Ey = 4.12 MeV.
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Function of the beam momentum:

« Arizona (200 mg/cm?) (from pions decaying at rest)

 High energy (samples inside containers, p-cells) - (from
pions decaying in flight)

* Low energy (surfaces, interfaces, multilayers)

Function of the time structure:
« Continuous (PSI and TRIUMF)
¢ Pulsed (ISIS and J-PARC)
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Spectrometer at the Swiss Muon Source.

T
. g o
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Muon implantation, thermalisation and localisation.

For decreasing kinetic energy of the muon:
* Inelastic scattering of the muon involving Coulomb interaction
through atomic excitations and ionisations.
 py+ picks up an electron to form a muonium atom Mu (i.e. a py+-
e— bound state) and releases it many times.
* Last stage of thermalisation through collisions between Mu and
atoms in the sample
 Eventually, dissociation of Mu into y+ and a free e-, in most
cases. Exceptions are semiconductors, molecular materials. . .
 This process takes place in 10710 - 1079 s,
* No loss of muon polarisation during thermalisation.

Limited radiation damages: relatively few implanted y+ ( 108).
Muons finally localise in interstitial crystallographic sites.
Implantation range for 4.12 MeV muons: 0.1 to 1 mm, depending
on material density.
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The ideal case: muons sense an with O _Yug

infernal magnetic field (delta e e
function) at their stopping site.

(Du — BﬂOC M
order parameter:(sublattice) magnetizatio

HSR works with FM order
as well as with AFM order I
(except for the special case where B8, = C

P(0)
PiO)-cosze

I-%’(O)-sinze-cos(cot:)
:4_»2
More general case:
Simple case of single-domain
single crystal with one type of ds,,(t)
muon site and looking at the time TR/
evolution along z (and AO) = 1): dt
P (t)=cos’0+sin’ 0- cos(m,t)

= Yy Su(t) X Bloc(t)'
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The result that you obtain, AP.(1), depends

on the:
* physics of your sample,

* quality of your sample,

* quality of your experiment.

ESM 2011-Targoviste, ROMANIA




Muons for time-dependent studies in magnetism

Relaxation functions:

N . (t)= B+&exp(—t/rﬂ)[1+
T

e
ferro antiferro dilute
@) (b) © - nuclear moments
e 1 ceossoceen - electronic moments
I N T T H DN
I Forob o coobhoosoaooe .
R NS S S SO ORS S - static moments
1. |' J"|'1 (=T T - T - T - - T - .
SRS E S 4SS5 - fluctuating moments
()
AQQCIVILL9 0099000  helical
(e)
VNI NN CIVIGIVIVISIINNE o] =1
- various spin structures dedicated P.(t)
- spin glasses (randomness) ¢ H Ir:)l
- variety of field distributions Or eacn probiem
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Example.
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P-NPNN: Ferromagnet & Tanol suberate: Antiferromagnet [from S.J.
Blundell and F.L. Pratt, J. Phys.: Condens. Matter 16 (2004) R771]
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P.(1) : Py (t) and P,(t) (ZF and TF geometries)

* The primary purpose of a wSR experiment is to determine the
evolution of the polarization of the implanted muons.

« The polarization is defined as the average over the muon ensemble
of the muon normalized magnetic moment or spin.

* In fact, only the projection of the polarization along a direction is
measured. This is the direction of the positron detector.

TF geometry: Py(T): LF or ZF geometry: P,(t).

