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Neutron scattering cross-section

Theory




Partial differential cross-section

Definition:

The partial differential eross-section —=+— [m T gives the fraction of neutrnns that can be scattered by a target
in a solid angle dQ2 with a final energy between E’ and E' + dE'. dﬂ —= has the dimension of an area.
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Partial differential cross-section

Neutron:
no charge  spin % plane wave energy state
' = hﬂkﬂ
?,bk(‘f) — ﬁezkr E SN \k?cr >
Target: energy state
E ‘/\ >
Scattering: initial state > final state
koA > Koo' N >
Kinematic constraints Ex+E. = Eyx+Ep

hk — k')




Partial differential cross-section

Probability for the incident Density of accessible states k'
neutron to be in the D — %ME ;

spin state |o>
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Partial differential cross-section

do =[] Y e 3 palWLD)

oo’ AL ﬂ

[J W corresponds to the probability of a transition from |kaA > to |[K'a’\ =
This probolility 15 given by the Fermi's golden rule:

) R
W = %| < Ko'N|V(#) koA > [26(Ex + E, — Ex — Ep)
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Scattering potential

Partial differential scattering cross-section
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Nuclear neutron scattering

Theory




Nuclear scattering: scattering by a single nucleus

2
V,(7) = 27{? bs(7 — ).

"%

b= scattering length
*positive or negative
«depend on the isotope

Scattering strength

Neutrons




Nuclear scattering: scattering by a single nucleus

e remark (1):
For a full description of the nuclear scattering, one should also include the interaction with the nuclear
spin I of the nucleus.

b= by + ghal (2.7)

One usually calls b and b~ the two values of b depending on the neutron spin state |+ > or |— >. Since
J=1+ % 1s a good quantum number, one obtains:

1

bt = bo+ bl (2.8)
1

bo o= botgha(I+1) (2.9)

e remark (2):
There are a few nuclei that can also capture the neutron: the neutron forms a bound state with the
nucleus. To account for this absorption, one introduce an imaginary part for b, called 57, related to o,
the absorption scattering cross-section:

_ k

b= g, (2.10)

:4:rr

e remark (3):
For sake of simplicity, we will not consider neither the magnetic interaction of a neutron with a nucleus
or the obsortion effect in th rest of this chapter.



Nuclear scattering: scattering by a single nucleus

Non magnetic scattering : N pe <olo’ ><0'lo>= polag =1

Evaluation of the term : < &'|V,,(7)|k >

v

M - ) .
< K[V (7) [k >= / a7 L, (7Y U (P (7) = bei@R
2mh?

|

do Eo1 L x —iQR(0)|\/ 11, iQR(t)
:_—/ dte™' Y “pa < Alb*e N >< XNbe A >
— o0 ,}h,.}ﬁ."



Nuclear scattering: scattering by a single nucleus

: : | . 1
Properties of the 8-function: () = - [ dte™  5(ax) = @@
Time dependent operator: A(t) = e=i % A(t = 0)ei

Projector: 2 A >< XN =1

Thermodynamic average:  $~p, < Al..]A >=< ... >¢
A

do E- 1 [T SEy AR
_ b2 dtet«t < —i1QR(0) 1QR(t) >
fl> d0dE’ K 2rh / ©se ¢ T




Nuclear scattering: crystal

A erystal is made of a periodic arrangement of nueclei. The buiding block of a crystal is the unit cell
which contains a specific arrangement of n nuelei. For a erystal with a periodie repetition of N unit cells,
the total volume V = Nwvg, where vg is the volum of the unit cell. Each type of nuclei of the unit cell is
identified by the index [. Its scattering length is by and its mass is mj.

The location of a nucleus in the erystal is given by a sum of three terms: Ri+7m+ iq,(t).
- R, is a vector of the Bravais lattice and indicates the unit cell the nucleus belongs to.

- 71 18 1ts mean position in the unit cell.

