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X-RAY AND NEUTRON SCIENCE 2016

Magnetism and X-ray dichroism
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. OUTLINE

@ Introduction to X-ray Magnetic Circular Dichroism
@ Experimental aspects: ID12 beamline at the ESRF

@ Selected Results
O Single molecular magnets

O Orbital magnetic moment in actinides

@ Conclusions
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Nobel Prize in Physics 1994: B. N. Brockhouse and C. G. Shull

Press release by the Royal Swedish Academy of Sciences:

“Neutrons are small magnets...... (that) can be used to study the relative
orientations of the small atomic magnets. ..... the X-ray method has been
powerless and in this field of application neutron diffraction has since
assumed an entirely dominant position. It is hard to imagine modern
research into magnetism without this aid.”

% &

1994
Nobel Prize

in Physics
Cliff Shull Bert Brockhouse
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The Agilent Technologies Europhysics Prize for outstanding achievement
In condensed-matter physics in 2000:

P. Carra, G. Schiutz and G. van der Laan

“for their pioneering work in establishing the field of magnetic X-ray
dichroism. ...it is possible to obtain information about the material that
cannot be obtained with traditional measurements.”
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Nowadays:
X-ray magnetic circular dichroism (XMCD) is considered to be one of the

most important discoveries in the field of magnetism research in the last
two decades. It is hard to imagine modern research into magnetism
without the aid of X-ray spectroscopy.
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"Magnetism,

as you recall from
physics class, is a
powerful force that
causes certain items
to be attracted to
refrigerators.”

- Dave Barry
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. APPLICATIONS OF PERMANENT MAGNETS

High-Efficiency
Motors for Energy-
Efficient Homes

Computing and
communication
technologies

Magnetic resonance Imaging

Rare Earth permanent magnets help
make technologies more effective and
more efficient.

Industry

2008 Lexus RX Hybrid

1118 magnets (inc. 2.9kg of Nd-Fe-B) direct-drive wind turbines require ~ 600 kg of permanent magnet material

to produce 1 megawatt of electric power
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Dividing a magnet
>

~C ~108cm

Bar magnets Atomic magnets

R
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Total magnetic
moment Orbital magnetic
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moment
— Nucleus <+> Spinning
electron
. |

Orbital of electron
orbiting nucleus
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A Spin magnetic
moment
Atomic magnets _ —
Total magnetic Orbital of electron
moment orbiting nucleus

- J

Spin and orbital magnetic moments are coupled
via spin-orbit interaction, which is the key
ingredient in magneto-optics, magnetocrystalline
anisotropy, magnetic chirality, etc
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The experimental technique capable to measure separately
SPIN and ORBITAL moments of an atom is

X-ray Magnetic Circular Dichroism (XMCD)
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Difference in absorption cross-section of circularly polarized X-rays for

sample magnetization either parallel or antiparallel to the X-ray wavevector
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. X-RAY INTERACTIONS WITH MATTER
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. X-RAY ABSORPTION SPECTROSCOPY
; | : | : | ' |

150 s

1.0 J//J\ pre-edge

EXAFS
0 5 - Extended X-ray Absorption Fine Structure

———jl 1 | 1 ] 1 |
6000 6500 7000 7500
Energy (eV)

Page 13 A. Rogalev | X-ray dichroisms | JABS10, Bordeaux | 6-7 Juin 2016 The European Synchrotron | ESRF




. X-RAY ABSORPTION SPECTROSCOPY
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In the early days of XAFS, absorption edges taken with use of photographic plates,
appeared as unexposed bands on the plate (developed in negative), or "white lines"
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. X-RAY INTERACTIONS WITH MATTER
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For magnetism research, the key word - POLARIZATION
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. REMINDER: LIGHT AS A EM FIELD

Wavelength, A, the distance
between 2 peaks

Source
Electric field,

TN perpendicular

) to magnetic field
_ -
= u

Magnetic field,
perpendicular to ; —Fk. _
electric field A= Aoe‘(“’t k-T) Radiant te‘znergy
propagation
E = _iEOei(a)t—k-r) EO A (A)A() direction
B = —iBye!@t=kT) B, =k x A,
. w?2 21 )
with the wave vector k such that k? = < k=-u=-u
Aoy plPox Pox = Poy linearly polarized light
when k along z: Ag = | A.. etPoy
0y 0 Aox = Aoy circularly polarized light
Pox — Poy — +90°
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. POLARIZATION OF LIGHT

Linear Left circular Right circular
polarization polarization polarization
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Note: the phase conventions are highly variable
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X-RAY MAGNETIC CIRCULAR DICHROISM

The first serious approach to the problem
of absorption of circularly polarized X-rays

