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The Importance of interfaces
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Complex physics: advanced characterisation
S

# x-section
4 Polarisation
+ Interfacial sensitivity

Hercules

Nature Materials 11, 103-113 (2012) Sept 2015

Interference effects

B Fresnel reflection 1815

Complementarity

B Bulk measurements
¥ Magnetometry
¥ Transport...
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Strong magnetic scattering

B Xrays E Imaging ® Neutrons
Element specific ¥ XPEEM
Shell Selective E Lorentz

Good Q-resolution

Weak interaction

High incident flux

Large resonant enhancements
Strong absorption (resonant)
Polarisation dependence
Small coherence length (<1opum)

Penetrative probe
Good energy resolution
Absolute measurement

Polarisation analysis
Long coherence length (~10opm)
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Neutrons & Magnetism




Scattering from a single (fixed) atom Scattering length

B atomic nuclei via the short-range (fm) strong 2
force; Otor = 4mb

\
F unpaired orbital electrons via a magnetic Where bis the scattering length ‘ ‘ ‘ ‘ @ ‘

dipole interaction

B Thesign of bis arbitrary
B Anegative sign implies a change in the
phase of the scattered wave
(ikr) B bis sometimes complex and
ki » b T EXpirT wavelength dependent due to resonant
Yy =bof(A.0) . absorption

B bdepends on the isotope

B b depends on the spin states of the
neutron and nucleus
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Isotope Dependence

Nickel Isotope Scattering Hydrogen Isotope Scattering length b(fm)

B Mass 1.67 x 10%77kg 1.008665 atomic units length b (fm)

B Charge o (1.5 +2.2) x 1022proton charge

BSpin % H -3.7409(11)
¥ Magnetic moment -1.913y 58N 15.0(5) 5D 6.674(6)
¥ Electric dipole moment 6o T (2
<6 x10%e-cm Ni 2.8(1) 3 4.792(27)
6N 7.60(6) < 5.803
o . iy = 7
-8.7(2
| ’ 0) = (14+10)/V2
64Nj -0.38(7) [T -1 = [
00) = (H—41)/V2

B lisotopic substitution for contrast
Bisotopic substitution to move peak positions in spectroscopy
EIncoherent scattering
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S LD http://www.ncnr.nist.gov/resources/sldcalc.html

NIST Center for Neutron Research —
Home Intraments science Expsniments SitaMan
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Neutrons and Magnetism

B B-field due to both orbit and spin

B Cansolve magnetic structures
B Can study magnetic excitations
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Field due to spin and orbital moments is

g+ 8, =1 [«

i~

Magnetic vector
R R . iot-Savart Law for a
potential A dipolar sl
lectron of linear

field due to electron o
momentum, |:l

spin moment

Evaluating the spatial part of the transition matrix element

< Ef|V|E,; >oc exp(iQ - 7,) {Q X (57 X Q) + % (ﬁx Q)}
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Basic Ideas

¥ Magnetic dipole moment:
. . . =—yig
B Differential cross-section o=V 2m

d%c . k_ m
dQdE  k \ 277°
(See e.g. Squires eqgn 7.15)

j2|<k'cr'/1'[\/m|kcr/1>]25(EA _E,"tho)

V., =—ji,eB
k>:—r06'-(}L

fick

Q. =Zexp(ix-r>(xx(§i - xf».)]

1
Q=*TM(K)
Heg
1
Q=0Q:+Q = M(#) et
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B Neutrons only see the components of the
magnetisation perpendicular to the
scattering vector
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1972 first non-resonant magnetic x-ray scattering experiment by Bergevin and
Brunel

1985 first prediction of magnetic resonance scattering by Blume

1985 first experimental observation of resonance enhancement at the K-shell of
Ni by Namikawa et al.

1987 discovery of resonance absorption of circular polarized x-rays in Fe by G.
Schiitz et al.

1988 seminal paper by Gibbs et al. on magnetic scattering at Ho spin spiral

1990 first demonstration of resonance magnetic reflectivity at Fe —film by Kao
etal.
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Non-resonant Spin term

f -~ E-field interacts with the charge,

& but H-field interacts with the spin
Electromagnetc f [\ - of the electron. This gives rise to
o ;’i—,‘-—'—' a weak spin scattering amplitude
< ~;-"... et with the following characteristics:
{

+ Spin sc:atterirlg amplitude is weaker than charge scattering by a factor:
r=hvim o =E, A E, 0. =10keV /51 1kel =2x107

* For a single electron the intensity is reduced by 2= 10+, such that only
with high energy x-rays non-resonant spin scattering makes sense.

+ Charge and spin scattering for a plane polarized incident beam are 90°
out of phase

« Spin scattering causes a partial rotation of the plane of polarization

+ The combined charge and spin scattering amplitude becomes:

= -:;.“_:'_, e, JF.—it F, -BJ
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Non-resonant orbital term

Scattering of EM-waves at atoms slightly changes the orbit of
electrons, giving rise to orbital magnetic scattering. The combined
charge and spin and orbitatl scattering amplitude becomes:

f==tl|le, e )F ~it[F,-B +F B]|
F

..., are unit cell structure factors for the charge, spin, and orbital
distribution, respectively.