- iq,(t) is its displacement with respect to its mean position.
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Nuclear scattering: crystal

N n

. 2mh? —
- - . Vn — b 6 .—.|_ R o —_ o —_
Scattering potential : (7) =7 ;; 10(F — Rq — 71 — ;)
do k —iQ(Ra—R' _id(F—7) 1 T i —iQi iQi
JO0dE’ = F ZE‘ Q(Ka Rd} Zbibl"ﬂ Q(7 Jm[ dte t < € Q d’x{[}}ﬁ Q d:’y{t) >
d,d’ 1l o
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periodic arrangment of
the lattice

777

Organisation of atoms
within the unit cell



Nuclear scattering: crystal

using the so-called Bloch identity
< E—i@'ad:;{ﬂ}ei@'adw(t} S E—HﬁE—LVI;E{@'Ed,;{ﬂ}.@'ﬁ'dr:lf{t)“:.:-e;-

Debye-Waller factor:

W, ==-< [Q’ﬁd!g]z >

o | =

small displacement with respect to |Q|™!

E{@ﬁd:l(ﬂ)-@'ﬁd’,ﬂ(t}}'f' ~ 14+ < (jﬂd,l (0).Q‘ﬁd*’,i’ (t) >T

Elastic term .
Inelastic terms

iig(t) is induced by the collective vibrations of nuclei, the phonon modes. One uses the label s to
identify a given phononic mode and € describes the polarisation of the mode with respect to the propa-
gation wave vector q. ﬁ.:...rg. is the phonon energy .
Notice that g belongs to the first Brillouin Zone.



Nuclear scattering: crystal

@ is expressed as a combination of a vector 7 of the reciprocal lattice and 4 of the first Brillouin Zone:

e |

Q=7+7

Notice that Fﬁd = 2mm with m Integer and cﬁﬁd =1.
. _A., PIRE o=
Furthermore, ), e'Q(Ra—Rur) — "f% Yo-0(Q—T)

The coherent partial differential cross-section has an elastic term and an inelastic term:

do B do n do
dQdE' ~ \dQdE' ) .. dQdE" /. 1as




Nuclear scattering: Elastic scattering cross-section

o— Elastic structure factor
— crystal structure
A

do 2 T(Qﬂ-)g e —
(deEf)eias - ZO(Q _T)

Un .
7

2

O(w)

{ \
E bge_wz E—E’Q’ﬂ
z /

Debye-Waller factor

Bragg reflections in reciprocal space



Nuclear scattering: Inelastic scattering cross-section

np(w) = e?h]d——l the Bose-Einstein distribution

Dynamical structure factor

— phonons
A

{ |

1 2

do K (@2r)? 3 = -W, —iQF h\ s
< (L4 np@P)dw — wp) +np(wpd(w +wg))
— ‘ v '

creation anihilation o

polarization

A specific choice of Cj provides detailed information on the polarization vector é‘;..



Lattice vibration(1)

Atoms oscillating in harmonic potentials

1 d 2 1 9 : : : : : :
- — N\ — — @@ W@ W@ @@
H gﬁfg(dtu) +5Tu b i1/ ¢

F=—-pradV=—-Tu

Sum of all forces on a given atom

Equation of motion

d? .
— B
.lnllf—ﬂdtz um,f,a = Fm,f,a = — Z Fm-,f,n._t” un,f’,_ﬁ
n. .3

SFN 2010



Lattice dynamics (2)

Mono-atomic chain . /\/\/\/\. /\/W. /\/\/\/\. /\/\/\/\. /\/\/\/\.

M I
dz
Mﬁum = I (um+1 + tUm—1 — 2um)
w(k) | ! _
Fourier transform | . Zone boqndarles
~Mw? = T (e**+e " —2)

L«.J[Jk):Qﬂ%ainE
Co ; = L

Zone centers

SFN 2010



Lattice dynamics (3)

Di-atomic chain

dZ
Mr]d 5 Um,1
dz
Mrzdz m2 = I (um;

- um,?) + Y (uﬂl-l—l,]

M, M,

S (umj — um,ﬂ + (Hm—l,E — “m,l)

- ufm.ﬂ)

Fourier transform: 2 sets of equations
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Lattice dynamics €)

dE
n.t,G
Normal coordinates Gkt =V My U o

Fourier transform:

dZ

/\ Dynamical matrix of
Fgfg, D>P dimension

N L =< d

EQ’&,E,E = — n; M, k..

w’@’aea—DHy Qe 3

Eigenmodes = phonons = collective vibration modes

Longitundinal modes Transverse modes

wg_j O square root of the

phonon frequency q "‘L + TE'J.E
(s) . . . e I +--+. ‘4 JE——
€5 0 phonon polarization - - -
1 I q i I -‘~+ q
2n
"'_}“'.q —




