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1) Introduction: uSR as a probe of matter

¢ 2) Pulse vs dc muon beam




--Target fields for uSR--

What 1s observed by uSR?

Local electronic states (q=0):

Local magnetic fields (w = y,B) exerted by electrons, and
their fluctuation (with a correlation time 7)) is observed.

Observables =Spectral density P(w) [and its modulation due
to fluctuation]

1 Complementary

What 1s observed by X-ray (SR), neutron diffraction:
Charge/spin structure: an avelage over entire volume
Observables = e.g., structure function S(q,w)



1) Magnetism probed by uSR

Paramagnetic Ordered (ferromagnetic)

sensitive only
to the nn atomic
moments

Magnitude of local field varies site to site, =~ Magnitude of local field is common to all muon
leading to loss of phase coherence for muon  sites, leading to coherent muon precession.

precessions ——————— ~on Oscillati
nuclear spins only Moment size can b . scClllaling
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| i | | magnitude of -frequency
< E .
! i relaxation
004 }|;
. . . . | , , , rate
0o ol 0z s U2 0 0.0 0.1 02 03 0.4 0. .
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> However, it is not sensitive to the long-range structure.



Phase separation in the real space

Muon takes random sampling -
of internal field 3

z

1/3

Powder sample

. Non-magetic phase
. Magnetic phase

p ¢f. multiple sites in the unit cell




cf. Neutron diffraction

Paramagnetic

Diffraction due to nuclear scattering

110
210

A=1.07A
211

2dsinG=A

Bragg's formula

110,

211

> Diffraction pattern is sensitive to the structure.

Diffraction intensity is proportional
to the degree of long-range order

atoms

Increase of diffraction signal due to
magnetic scattering

Volume-
averaged
size of
magnetic
moment can
be evaluated
from the
ntensity:



Phase separation in the real space

Neutron/X-ray takes volume
averaging of order parameters

\ P

\ 211
110 |
210

ol

e )
Non-magetic phase K= | | |

10° 20° 30°

Magnetic phase

> ...difficult to distinguish two phases



Magnetism of high T, cuprates

electron-doped hole-doped
: 500
It 1s uSR measurements that | Nd;-.Ce, CuO,-; | Lay 5, Cu0,
first demonstrated antiferro- ol e s
magnetism in the parent 5o} | T,
. > !
compounds of high T, cuprates. | <
AF .
10 B
f/ f‘/ r\/ / 5 E T, i
/®, / / /®, ,\/O - SCy : _L—-Disordered
S T R - i magnetism |
I B I S B SN S
oy Cu/d o -~ o 7 "2 o 0 ol 02 03
) x {Ce) x (Sr)
. Doping concentration
E I R .
YA N <—ZF-uSR time spectra
TR La,CuOy: uSR measurements can be
£ Lyt ' . :
A A spontaneous 9501113' performed with a relatively
e e b tion ofmupn SpIns arce small amount of samples:
gjﬁ iy clearly visible. —Powerful technique for the
-— e evaluation of new materials.




2) Superconductivity probed by uSR
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TF-uSR signal provides a density
distribution »n(B) [i.e., random
sampling] of the internal field
profile, B(r).

P(t)= [ exp(iwf)n(B)dt
n(B) = (8(B(r) - B)).
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NB: A is the effective penetration depth
1 4 2
=TS n(TH)=n0,0)[1-g(T.H)]
A m c

2(T,H): quasiparticle density

<—uSR spectrum
O (frequency dist.)
S

...reflecting superfluid density

Long A
Long A — Gaussian approx. = /) |
w, §T W
1 4mne’ ]

...Gaussian linewidth o« — = ———
A m c




Recent example: .

High-T_ Superconductivity in Iron Pnictides

VR i Va i\ -2 i
7 2 N, y ) PN 7 N
s N § \:‘ / N ;/ Q%

Fe, A ,
: e,AS, o &, o o
ayer o
o & o 9 °
: 111 family 11 family
1111 family 122 family (LiFeAs) (FeSe)
(LaFeAsO) (BaFe,As,) ... more

* High-T . realized on materials containing iron.
* Number of similarities with cuprates.