Transverse-field Longitudinal- or zero-field
geometry geometry
The muon
momentum
is, in both
cases, || z
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For the Zero-Field geometry:
(only internal fields)
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+ B,
\ Hyperfine contact field: due to the
electron spin density at the muon site

Dipolar field: depends on muon site
and direction of m

Bdip :Z : (3mi .ri)r' -m;

i r.3 r'z i i

~m/r3

dlp

Form:IyBandr:IA—> Byo~1T

dip

= | static moments as low as 0.001 x4
can be detected by uSR

1 mT -y /(2n) ~ 0.14 MHz
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Spin precession

A o
F-}_C’c): Cos § 4+ Swn B cos [\G},_B k]

Py (£) |
~ X

NN Ly
MRV Y,
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1
Hyperfine Interactions 83 (1594) 245-250 245

STUDY OF SPIN DYNAMICS IN NdRh;Si,
CRYSTALS BY pSR RELAXATION
MEASUREMENTS

P.C.M. GUBBENS

Interfaculty Reactor Institute, Technical University Delft, 2629 JB Delft, The
Netherlands

P. DALMAS DE REOTIER and A. YAOUANC

(C'EA fDépartement de Recherche Fondamentale sur la Mabiére Condensee, 85X,
F-38041 Grenoble-Cedex. Frunce

AA MENOVSRY

Natwurkundig Loboratoriwm, Universifeif van Amsterdam, 1018 XE Amsterdam,
The Netherlands

C.E. SNEL
Kamerlingh Onnes Laborotorium der Ryksuniversitent Lewden, 2300 BRA Levden,
The Netherlands

We have studied by zero-field and longitudinal field p5R measurements the uni-
axial antiferromagnetic intermetallics NdfH.542. The measurements have been
performed on single crystals. Our data show that the magnetic field at the muon
gite is parallel tn the ¢ axis. Below the Neel temperature Ty the spin-latiice refax-
ation 1s drven by a two magnon process. In the paramagnetic region near Ty we
observe, a critical divergence of the damping rate.
R ———————————— e ——
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Asymmetry: a, PF*P(t)
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Polycrystalline sample

Angulas avermges : <c0515> =

&uq_mja een ovtr a SYkﬂ.{Q

v B = e T [¥pBE]

Pﬂk_‘j an-f“"a.ut_}ul

avamcS?.

> ¢
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Magnetic phase transition in a polycrystal

Actually, one needs to take into account broadening and/or dynamics:

0.25 g20E T :
g 0.20 20 f Tl .
Tw 0, = E - T 3
& 200 F b =
3 a8 R AN
E‘ m 150 "'\. -
g 010 3 | ‘
% 0.5 i ];3 3 i :
{0,000 ‘§. 3 lj'Uﬂ:C |
aero field 0 f [,
I]fﬂll - Df]l - II]?EI - IilIJI - Iill-i- o I 20 40 I 1] I a0
Tima ¢ (ps) Temparature (K)
1SR spectra: a magnetic transition at Temperature dependence of By.
Te =745 K.
Above T¢,
Pz(t) = exp(—Azt).
Below T¢,

1 2
Pz(t) = 3 exp(—Azt) + 3 exp(—Axt)cos(w,t).

The spontaneous field is By = w,, /7.
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Static isotropic Gaussian magnetic field distribution with zero average

Gaussian KUBO-TOYABE (KT) relaxation function ;xexp(_ B2/2A4*)  (i=xy,2))
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Apply o longiwdinad  frel\d:
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o random felda w ol direchovis

~ 2 Fnﬁj}.y_l oV F—""‘-HF"'-"“'M +o
‘H.-o. mm-s?m
,—-..-1/ q_rptﬂ-d—«'c.u-’-ﬂ-r =y iﬂ?blﬂxﬁzf_
3 T on a time A |/&

B =0

® Now add o ]nn%{h-.d{na.l L:::M-f&m-t
boosts He '-% j—nﬂmyx n_lma_ =

L
BL# B F (E) = <{eos? O >+ {sn* & . cos X#B{’>
J

BosSTED HR|NGS” at N‘HPEL-

ESM 2011-Targoviste, ROMANIA




Muons for time-dependent studies in magnetism

Anatyhed -‘:alml‘;hm‘- 4B [2a? -
P(By) = r < lausSsian
Sl — Xp By /'3'-5 i steibution
P(By) = Sr. ¢ i SRRk
(Jﬂ)'r"&- i 17 B & TN rfe
_%, (B, 48,_‘)/2;;..
PCB%) =" e A,
Llﬂ)”*&.
P, (k) = g 2% [cu:?& . 5;:@ cus (4, BE)] PEIP(B)P(BL)
- ( 'J-', '.l. lﬁ L' _—%.E-‘tt
. & \- cos BBk Jrr——qS st 5,.BT 4T
>FE ) @*BJ j (68 "
LONAGITUDINAL-FIELD Kugo TOIARE FunNCTioN
F |V ;
i3 i