Magnetic neutron scattering

Theory




Magnetic scattering potentials

Scattering potential: L; }..Ef\
Neutron: magnetic moment operator Target: distribution of

[L = YUNO internal magnetic fields

m) (1) Spins of unpaired electron
(2) Electronic orbital moments
(3) Nuclear spins

spin-only scattering: Dipolar interaction with electronic spins

- - (2upsxR
Hcm'l( R )

unpolarized neutron beam: Y _p, < oloqopslo >= b4
a




Partial differential cross-section

prefactor

ro = 4 (552 )2YaN 1B

Owing to the dipolar
Interaction one can observe only

— "F'E'E
— 2

the spin components perp. to Q
PR XQ 0.0 /
d0dE ~ k' ; (5‘“ s )

ZPA < A §g?d,ﬂ|)\r - /\r|§gr5d——__}3|/\ = 5(.&@‘ —+ E).. — E},lr)
ALAY

Magnetic form factor =
Fourier transform of the spin
Distribution on each atom



Magnetic structure factor

For a single type of magnetic atom

Magnetic structure factor = Fourier transform in space and time of
spin-spin correlation function



Fluctuation-dissipation theorem & detailed balance factor

Detailed balance factor |[1 + ng(w)]

/

B 11 B}
Sa,3(Q,w)|wzo = = ~Imxap(Q,w)

w1l — e Ph \

Imaginary part of the dynamical
magnetic susceptibility

T 1 _ o—bPhw

Sa.8(Q,w) is the Fourier transform in space and time of the spin-spin correlation function. Likewise the
dynamical magnetic structure factor is proportional to the imaginary part of the dynamical spin suscep-
tibility.



Ordered magnetic moment & spin waves

do B do 1 do
dQE ~ \dQdE’' ) .. dQdE" ) . 1as

do _ 9 __
(m)ems = SJ_ (Q) T 5(HJ)

do
(deEI)inezas X ZS:HS[U =+ ng(u.:q,s))(?(w —wq,s) + (np (wqas))g(w + U-f'q._s)]

In the case of a magnetic order, the elastic structure factor deseribes the ordered magnetic pattern
and is proportional to the square of the ordered magnetic moment. As in the case of phonons, the dy-
namical structure factor is related to the creation or the anihilation of (collective) magnetic excitations,
i.e magnons of energy hwy (in general): [ my(Q,w) o [ (w—wg) —0(w+wy)]. Note that, in agreement with
spin wave theory, it has to be proportional the ordered magnetic moment, whereas the static structure
factor is proportional to the square of the ordered magnetic moment.



Spin wave — Magnons (1)

Ferromagnetic chain: I N T T S, =52

Hamiltonian: H = — Z J; 155,
0]

Spin fluctuations: S; ~ Sz + §S,4 + 05,7

s, -

Eqn of motion: P Si x gupho

Mean field approx.  grpho = 2 Z Ji3Si

L]

Egn of motion: L — QSZ Ji i(0S; — 05;) % 2



Spin wave — Magnons (2)

Fourier components: S(q) = > e~i@R1 an( J(q)

| d("f;(ﬁ’) = +28[J(0) — J(q)]6Sy(q)
2coupled egns doSy(q) —28[J(0) — J(¢)]05:(q)
dt )

Fourier components: S~ (g) = Sz(¢) — iSy(q) = Ns(q)e™?




Spin wave — Magnons (3)

—

Spinwave: §S; = s(q)[cos(éﬁi + wt )i + *S'i'Tl((fﬁi + wt)y|
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Neutron scattering technigue

Theory versus Reality




Neutron sources

-(1) a Fission reactor: a thermal -(2) spallation: A high energy proton
neutron is absorbed by a 235U (~1GeV) chops pieces of a heavy
nucleus, which splits into fission nucleus. Twenty to forty neutrons
fragments and evaporates a few are evaporated with energies of
neutrons with energy of 1 to 2 typically a few MeV

MeV.



Neutron energy and wave length

Neutrons then slow down by loosing energy through inelastic collisions with
light atoms (H,D,Be).