PHYSICAL REVIEW B VOLUME 12, NUMBER 11 1 DECEMBER 1975

Calculation of the M,; magneto-optical absorption spectrum of ferromagnetic nickel

J. L. Erskine*
Department of Physics, University of Illinois, Urbana, Illinois 61801

E. A. Stern'

Department of Physics, University of Washington, Seattle, Washington 98195
(Received 28 April 1975)

The M,; magneto-optical absorption spectrum of ferromagnetic nickel is calculated using an approach similar
to the component state-density method that has been successfully used in obtaining valence-band emission and
absorption x-ray spectra of metals. The M,, magneto-optical effects result predominantly from spin-orbit
splitting of the 3 p core state in conjunction with the final d-state spin polarization. The calculated spectrum
exhibits features that are directly related to electronic structure parameters including the 3 p core spin-orbit
splitting, and the unfilled d-band spin polarization. Temperature variations in the magneto-optical structure
can be used to determine separately the exchange-splitting variation and spin-wave excitation contributions to
the decrease in the magnetization. Experimental verification of these predictions should provide insight into
the applicability of the Stoner model to ferromagnetic nickel and may be helpful in resolving some of the
apparently conflicting results of other experimental probes of the spin polarization near the Fermi level in
nickel.

Two-step model
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. TWO STEP MODEL OF XMCD

Absorption of a right circularly polarized photon
electric dipolar transitions p - d (Am; = +1; Amg = 0)

d continuum _
d continuum
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. TWO STEP MODEL OF XMCD

Exchange splitting of the valence band is driving the second step

o L. AL,
MIlk @ E O o — A
d-states & Lo[TTTTTT A ———
E -like unoccupied
i inal states with. ..
L;edge : ’
<I>=+3/4 | i L,edge
<o>=1/4 i
Z L <I>=+3/4 -
_ Y7 S— S ~.pure ﬂ&g_ﬂtn_e
0’ E E Z — Ll S [
= . <0,>=-1/2 Spin polarisation
=, +h : -
E
<l>= 3!
Y/ TR S S ——

..pure negative
orbital polarisation
I

-3/4

I
--------

Page 20 A. Rogalev | X-ray dichroisms | JABS10, Bordeaux | 6-7 Juin 2016



FIRST EXPERIMENTAL OBSERVATIONS

First experimental evidence

VOLUME 58, NUMBER 7 PHYSICAL REVIEW LETTERS 16 FEBRUARY 1987 s s
[ a
Absorption of Circularly Polarized X Rays in Iron 2 |
G. Schiitz, W. Wagner, W. Wilhelm, and P. Kienle ® £r
Physik Department, Technische Universitidt Miinchen, D-8046 Garching, West Germany i
R. Zeller
Institut fur Festkorperforschung der Kernforschungsanlage Jiilich, D-5175 Jiilich, West Germany
and = 2 ,‘.'ﬂ . ‘
2 oL
R. Frahm and G. Materlik > ﬁ'i‘w i @ pu*ﬂ
Hamburger Synchrotronstrahlungslabor am Deutsches Elektronen-Synchrotron DESY, D-2000 Hamburg 52, West Germany = ' I w\ |
(Received 22 September 1986) < ¥ iy
B " |
: |
The transmission of synchrotron radiation through magnetized iron at energies above the K-absorption == 10 20 30
edge shows relative differences for right and left circular polarization of several times 10 "% The ob- i ‘7
served spin dependence of the near-edge photoabsorption is proportional to the difference of the spin EE, B (eV)
densities of the unoccupied bands. In the extended absorption region up to 200 eV above the Fermi level
a small spin-dependent absorption is observed and thus is expected to give information on the magnetic FIG. 1. (a) Absorption /o// of x rays as function of the en-
neighborhood of the absorbing atom. ergy E above the K edge of iron and (b) the difference of the
transmission Al/I of x rays circularly polarized in and opposite
PACS numbers: 75.50.Bb, 75.10.Lp, 75.25.+2, 78.70.Dm to the direction of the spin of the magnetized d electrons.

XMCD is a new approach to study ferromagnetic system

RAPID COMMUNICATIONS (a) Lpz PHOTOABSORPTION OF NICKEL

PHYSICAL REVIEW B VOLUME 42, NUMBER 11 15 OCTOBER 1990-1 - 120 —
@ Y
E Al
Rapid Communications E

g

&

Rapid C ications are i ded for the accelerated publication of important new results and are therefore given priority =

treatment both in the editorial office and in production. A Rapid Communication in Physical Review B should be no longer than 4 g

printed pages and must be accompanied by an abstract. Page proofs are sent to authors.

