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I1m1an

1) [Ipocmuie pe3ynivmamesl, noayuarouwuecs 8 OUNOAb-OUNOIbLHOM
NPUOIUICEHUU 8 MEOPUU PACCESIHUAL.

2) Maecnumnoe paccesnue peHmeeHo8CKUX Ty4el, Pe30HAHCHOe U
Hepe30HaHCHOoe, cmasuiee 8 nocieonue 200bl padoyuUM Memooom
UCCNE008aAHUSL MACHEMUKO8 KOHKYPUPYIOWUM ¢ Ouhpaxyuet
HEeUmMpOHO8.

3) Tennosvie 08udICEHUS AMOMOB NOCHOSIHHO MEHIOM CUMMEMPUIO
AMOMHO20 OKPYHCEHUSL U 8bI3bIBAIOM NOSIB/IEHUE OONOIHUMENbHOU
nepemMeHHOU aHU30MPONUU PEHMEEHOBCKOU AMNIUMYObl PACCESHUL.

4) Pesonanchas ougpaxyus saenaemcs yHUKAIbHbIM MEMOOOM U3YYeHUs.
OUNOIb-KBAOPYNOILHO20 U K8AOPYNOJIb- KBAOPYNOIbHO20 BKIA008 8
YaCMHOCMU, KUPATbHOCHIU.

5) Unmepgepenyus macHUmMHbIX U HEMASHUMHBIX 8KAA008 8
PE30HAHCHOE PACCesaHUe NO3BOJISEN UBMEPUMb 3HAK
gzaumooeucmaus [zsanomunckoeo-©Mopus 6 macHemuxkax



PeHTreHOBCKas CIIEKTPOCKOITHA
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X-ray absorption spectroscopy

lodine =g Absorption edges

~ e
100 Cadolinivm | The absorption edges observed in

an absorption spectrum are charac-
teristic of the successive electron
shells in an atom and are one of the
signatures of the chemical element
being probed. With a beam of
photons of a well-defined energy,
electrons can be ejected from the
% innermost shells and, in such a way,
certain atoms of a material can be
selectively excited or ionized.

Many methods adapted for the study

10

Absorption
(

80 100 120 3 of matter using synchrotron light
benefit from the particular
Energy (keV) features found in the energy region

around an absorption edge.

lodine and Gadolinium K-Absorption Edges



PeHTreHOBCKas CIIEKTPOCKOITHSA
BOJIN3M Kpasi HorﬂomeHHH

=, | X-ray absorption spectroscopy

| The x-ray absorption spectrum of a
| chemical element is obtained by
| exposing a sample of this element to
| a beam of x-rays, the energy of
which is modified progressively. The
absorption spectrum shows dis-
continvities which are called
absorption edges. The study of these

\l) ‘3 | spectra is the basis of all types of

| x-ray absorption spectroscopy.

. R ﬂ Amongst the methods developed

: - | for the use of synchrotron light, one

absorption Energy | should mention EXAFS and XANES,
edge | as well as circular dichroism.

Change the energy



3aBucuMocTh nornomieHus (XANES)
OT BaJICHTHOCTH 1 MOJIOKCHHUS aToMa

BaHaIus BOJIM3KU K-kpas noriomeHus
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(kaptuHKa 13 Wong, J. et al. Phys. Rev. 1984, B30, 5596)
A enié NorolIeHNe 3aBUCUT U OT HAIIPABIICHUS U OT IOJIsIpU3aluu!



[TonsapuzanmonHas 3aBucuMocTb XANES:
JTMHEVUHBIU JTUXPOU3M
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OTKyaa BO3HUKAET 3aBUCUMOCTD
OT YHCPIrUM U OT HOJISIPU3aALAN

30HHasa CTpyKTypa KpucTanna.

CkasblBaeTcs Takke CUMMETPUS
BO30OY>XOEHHOIo COCTOAHUS, T.€.
BONM3K Kpasi NOrnoLeHns
BO30YXXOEHHbIWN 9NIEKTPOH
«4YBCTBYET» COCEeOHNE aTOMBI.

FERMI

o L,

Hapgo euwle yuntbiBaTb rnpasuna ) L,
oT6Gopa NPV NOrMoLEHNN U o

paccesHnn OoTOHOB, HanNn4yune 9s? L

«ObIPKN» C KOHEYHbIM
BpeEMEHEM KN3HU HA
Ha4allbHOM ypPOBHE U T.I1. K




The physics of resonant X-rays diffraction:
a crucial role of electron scattering

FIG. 5. Pictorial view of the multiple scattering of an outgoing
wave off neighboring atoms. The topmost atom is the original
source of the wave, which diffracts first off the atom at the
lower left and finally off the atom at the lower right. Each
successive outgoing spherical wave is weaker, which is re-
flected in the thickness of the spherical wave fronts. This type
of path is called a triangular path.