Characteristic energy (meV).
0.1 - 10 meV : cold neutrons (moderator: liquid H, at 20 K)
10 - 100 meV : thermal neutrons
100 - 500 meV : hot neutrons (moderator: graphite at 2000 K)
> 500 meV : epithermal neutrons

A neutron of 25 meV === wave length of ~1.48 °A.

the same order of magnitude as the typical inter-atomic distance in a solid.

Neutron energy === same order of magnitude
as the characteristic excitations in a solid such as the phonons or the
magnons.



Neutron energy and wave length

Neutron spectroscopy can be used to probe the nuclear and magnetic
structures of a sample and the related nuclear and magnetic excitations.
This is a bulk and non destructive measurement.

length [A]
R N Neutron scatering vs.
e Other inelastic probes
100 |-
- 1 F
3 £ Neutron
5 10°H @z
g el 3 uSR, MossBauer spectroscopy
5 @
2 s [ p— VR T
10 \
"I conolaton spoctroscopy Local probes
visible : |iiiiiiail gL 4 1
- range ; .i:'.'l'l'a}’.l'ﬁﬁﬂl‘-'_'. i
fos o® o d0f ot 110 Magnetic excitations

momentum transfer [A-]



Monochromatic neutron beam

Monochromator:

Bragg scattering on a
single crysral

2dsin(f) = A

Chopper :




Diffraction measurements : integration on the final energy

single crystals g Powder sample
4-circle diffractometers Powder diffractometer

bank of 20 detectors




Inelastic Measurements: analysis of the final neutron energy

Single crystal
Triple-axis spectrometer
(TAS)

Neutron buide

.
Beomexit

Monitor
(ollimator
Digphragms

Collimator

(ollimator ___

Analyser EFSCRAT

Powder samples
Time of flight spectrometer
(TOF)

[y T O LT

ERTEA Dh— :I
Lay | e
.10 1 “t_‘?—[

HBIROE (71106

)
i

I
memmgn £ [ e

!
el |‘,P

The final energy is given: ¥2 Mv?

v = D/r.
D is the fixed distance between the
sample and the detector (the flight path)
and t the time of flight of the neutron.



Instrumental resolution

Measured intensity proportional to  S(Q,w) © R(Q,w)
\ }

|
The Fourier transform of the theoretical structure factor

convoluted by the instrumental resolution function

R(Q,~) mp Gaussian function (4 dimensions)
Resolution ellipsoid

Simplified description (Cooper, Nathans,1967...)
The resolution function reads : Ryexp(-X'AX)
X stands for a 4D vector : (Q-Qp,W-W,)

with RO = Vin qldet(A) %2_2 Vi=pmki3COt(em) et Vf=pakf3C0t(ea)

V; provides the same information as the monitor fixed kf



Neutron scattering technigue

Application




Superconductivity
T-<1.5K (1994)

Anisotropic 3-dim. metal
R /R, = 450
pab<1 uﬂcm

Pauli-Paramagnetism

Fermi liquid (low T)

Odd parity (p-wave)
Spin-triplet pairing




Sr,RuQ, — electronic structure

Fermi surface: 3 sheets
Free lon /Tg ;-'\

4d4 / ] Gﬂ‘~¢.




Sr,RuQO, —dynamical nesting

The non interaction spin or charge susceptibility is given by the
Lindhardt function

Z Mli’;gmq)[f (gk,i)_ f (5(k+q),j)] Lj=a,By

Xo(0, @) = _

Strong nesting effect between the quasi-1d a and 3 bands

Q.=(0.3 0.3)




unpolarized INS measurements
(single crystals)




Sr,RuQ, — lattice dynamics

. . ]. P P “ . JT.-if i F : ) } - .
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FIG. 2 (eolor online) Phonon dispersion in SryRu0,, symbaols

o5 and lines those cale i
| model. We show the phon
symmetry directions, [100], [11

Calculated and measured
dispersion curves




Sr,RuQ, — lattice dynamics

|attice instability:

L, . Ly ‘ Ea

QE-/ 1 | | ¥, branch, which ends at the zone
f Toe boundary (0.5,0.5,0) in the mode
' corresponding to the RuO4 octahedron
rotation around c axis, exhibits a sharp
drop at the zone boundary. ]
l

k]
o —]
q

v (THz)

of - _ _ Sr,RuQ, is close I\
T eso aso s to rotational instabilit Sl -«
n [¢ £ 0]-red. wave vect. y -.\ T @
o
I
Kohn anomaly: No phonon anomaly detected at the planar

nesting wave vector Q=(0.3,0.3)



unpolarized INS measurements
(single crystals)

