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Clarendon Laboratory, Department of Physics, University Of Oxford, UK
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Muons as o probe of MAGNETISM

# microscopic prnbe_; sensitive ko
Shovt- range flr:rml_ nrd.arinﬁ

A Can sense very weaR effects
% worRs well in Zero applied field



Muons as o probe of MAGNETISM

*  WUSR [muan-ﬁf;m rotation ) is
particularly good for

Small-moment magnetism,
random rnn,gngtf.:im and
short-vange effects

*  can sense very broad-lines (upto

~ 006 M’Hiﬁ and short velaxation Elmes
(down to n—lﬂ"s)




Muons as o probe of MAGNETISM

#* one muon ok o Eime
albvo-dilute Umck!

% total #F implanted << FH atoms (n

muens solcd
low d.umnje




In the presence of magnetic order, muons
sense the internal magnetic field in a material,
measured at the muon stopping site.

The muon spin precession frequency, w, =2V,
IS given by

w, =Y B .

= YuPy

This allows us to follow the temperature dependence
of the magnetic order.



USR data
for an
organic

magnet

Asymmetry (arb.)
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USR and ordered organic
ferromagnets and antiferromagnets
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Uniformly weakly magnetic Non-magnetic, with strongly
magnetic impurities

Susceptibility gives average information and therefore
can give the same response for the situations sketched
above (hence many false claims of room temperature
organic ferromagnetism...)

USR gives local information and therefore can distinguish
between these two situations.
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Hht{.j'&rramu.ﬂnats:

J,u.SFL works J-uﬂ" as well with
AFMs °~ probes LOCAL Flelds
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Muon-spin rotation

P.() = . A. cos(¥.l8,]t)
0 “
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AFM order in LiVGe,Og
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local m&gna{'it fitl& at the muon site

LORENTZ FlELD

site independent
Zeco for ankiferromagmets

PIPOLAR FIELD
depends on muom Site =
depends on direction of M

—

HYPERFINE F";E'_i_.-_P

due to eleckron Spin d\t.n!n“.b_ﬁ
ot wuon site

'DEMP«GNETI'E&T‘.DN
d.e.?r.ndux on samrlﬂ. S'ha.f-c o FIELD
domain Struckurce




Dipole-dipole field
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Dipole-dipole field

i) = B2

L
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Dipole-dipole field
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Dipole-dipole field
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Dipolar fields

Dipolar field
calculations:




Antiferrwaﬂmﬁc ordering L""&E_ Sr, GuOg

neutrons were used to show La,CuO4 AFM
wth Ty ~ 250 K

but Ty(x) x>0  fust explored LJ#}ESE
because less demanding with sample-size.

. s La,_5r Cu0,

Frequency (MHz)

T} F |I[l‘r
Temperature (K) Budnick ¢t al 58



For cuprates, kill AFM with a
few % of dopant and achieve
maximum superconductivity
at x~0.15. The normal state
is a (weird) metal.

For these nickelates, only
metallic at x~1.

No superconductivity.
Evidence for 2D ordered
array of holes below ~230 K.

mSR used to find ground
state for 0<x<1.
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Bilayer manganates

(important for
colossal magnetoresistance)




Bilayer manganates

300
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250

200

u

L/(ry T.)

0.8 09 1.0

» PRL 89277601 (2002)
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Low-dimensional magnetism

[ is the dimension of the order parameter
"15 the dimension of the lattice

=1 [} =1 [ =
Ising XY Heisen berg
'=1 | noorder | no order | no order
| = 2 | order order no order
[ = 3 | order order order




Sr,CuO;

Chains of
-Cu-0-Cu-0-Cu-0-Cu-
along x-axis

superexchange through
oxygen anions

chains well separated
and J'/J small




Muon data

Sr,CuO;
Ca,CuO;

Kojima et al
PRL 78 1787 1997
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Muon data

LaSrCoO5H, -

Asymmetry

Our data:
Science 295 1882 2002




Muon data

The internal magnetic
field is very high (~0.5T)
which is much greater
than in Sr,CuO5 (~0.01 T)

Ty is well above room T
in our compound,

much greater than ~5 K
in Sr,CuO; and ~10 K
in Ca,CuO;