1. Typical energy interval < 50 eV above edges;
2. Multiple scattering of virtual electrons;
3. Sensitivity to environment;
4. Lifetime of virtual electrons;
5. Local and non-local effects
(dipole-dipole, dipole-quadrupole, etc.);



Oo0gacte EXAFS
(Extended X-ray Absorption Fine Structure)
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AHOManbHbIE (pe30oHaHCHbIE) NonpaBKU
K aTOMHbIM pakTopam (amnnutynam paccesiHuA)
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Resonant X-ray diffraction (RXD)

= diffraction @XANES = XDNES = DAFS

® RXD Is site-, element-, and shell-selective
technique (e.g. XANES is not site-selective!)

@ the resonant scattering amplitude depends on
the orientations and electronic and magnetic
states of both resonant and neighbouring atoms

® complicated polarization/azimuthal properties
of “forbidden reflection” (rotation T o, chirality)

@® drawbacks: a modern synchrotron and smairt
modelling are needed
More details about “forbidden reflections” can be found in:

V. E. Dmitrienko, K. Ishida, A. Kirfel, E.N. Ovchinnikova,
Acta Crystallographica A61 (2005) 481.



Pe3oHaHCHas qu(paKus:
HEOOXOUM CHHXPOTPOH
17151 pa0OThI BOJIM3H
Kpasi NOTJIOIICHMS

A3AMYyTaIBHBIA YTOI

MonoxpomMarop
OO6pa3en



JInppaKOHHBIC METO/IbI

DAFS- Diffraction Anomalous Fine Structure
(AudpakuMOHHAs aHOMAJIbHASI TOHKasl CTPYKTypa)

DANES - Diffraction Anomalous Near Edge Spectroscopy
(mudpakoHHas aHOMaJIbHAS CIIEKTPOCKOMNMS BOJIM3HY Kpas)

Resonant X-ray diffraction, Resonant X-ray Scattering (RXS)
(pe30HaHCHAS PCHTICHOBCKAs TU(PaKINs, PACCEIHHC)

Magnetic X-ray Scattering (resonant and non-resonant)
(MarHUTHOE PacCesTHUE PEHTICHOBCKUX JIY4YCH )



Yncto pe3oHaHCHbIe Op3arroBckmne pedneKkcol
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NOrfoLweHnsa cBs3aHo C paclliensieHUeEM 3NeKTPOHHbIX COCTOAHUN B

KpUcTanmnmyeckom none, C  Y4YeToMm CMUH-0pOUTaNbHOrO
B3aMMOAENCTBUSA U APYINX BUAOB aHU3OTPOMUMN.

[lpemyllecTBOM MCMNOMNb30BaHUA YUCTO PE3OHAHCHLIX OTPaXXeHun
ABNAETCH TO, YTO OHM He codepXxaT Hepe3OoHaHCHbIX BKNagoB W
NMMEKT HEeOObIYHbIe NonapusaunMoHHbIE CBOUCTBA




CHUMMETPUUHBIN OAXO
B20 — MnSi space group P2,3
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CUMMETPHUHUHBIN ITOAXO/:
[OJIAPU3ALMOHHEIC CBOUCTBA

A3UMYyTaIbHBIN YTOJ

Monoxpomarop
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B20 — MnSi space group P2,3
Mn — coordinates: X,X,X



CUMMETPHUHUHBIN ITOIXO/:
KOOPAUHATHI ATOMOB

by

|6Fn|> = 8, — f | cos®6(1 — cos 4rrlx cos 29)) -
 — a3UMYTaJIbHBIN YIOJI S e

Templeton, D. H. & Templeton, L. K. (1986). Acta Cryst. Ad42,
478-481.

NaBrO; — space group P2,3
Br — coordinates: X,X,X
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MarauTHas gudpakmnuys

X-ray diffraction

Specific diffraction methods

Magnetic diffraction

Magnetic diffraction arises due to
the interaction of x-rays (electromag-
netic waves) with the magnetic pro-
perties of electrons (orbital magne-
tism or spin magnetism). These
studies require that the light be
linear or circular polarized. Resenant
magnetic diffraction experiments
require that the x-ray energy be
adjusted to an energy near the
absorption edges of the sample (as
in anomalous scattering). This in-
creases the magnetic signal by
a factor which can go up to
1,000,000 depending on the atoms
being considered. Synchrotron light
is perfectly adapted to these studies
where it is necessary to be able to
adjust the energy and polarization

- 1T B3 T1820021



TWO STEP MODEL OF XMCD

Exchange splitting of the valence band is driving the second step

¢,

Fe metal 14

Fe L3
. \ Fel, 1
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polarization pokarization