Spin dynamics




Sr,RUQO, —spin dynamics

g ) g n P
Magnetic scattering: o _ r2 2F7(Q) X" (Q,w)
d2dw ?T{g.l'r-’iﬂ}z 1 — {‘\p(—ﬁw/;LBT)

£ 350 ——1 1 1 450
= —e—T-104 K o T=295 K
" § 200, \—_ 400
o 250 F + 350
0. E L
’ S 200 F - 300
0. *grwn 21 i %@ 4 250
2 ot i
5 % 100 F ¥ 200
T ottt b ygp
= 01 02 02 04 05
(1.3,K,0)
Magnetic response close to the Ag=0.13 £ 0.02 A~1,

planar nesting wave vector
Q:=(0.3,0.3)



Sr,RUQO, —spin dynamics

— 5[:][:] I ||5J_|||||II-L1|-.|||IIH| |||||

; -

o i + © 3 < ]

- 400FRU" N &5 & = -
L o T = T i

o~ - s To o

Il [ L R

> 200 Nob ]

s A

)] L N :

c 1000 T NE N

9 - T=104 K

c - E=6.2 meV I~ I

- D_I Liaaalyvaaalrsgal paliars L1
0 05 1 15 2 25 3 35 4

QI (A")

2D spin fluctuations

Intensity along ¢ controlled
by F(Q)? only

Intensity decreases at large
Q|

: : — 1000
(0.3 0.7 0)
[ E=4.1meV ¢f .
T=10K [ =
i , 1 INS 1800
I- ,lll-.I I “'E“
L | -I‘ E;-
! /ﬁ‘ 'y 1600 %
u.'.__._".l || | [Nl
L . . LN ]
RPA [ _ 5. E".
.......... ! 4OD
0 0.25 0.50

(q 0.7 0) (r.lu.)

INS measurements in agreement
with RPA calculations

X(q,w) =

Xolg,w)

I'iq)

=Xolq,w)

2(pg)-




Sr,RuO, — near a SDW instability

- o | 1z

L 020F © PRI X o i

?m b) looes close to magnetic instability
1003 ' - 1-1(0)%0(a)=3 2 O

o(@)~T ~ K ~3
0=0.03atlow T

Sidis et al. PRL 83, 3320 (1999)
Braden et al. PRB 66, 064522 (2002)




Sr,RuQ, — origin of non Fermi liquid p

™ \\\\Wﬂ
LD \ <« SDW

p-wave SC —0Q

Fermi Liquid

QCP

T>T* o/T scaling

10
5 l.".._'l
- N —a g
T i w, ) o T HL?)
-+ - 3 o
T-60K $2 A RIS
& 7 g
g 9 o
-, 2 - .
& 0k {107 S Non Fermi liquid : T>T* , p ~T
-ﬁ-'_. Il
’ EIE-L - .
Fermi liquid : T<T*, p ~T?
e
'l L ll:ll
0.01 0.1 1

w/T (meV/K)

Braden et al. PRB 66,
064522 (2002)



Polarized INS measurements
(single crystals)

Spin dynamics




Sr,RuQ, — polarized INS measurements

Spin polarized neutron beam

A

H

Heusler monochromator / analyzer

Single domain ferromagnet
by | = [

Interference between nuclear and magnetic scattering
| by + by 2= 0
| by - b|2#0

A magnetic guide field keep the spin polarization and defines the
polarization P of neutron spin



Sr,RuQ, — polarized INS measurements

Polarization:;

Nuclear scattering :

non spin flip scattering
Magnetic scattering: spin components: (i) 1LQ, (ii) LP —s spin flip scattering

Spin flip channel :

(0 10) l, ~ Imy,, + Bg

(100)

H :P//Q



Sr,RuQ, — spin anisotropy

(0 10)

spin-orbit coupling

+ strong correlation

Xe(Di) 1 Aap(a;) >1

Ng et al. J. Phys. Soc. Jpn, (2002).
Manke et al., PRB (2002).