B, express selection rules, similar to magnetic neutron scattering,
such that the cross section are only sensitive to magnetic moments,
which are perpendicular to the scattering vector.

However, B, and B, describe different rotations of the plane of
incident polarization, which allows a separation of spin and orbital
contributions, unlike neutron scattering.
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Non-Resonant Summary

B Magnetic scattering of spin and orbital moment rotates the plane of polarization, but
differently, allowing separation of spin and orbital contributions; for forward scattering,
orbital sensitivity is lost. Spin scattering is therefore best achieved by using high energy x-
rays at small scattering angles.

B For alinearly polarized incident wave, the scattering amplitudes of charge and magnetic
scattering (spin and orbital) are 90° out of phase. Because of the mt/2-shift, charge and
magnetic scattering can not interfere (interference term can not be used for scattering
enhancement);

B Magnetic scattering is very weak compared to charge scattering. The magnetic cross
section scales with T2 (In the case of the Brunel& de Bergevin experiment the intensity
ratio was about 107!) (e2/mc?)?

B Magnetic and charge scattering can either be separated in case of an antiferromagnetic
reflection (NiO), or by o-7t scattering.
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Resonance Enhancement

B Core level spectroscopy
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F Transmission

; Energy

E Difference signal

q= I(ﬂ+ - /u+)dE

B ocorbital moment

E Total absorption

r=[(u, +p)dE
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photon energy (eV)

XMCD difference spectrum for

different limiting cases I Sum rules according to Thole and
] . |* ¢ Carra, neglecting dipole terms:
T T T " _ §
af-@ — right circular ] A = g
XMCD e circutar 2 " g
absorpton § i I A g ; 1o 12 /atOm ] ‘_4:}_h
2 1™ ar
spectrum £ 1 = L atom] - (6p—4g)
[ ik - spin LM -
10 i A
XMCD 8 asl i ; ~ m, 2q
i H “ < =
g;}fgﬂ:lr:;e : i 2 My, 9Ip—0q
\ I ie] L, '
IR N S . : -
760 780 800 a0 ﬁ(' L, h=(1U—3(f)
W

From: X-ray magnetic circular dichroism for . °
quantitative element-resolved magnetic B.T. Thole, P. Carra, F. Sette, G. van der Laan, PRL €8 (1992) 1943, PRL 70 (1993) 694
microscopy, by Wolfgang Kuch photon anargy
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Courtesy: H . Zabel

Photon-In Electron-Out XRMS

f = fl)+ff +if”+f3pin

B 3 Selectivities \ray _ Lo o
Nom—res = wo(ﬁ,w)fp[EL(Q) -A+5(Q) - B]

or e e FEar(w) > (PaPa(mTa(aMn; EL)/T(n))/(x(c, n) — i)
1
Ni NRES = (¢ FY — (e x &) - Z,F 4 (€ - 2,)(€- £,)F?)
% - J ol %[Fn + 1‘11—1]
d P %[Fl.—F.,l]
- F* = 2R Fu- R
B Namikawa et al. 1985 NiO

B McWhan etal 1990 UAs
B Hilland McMorrow Acta Cryst. (1996). A52, 236-244
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Refractive Index

n==%
v

B nvaries with wavelength: dispersion

Boftor part of incarming rey reaches:
‘slow medium first and is skwed down
firs:, rotaing the ray loward the
nommel fine.

nqsinf; = no sin By

Total internal
reflection

Critical angle

http://hyperphysics.phy-astr.gsu.edu ercles
en.wikipedia.org Sept 2015

n = 1-MA—i\B (1)
Nb

A = — 2
o (2)
N(o, +0;)

B = ——— 3

ypm (3)

n = 1l—a—if (1)
NAZ|r,

o = Qﬂ_llr' (2)

g o= 2

4

n <1 Total External reflection
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Critical Reflection

B Cosayy __ np

cosay — m
E At the critical angle

COSs &y
— il =n

cos0 —

a4
Qe = 7”% sin ae

I
N
End
=
I
(0]
[e]
[}
N
Q
o
z
o

Cu 0.08
4k? (1 -n?) >
Al 0.047
= \ak2. 25 Si 0.047
= 167 Nb D,0 0.082

E Q only depends on the material!
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Index of Refraction: Photons

n = 1—-6—10

T Te
Py R = 1-53Y nifi(0)
w0 :”‘ —— 2w i
! o Iy . iy
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AN I | [ 204 (e)
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Using the neutron’s spin

The neutron is a spin % particle

The neutron poss
moment: spin
B Caution...

esses an intrinsic magnetic

Nuclear Magnetic

v = Vo 4+ Vin (l)
— _Th
V =L Nb —p-B (2)
= _47”1/11. - M (3)
2% )
Y = ———p(z)sin(d) 4
mn