ESM 2011-Targoviste, ROMANIA




Muons for time-dependent studies in magnetism

KT: Switch on 'rhe dynamics

1.0

Jumps with a
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frequency v.
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gy . .
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KT Swn'ch on the dynamics

1.0

/ P,(t)=exp(-1t)
or A=242/y _
0.6} 5 -
- 0.4 2 A= 0
02L 1 05 0.1\
0.5 -
\

0.0 ST _————_
0 2 4 6 8 10

t A

| An exponential relaxation exp(-A7) is an indication

that there might be some dynamics in the system.
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To be sure: Longitudinal field unSR: decoupling
= > apply a longitudinal field B>10 A/y

2A%T,

1+®°t,?

A =

In the fast fluctuation regime: no LF dependence of A

A =2A%/v
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1
Hyperfine Interactions 83 (1594) 245-250 245

STUDY OF SPIN DYNAMICS IN NdRh;Si,
CRYSTALS BY pSR RELAXATION
MEASUREMENTS

P.C.M. GUBBENS

Interfaculty Reactor Institute, Technical University Delft, 2629 JB Delft, The
Netherlands

P. DALMAS DE REOTIER and A. YAOUANC

(C'EA fDépartement de Recherche Fondamentale sur la Mabiére Condensee, 85X,
F-38041 Grenoble-Cedex. Frunce

AA MENOVSRY

Natwurkundig Loboratoriwm, Universifeif van Amsterdam, 1018 XE Amsterdam,
The Netherlands

C.E. SNEL
Kamerlingh Onnes Laborotorium der Ryksuniversitent Lewden, 2300 BRA Levden,
The Netherlands

We have studied by zero-field and longitudinal field p5R measurements the uni-
axial antiferromagnetic intermetallics NdfH.542. The measurements have been
performed on single crystals. Our data show that the magnetic field at the muon
site is parallel to the ¢ axis, Below the Neéel temperature T the spin-lattice relax-
ation 1s driven by a two magnon process. In the paramagnetic reglon near 1y we
observe, a eritical divergence of the damping rate.

e ————————————————————————
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Asymmetry: a, PF*°(1)
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Fig. 1. Temperature dependence of the damping rate measured on a single crystal of

NdRhSis. The initial muon beam polarisation is parallel to the ¢ axis. The dashed line

gives the prediction for a quadratic temperature dependence of the damping rate in the
ordered state.
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NdRh,Si,

s

"l,';.“* L
g 1k t zero field -
® 2 :
A : 45 :
g L @

E. °
= 0.1 3 ‘ E
o " .
- ®ey '. o o ° . i

0 50 100 150 200 250 300
Temperature (K)

Fig. 2. Temperature dependence of the damping rate measured on a single crystal of
NdRh-S1i,. The initial muon beam polarisation is perpendicular to the ¢ axis.
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(1SR response in a paramagnetic phase
The case of MnSi

rrrrr|rer o rrr o

MmnSi 15

A magnetic phase transition to a ix 015 zero field ;
(nearly ferromagnetic) So0I0f
helimagnetic phase below T, =~ E 005 |
30 K. F 0o0p
—-0.05 —
) T N RN T TN T TN T N TR SN TN SN Y TR W W W
0 5 0 15 20

Time r (us)
The sources of the magnetic field at the muon are:
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INSTITUTE OF PHYS1C5 PURLISHING JouRHAL OF PHYSICS: CONDENSED MATTER

I. Phys.: Condens. Matter 17 (2005 L129-L135 doi: 10, LO880953-8084/17/13/L01

LETTER TO THE EDITOR

Testing the self-consistent renormalization theory for
the description of the spin-fluctuation modes of MnSi

at ambient pressure

A Yaouanc', P Dalmas de Réotier!, P C M Gubbens?, S Sakarya®,
G Lapertot!, A D Hillier® and P J C King’