Polarized neutron 8 meV

TT=15k g, ]20f=
_ #‘H-wo;
160

%200'(3) #}{{ 1140}
@ 160} H# NSF{ 120]
FINEIIL Jroor TF® T
¢ | BoF Fg

N ) S

| O
97 so}
1 40}
1 20}
1 ol

Anisotropy of IC spin fluctuations at Qi

Xc(qi) / Xa,b(qi) ~1 6

anisotropic spin fluctuations can
favor spin tripet SC

Sato et al. J. Phys. Soc. Jpn, (2000).
Kawabara et al., PRB (2000).



Sr,RuQ, — full spm susceptibility

"

|

Q
04 05 06 0.7 0.8 09 1.0 11 1.2 13 04 05 06 07 08 09 10 11 12 13

(Ch, Qh-1,0) (Qh, Qh-1,0)
10 ——4———————F——7——T1—"—1—
T=16K
80 E=15meV
T oo
° 9
N:g: 40
= 5 o
= 64
Broad and weak excitations LY é’ ...... 0
04 05 06 0.7 0.8 09 10 11 12 13 0.4 Q5 06 0.7 0.8 09 10 11 1.2 13
around on (F~20 meV) (Oh, Oh-1, 0) (Qh, Qh-1, 0)
v band

H, : P// Q—spin flip channel

sharp and strong excitations
around Qi (I'~7 meV)

o, B bands




INS measurements

\ersus

NMR
Specific heat
ARPES




Sr,RuO, — NMR - local probe

A INS
7

, | kpy? o Imy(q,w)
Spin-lattice relaxation | (1/71T) = MiTJ”Z Alq)|? —
Y q [ )

Hyperfine coupling /

w—1

170, A%[14+1/2 ({0*&{ Gz ) + c'm{ Tqy))] (A =33 kOe/up )
101Ry, 4{(1] —-209 kOe/up
1.6 K WL/, T) (1T, T) 150 K OL1/T,T) (1/T,T)
FM 5.6 0.33 FM 4.9 0.29
IC 12.2 0.38 IC 7.6 0.25
FM4+IC 17.8 0.71 FM4+IC 12.4 0.54
NMR 15 0.8 NMR 8.5 0.45




Sr,RuO, — specific heat

N = O/T Spin fluctuation contribution
" At low temperature

v . 2
o = 1 qu . 1 '.:'ThB 1
= — .
N T N h . I'(q)
IC
a4 Jomel
mol K2
ag=r JmeV
37.5 mol. K2 < _
33 J.mel
= mol. K?

FM



Sr,RuO, — charge excitations - ARPES

. N _ |
ARPES : spectral function of quasiparticles Alk,w) = ——ImG(k,w)
Scattering : self-energy G(k,w) ! = Golk,w)™! — B(k,w)

N(k,w) = TT;[_T dQdv V3 Imx (g, 2) ImG(k + ¢,v) x {w”i = J_rrf“‘jr —

{

ke collision with bosonic modes
o (phonons, spin excitations,....)

kink |~ Ll~_v
This leads to the “kink condirion™

Rex

O © i~ Epqt Q

cink’

“ Q) : characteristic energy of bosonic
modes ( phonons or spin
excitations)

Manske et al., PRB 67, 134520 (2003)
Manske et al., PRB 65, 220502 (2002)



Sr,RuO, — charge excitations - ARPES

Iwasawa et al., condmat/0508312

meV)

ARPES

)
ENERGY

\‘};/I :
R

Momentum [ky}
o
!

|
0 n
Momentum (k,)

ENERGY (meV)

m (M) 157 0.3n 0.8m
Momentum (k, ) Momentum (k, )

observed Kink in the y band
0 ~25meV

Role of the pseudo-FM fluctuations ?...... Role of phonons?