_ 2hm? My mupingio
mn Ms  27R2

ps (5)
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Specular Scattering

Neutron and x-ray reflectivity

How do we connect the scattering length profile with the
reflectivity

Ay P’C; — .k‘j
Tis = =
” a; ki + }CJ
no P
0
2k;
n1 d t?] =4 = :
a; ki + k‘,
n2

=1 z e = age
y, — “3 =1
k; = n;sinf %

on o k il o

. L
2 Jap— 1
Bi = Y n;d; sin 6;

R(Q) - 1+ To1712 Cxp(72i,3;
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PNR from a single layer
4

10

10°

10°

REFLECTIVITY

10°

|4
|4

P = (2.695 x 107%/pg) |17

= Va+Vm

h
——N(b=£p)
27m
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Y]
)

Parratt Iteration —
layer 2 2‘\
layer o
lnyer N -

X — & = exp(—2iks;2;) 41 + Xy exp(2ik, j1125)
T T v 1 X exp(2iks ja12)

Slicing of Density Profile

LIRS A

Can now simulate profile with a “slice and dice” approach
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Spin dependent cross-section

B In-plane orientation of Y H

magnetisation
obtainable from 4 spin
dependent cross-
sections

B Components of the
magnetisation, m give rise to

E m/|H:Non Spin Flip Scattering
(NSF) b=0b+ psing

B m LH: Spin Flip Scattering (SF)

B Dynamical analysis gives Pm COS (ls = Pz
absolute depth dependence

profile [ETTLTZVQ + V(r)] whl = pyll

Hercules
Sept 2015

10



Polarisation

Polarised neutron reflection

s e
N

Q "
Non spin flip

++ measures b + M,
--measures b- M,

By fitting all components the direction and strength of the magnetic Hercules

moment can be measured as a function of depth

[— -
20
Zn Q %
it
—— ’,»”
20
Q .
Spin flip

+-measures M, +iM,
-+ measures M, - iM,

lence & Technelogy Faclities Council

ISIS

Polarisation

Polarising supermirrors

Magnetic materials have a spin dependent
term in their refractive index

An ~60%[40% Fe/Co mirror works well at
saturation

o & Technology Facilities Cauncil
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Caveat to Classical Description

B (D predicts a continous
variation of critical edge

M, Woltf 1 ¥, K. Ign

4ﬁ$in(ﬂ}) =t = I/Qm,,
A T e T\ g2

(1"u = |p|

B Stern-Gerlach effect? Only 2

eigenstates g oq*

Bs|cos(#))

0.008 0.016 0.024 0.032

1A

2m
2= (T

) Vil [B1)
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Roughness

Structural and magnetic interfacial
phenomena
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Structural Roughness

R(Q) = Rpexp (-Q202)

Si

-
5
/c

Si 1nim

Reflectivity

"
o,
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PHYSICAL REVIEW B VOLUME 38, NUMBER 4 1 AUGUST 1988

X-ray and neutron scattering from rough surfaces
S. K. Sinha, E. B. Sirota, and S. Garofl™
Corporate Research Science Laboratory, Exxon Rescarch and Engineering Company, Clinton Township, Route 22 East,
Annandale, New Jersey 08801
H. B, Staney’

University of Maryland, College Park. Maryland 20742
IReceived 30 November 1987)

o) = ([se.m) - 2 3)]7)
= ozexp(fr/g)”1

B o=roughness

B &= cut-off length:
B for R >, interface appears smooth,
E for R <&, interface appears rough, fractal behaviour

B h=3-D Hurst parameter for jaggedness(o<h<1)
B smooth: D=2, h=1

Hercules

¥ very rough D=3, h=0
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Simulation Packages

Simulation Packages: neutron

http://neutronreflectivity.neutron-eu.net/main/SimulationPrograms

A

[

i ]
TRON.
SORTAL

Hercules
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Simulation Packages: photon

B Xray GO oo

B http://sergey.gmca.aps

.anl.gov/ e -
B ESRF e _" 3 x —
l RefTOOI W e B v s -
E GenX

fffff

GenX (neutron and x-ray reflectivity)

E Sourceforge

o=@l WA roneear Leeten

Hercules
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Off-specular scattering

Probing in-plane lengthscales

Lcon<Domain size

By, (Af)
F Only specular
scattering




Lcon>Domain size Experimental Geometry
z
0
y multidetector
I (2;A)?
E Only diffuse 3‘ = :g} Si”ix Ad
. y = x Ad
scattering '
E Arange 0.5-6.5A Half 0”15[\ "_f.Q\Yxir:‘gisa
B 1-d Detector SF;\ '-’\ /
B Typical acquisition~2hours/field Difiise sheets! [
B Measured coherence length ~30um
Diffuse scattering Kinematic calculation

Q,
i Y

, ? Antiferromagnetic
o 08
A _3_.._0__ 08
A . QX 04
—— N ey ok po -
SR A —_ e N — E— 0
e~ e M
i = e . 04
R ~ e e ; i
e Z S b
A s o !
B -
A AR Oy (Ce/Fe) Tixier, Mannix etals
R e e o
——A B Langridge et al. Phys. Rev. Lett. (2000)
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_Q: Qe

B Coercive Field 2] —_= ==

T2Q; 2Q: 0

INTENSITY [a.u.]