Soft-x-ray magnetic circular dichroism at the L ; edges of nickel

C. T. Chen, F. Sette, Y. Ma, and S. Modesti
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 2 March 1990)

Magnetic circular dichroism (MCD) has been observed at the L;; absorption edges of fer-
romagnetic nickel by use of circular-polarized soft-x-ray synchrotron radiation. The MCD inten-
sity ratio between the L; and the L edges is found to differ appreciably from that predicted by a
simple exchange-split-valence-band model. Fine MCD features, imperceptible in the absorption
spectra, are also observed and a tentative interpretation is given. This work, demonstrating the
feasibility of MCD measurements in the soft-x-ray region, provides a new approach to study 34 _
and 4f ferromagnetic systems with their respective dipole-permitted 2p — 3d and 3d — 4f transi- 5
tions.

INTENSITY DIFFERENCE

1
850 870 890
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Page 21 A. Rogalev | X-ray Spectroscopy | 11th SPCA | 14. Mars. 2016 The European Synchrotron | ESRF



. XMCD SUM RULES

Sum rules relate experimental XMCD

spectra to the spin and orbital moments

VOLUME 68, NUMBER 12 PHYSICAL REVIEW LETTERS

23 MARCH 1992

Orbital sum rule

X-Ray Circular Dichroism as a Probe of Orbital Magnetization

B. T. Thole, ™’ Paolo Carra,™® F. Sette,® and G. van der Laan'"’
W Department of Cherical Physics, Materials Science Centre, University of Groningen,
Nijenborgh 16, 9747 AG Groningen, The Netherlands
YN Eurapean Synchrotron Radiation Facility, BF 220, F-38043 Grenoble CEDEX, France
Y Daresbury Laboratory, Science and Engineering Research Councll, Warrington, WA4 4AD, United Kingdom
(Reccived 2 December (991)

A new magneto-optical sum rule is derived for circufar magnetic dichroism in the x-ray region
(CMXD). The integral of the CMXD signal over a given edge allows one to determine the ground-state
expectation value of the orbital angular momentum. Applications are discussed 1o transition-metal and
rare-earth magnetic systems.

] 21(1+1) }
11 +1)+2-c(c+1)

I (W =)

T+

ox(L)

Spin sum rule

[ =)= [ - i) =C xIA(S, )+ BT,

VOLUME 70, NUMBER 3

PHYSICAL REVIEW LETTERS | FEBRUARY 1993

X-Ray Circular Dichroism and Local Magnetic Fields

Paolo Carra, " B, T. Thole, " Massimo Altarelli,'"" and Xindong W:fmgm
WEurapean Synchrotron Radiation Facility, BP 220, F-38043 Grenable CEDEX, France
D Department of Chemical Physics, Materials Science Center, University of Groningen, Nijerborgh 16,
9747 AG Groningen, The Netherfands
O Ames Lahoratary and Depariment of Physics and Asironomy, lowa State University, Antes, fowa 50011
(Received 13 July 1992)

Sum rules are derived for the circular dichroic response of a core tine (CMXD). They relate the in-
tensity of the CM XD signal to the ground-state expectation value of the magnetic field operators {orhit-

al, spin, and magnetic dipole) of the valence electrons. The results obtained are discussed and tested for
transition metals and rare earths.

/

T=2(5 =36 (- 5)/ 1)
i h

C1(l+1)-2—c(c+1)

- 3c

A

-

C=mi %
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_ L0
+4 + 1) - X-ray absorption cross section per hole:

1+ D)[1(1+1) +2c(c +1) + 4] - 3c(c —1)*(c + 2)°
- 6c-1(1+1)
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. CHARGE SUM RULE

Integrated whitelines intensity is measure for number of holes

In the valence band => valence state
A.F. Starace, Phys. Rev. B5, 1773 (1972)

12 , , r T - 3.5 - ] T 7 ' T
= Ni /P Itil E
£ ol i, t2 multilayer | E 25+
g ——Ni L__-edges o L
Lt 257209 5 20 |
5 6| L.|| | — step-like function || E
= 2 1.5} .
o —
o : . .
§ al L, 12 Ni/Pt, multilayer
. o 1.0 . -
E — E ——PtL, -edges |
Zz 2} 1 2 o5t Au reference _
ﬂ' T . i : u'u j 1 L .-'r:'" ) 1 i
860 880 900 11.5 11.6 13.2 13.3 13.4
Energy (eV) Energy (keV)
F. Wilhelm, et al. Phys. Rev. Lett 85, 413 (2000) A. Rogalev et al. Lect. Notes Phys. 697, 71(2006)