Unpolarized elastic measurements
(single crystal)

Magnetic order




Sr,RuQ, — order from disorder

T SrRu, TiO,

. ! T,
T srRuo, !
\\H : |
~d

[ | ~ X

i - Magnetic wave
Non magnetic Ti 4* vector g

do -1 2 . 12 1
- F(Q)*[=(1 2. 4 (1= 2
(:’fﬂr”ﬂ’)dm < F(Q) [;}f + (_:)'2 Jmap +

'Jm:?] —

Q? (§— qo)* + Ag?
Orientation factor
gives the direction of Aq ~E
the order moment 9

—

5(Q — §— 7)d(w)

Intensity proportional
to the square of the
order moment

Correlation length



intensity I:E ounts)

Sr,RuQ, — order from disorder

| (0,683 0.307 0O) a) | o)
F 12 K 1[ 1 { 1 0
L ] If l ==
20 K ' = .
I- 1 4 o 1U':] T T T T
240 b } § H D eirg Jo023
[ 60K _ E e 2L g = }
| : J oo \._IT % 80 }\\&
}I{Ii | S 60} N
1“'::' B T J00 : [ — \\
T T T T T T T _'\_,-' q:
I E _ b) | sne = 40}
E E% 5“ B00 5 = .
£ | ..-n;% I i g 20l (0.693 0.307 q,) .
B0 - I{E A "%J=E-3+utl:TN""—T' 14005 _1 -= -
ls00 0
L %05 0 02 04 06 08 1.0
I{Eﬁ}ﬁ} {{&H{#}H{II - B G (0.693 0.307 q) (rlu.)

s 100
DLzu 0.25 030 035 p4p O 1020 30 40 50 60
(0.693 q, 0) (rlu.) T (K

Study: Q=q,+t ,q,=(0.307,0.307,1) ,t=(10-1) [[4mmm structure]
Ordered moment: m =0.3 g Néel temperature : T\, = 25 K
Planar correlation length : &,, ~50 A

along c: hardly correlated system



Sr,RuO, — mag. Order vs Fermi surface

q, =(0.307,0.307, 1)
The order wave vector is 3D

Modulation along ¢ of the o and
B (involved in nesting)

C. Bergemann et al.



Sr,RuO, — spin density wave

M3 | M4 |observed
1 1 1
5(1.10(0.28 | 0.51(4)
0.46 (0.13| 0.08(3)
710.05({0.20( 0.27(5)
07 (0,100,007 0.0(1)
05]0.06]0.07| 0.17(5)
0.14 (0.06 | 0.07(2)
0410.1210.03 | 0.00(4)

(0307 0.307 1)
(0.307 0.693 0)
(0.307 0.307 3)
(0.693 0.693 1)
(0.693 0.693 3)
NP . (1.307 0.307 0)

JATADATE (1.307 0.693 1)
% % |§9| % '. "Cﬁ. '. "I (0.307 0.307 5)

\Lf I‘l _/'I
I

S

TRLN

J} (hkl)-indices
v
|

M1: SDW with m//c

e ©&=0—

FULLPROF- program
M4 : helimagnet

magnetic Moments are // to ¢
consistent with the spin anisotropy observed in Sr,RuO,

Origin:_ spin-orbit coupling



Powder diffraction measurements

Magnetic and nuclear structures

Phase diagram




Ca, , Sr,RuQ,: Structural properties

Isovalent substitution r., <rg, Ca2+ r=118A <> Sré* r=131A
rotation ,I ]
1
/' T\ i
ok o, |
& I
[ I
: 14,/acd I4/mmm
Ca,RuO, S | Sr,RuQ,
Pbca et | l4/mmm
Vavae | (R
tilt [110] plus rotation [001] : sty
Yo 02 05 X 5

Nakatsuji et al. PRL 84 2666 (2000), Friedt et al. PRB 63, 174432 (2001), Braden et al. PRB 58, 847 (1998)



Ca,RuQ,: Nuclear structure

Incident neutron beam Q> =k} +kF—2kikgcos20
= 2k7 (1 — cos20)
— 4k?sin? 0
Q = 2k;sinf
. s 21 27
A= 2dsint O — = 2—sin#¥
¢ A
o [A=12274 ' :j:m |
: .Gy
g 0t ‘ Lobe-yeal
140 + ' f ’ . i i . )
|, \\“4 Wy o Bragg reflections : Ca,Ru0Q,
o L -MWWWUJ y 7
' | ~~Bragg reflections: CaRuO,
o T T (impurities)
(a) 0y 40 60 28(deg) 8O 100 120

Friedt et al. PRB 63, 74432 (2001),
Braden et al. PRB 58, 847 (1998)



Ca,RuQ,: Magnetic structure

Mott Insulator Ca,RuQ, : T<Tn, A-type AF order
Magnetic moments // b = elongation of octahedra

Magnetic moment ~1.3 pg < 2pg (localized S=1 , Ru#)

S-Ca,Ru0,

. 1.5
.E A-centered B-centered
® gl o A-centered
& * ¢ B-centered
=]
T 05t 2=0.5
8' iy
£ ol T,
- RS
E

-0.5

0.008

z=0.0

FIG. 10. Schematic picture of the fwo magnetic modes in space
group Phea. Only the spin directions of the Ru's at z=0.0 and =
=10.5 are shown The propagation vector of the 4 -centered mode 15
{1 0 0) (La,CuOQ, type) and that of the B-centered tvpe is (0 1 0)
{La:N10y type).