= 0o (patterned)
B nevs AFM unpatterned)
et AFM (patterned)

0'0%1,0015 -0.0005 0 0.0005

AFM  FM o
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0.0015

Domains and the coherence volume

Many thanks to H. Zabel for slides

Domain size

o [°]

z100 um (> L,)

Domain size: 100 um
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Domain size: 50 um
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Domain size: 10 um

Domain size: 5 um
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Single ferromagnetic film in the domain state

y 4
Co 250 nm

Si

BF. Radu et al, J. Phys.: Condens. Matter 17 (2005) 1711-1718

Hercules
Sept 2015

Simulation of domain state
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B B.P. Toperverg Physica B 297 (2001) 160-168
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Banana shape off-specular scattering from
domain state

HOLTEEAD 5

Substrate i ‘

02 04 D& OB 02 04 08 08
“in in
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XPEEM: X-ray Photoelectron Emission Microscopy

B Spatial resolution ~30 nm

B Short acquisition times

B Element sensitive technique
(XMC(L)D)

B Surface sensitive technique

B Real Space Technique

http://wuv.diamond.ac.uk

Hercules
Sept 2015
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Imaging Interfacial Magnetism

F Mixed layer

B H. Ohldag, et al Phys. Rev. Lett. 87, 7201 (2001)

http://wwu-ssrl.slac. stanford. ed hta Hercules
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Reflectometers

¥ The CRISP reflectometer at ISIS is a white
beam time of flight (tof) polarised neutron
reflectometer viewing a 20K hydrogen
moderator.

B Continuous or tof mode of
operation

B 5A Monochromator (6A Polarised)

B White beam flux 9.6x109 n/s/cm?

htep:/ /wwwill.fr/ YellowBook /ADAM/

fance & Tochnology Fac
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Soft x-ray beamline
H H Epergy range (first harmonic
i06/i10 e

Energy range (linear horizontal) (eV)80 - 2100

106 - 1300

Energy range (linear vertical) (eV) 130 -1500

Resolving power (A E/E) 10,000 @ 400eV.

Spot size at PEEM (um) (FWHM) 10 (H)x 3 (V)

Spot size on sample surface (um) =10

Nominal magnet length (m)
Nominal magnet gap (mm)
Magnet period (mm)
Number of periods
Nominal magnet gap (mm)
Peak field in horizontal mode (T} 0.4

Peak field in vertical mode (T) 0.72
Peak field in circular mode (T) 0.57
Kuax in horizontal mode 5.6
Kyax in vertical mode 4.3
Kyax in circular mode 3.4

nce & Technelogy F

Hercules
Sept 2015 = S I S

PolRef

* Waveler

¢ Unpolar
* Polarize
* Sourcet
e Beamin
e Wellshic..__ ... ____

* 640 channel linear gas
detector with 0.5mm pixel

e Vertical 20 7.5°
Horizontal 26 22°

nce & Technelogy Faclities Coun

Hercules
Sept 2015
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Polref schematic

um

1im

Fapure | A outlene side schemsatic of polREF.

Examples of reflectivity

Quantum Well State

B Band matching important e.g. Fe/Cr Co/Cu GMR

Er

Spin
Ry Ry

H
Sept 2015

Real space Imaging of IEC

ARTICLES
Tuning the magnetic coupling across

ultrathin antiferromagnetic fims by § Crossed Wedge

controlling atomic-scale roughness B Co(001)/Co/FeMn/FeNi

TITEIITIIIINIL, D E Regions of parallel and
anti-parallel coupling

E Sawtooth Oscillation

F 2ML period IEC

Fe Ly (100 T

e Co Ly m~ -.
3’ PO

““““
345678
fg (ML)

20um

Hercules
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Spin Accumulation

Spin Polarisation

e Current

X

Distance from Interface

EA. Fert et al., J. Phys. D: Appl. Phys. 35 (2002) 2443-2447

EM. Johnson and R.H. Silsbee Phys. Rev. Let. 55 (1985) 1790
BKato et al. Science 306 1910 (2004)

Iy =
SM =~

oM =

niple
e

T
Iy2
MG

niyleT2
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Optical constants

Obtained from XAS and E
XMCD s
€0 1.5 gpin 0-21 U orpital < 5
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Structural Characterisation

ALO.

mii

00 01 0.2 Oi" 04 05 06
a, (A7)

*20 T ¥ T T
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x20 CugsMng g ;:/
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£
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TABLE L st 6t po
Thick
. . Cul
1A +05A
T 53
5 a
= n
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Hysteresis Loops