Relaxation rate (MHz)

Frequency (MHz)

60

40

20

60

40

20

Local field (T)



Synthesis of nhew spin chain

Attempt to separate the chains further:
Start with LaSrCoO, which has a K,NiF, structure
(Co is Colll, 3d6, S=2)

This is reduced using CaH, at 450°C to produce a new
phase which resembles Sr,CuO; in crystal structure

suspect LaSrCoO (here Co is Co!, 3d8, S=1)

the chains are further separated (0.360 nm) in this
compound than in Sr,CuO; (0.349 nm) or Ca,CuO; (0.325 nm)



Conclusion:
LaSrCoO5H, ; contains the hydride ion
H (1s?)

Hydride ions can transmit exchange interactions
very effectively! This leads to the separated chains
being bridged, raising the transition temperature
of our compound to well above room temperature!



Sr,CuO;

Chains of
-Cu-0-Cu-0-Cu-0-Cu-
along x-axis

superexchange through
oxygen anions

chains well separated
and J'/J small







AF order from neutron diffraction

P
2
Spin structure deduced
from powder neutron
diffraction at 300 K. P
.
,{‘ ﬁ':“'



Discussion

Hydride ion can engage in strong covalent bonding
with transition metal centres in molecular species

Co-H distance is 0.18 nm, shorter than either Co-O
distances. Strong covalency expected for Co%* and
H- implies effective AF coupling

Note that LaSrCoO; : has Ty=110 K, with a similar
concentration of bridging ions in the ab plane,
demonstrating the efficiency of hydride superexchange



BEDT-TTF molecule

* Carbon ® Sulphur ® Hydrogen
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Site close to
the FeCl,
plane.

Frequency (MHz)

Site nearthe
centreofa
BETS molecule =
(perhaps
through
muonium
addition to
a C=C bond.
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Stacks of TMTSF molecules 1 1D chains



TMTSF salts

(TMTTF)Br (TMTSF 1,10,
(TMTTF)LPF [(TMTZFIFPF ¢ l

Very rich ' '

phase diagram e, D et
00 h e (TM)X

Tomperature (K)

Pressure L& o



1D electron gas unstable to SDW formation
|

XPfZ




Spin-density wave
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Raw muon data on TMTSF,X

0.16

(TMTSF),—X
H, =0

EJ':|:=

Correctec Asymmetry

L.P. Le et al, PRB 48 7284 (1993)
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B = By cos(x)

C - p(B)

— p(B) = (2/n)(B] - B

A(t) = [73, p(B) cos(y,Bt) dB = Jo(7,Bot)

Jo(€) = (2/7€)Y2 cos(€ — m/4) as £ > 1
A(t) has turning points when v, Byt ~ (n + 1/4)7




SDW phase in (TMTSF),X

(TMTSE),—X
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Muopn-spin relaxakion
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Relaxation functions

Static distribution
of local fields

1.0

“Kubo-Toyabe”
relaxation -

=

function & 05

0.0



Relaxation functions

Static distribution
of local fields

1.0

Gaussian at

Kubo-Toyabe +«— short times

relaxation .

=t

function & 05

A is the
0.0

width of the Y 2 4 6
static distribution = - Al




Relaxation functions

Dynamical

fluctuations -

.

exponential ~__
relaxation e |
function & 05

H.a...ﬂ-._____. G (t) — e')\t

Fast fluctuation
limit: A=2A2/v
MOTIONAL NARROWING

Fluctuation rate: v n.nD



Relaxation functions

One can
interpolate
between
statics

and

dynamics =
using a
dynamical
Kubo-Toyabe
function




Muons and spin glasses

Muons that stop closer
to magnetic ions

“see” a wider local field
distribution (which
extends to higher
fields) than muons
which stop at a greater
distance

Y.]. Uemura et al,
PRB 31, 546 (1985)

’u,/ ~. PH)

O O O OH

F1G. 3. Schematic view of different variable ranges of ran-
dom Iocal fields at different muon sites in dilute-alloy spin
glasses. When Fe (or Mn) moments fluctuate, the local field at
muon sites closer to the magnetic ions will be modulated in a
wider range.