M/H (emu/mol Ru)
= =] =
8 8 8
] e =]

[

- : Friedt et al. PRB 63, 74432 (2001),
0 100 T (K) 200 300 Braden et al. PRB 58, 847 (1998)



Polarized neutron diffraction
(high quality sample)

Spin density maps




Ca,, Sr,RuO,: meta-magnetism

Sr,RuO,

Intermediate Sr Content

0.2<x<0.5

I4/mmm

Metallic state

* near magnetic instability

e « high specific heat
*metamagnetic transition
180 7T o :
5 foim:an _ _%&5 e octahedra tilt
< S < tH=01T] \L
£ SR e |2 fab | _
gloor noo 20TR 11 Band structure :
S e 2 narrowing of the y band
O ] 1 = . . .
S A van Hove singlarity shifts below Ef
S AR l/
N ré 3
e %y
gl i, 072 Hall measurements
g 0.5 1 Sign change of charge carriers
a X

Nakatsuji et al. PRL 90 (2003)



Ca, , Sr,RuQ,: spin density map

H | MP

| > S
M F
| | C/® X
I | A
NSNS
- Fy-Fu =
Fyy << Fy R=1+4-M

Fy



Ca, , Sr,RuQ,: spin density map at x=0.5

0.35 ug Ruthenium  —— 4d, orbitals (y band)
0.08 ug Oxygen (in-plane) — significant amount of magnetization on oxygen
0.01 pg Oxygen (apical)

RuO, plane:




Inelastic neutron scattering
(single crystal)

External magnetic field




Ca, gSry,RUO,:

AQdw 1 — exp(—

Sr,RuO,

meta-magnetism

Ca, gSry,RUO,

Al

Qﬁ’;ﬁ

- 'rl:l
—H

rd

“_QF-ZU

s Ri oz © 0Z 04 08

HirlLug

Steffens et al. Cond-mad(2010)



Ca, ¢Sr,,RUO,: meta-magnetism

0l . . . r .
%.6 04 02 0 02 04 08B
H (rla)

o o |8 meV

16 meVv

_-4 meV

12 meVv

¢}

06-04-020002 04 06

Q=(@1.K,0)

contributions from several Q
(9,=0.12, q,=0.27)

180

0N 52 D2 0 02 04 06
H (rJau)

150

120

counts

06 0.8 1.0 1.2
Q = (H, H-1, 0)

Steffens et al. Cond-mad(2010)



Ca, ¢Sr,,RUO,: meta-magnetism

120
Fundamental change of magnetic fluctuations at
100 | metamagnetic transition
IC > FM
0
=
>
8
| _§ | 1 | 1 | 1 l.
-0.4 -0.2 0.0 0.2 0.4

Steffens et al. Cond-mad(2010)



Ca, gSry,RUO,: FM-magnons

210 | T T T T T T T
180 210
150 | -: 10T
_ 1 180
120 | SN E 7] I
90 | 16T %\4_ e e ] 150
60 5/3. 1 i
1 5 120
30 =0 I 1 2 i
°r , -0.1 0.0 0.1 290
-0.6 -0.4 -0.2 0.0 0.2 0.4 O. K o
Q = (1, K, 0)
60
Dispersive mode (Magnon) 30
o =D qg? :
0
Field induced FM state -0.6-0.4-0.2 0.0 0.2 0.4 0.6

Q = (1.K,0)

Steffens et al. Cond-mad(2010)



Ca, ¢Sr,,RUO,: structural effects

—p _R-{'-ﬁ«, < Distortion of the octahedron




Magnetism
of y-band

+0.05eV
A

y

1 ﬂ n
+0.0256V M SN A
e N

e

7
3