MnSi is a metallic compound which undergo a second order magnetic phase transition at
~29.5 K into a helical magnetic structure characterized by a small wavevector Qg = 0.035 A~!

it is found that Az(T) o T/(T — Tw)¥? and iz(T)
I'/Mg, for an antiferromagnet in the paramagnetic and ordered phases respectively [10].
Hence, 4z(T) oc T in the high-temperature limit, i.e. Az should never level off at high

temperature.
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IIIII| T TTTTT T TTTTT T IIIIIII| I IIIIIII|

10 E 0 —
—~ SN MnSi
g I N . Ise -
o - ]
© I ]

= 20mT o
2 0le SmT o
L’é . — — SCR theory ]
E - —— critical theory ~—_ i
0.01 E_ (a) Q oY E

IIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |

0.001  0.01 0.1 | 10

(T_ Tt‘) / Tc

it is found that Az(T) o« T/HT — Tw)Y? and 4z(T) o
I'/Mg, for an antiferromagnet in the paramagnetic and ordered phases respectively [10].
Hence, 4z(T) oc T in the high-temperature limit, i.e. Az should never level off at high
temperature.
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= 0.8 . ]
A MnSi s, 4

= I [111] / |
— 5mT

~ 0.6 - / .
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< i / ]
) /e

© 04 —
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T 02 -
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it is found that Az(T) o« T/HT — Tw)Y? and 4z(T) o
I'/Mg, for an antiferromagnet in the paramagnetic and ordered phases respectively [10].
Hence, 4z(T) oc T in the high-temperature limit, i.e. Az should never level off at high
temperature.
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The case of the Lorentzian
field distribution:

al-

Elt) = %—%(1 —at)exp(-at)

with a=y, A

1.8

ns
g, )

IJIT

4 F

BX r

oo

0.1

0.0
-8-6-4-20 2 4 6 8

Internal field B, i=xy,z

e ——
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Detection of phase separation:

v
v

Homogeneous:

v
v

Inhomogeneou

¢

P

Frequency
Amplitude

= Internal magnetic field
= Magnetic volume fraction s
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m?2 Volume

Detection of phase separation:

Neutron scattering

F. Bourdarot et al., condmat/0312206
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Muon Spin Rotation:
A. Amato et al.,, J. Phys.: Condens. Matter 16 (2004)

S440:
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Phase separation in magnetic und non- maqnetlc readions

Not only observed under pressure, but also

at ambient pressure by uSR on non-perfect crystals

G.M. Luke et al., Hyp. Inter. 85 (1994) 397.
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Figure 9. Temperature dependence of the spontaneous p* frequency for URu»Sis under pressure.
Note that all the data collapse on a universal curve well described by a 3D Ising model. The different
pressure measurements differ in the first-order transition temperature Ty, which increases under
pressure. Note that for clarity only two different pressures are reported.
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Checking of magnetic structures by uSR

The cubic system CeBg (space group Pm3m) orders antiferromagnetically below

Exampl e: CeB Tx = 2.3 K and shows antiferroquadrupolar ordering between 2.3 K and 7o = 3.2 K
: 6 [11]. The magnetic structure was found by neutron measurements to be described at
Pm-3m 1.3 K by the wave-vectors q; = (%, i, %) and g, = (%, 41,0), with a relatively small
static Ce-moment of pg =~ 0.28usp.
USR Knight shift:

A. Amato, Rev. Mod. Phys. 69 (1997) 1119.

530 —
52.8 |

<*

CEBE

ZF R\
526 Hex = 3.8 kOe

T=15K

v (MHZ)
3
B

\é\‘

Field rotated in the (110) plane 3d-position

0 30 &0 80 1200 150 180
8%}

[11] J.M. Effantin et al.. J. Magn. Magn. Mater. 47—48 (1985) 145.
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Checking of magnetic structures by uSR

CeB, : Magnetic structure based on early neutron data :
S, = 1€, g cos[27K, t(N)] + pe, , ; cos[27K (]

with n=0.28 pgzand
k,=[1/4,1/4,0] and k,"=[1/4,1/4,1/2]
J.M. Effantin et al.,J.M.M.M. 47-48 (1985) 145

But incompatible with uSR studies:
R. Feyerherm et al., Physica B 194-196 (1994) 357.