B i V | | 1.
zpm 7(|)0 7&0 74|10 7(150

2pm _ — Photon Energy (eV)
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MarHuTHoe paccesiHue — KOHKYPEeHT HEUTPOHaM



Element and Orbital Selectivity of XMCD
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F. Wilhelm et al., Phys. Rev. Lett., 85, 413 (2000)

Ni, / Pt, multilayer

T~10K
H=x=5T

RESULTS

1s39=0.35 pg/atom
w, 39=0.038 pg/atom

1s°9=0.14 pg/atom
W, °9=0.03pg/atom



Knaccumuyeckana KapTuHa
paccesHus

Driving Force Re-radiation terms
F. de Bergevin, M. Brunel, Acta Cryst. A 37 (1981) 3 l:1—331 w/\ (a) Electric Dipole-Electric Dipole
F. de Bergevin, M. Brunel, Acta Cryst. A 37 (1981) 324-331 M
b) Electric Dipole-Magnetic Quadrupole

3anpenieHHsii peduiekc 111 B Fe,04

® Bo3M0XHO pazjiesieHue CIIMHOBOIO

U Op6HTaHBHOFO BKJIAJOB grad H.p ‘,-r'—'- % (c) Magnetic Quadrupale- Electric Dipole

‘I'orque Hxu % Aﬂv (d) Magnetic Dipole-Magnetic Dipole

f.f'w. E
-eHxp/m 9' (e) Lorentz Farce
|I\.\-H

H

Fig. 1. Classical representation of the dominant scattering mechanisms of the photon—electron interaction [11].



KBaHTOBaA KapTuHa

H' ="H|+Hy +H;+Hj
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® ['amuiabpTOHMAH B3aUMOJICHUCTBUS

® Teopus BO3MYILIECHUH JAa€T PE30HAHCHBIN U eh

HEPE30HAHCHBIN BKJIQ/Ibl B @aTOMHBIN (haKTOP T 2me) 2 Z Sj [A(r),-} X A(r; }]
paccestHus
. Ve ap ﬁm 1QxF , N
k. K €. € hw)=lal ZE‘Q'T-’ a)e - € (a ZEJU' ‘A" +5s;-B'||a)
: mci ML
J

. ] Z E,— E, ( {c':|{3'+{k"}|c';l{clﬂ{kﬂn} N (a| O(K)|e)(c G‘{]{’]lﬂ})
m L Eq— Ec+ by — 11, /2 E, — E-— hw

XKuxumon O JI, Xpunaosuu U B/DKITP 1984 T 87 C 547.
Blume M//J App Phys 1985 V 57 P 3615

M. Blume, Resonant anomalous X-ray scattering, in: G. Materlik, J. Sparks, K. Fisher (Eds.), Elsevier Science B.V., Amsterdam, 1994,
pp. 495-512.



PazpeneHuve CNMHOBOIO M
opbutanbHOro BKnaaos

S(Q) = (a s:e'QTi|q)
® Bpanu ot Kpas mnorjaomeHus ; :
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Pe33oHaHCHbIe BKNnagbl:
KOHKYpPEeHUUA MarHUTHOM m
3apaaoBoOM aHU3OoTponNUuM

® Bo3M0XHbBI KOMOUMHHPOBAHHBIE Ded)JIeKCBI

X:ﬂ (nnn _ lénﬁ)[al + b](n . m)?]
.':3.1= + (mn 3 l 260‘;{3)
-.7.% +d[n"m” + n” *—%(n-m)5*’)(n- m)

3 2 ad i ad -
- x2 =i a,m® + by,n" (n - m)),

® CUMMETpUYHBIN U
o the G, Suructare on the atoms in the 4ic) posiion of the P AHTUCUMETPUYHBIN BKJIA/]I

space group. All atoms lie on two mirror planes perpendicular to
the b axis. The y coordinates for atoms 1 and 4 are equal to b/4,
for 2 and 3, they are cqual to 3h/4.

Fig. 2. The directions of the local crystal-ficld axes n; (double-ended



V,0; — pa3nuyHbIC BKIIAbI

L. Paolasini, F. de Bergevin/ C. R. Physigue 9 {2008) 550-569

“23 10"V K-edge - -
m—— XANES o

L/(25)=—0.3 with the value L+25=1.2 up
S=0.85 pup and L=0.5 up

“E=5.465keV ~ O 00 (00 3),, g
, 3 . —O;F o-nt I 48 m-zg
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Fig. 4. Energy scans across the V K-edge (left) and the corresponding azimuthal dependence (right) of different classes of forbidden lattice
reflections found at room temperature and in the low-temperature antiferromagnetic phase (T = 100 K) of 2.8% Cr-doped V203. Black (white)
dots refer to the o—1’ {#—o") polarization channel [17,34].