Ronge

of coupling streng ths

-e- distribution of A

e(a) =%

LAY ~ o

S50 t’hu.t
P(t)

I

/ FPRB
g ﬂ?' 2 FRB 5O
24
&1 e
A
p(4)
FAN

o /I

m —
J e FE e(ﬂ\l a &
0

exp [~ (\6)"]

31 S4¢ %S

10039 94

where
T 2a 1
&1

EY) tl"ld..t }\*‘ =

4 o*p
W+ v
2
A, + AL B_
K 7
tonstants
\:i:duci
P. o



Stretched exponential
G(t)=G(0) exp(-(At)°)

» 3=2 (Gaussian) static nuclear dipoles,
observable if electronic moment
dynamics too fast (motional narrowing)

e 3=1 (exponential) dynamics

o 3=0.5 (root-exponential) dilute-spins
and dynamics
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(DMeFc)(TCNE)

0.25

1D molecular ferromagnet - s
G o

TC=5 K %\ 0.15
<L

* at low temperature data observe g o
Kubo Toyabe relaxation function o

(broad internal field distribution) S -

0.00
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Time {us)
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T 0.20
S

* above T_, see dynamic behaviour % 0.1
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Reloxation Rate 1/T.

T (K) ©(T) = 1., exp(E,/KgT)

, 100 20 10 7 5
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L.P. Leetal PRB 65 024432 (2002)



Magnetic nanodiscs

disc-shaped molecules
forms well defined stacks

S =33/2 [!] Y ¥
{7 b
chemical formula: [Fe,q(etheidi),,(OH);,0(H,0);,]NO518H,0

“highly engineered rust”

J.C. Goodwin et al, J Chem. Soc. Dalton Trans. 1835 (2000)

(orders antiferromagnetically at 1.07 K, see M. Affronte et al, PRB 66 064408 (2002))



Raw muon data: 25

gzu

= 15

)

Q

= 10

=

-

205

< _ 0.005 T |
[] i j i | i i j | i i i |
0 9 4 B

t (us)

Very fast relaxation which is not quenched with the
application of 0.39 T. O spins are dynamically fluctuating

Root exponential form fits all data
(see Salman et al. PRB 65 132403 (2002), Keren PRB 50 10039 (1994)).



Field dependence of muon relaxation rate in Fe,o-etheidi

Activated i
at high T |
temperature 2
< 'F co0iT
Constant at WSO
low temperature al . At |
1 10 10°

T (K)

A=(Ay1+e V)1 where A, is the low temperature
field-dependent relaxation

S.J. Blundell et al in press.



Low temperature relaxation rate

10

——
i
[
-
-
o
<

001 0.1
B (T)

Ay t=A;+A,B? where A;=v/(2y,%a%), A, = 1/(2va?)

1 ol i
0.001

[0 quantum tunneling rate can be extracted.

S.J. Blundell et al in press.



(a)

Peierls distortion

E(k) (b) E(k)

Elastic energy cost outweighed by electronic gain below
a critical temperature T, ~ (Eg/kg) €Xp(-1/Agiectron-phonon)



Spin-Peierls distortion

(2) | (b) |
?T/ﬂ/-\o/-\'ﬁ/f? q —?ri/‘Z'a 0 ?r/iZa T g
S N N NN N N N | Q | b
FENEEERENEEENE IR R T R T R

Ta 2

Elastic energy cost outweighed by magnetic gain below
a critical temperature T, ~ (Eg/Kg) €Xp(-1/Aspin-phonon)



(a) MEM™ (b) TCNQ

— /Cats CN CN
DUN\TCH: CN: : :CN
MEM(TCNQ), S
T, = 18K -

Bonner- %,

(actually T, = 335 K) Fisher
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SJB et al. J. Phys.: Condens. Matter 9, L119 (1997)
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A (MHz)

0.25

0.2¢

0.1¢

0.057

—o— "

==

g ]

"BCS’ gap opens up
with T - 0 value

~17 K. Muon relaxation
rate activated by this
but something else
happens at low T.

B.W. Lovett et a/.
PRB 63 054204 (2001)
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