Carrier doping of 2D-Fe,As, layers, AF(SDW)-SC phase
diagram with optimal doping for high-T, etc...



Doping-phase diagram (by various SR groups)
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Coexistence of superconducting and magnetic phases in CaFe,_ Co,AsF

USR is sensitive to phase separation.

1 4 T T T T T
Ca(Fe, Co,)AsF —e— 0.000
12
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_ 0.4
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S. Takeshita et al., Phys. Rev. Lett. 103, 027002 (2009) 0.00 0.04 0.08 0.12 0.16
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Muons (n"’s) in Matter

Positive muon (u") : a light radioisotope of proton

Electronic property: [mass=m,/9, charge=e", spin=1/2]
Atom Muonium Hydrogen
Reduced mass (m,) 0.995187 0.999456
Bohr radius (A) 0.531736 0.529465
Ground state energy (eV) -13.5403 -13.5984

Difference 1n electronic
structure : =0.4%
Mu = H

[...not necessarily true



3) Muon as H-simulator in matter
Typical example 1: Muonium in semiconductors

Hydrogen (H, often located at interstitial sites) is the key player in semiconductors...their
electrical activity 1s strongly altered by H.<—It 1s difficult to obtain information on iso/ated

interstitial hydrogen (at the dilute limit). 1 o
Muonium simulates the state of interstitial H in matter! 5 0.8 ]
o)
Recent example: Muonium (Mu®) states in GaN > 06| ]
S o) | 15T g 0.4
< . T : - —
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0 o ' " 02 e ; 0 +
g | T Mu’—p e 1
% 0 0 : — 0000 o
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C ] e Temperature (K)
O 3t : A - )
NSNS, Small activation energy £, = shallow
o SRV i Y7 N2 oq o
3l | OSSN doner state—GaN may exhibit n-
|| SRR BG4 type conductivity by H doping
405 IN'@Z NSNS S 9999y, . . VNPT
S, T e conduction band
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Shimomura, Kadono et al. PRL 92 (2004) 135505



Typical example 2:
1" in H-storage materials, NaAlH,
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Behavior of 1™ in
NaAlIH, changes
drastically by Ti
doping.—the same
must be true for H.

u" in NaAlH, demonstrated the formation of a dialanate
complex TATH, - pu™~AlH, ] by hydrogen bonding. -~
Kadono, Shimomura ef al. PRL 100 (2008) 026401



USR as a specific probe of matter - unique “niche”

Local magnetic probe in the atomic scale:
Compared with neutron diffraction:
1) Magnetism can be evaluated 1rrespective of long-range order.
...tolerates small magnetic moments (S)/large unit volume v,
cf. neutron diffraction intensityoc V' * §%/v,> <= uSR frequency«S
Asymmetryxvolume of magnetic phase
2) It requires small quantity of samples.
3) uSR responds linearly to the magnetic order (...no “extinction”)
Compared with nuclear magnetic resonance (NMR):
1) It can be applied to any matter irrespective of nuclear spins.
2) No complexity due to electric quadrupolar interaction because of
pure magnetic probe (muon spin=1/2).
Compared with both neutron & NMR:
USR i1s sensitive to the time window inaccessible to those two probes.



Muon beams @J-PARC (provisional) ...Intensity frontier

Intensity (@1MW)  Polarization Pulse width Energy

D-line 107 p*/s (~10% u*/s/cm?) ~100% ~90-140 ns  10°-10'MeV
U-line 10° pu*/s (~10% p*/s/cm?) ~50% ~1 ns 102-10%V
S-line 107 u*/s (~10° u*/s/cm?) ~100% ~90-140 ns 4 MeV
H-line 107 p*/s (~10% u*/s/cm?) ~100% ~90-140 ns 4 MeV
106 u*/s (~10° u*/s/cm?) ~50% ~1 ns 10-2eV
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Zero-field uSR with high-time resolution
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Muon Knight shift =R A 77—/ /L CO ffrimm=s
JT)VZEOKEFEE DE,) [=F A THLEBIEEBFIIEDERIFR