E Comparison of Co 30
and Mn i
B Clear transition from 1 ]
Nto 17 Fol ] of sk |
= ] i

B Mn rotates with the
Co

Miau)

i

Co

Cu(x)

Cu(x)

Co

fance & Tochnology Faciltos:
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Cu

B E=780eV
B Circular polarization P _

g B Decays sharply away from the g

5;‘ interface E

3% B Agreement with previous @

= measurement < :

& S o s

o, = x=0A
920 940 960 980
Hercules Hercules
Mn dichroism Magnetisation Profile in the Cu/Mn
@ Co/Tubla 1' {c}"“ Co/CulSAlTubn 2 ol AV Cude

B Large effect
B Decaying away from
interface >
@
E
E
>
0
<
620 6;10 GéO 680

Energy (eV)
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DFT-DOS

B Supercell 4 atoms of

Cu and Mn

E 0.05ug on Cu d orbital

rarual Vensity o1 Slales (stales/ev)

38 T

19+ Total ]
0 e

a9f ]

38 .

Quantum Oscillations

Z0E4 T
M
I ] A A\
i : R
1 ~ I
T nose |- - 4 1/ \.‘f\/ '\j '\kj \
E v LU
E §’°9
T 2oEs - So.06
= Es
5003
£0.00
apeal L1111 3
¢ 3 & 9 12 15 18 21
R {atomic planas) 0 20 40 60

Depth through CuMn Layer (A )

B Mathon etal. PRB 59 6344 (1999)

o & Technology Facilities Cauncil
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17f B
F Decays rapidly from 00
. -17 4
interface ‘
o ﬂ ]
0.0
L7 R
-10 % 15
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@
r?j:::l Current on 1.60008-]

Even ring cycle 780 ns

ot O

s 0

Zore plate Nanogpillar
samgilo

(11

]

current _+5 mA

CoMNiCs

slactrons

Kukreja R et al. X-ray Detection of Transient
Magnetic Moments Induced by a Spin Current
in Cu Phys. Rev. Lett. 115 096601 (2015)

%

Transient inensty ratio, current onfolf
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A Controllable Magnetic Interface

Hercules
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Motivation

B Tuneable Magnetostructural phase
transition
# J.S.Kouvel, C.C. Hartelius, J. Appl. Phys.,
33,1343 (1962)
# L. Zsoldos, Phys. Stat. Sol., 20, K25 (1967)
¥ Anomalously strong electron-lattice
coupling
F  Fundamentalinterest
experimentally and theoretically
# Nature of the stability of the FM phase
# Kudrnovsky, J.et al. Phys. Rev. B 91,
014435 (2015)

]

B HAMR, magnetic refrigeration

E  FePt/FeRh system
4+ Thiele et al. Appl. Phys. Lett. 82 2859 (2003)

B Control MTJ cell coercivity

Ability to control through

@ G Uectrode
T
Cument path fean

Ultra-fast switching
B Juetal. Phys. Rev. Lett. 93,197403 (2004)
B Raduetal. prb 81,104415 (2010)
B Quirinetal. prb 85, 020103(R) (2012)

heterostructure design
Spintronic Applications

B Marti, X. et al.. Nat. Mater. 13,367 (2014)
¥ Naito, T. et al. J Appl Phys 109, 07C911 (2011)

L
=
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Strain and Pd doping

B Transition temperature is
tuneable via doping and field
B T,prcan beincreased by doping
with Ir and Pt and decreased by
doping with Pd and Ni.
B Shift to lower temperatures
observed by application of

P.

Review B 80, (2009)

applied field.
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Fe @
Rh.

—mrt g Dty

B CsCl structure
B a~2.99A
B o phase
300K: Type G AF
Fe:~3.3 g
Rh: no moment
FM alignment within <111> planes
AF alignment between <111> planes
350 K: AF —> FM
Fe:~3.1pg
Rh: ~1 pg

B)J.S. Kouvel and C. C. Hartelius, JAP, 33, 1343 (1962).
B G. Shirane et al. Phys. Rev. 134, A1547 (1964)
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Sample Growth

AF domain

Phase &
boundary DW

FM domain

T —

Ar working
gas

MgO Substrate

<+ Base pressure: ~5-10° torr.
«* Sputtered using two angled DC
magnetrons.
< Alloy targets used to make FeRh,,.
yPdilry:
“ Fe47(Rh92.5Ir7.5)53
% Fe47(Rh94.3Pd5.7)53
“ Substrate: MgO(001)
< Nominal FeRh(Pd/Ir) thickness 5onm.
“* Post-growth anneal at 600°C for 60
min.
“ Al(3nm) Cap deposited at 100°C.
\ < Aim is for anneal to diffuse layers for
smooth doping gradient.
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= Transition controllable by:
= Temperature
= Field (H)
= Doping - Pd, Pt (decrease T.) orlr, Ni (increase T,
= Strain - R.Fan,et. al. Phys Rev B 82, 184418 (2010)
= Pressure — . Yuasaet. al. Phys. Soc. Jap. 63, 3, 855-858(1994).
= lon Beam - Koide, T. etal. J. Appl. Phys. 117, 17E503 (2015).