—

CeBs
T = 10 mK
zero field

*M T

0O 10 20 30 40 50 60 70 80
Frequency (MHz)

Fourier intensity (arb. units)
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Checking of magnetic structures by uSR

= Reinterpretation of neutron data:

S, = W€ 1,07 COS[27K 1 (N)] + W&, _, ) cos[27K L]

Muons for time-dependent studies in magnetism

+ 1,8, 1 oy COS[2TK ,E(N) + 70/ 2]+ 1,€;, o cOS[27K , T (N) — 70/ 2]

with  k,=[1/4,-1/4,0] and k, = [1/4,-1/4,1/2]
and  p.=0.64 ng for z=1 + modulation

1.=0.073 pgfor z=0 + modulation
O. Zaharko, Phys. Rev. B 68 (2003) 214401.
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Incommensurate magnetic structures

m, = Mcos(2nkr; + @)
By neutrons: For small k it may be not so easy to distinguish

between commensurate and incommensurate structure

e —
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Incommensurate magnetic structures

By USR:
Each muon stopping site will be magnetically “unique” (B, (r;) # B ()
=» wide and smooth field distribution
at crystallographically equivalent muon stopping sites

For a simple modulation, the field at the muon site usually approximated by

B(r) =B cos(2rnkr) Only an approx. !!!

B B

N WANAWA e ;
{AVAYAYA e
-B, Moo 55 7o 72

) 1
p(B) == ———
n./B2-B

By
= P@)= §+%I_BO P(B)cos(y,Bt) dB =3+ J,(v,B,t)
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Incommensurate magnetic structures

Assuming a magnetic structure described by
m, =M cos(2nk -R, + o)

» Bdip:Z%{M_m‘

=7 r2 '

B [a.u]

Bdip:ZMCOS(znk°Ri+(P) 5 - -3}

By making the substitution R, =(r, +r,) we get;

Bdip e COS(zT[ k . rH )Z M COS(ZTE k 5 ri + (P) {M _1_M:|

r r
—sin(an -rH)ZM sin(2nk -, +(p){3(1Mr—5r')r'—lr—'\g} @

The magnetic fields at the muon site lie in a plane
and define an ellipse:

By, = S... -cos(2nk -1 )-S, -sin(2nk-r,)

1 . B . B [a.u.] B
with principal axis: By, and By max

; 2 B

: . (B):_ . 5 WA P
For an incommensurate structure, all the points of T (B — Bmm) (Bmax -B )1
the ellipse will be reached and the field distribution given by:
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02 04 06 08 10 12 14
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ESM 2011-Targoviste, ROMANIA




Muons for time-dependent studies in magnetism

Example sensivity

Magnetic Superconductor CeRu,
A.D. Huxley et al., Phys. Rev. B 54 (1996) R9666

Magnetic state below 40K, m., = 10-4 p,

I 1 1 T T i T L3 ¥ I T T 1 1 |
—_ 0.25 :— Mﬁ‘% _:
e - .
a 020 -]
s 00 o
> 0I5 -
g 0.10 E_ CeRuZ e 105K 3
; : zero field 0122 K ]
< 005F -
0.00 | .

| ] [ T R | 1

0 5 10 15

Time (us)
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Example sensivity

Magnetic Superconductor CeRu,

CeRu,: A magnetic superconductor with extremely small magnetic moments

A. D. Huxley. P. Dalmas de Reotier. A. Yaouanc, D. Caplan. and M. Couach
Commissariat a |’Energie Atomigue, Departement de Recherche Fondamentale sur la Matiere Condensee,
F-38054 Grenoble Cedex 9, France