Page 23 A.Rogalev | XMCD | VIEuro-Asian Symposium «Trends in Magnetism» | 15-19 August 2016 The European Synchrotron | ES




. APPLICATION OF THE XMCD SUM RULES FOR THE L, ; EDGES

Integrated spectra related to spin and orbital magnetic moments
In the ground state

B.T Thole et al., Phys. Rev. Lett. 68,1943 (1992)

/L
1.5 { H=6Tesla " 1015
T=5K
Pt PtL,
1.0 Pt |_3 —40.10
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L 05- 10.05
2
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(‘n"e) aonX

P. Carra et al. Phys. Reuv. Lett. 70, 694 (1993).
/<|_ >= -4 c. (A+B) A
: 3

<S >-7<T,>=-2C.(A-2E)

<L> _2 _(A+D)

\<SZ> 7<L> 3 (A-28) /
in the case of L; , absorption edges

(nf* - ")
|

C =

A ~ integrated intensity of
transitions into unoccupied d band

|

n: = number of holes in d band
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. ELEMENT SELECTIVITY OF XMCD

—————————15 Ni, / Pt, multilayer
4| ' - z & <~
L NI {10 F. Wilhelm et al., Phys. Rev. Lett., 85, 413 (2000)
3
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. SENSITIVITY OF XMCD

12 T T T T T T T 06
< @t AuL,-edge Au L,-edge
i)
B osl 04}
S
o
(2}
o 06
e Au,Mn
) 04t
N 4
©
E 02 B —~
S C
o
Z 0.0 L 1 1 1 1 1 I 0.0 1 1 1 1 1 1 1
11880 11900 11920 11940 11960 11980 12000 13680 13700 13720 13740 13760 13780 13800 13820 13840
0.012
0.000 thadgagm
0.010 |
-0.002 |
0.008 |
-0.004 |
0 T=10K
(2) -0.006 |- -
< H=3T
-0.008 |
-0.010 |
0.000
_0012 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
11880 11900 11920 11940 11960 11980 12000 13680 13700 13720 13740 13760 13780 13800 13820 13840
Photon energy (eV)
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To compare with 4.15u; per Mn atom
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. SENSITIVITY OF XMCD: A SINGLE SURFACE-ADSORBED ATOM

Ho atoms on a two-monolayer-thick MgO film deposited on Ag(100)
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F. Donati et al., Science 352, 318-321 (2016)
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INDUCED MAGNETISM ON GOLD ATOMS

5 3 < : week ending
PHYSICAL REVIEW B 69. 220404(R) (2004) PHYSICAL REVIEW B 77, 224414 (2008) PRL 109, 247203 (2012) PHYSICAL REVIEW LETTERS 14 DECEMBER 2012
Magnetic moment of Au at Au/Co interfaces: A direct experimental determination Au and Fe magnetic moments in disordered Au-Fe alloys Strong Paramagnetism of Gold Nanoparticles Deposited on a Sulfolobus acidocaldarius S Layer
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. XMCD EXPERIMENT

[Quan‘ri‘ry to measure: Ap=pu" - ]

LY, W => Absorption cross-sections for CP X-rays with

(+) helicity parallel to the sample magnetization
(-) helicity antiparallel to the sample magnetization

 Source of monochromatic circularly polarized X-rays
d Magnetic field to magnetize a sample

 Highly performing X-ray detectors

The best possible at the 374 generation
synchrotron radiation facilities
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. SOURCE OF CIRCULARLY POLARIZED X-RAYS

PHASE 31 periods
E— —
/7?;&/ / ¢ thg )"u =52 mm
thg = 6.0 mm
(B,=0.493 T)
B, /\L‘ B, bhg = 6.0 mm
] h N B.=0.349 T
| | ¢ bhg (B,=0.349 T)
P il P e E,™N=1.7 keV, E,M®=6.2 keV
P. Elleaume, J. of Syn. Rad., 1, 19-26 (1994) Flux: 10 ph/s/0.1%bw
Full control of polarization: flipping time ~ 5 seconds
-0, () / O\
PHASE -A /4 A4 A2

........
S, ...__
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. ESRF BEAMLINE ID12

High Pressure
XMCD 6T, »>2.7K

| XMCD on
AE nanostructures —
i 6T. >1.5K |; High field XMCD

1 1 I-' 17 T: > ZK

A S
. XNCD/XNLD
XDMR
Low field XMCD
0.9 T; »15K
X-ray Magnetic
Scattering |
Spot size 1pm(V) x 20um(H) with 0<@5<18°
. 0.6 T; >20K
Be refractive lenses

over whole spectral range 2-15 keV
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. ESRF BEAMLINE 1D12