= Possible to create a controllable magnetic interface via a

doping gradient

AF domain

Phase
boundary DW

FM domain

Inbensity {arb. units)

s
g
a
g
5
E

Resistance measurements

B Large change in carrier 70 ,
den5|‘ty‘ across the / R,
transition 6.5 /
S 6.0 ‘\\-
o
5.5 e
(I R ) o7 R
RART) 5.0
= : 350 500 650
a(T) r( R(T) _ _R(T) )
Rem(T) — Rap(T) T(K)

de Vries, M. A. et al. Hall-effect characterization of the
metamagnetic transition in FeRh. New J. Phys. 15, 13008
(2013).
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Magnetisation measurements

E Phenomenological
characterisation of

8

the FM phase

m (e.m.u.fem’)
n
8

0
m(T) — mar(T) )

A (mmm = e (T)

o & Technology Facilities Cauncil
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Neutron Measurements
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F Saturating Field
E Constrained two layer
model

F The minimum to
describe the data
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B Evidence of a controllable,
mobile magnetic (electronic)
domain wall

B Complex structure

B Neutrons essential to
quantitatively resolving the
complex magnetic structure

Le Graét, C. et al. Temperature controlled motion of an antiferromagnet- ferromagnet
interface within a dopant-graded FeRh epilayer. APL Mater. 3, 041802 (2015)

TIK)
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Summary & Outlook
B We have produced a controllable magnetic(electronic) domain wall in
a heterostructure

B Provided a nanoscale description which is quantitatively consistent
with macroscopic measurements

B The tunability of this system presents a fascinating playground for
basic research and for potential device and sensor applications

o & [ —

Le Graét, C. et al. Temperature controlled motion of
an antiferromagnet- ferromagnet interface within a
dopant-graded FeRh epilayer. APL Mater. 3, 041802
(2015).

Kinane, C. J. et al. Observation of a temperature
dependent asymmetry in the domain structure of a
Pd-doped FeRh epilayer. New J. Phys. 16, 113073
(2014). Hercules
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Superconductivity and reflectivity

Towards superconducting
spintronics

Flux penetration in superconductors ;

& e
. L
® L
LnH | . . HC=2.39x H, i &
E : " L
i Normal E e i
HC ; BR.J. Cubittetal
' Phys. Rev. Lett. 91
! 047002 (2003)
Supe:rconductivity
i A
K=
Al £
g\ Im
A
z
B(z) o
\_/_ Flux lattice
———
€ z




Flux penetration in superconductors

R'/E

H<H.=7500e
Bulk superconductivity:

035 Q40 045 050 035 060 045 035 040 048 855 055 085 0.6
Wavelength  (nm) Wavelength  (nm)

FIG. 2. The spin-dependent reflctivities & * and K~ mes-
sured i dn dpplied magnctic Geld of £.0X10° Afm (750 Ol

P Nty
i L ampevin, 11T, M G CEET, P

The continwous lines are the reflectivities calculated for the two [ ] 1“m Pb f||m
polarization states, with the same instrumcntal and surface pa-
i {1 in Fig. 1, and tial decay ol i ine
uction with # pesctraion depthor 39 nen. E PbO surface layer
L = -
- R I B(2)=p,H exp(z/1)
Jo— B A=39+x1nm
T

No field dependence
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Generating a triplet state

a
A W e E
[~ 1,
§re B Yy £
;_ 10 Slli . o
= -
i w i
b 3 s w0 H
2w H
£ o :
R H
EWETTE M 20 8 01%a45bTEotng
Cobalt thickness, d_ (ne) Holmium thickness, d_ inm)

B first found in heavy fermion materials
such as UGe, or URhGe

B orbital and spin components of the
wavefunction are both even with respect
to electron exchange, thus they must be
an odd-frequency; odd with respect to
time reversal

B Robinson et al. Science 329, 59 (2010)

B Banerjee et al. Nat. Commun. 5, 1(2014).

¥ non-collinear magnetism within a B M. Eschrig Physics Today (2011
distance of the coherence length
required

Visualising the Flux distribution

WA Drew et al Phys. Rev. B. 80 134510 (2009)

o>

Magnet:
ekt

d =195nm

d =250nm

Spin Asy tnmetry

N EEaeaee

" [t i E

[

F.S. Bergeret, A. F. Volkov, and K. B. Efetov, Rev. Mod.
Phys. 77, 1321 (2005)
M. G. Flokstra, CJK, JFKC, SL, et al. Phys. Rev. B
060501(R), (2015)
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Temperature (K)
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M. G. Flokstra, CJK, JFKG, SL, et al. Phys. Rev. B 060501(R), (2015)
Remotely Induced Magnetism from a superconducting spin valve PNR Summary

B Length scale of induced magnetisation too long for inverse proximity.
B Flokstra PRB 89 054510
B Profile is not the parabola shape expected for Meissner screening.
B Khaydukov arXiv:1405.0242
B Induced moment in the Au layer has to be a result of triplet formation.
B We therefore conclude that as with the muon result this induced moment is as a
result of the triplet superconducting state.