P. Lejay
Centre de Recherches sur les Tres Basses Temperatures, Centre National de la Recherche Scientifique,
Boite Postale 166X, F-38042 Grenoble Cedex, France

P.C. M. Gubbens and A. M. Mulders
Interfacuitair Reactor Instituut, Delft University of Technology, 2629 JB Delft, The Netheriands
(Received 17 April 1996; revised manuscrnipt received 25 July 1996)

uon-spin-relaxation experiments and ac low-field magnetization measurements have been carried out on
the superconductor CeRu,. The relaxation rate of the muon-spin polarization m zero field exhibits a small but
significant increase below Ty,=40 K. which 15 suppressed by applving a longitudinal field. This result taken
together with magnetization measurements provides definite evidence for the occumrence of static electronic
magnetism involving extremely small magnetic moments. Our work shows that CeRu, 15 a member of a
restricted family of superconducting compounds that order magnetically with extremely small magnetic mo-
ments at a temperature much higher than that at which they become superconducting.
[S0163-1829(96)51138-0]

ESM 2011-Targoviste, ROMANIA




Muons for time-dependent studies in magnetism

Example sensivity

Magnetic Superconductor CeRu,

Our finding 1s that the cubic Laves phase superconductor
CeRu, condenses 1nto a static magnetic state at a tempera-
ture 7',,~=40 K which persists into the superconducting state
below 7.=6.1 K. The evidence comes from both muon-spin-
relaxation (4 SR) measurements and ac susceptibility mea-
surements on a single crystal. Our work supports the inter-
pretation that anomalies seen 1n recently presented high field
measurements are due to the occurrence of static magnetism
at 1'y, 0
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Example sensivity

Magnetic Sunerconductor CeRu.

| L A IR R B
_omar CeRu, ]
£ - + zero field j
2 003 - -
<] L J
o X )
8 002 AW * -
s | 1]t 4
= X 1 T ' T ]
X 001 i * * .
S - ]
o i )
0.00 -

| T T T N T S TR TR N S SR S T

0 50 100 150
Temperature (K)

FIG. 2. Temperature dependence of the Gaussian muon-spin-
relaxation rate, A, in CeRu, at zero field. The line is the Brillouin
function prediction for a spin § = 1/2 and T,;; = 40 K. This result
provides evidence for the occurrence of static electronic magnetism
at Ty = 40 K.
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Other fields addressed by the SR techniques

and not mentioned here !

» Diffusion of a light interstitial particle in a crystal lattice
(Brownian motion).

» Study of semiconductors: Mu i1s formed and it mimics a
hydrogen impurity in the material. Study of its interaction
with the environment.

» Physical chemistry: Mu binds to a molecule to give a
spin-labelled free radical. Study of chemical reaction
mechanisms.

» Study of superconductors magnetic response.

» Study of thin materials with low-energy muons.
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PHYSICAL REVIEW B 66. 054506 (2002)

Vortex motion in type-II superconductors probed by muon spin rotation
and small-angle neutron scattering

D. Charalambous.'* P. G. Kezflley.l E. M. F{n‘gan._l T. M. Riseman," M. W. Long." C. valpiL2 R. Khasanov.* D. Fort.’

B I C. KJ'ng45 S.L. Lee,” and F. Ogrin
!School of Physics and Astronomy, University of Birmingham, Birmingham BI5 2TT, United Kingdom
2] aboratoire CRISMAT, ISMRA, 6, Boulevard Mareéchal Juin, 14050 Caen Cedex, France
SPF?y.sik—Instimr der Universitat Zurich, Winterthurerstrasse 190, CH-8057 Zirich, Switzerland
*Paul Scherrver Institut, CH-5232 Villigen PSI, Switzerland
School of Metallurgy & Materials, University of Birmingham, Birmingham B15 2TT, United Kingdom
8ISIS, Rutherford-Appleton Laboratory, Chilton, Didcot OX11 00X, United Kingdom
"School of Physics and Astronomy, University of St. Andrews, St. Andrews, Fife KY16 9AJ, United Kingdom
8School of Physies, University of Exeter, Exeter EX4 40L, United Kingdom
(Received 26 April 2002; published 2 August 2002)