2.05 keV - 15 keV

TA 0
1 K - edge 2
Ho s . L d A IVA VA VIA viia|Ji8
A - €4ges AN EA RSN
| e e
B. 231 9.012 I\/I - edges 10.81 12.01 14,01 16.00 | 19.00 2018
11 12 13 14_ 15 16 17 18
Z!g EIaEI zl?ll g mB IVE YVE VIE VIIB VIIIB IBE 1IB EéA!!IB 2:3%:’9 aul?a? 3297:15 3‘5215 SJ'EIAEIr 5

207.2 [ 209.0
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HIGH FIELD XMCD END-STATION

s I
h<+> 17T —08
7 1 h<-> L o6
| NpOs, [ H<+17Tesla, T>20K
6 L 0.
. 0.2
5 5 - '
< 0.0 =<
4 4 I <
z, 1" oM, o
>< L
--0.6
2 { -—
0.8
e L 1.0
O I T T T T T T T //// T T T T T T T T -1.2
3.64 366 3.68 3.70 382 38f386 3.88 3.90
Photon Energy (ke
101 5K
o8 | E=3844,8ev
064
04 i . §
ool L 0.2 a
Z oo ‘ ‘ ‘ : ‘ : 0.0 g
8 02 e : §
o2
Pl .
S oe-xmep [t E Typical sample size
SQUID < \ %
el o Adredetal. [ ; © 0.65mm X 0.80mmx0.12mm
-1|5 I -1|o I :5 I 0 I é I 1|o I 1|5 - g " .
Magnetic Field (T)

Aldred et al., PRB10, 1011(1974)  Wilhelm et al., PRB 88, 024424 (2013)
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X-ray Magnetic Circular Dichroism is a unique tool
to study microscopic magnetic properties

» Element-specific and orbital-selective magnetometry tool
» Sensitive to the electronic structure (valence state, symmetry,... )

» Possibility to extract Spin and Orbital magnetic moments of
absorbing atoms only

» Small size samples (focusing the x-ray beam)

» Single crystals, polycrystalline and amorphous materials, thin films,
nanoparticles, monolayers, ad-atoms, ...
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. MAGNETIC STRUCTURES

classical nanoscopic quantum
Paramagnets and

permanent micro- nano- Single-molecule

magnets particles particles clusters magnets

>

Low
temperature!

energy

v
D

0 180

Page 37 A.Rogalev | XMCD | VIEuro-Asian Symposium «Trends in Magnetism» | 15-19 August 2016

The European Synchrotron | ES



4D/5D IONS IN SINGLE MOLECULAR MAGNETS

Chem Soc Rev Dynamic Article Links )
Radial Distribution Cite this: Chem. Soc. Rev, 2011, 40,3213-3238
WWW.ISCOrg/Cst CRITICAL REVIEW

2d

Molecular magnetic materials based on 4d and 5d transition metals}

Xin-Yi Wang,**® Carolina Avendaiio® and Kim R. Dunbar*”

4ad

Sd

L e e e e A B AL N i R e a2

] 2 4 ] =] 10 12 14

riu.a) orats
1 0.5
4 4.2
A=smZ a'c” ——— -

n?I(1 +2)(1 +1) Z o oo |

ok
-0.5 06K }

0.7K

0.8K
E Bl =t ‘IOK ]

0.6 04 02 0 0.2 04 0.6
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. EXOTIC MAGNETIC PHENOMENA IN “IRIDATES”

_ Cv Ir
finG,}° R
also:
(pyrochlores)

(honeycomb)
(hyperkagome)

Electronegativity
Mass and size
Redox-Innocence

week ending

PRL 114, 096403 (2015) PHYSICAL REVIEW LETTERS 6 MARCH 2015

Jeee = 1/2 Mott-Insulating State in Rh and Ir Fluorides

Turan Birol and Kristjan Haule
Department of Physics and Astronomy, Rutgers University, Piscataway, New vy 08854, USA
(Received 17 August 2014; published 5 March 2015)

Kim et al. Phys. Rev. Lett. 2008, 101, 076402 Chun et al. Nat. Ppys. , 462

Kim et al. Science, 2009, 323, 132 Chen et al. Nat. C£ é , 6, 6593
Machida et al. Nature 2010, 463, 210 Kim et al. Nat. Phys. DOI .1038/NPHYS3503
Modic et al. Nat. Commun. 2014, 5, 4203 Zhao et al. Nat. Phys. DOI: 10.1038/nphys3517
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. GETTING SOME [MF4]*

NH, HF,(1)

[ReClg]*~

K. Pedersen et al, Angew. Chem. Int. Ed. 2014, 53, 1351
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SOME INDICATIONS OF ORBITAL MAGNETISM