T,~75K

fance & Technelogy Facilities Caundcil

M. G. Flokstra, CJK, JFKC, SL, et al. arXiv:1505.03565
(2015) In press




Motivation

Bulk Spin Transfer Torque

B PRL 96,256601(2006) B
B PRB 79, 104433 (2009) L

Spiral Spin
Density Wave

Nor-magnetic

fl=1(1/27.0h) \-"Illli( 93,03 ) "'f‘.:.'ﬁ

Exotic Phase

PRB 78, 020402(R) (2008)

PRB 79, 134420 (2009)
T ]

-.| ’ T ..| -I -:...n Fn
! | '

M,

Spin-triplet SC Science, 329, 59

(2010)
RMP 77 1321 (2005
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Magnetic Spirals in Holmium thin films

8
Intensity (arb. units)
[
o

B0

~133-20K <20K

The representative magnetic structure of bulk Ho below its The momentum transfer versus the intensity of the magnetic
Néel temperature (left) and below its Curie temperature diffraction peak for the 50 nm thick Ho sample as a function of
(right). temperature.
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Bulk Ho Field Phase diagram

2.0 | ferromagnetic

1.5~

B-field (T)

}»

7
05:///‘/?1

s slructuw‘,

ferromagnetic !

1. 0?// spin a]:p 2/11

’/% 18 etruc'ture

0.165

helifan (3/2)
01875 =—g = 0.2

spin slip
2:'11 3?’18

L

epiral
- q-~022

apiral

0.195 =— ¢ — (.22

20 30 40 5I0

D. AJehan et al., Europhys. Letts. 17 553 (1992)
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Polref: Diffuse scattering from a holmium spin
spiral: 7.5T

J.D.S. Witt et al. J Phys: Condens Matter 23,

416006 (2011). 52::;:155

28



COHERENCE

Hercules
Sept 2015

Hercules
Sept 2015

Lensless imaging of magnetic
nanostructures by X-ray
spectro-holography

S Ersebitt', J. Lissing', W, F. Schistter' ', M. Lirgen', 0. Heliwig ',
W, Dherhardt' & J. S

Hercules

L Sept 2015
Nature 432 885 (2004)

Extended References

(a) ‘,SilNa (b)

(n) sample

(b} hologram
Co/Pt
o/ coherent () differential filier
multilayer xeray beam
30 um X —Au hologram
m“-il [T [ (1
[
© A0
I
3 .
E(V 7
= f
4 00 04

B Duckworth, SL et al. Vol. 19, Optics Express 16223 (2011)
B Duckworth, SL et al. New J. Phys. 15 23045 (2013)
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Speckle Cross-correlation Spectroscopy

Incident

Colloid
Sample

2D detector

Proceedings of the National Academy of Sciences 106, T
11511-11514 (2009) Sept 2015

Stamping magnetic structures

B Micro-stamp production
B 200/200nm stripes
E 20nm high

Specular Ridge

IBM Zurich

AL Kumar and GO N Whitesides, Appl. Plys. Lett. 63,
2002 {1993)

Hercules
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@ OxfordMaterials

L
n Stamping magnetic structures:

micro-contact printing

Co L, resonance

3
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a Speaular and Diffuse \
T Qe Exit Slit
FIG. 1 A scanning electron muicropragh of the sample. luset 15 a Kerr loop
of the sammple with the field applied in the plane. bodh along {+) and sceows
(3} the ditection of the lines. /
Q, scan Detector
an 20
Incident g
| Light
| Sample andle 6
Entrance Slit

Sample +
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AFM/MFM Measurements

B MFM weak
F Measured @remanence
B Xrms measures structure-
charge correlation

x Re(fm - f)

B MFM sensitive to force
gradients

E s-xrms magnetisation

B Magnetism tracks gross
features

L-A Michez et al. APL 86 112502 (2005)
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5 — 10um Stripes
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B Domain size
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n Structurally smooth- Magnetically Rough

out of plane anisotropy
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Out of plane Anisotropy

N r |
layer
e —
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Conclusions

E Diffuse Measurements B Stripes

B Direct (simple) scattering cross-section B Domain size and disorder
allowing the quantitative analysis of the relatively independent of
magnetic disorder field direction

B Statistical analysis of magnetic surface B Magnetic roughness driven
morphology not possible with other by the PMMA roughness
techniques B Proximity patterning

E Dynospheres F Good qualitative agreement

' Increased coercivity ¥ Requires the neutron

E Patterning geometry does not affect AFM measurement
domain size B Ongoing/future
¥ Magnetic roughness driven by the Measurements