We report muon spin rotation (@SR) measurements on the moving vortex lattice (VL) in the type-II
superconductor Pb-In. backed up by small-angle neutron scattering (SANS) observations on the same sample.
We observe a motional narrowing of the g SR lineshape p(B) and by SANS, alignment of the VL to the
direction of vortex motion. We have calculated the w SR lineshape expected with a range of orientations of the
moving VL. We demonstrate how the new wSR results give mformation on the moving VL which 1s comple-
mentary and consistent with the SANS data.

DOI: 10.1103/PhysRevB.66.054506 PACS number(s): 74.60.Ge, 76.75.+1

» The shape of the field distribution gives access to the London
penetration depth Ay, and to the coherence length.

» From Ap(T), information on the symmetry of the order

parameter of the superconducting phase. )
e ——
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Sample: Pb, gIn,, . Annealed (increases sample homogeneity and
reduces bulk pinning). sample spark-cut from the ingot and chemically
polished (remove residual traces of oxidation, resulting in a shiny

surface with very low surface pinning).

B
T B: 30 mT
I: Pulsed, up to 80 A, 20 us wide,
= I synchronized with the muon pulses:
v 80 ns long, repeating every 20 ms.

Recall: in the mixed state of a type-II superconductor, the muons

are implanted at random positions in a magnetic field distribution B(r).
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In the absence of a transport current (static VL):

D035 e T T T T T T T TR T T T e
i Exparimantal, 42K —— ]
ﬁ ‘Theoratical -—— 3

003 F

oges b

002 F
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bois |
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20 22 24 26 28 30 32- I+ 3I6 W 40 42
B [mT]

FIG. 2. Experimental and theoretical p(B) line shapes corre-
sponding to a stationary VL. The theoretical curve (dashed line) has
been obtained from a solution to the full Ginzburg-Landau equa-
tions for k=5.2 and b=B/B_,=0.1. where B_,=270 mT at4.2 K.
using a method developed by Brandt (Ref. 18). The value of x was
chosen to give agreement between the two line shapes. Due to finite
sample magnetization, this gives B~27 mT for an applied field of
30 mT.
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T

In the presence of a transport current (dynamic VL):
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FIG. 3. Maximum entropy-fitted «SR p(B) line shapes for a
range of applied currents at 30 mT and 4.2 K. The peak at approxi-
mately 30 mT arises from muons stopping in the sample cryostat.
This background peak has been subtracted from the data shown in
Fig. 2.
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FIG. 3. Maximum entropy-fitted «SR p(B) line shapes for a
% range of applied currents at 30 mT and 4.2 K. The peak at approxi- 0.035 0.04

mately 30 mT arises from muons stopping in the sample cryostat. !
FIG. 4. Caleulatec L hus background peak has been subtracted from the data shown in  oying VL. assuming a uni-

moves as a whole alc  Fi1g. 2.
single orientation. Small “side-band” peaks are due to modulation
of the muon precession frequency.

if the VL present, each mov-

mg as a whole with a well-defined veloeity.
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Advantages of uSR

» Implanted nuclear probe:
little pertubation to the system,
no requirement in the presence of isotopes.

» Full polarisation of the probe, including in zero field and at
any temperature

» Extremely high sensitivity:
detection of decay of (almost) all muons,
detection of small magnetic field (large ~,).

» Only magnetic fields are probed.
No sensitivity to electric fields.

» Local probe: independent determination of magnetic moment
and magnetic volume fraction
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Muon

Local Magnetic Muonium (Nlu = 'Ll+e_)

Positive muons in matter probe their local environment either directly or through a captured electron.

e —
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Comparison of dynamical ranges accessible to different
techniques

remanence
I —

ac susceptibility
E 3

Muons
. |

perturbed angular correlations
I
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E

neuirons
I
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