Rhenium

186.207 190.23

1

3

yTlcm” Kmol

0 100 200 300 o’
T/K xI'=-—-5(5+1)

Page 41 A.Rogalev | XMCD | VIEuro-Asian Symposium «Trends in Magnetism» | 15-19 August 2016 1he European Synchrotron | nSRF




. XMCD OF [IrXs]> COMPLEXES

5 7 A

nature
7] COMMUNICATIONS
4 - Ir L, edge
| Ir L3 edge ARTICLE
Received 21 Mar 2016 | Accepted 7 Jun 2016 | Published 20 Jul 2016
3 - Iridates from the molecular side

Kasper S. Pedersen234, Jesper Bendix®, Alain Tressaud®*, Etienne Durand®?, Hegni Weihe®, Zaher Salman®,

Thorbjern J. Mors'mgs, Daniel N. Woodruff’, Yanhua Lan?, Wolfgang Wernsdorfer®, Corine Mathoniére®?,
Stergios Piligkos®, Sophia I. Klokishner®, Serghei Ostrovsky®, Katharina Ollefs'®f, Fabrice Wilhelm'®,
Andrei Rogalev'® & Rodolphe Clérac'?

XMCD XMCD
(L) o [ 41

<Seﬁ> o IE(MCD _ 2 v IE(MCD

XAS, XMCD / arb. unit
|

Energy

XMCD x 2 o damt2 [IrFg]>=  [IrClg]>=  Sr,IrO,

~ 312

W

v
s=12 8 Jn=32

2 AT <SZ> 0.13 0.15 0.15

. . . ? 2
RTRT 0T 0T 0w (Ly 077 065  0.63
Photon energy / keV
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. THE ANFE, SYSTEM

2.0

15 e e
310 . |
fos5] © s An

0.0

‘/‘ -05 ' ' ! .'
U Np Pu Am

Laves phase, C-15 structure, fcc unit cell
Tcs between 160 K (UFe,) and ~700 K (AmFe,)
Easy magnetization direction: <111> (U,Np) or <100> (Pu,Am)
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. X-RAY ABSORPTION SPECTROSCOPY: SPIN-ORBIT SUM RULE

dipolar transitions

Al=11;As = 0;4j =0; 1 10 ' 'n 7/ - '
—‘ * ;:\ 8—
3
§ 6 - 3d S.-0. splitting
e <
E.--- ___1_:__ § ~ 200 eV
St/ g ch
 M,-edge <
\ | i
\\ i | / 0 - . —/F— : .
L / 3.50 3.55 3.70 3.75
\ ! 1
\ i ! /I Energy (keV)
v |
1 ! /
v ! 5f
v ) + Iy, xny
SR
' | 3 ¢ 3
TR AN AV <ts>=gn(B-3)+a

3d3/2‘$ ‘ * * hw + Iu,
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. M, s X-RAY ABSORPTION SPECTRA OF ACTINIDES

[EEN
(o)}

[EEN
o

[EEN
e

10+

isotropic XANES (a.u.)

oA v 1 v 1 y 1 - 1 - 1

— UFg,
— NpFg
— PuFg
— AmFg
—— Cm metal

Cm

.

-30

0

T 787 I ! I T L I
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E-E"
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Intensity of the M; XANES spectra decreases
from U to Cm

Intensity of the M, XANES spectra decreases
from U to Pu but increases for Cm

SPIN-ORBIT SUM RULE:
<1s >=-3/4n, (21 -3l ) (Iystlya) + A

=3/2n,,-2ng,

A =-0.014, -0.010, -0.005, 0.000, +0.005, +0.015
forn =2, 3, 4, 5, 6, 7

G. van der Laan, Phys. Rev. Lett. 93, 097401 (2004)
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. APPLICATION OF THE SPIN-ORBIT SUM RULE

B N> 2/3<1.s> Ne/y N2/

U 0.65 2 -1.67 1.57 0.43

a-U3* 0.687 3 -2.52 2.37 0.63
Np 0.742 4 -3.6 3.26 0.74

Pu 0.803 5 -4.56 4.10 0.90

Am 0.88 6 -5.560 4.95 1.05
Cm 0.735 7 -2.26 3.97 3.03

XANES spectra were measured on

UO, for ionic state of U close to 5f 2 configuration
U/Fe multilayers, UFe, for 5f3 configuration

NpFe, for 5f4 configuration

PuFe, for 5f>configuration

AmFe, for 5f6 configuration

YVVYVYYVYY

. . : .
Cm metal for 5f’ configuration Uncertainty of a few %
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. APPLICATION OF THE SPIN-ORBIT SUM RULE