St;uc;usﬁ]ogtehns(t)rdlcctltl},als rfaces where the ® Micromagnetic simulation
CJ. uctu Ul wi 3
magnetic roughness is on a longer lengthscale of sphere/strllpe structure
than the structural in-plane correlation length B Dwba analysis
# Free interfacial magnetisation
# Fluctuation of surface moments

fance & Tochnology Faciltos:
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Artificial Spin Ice

= 2D array of single domain,
ferromagnetic nanobars
= Ising axes defined by shape anisotropy -
= Tailor lattice geometry to enforce
frustration
= Square and kagome vertex systems
analogous to crystalline “spin ice”
materials
O Frustrated bulk magnet
O Coulombic magnetic “monopole”
excitations
= Athermal (T, ~ 10°K), therefore,
field-ordering currently main focus
= Magnetic microscopy — vertex statistics

At

Wang, R_F. et o, Nature 439, 303-

306 (2006).

. DGO _ED GO,
Magnetic Square Ice BogsBolsl
m 2% =16 possible vertex configurations ﬁgﬁgﬁﬁgﬁ
O 4 vertex types © @ © @gﬁg@
= 2-fold degenerate ground-state (GS) goBofofof
= Studied statistically following applied fields DD

Tﬁ%@$+++¢

2in/2outice rules Magnetically charged vertices

= ac demagnetization
= Energy minimisation

= Only short range
correlated states accessed |

Wang, R. F. et al. (2006) Nature 439, 303-306 3 o 1k ¢ e |
Ke etal. (2008) PRL 101, 037205 ‘ = m m e . Dtarce Distance it g e

Ga:y

e’

Jamd®
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a, nm’y

Z(QT) =C Z (‘F(qvay)lz R(QJEQm‘Iy))

E Superposition of loops
F Advantages over Bragg-MOKE

B Opportunities to look at
thermal systems

AIP Advances 2, 022163 (2012) D
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QUANTUM MATTER

QAHE & Topological Insulators (Tls)

B Quantum Hall effect observed in 2DEG
F o= 1;f
h
B Anomalous Quantum Hall effect (QAH)
¥ Band inversion
¥ Ferromagnetic insulator breaking TRS

B TIs possess insulating bulk gap and gapless edge states
¥ Magnetic dopants

did

Yu et al. Science 329 (2010) 61
Chang et al. Science 3340 (2013) 167
He, K., Wang et al. Natl. Sci. Rev. 1, 38-48 (2013)

Cr doped Bi,Se,

B Tc~20K for 5%
F Good crystalline quality ~<5%
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Summary
fa) 1 [,_: !
B Cr concentration fixed by RBS | = {5 s i
B 15u/Cr @0.7T N o L l B Can take advantage of (i.e. control) the refractive
. g ——SK 5D + - . . H
" g‘u"rfazzarr;cg‘?(’;e”t observedinthenear @ o Bt | =0 | index (polarised neutrons, deuteration, resonant
B Moment less than 3.78y15 of Cr3* 02 20 0 600 Bo0 1000 1200 enhancement and isotopic substitution)
bstituted Bi sit Film thicknass (A} .
substiutedon Biste @ - B Can extract magnetic structures
¥ Summary £ Realistic sample environments
B Cr doping up to 12% without a loss of £ . .
crystallinity (substitutional doping) g ooolA ~) F Time resolution
B Moment lower (2.1) than expected @ = I,J’ ) F Speckle
for Cr3+ g SR
B Homogeneous ferromagnetism Ll Rl ._|.-.;-,m o 0w B Sub nm resolution for systems
E Z;f/i:f;ﬁg;‘;ii:‘;ggthe QAHE aaly B Lengthscales (out of plane) monolayer to ~toonm
Collins-McIntyre, L. J. et al. Magnetic ordering in Cr-doped Bi,Se, thin films.
Europhys. Lett. 107, 57009 (2014). Hercules
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Magnetism Summary References
B Neutrons — B Polarized Neutrons, W.G. Williams, Oxford (1988)
. the B-field B Theory of Magnetic neutron and photon scattering, E. Balcar & S.W. Lovesey,
seethe b-tie Oxford (1988)
B Strong scattering B Introduction to Thermal Neutron Scattering, G.L. Squires, Cambridge (1978)
E See component perpendicular to Q B Elements of Modern X-Ray Physics, Als-Nielsen and McMorrow, Wiley & Sons
F Penetrating . (2001)
E Polarisation dependence nghly L M?gnetism: from fundamentals to nanoscale dynamics, Stohr and Siegmann,
¥ Simpl " complementary Spinger (2006)
imple cross-section = probe for B www.ill.eu
E Photons nanoscale B www.isis.stfc.ac.uk
B Weak scattering (non-resonant) magnetism B www.esrf.eu
B Separation of orbital and spin ¥ www.diamond.ac.uk
B Large resonant enhancements
E Polarisation dependence
E Depth selectivity —
B Complex (rich) cross=section
Hercules Hercules
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X-rmys and magnetism
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