~ X v, BT H#EER«D(ER) N, :Avogadro#
Ky=Kq+ [Ac + (Bdip)z]—NA i | Bap: BMABEEIER  p,: BohrF
K, :Pauli® 4 I8 A, :Fermitz 418
Experimental observable (~0 for muon)
k
= _AB - _ Js = Jag 4 =
"B, 1. FARSTRETTIL

SEOmEEIZEH

(EE: —XRTEF
. =DJT/LIHE)
I’ k

X

e “HiTime” spectrometer @ TRIUMF, M15
Measure. condition: H//c, H=7 T, 2K~300K

| RAEHATE-DRREE
0 o5 0 o5 10 (PSIT10 TOEBEA 20125 M L YIRE T E)

g (B-Bo)/B,

Fourier Power




Example of muon Knight shift study: “Pseudogap” in cuprates

100 | | I I | | LI I | L L] 1 I | L L L]
Bi, 1sPDy 35T+ 8oC CuOgs A Bi2212 [4.5]
""" - KB, O LSCO [2] 1
i AR "R W LSCO[7.8,14,17] _
® La-Bi2201 [7.8,16]
- A R o Pb0.37Bi2201 -
i \¥ Pb0.32Bi2201  _
N N K. Kudoet al.,
~ 50| JPSJ 78 084722 (2009) —
— This/wor .upOPT
e~ _ _
4~0.09
(Hall coeff. 7
i B _
O L1 11 ) 1 4 L1 1 I L1 11 .‘ ‘ L1 I L1 11
000 005 940 015 026’ 025 030 035

p (1/Cu)

p was estimated from 7, using ref. data (Kudo et al.).




Analysis

Assuming...

- Two muon sites --> ratio of initial
asymmetries fixed to the value at 250K,
where they are clearly discerned.

Each frequency corresponds to ...
1. Far from CuQ, plane : K|, — (4,, /)
2. Near the CuO, plane site: K,— 4,, 1,)

Three patterns of fitting 4,+4, with ...
1. Gaussian + Gaussian
2. Gaussian + Exponential
3. Exponential + Gaussian

<---Best fit

Analysis: fits by
P(t)=A,exp(-A,f)cos(2nf t+¢)
+Azexp( 0,°t*)cos(2nfytt )

K (ppm)

' LD\FFT@6T
0.10k apod, =strong |
. 0.081 A

1]

0.06 \
0.04r 250 K|

M ~——— g
00K
002 0\ o

0.00 == s =
81 813 5
Frequency/ MHz

100 200 300
Temperature / K



Analysis
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Summary of uSR result
We define PG by A*
A* 1s the more physical quantity than 7*

Bi; 76Pbg 3551 89CuOg. 5

Bi,Pb)-2201
53007 . ABL7b)-2207 _
:’; ~~~I“$_~\\ * E O%
> . S
E =
8 e
2 o5
= =g
= o
<
O
o

£

q. Magnitude of A* and its weak
entire p range seems to disfavor
the “positive” relation of PG to
SC”.

2. 1-N(0) [«xK..] does not seem
much to depend on p.

= DOS amplitude of PG is
independent of p.

3. N(0) [xK ] Increases with p,
suggesting phase separation
between anomalous metallic
phase and normal metalic phase

for 7>T..
= A part of N(0) exhibits SC for

0.15  0.20
Hole concentration p (1/Cu)

0. 1 1
0.10
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U/D/L/R positron
counters {£aCOs
l (freq. ref.)
light guide
___{to PMT

¢

30mm__: veto counter
(8mm X 8mm)

HiTime@
TRIUMF

(by K.M. Kojima, Mar. 2012)
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J.E. Sonier
Rep. Prog. Phys.
(2007)
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FIG. #: Evolution of the minimun sample size required for

HSE st

i of the vortex state.,
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Summary & Conclusion
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