Lo 0 8 /0 N 1 LDA+DMEFT]
N 0 ] eCm
2r IN\Sam T b 4 T @A

. 2y b b MOAmIV

A </ @Pu o
= i/ (QOPud
V -4 . @Ua
i LN .'NP p
[ Etperlment : i OPu, O,
-6F—LS coupling EDPuE],. N
— intermediate I:IUD1_
— i coupling T T A
B2 6 8§ 10 12 14
Ilf

LDA+DMFT : J. H. Shim, K. Haule and G. Kotliar, Euro. Phys. Lett. 85, 17007 (2009)
Atomic multiplets: K. T. Moore and G. van der Laan, Rev. Mod. Phys. 81, 235 (2009)
Experiment: EELS and XAS (K.T. Moore and G. van der Laan)

5f states are well described with intermediate coupling scheme
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dipolar transitions

Al=11;As = 0;4j =0; 1
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X-RAY ABSORPTION SPECTROSCOPY: SPIN-ORBIT SUM RULE

5f spin-orbit splitting
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. M, s XMCD OF ACTINIDES

<

8T
M, U Y
| M 1 ®* XMCD spectral shape at the M.-edge

6 +—f— has an asymmetric S shape for light
T actinides (U-Am) but becomes symmetric

S5 for Curium metal
S 4
()
O
=
x 2
W Am \F | | ®* XMCD spectral shape at the M,-edge has
; JL slight asymmetry on high energy side and
R negative for light actinides but changes the
] cm —wre, | 1| sign for Curium metal.
PuFe
-2 —AmFé2 .
—— Cm metal

/L
' I ' I TIA ' I ' I ' I ' I ' I

-:30 0 30 120 150 180 210 240 270

M5
E-E,

M, s XMCD spectra normalized to unity at M,

Page 50 A. Rogalev | X-ray Spectroscopy | 11th SPCA | 14. Mars. 2016 The European Synchrotron | E



M, s XMCD OF ACTINIDES

PHYSICAL REVIEW B VOLUME 55, NUMBER 5 1 FEBRUARY 19971

X-ray magnetic circular dichroism at the U M, s absorption edges of UFe, fe rr0| I Iag net Wlth I c - 160 K
M. Finazzi — O 58 d _~ O
Laboratoire pour I'Ultilisation du Rayonnement Electromagnetique, Batiment 209D, Universite Paris-Sud, 91405 Orsay Cedex, France uFe - . HB an HU HB

Ph. Samctavit
Laboratoire pour |'Utilisation du Rayonnement Electromagnétigus, Bdtiment 209D, Université Pa
and Laborarorie de Minéralogie et Cristallographie de Paris, CNRS URA9, Universités da Pt

A-M. Dias 100 -1
Laboratoire pour ['Ulilisation du Rayonnement Electromagnétique, Batiment 209D, Université Pa

1.-P. Kappler
Laboratoire pour [ 'Utilisation du Rayonnement Electromagnétique, Bdtiment 209D, Université Pa
and Institut de Physique et Chimie des Matérimx de Strasbourg-Groupe d Etude des Matériai
67037 Strasbourg, France

®

o
T

=
|

N

-
1

UFe2

| 60 U-MW’v edges
G. Krill

Laboratoire pour ['Ulilisation du Rayonnement Electromagnétique, Batiment 209D, Universite Pa

J.-P. Sanchez, P. Dalmas de Reotier, and A. Yaouanc
CEA, Département de Recherche Fondamentale sur la Matiére Condensée, SPSMS, 3805

40

A Rogalev and J. Goulon
European Synchrotron Radiation Facility, Boite Postale 220, 38043 Grenobi:
(Received 30 July 1996)

20

Fluorescence Intensity (a.u.)

L V XMCD * 10

" 1 " 1 " /K " 1 " 1 " 1

3540 3560 3700 3720 3740 3760

Energy (eV)

pL(pnB) ps(pnB) -po/ ps

XM CD 0.21+0.02 -0.20+£0.02 0.97+0.05
Neutron 0.23+£0.01 -0.22+£0.02 1.05£0.05
Theory 0.47 -0.58 0.81
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. MAGNETIC DIPOLE TERM

<T,> is a measure of a spin moment anisotropy
induced either by a charge quadrupole moment or by the spin-orbit interaction

coupling scheme
LS
int

— i

3<T,>/<S,>
i

n
f G. van der Laan, B.T. Thole, Phys. Rev. B 53, 14458 (1996)

There are no any direct measurements of this term (so far !!!)

One can estimate <T,> via combination of XMCD with
Neutron scattering, magnetic Compton scattering or SQUID measurements
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. XMCD IN AMFE,

Sum rules analysis: . N Y
/ 0.104 Np M,
—_ 0.05 |
(L,) = - 0.44(5) Tel amM, |\ o ) ez
(S,) +3(T,)=-0.135(15) 5 j\m e W
(J)=({L)+(S5)=0 S,V ~ : 0.0 %
s 1 | 18
Z A --0.2
2. L
Mo =-(L,)=+0.44 pg ] 0.4
Hs = -2(S,) = - 0.88 g ol 2 |
3(T,)=-0.57 3850 3900 3950 4100 4150

Photon Energy (eV)
Calculated: (with H,,, = 180 T)
ML= '<Lz> = +0.47 Mg
hs = -2(S,) = -0.94 g
3(T,) =-0.51
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Page 54

MAGNETISM IN UTX TERNARY COMPOUNDS

Both are ferromagnets

* UITAl (pror = 0.98 pg)
e UPtAIl (pror=1.38 pg)

T.=64K
T=43K

UTAI
. Pt, ,Ir,
z=0
18| 42K ° N
L =] /
o besseEERESsemsasisiiiissiEEeRSSLEELSRARERERSSRISS O
1 zl— ; [ ] @
’ C-axIs Talr
-
= 08
Z=cC/2
U
04 - |
l Pt,,Ir;
| oaxis TP ]
00 iy osadaasssssstiee -
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. U M, 5 XANES SPECTRA IN UTX CRYSTALS

XANES (a.u.)

1 1
8

5
6 -
4 -
2 -

k //c-axis

0 ' 1 1 '/I/I 1 1 ' 1 ' 1
3.52 3.54 3.56 3.70 3.74 3.76 3.78

Photon Energy (keV)

Isotropic spectra are similar at M5-edge

M4-edge XANES shows that there are more
5f;, holes in UIrAl

Different expectation value of the 5f
spin-orbit interaction per hole

U valence state in UIrAl seems to be U#*
whereas in UPtAl it is U3*

Exp. error bars ~%

5f

B 2<1.s>/(3.n,>) - A Ne Ny N7 for n 5 =2
= A =-0.014
UITAL 1 0 654 10.135 2W)| 162 058
3WN | 1.96 1.04 for n.5 =3
2 (U™ 2.11 -0.11 A =-0.010
UPtAI 0.692 -0.230
3 (U* 2.42 0.58
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XMCD at The U M4 5-edges in UIrAl cr'ys'ral

I I // ! !
8 4 T:5K 5
JH=eT Uerl [0
°1 uMm,
- 0.6
4 -
_ UM, _
24 - 0.3
=
N - 0.0 é
(D 4 104 Hllc-axis O
L T=5K f:,’
Z 21 i -03
< : ) i
X -4 — $" 0.0 4 T’
5 i - -0.6
I S os i _
-6 - ' ¢+ U M,-edge - |
] ol “' E,=3.726keV | L 0.9
-8 - -3.0 —2'.5 72I.0 —ll.5 —1'.0 —0'.5 0.0 015 170 115 2?0 275 3.0
. | . | IMagneticIFieId (T(Iesllq)// | 1.2
3.52 3.54 3.56 3.58 3.70 372 374 376 3.78
Photon Energy (keV)

0 Strong XMCD at the M4-edge
U s-like shape XMCD at the M5-edge
U element specific magnetization curves recorded at U similar to the macroscopic one
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XMCD at the Ir L, ;-edges in UIrAl crystal

o I 0 Strong XMCD at the Ls-edge
IrL, 4 0.04 )
~ J\ o 0 Small XMCD at the L,-edge
3 ooz ., | QLarge Ir 5d orbital moment
2 _ S aligned parallel to the spin
L w)
g P s e Ao settompagz ] 0.00
<
n
§ 4-0.02
UIrAl 7351
11?20 ' 11?24 ' 11128 " 12?84 ' 12?88 '
Photon Energy (keV)
p""(5d) us'"(5d) Moot (50) p""(5d)/ ps'"(5d)
(ug /atom) | (ug /atom) (ug /atom)
0.028 0.048 0.076 0.60
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. ANALYSIS COMBINING XMCD AND VSM MEASUREMENTS

« MY(5f)=0.92 pg /U atom for n=2 (U*)

e M!"(5d)=0.076 pg/lr atom (sum over two Ir sites)

M= MY + M'" = 0.996 pg

Al and U(6d) contributions are neglected

VSM Data: M., = 0.98u; at 6 Tesla and 4.2K
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MESSAGE TO TAKE HOME

XMCD

is very powerful spectroscopy tool
to unravel the microscopic origin of magnetism
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