Pe3onaHCcHas audpaKus
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HeoObruHbIC MOIIpHU3alIMOHHBIE CBOMCTBA!!!



DddexTrl xupanbHOCTH B KBapie SI0,

From the Fedorov space symmetry:
The tensor structure factor of 001 reflection in

o-quartz depends on two parameters:

F, iF, F,
Fa001) = | iFy —Fy —iF5
.I!r"-lz —-e'-_f['-lg L)

ab initio simulations:
energy dependence of
coefficients F; and F,

Energy (eV)

0.6 4
] Re(F,)
—Im(F,)

Threefold helices of SiO, “tetrahedra” in a-quartz
www.quartzpage.de/gen_struct.html

k. T T T T T 1
10 20 30 40 50 60 70
Energy (eV)




CuibHast xupaabHocTh pediekca 001 B kBapue

0.10 4
0.09
0.08 1 i iRCP
0.07 H _________ ILCP

0.06 —-
0.05 —-
0.04 —-
0.03 —-

0.02 5

intensities RCP and LCP for psi=80

0.01

Energy, eV

Intensity of the 001 reflection Is very different
for Right and Left Circular Polarizations



3anpemiennbii pediaexc 100 B ctumosute SIO,
(JIOCKOCTBH CKOJB3SIIETO OTPAKECHHUS )

SI0; “octahedra” in stishovite
(rutile structure)

0.008
I —sigmaXX-sigmaYY |
0.006 e sigma-perp Lo -

—— sigma-par

stishovite: local anisotropy of absorption

T S I T T S S A S SRR

<
o
S
o

Energy, eV

In stishovite, our ab initio

calculations predict very strong
local anisotropy and dichroism;
the 100 reflection is not chiral.



Uucrto-pezoHaHcHbIe pednekebl 0,0,.3n+1 B Kpuctanne Te

a _—

Tennyp Kkpuctannusyercs B
rekcaroHanbHOW peLleTke,
NPOCTPaHCTBEHHLIE rPynnbl
P3,21 n P3,21 B cny4yae
npaBon 1 ieson moandoukauunm
COOTBETCTBEHHO.

[MapameTpbl S4enkn a =
0,44566 HM, c = 0,59268 HM.

2,54

2,0 H

1,54

1,0 - ,’

0,5+ ' \

Nnrencusnocts otpaxkenns 001, oru.em.

0,0

-20 ) 0 ' 20 ' 40 ) 60 j 80

Onueprus (E-E, ) 5B
OHEPreTu4eCKUm CNeKTp YNCTO
pe3oHaHcHoro pedrekca 001 Bonu3um L3-
Kpasi NornoLeHns Tennypa ansa npason U
neBon mogudpmkaunsax Kpucranna.

CrniowHas IUHUS -- CNekTp pedonekca
001 onsa npaBoro nsomepa;
MYHKMuUpHas JlIuHUs -- CnekTp pedonekca
001 gna neBoro nsomepa.
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Pe3onaHcHas qudpakuus
B KpUCTajuie nuputa Fes,

photoelectron energy (eV)
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FIG. 10. (Color online) Experimental and theoretical ATS spec-
tra near the Fe K edge. The experimental spectrum shows the inten-
sity of the forbidden reflection corrected for absorption. The theo-
retical spectra are proportional to |f] 1~ 1 12,



DKCIEPUMEHTAIBHOE peIIcHUE (Pa3oBOM
npoOeMbl + pacueTsl ab Initio s FesS,

PHYSICAL REVIEW B 69, 245103 (2004)

photoelectron energy (eV) photoelectron energy (eV)
10 20 30 40 50 80 70 10 20 30 40 50 60 70
1n TTTTTTTTT Jrrrrrrror frreorerrr | L L 'I' IIIIIIIII Jrorrrrorrs 1-!-0' lllll 'l}"’ll"l’ lllllllll I IIIIIIIII [rrrrrrrTy T IIIIIIIII 'I IIIIIIIII
e g
' ® experiment ] ® experiment
— H = MT calculation |
E . - === FP calculation T
05 - 05 4
g ¢ 5
% : €
: - £
E- 0.0 1 .l o 0.0 - >
- H S
o ] o
- V! '
@054 = 05 .
1’4 wl E
v -
_1u.ll|||||||lilil||| |n:la.-:-:n|I|||||||||I|.|.|-||||-I|.|n.: _1_0.-1|||I uuuuuuuuu Dous s naunuy Lows s any laossasswasy Lassnnusas |||1l-
: 7110 7120 7130 7140 7150 7180 7110 71 7130 7140 7150 7180
X-ray photon energy (eV) X-ray photon energy (eV)
(@) (b)

FIG. 11. (Color online) Experimental Re(f)—f,) (left) and
Im(fy—f.) (right) values {on absolute scale) as functions of the
photon energy in comparison to FP and MT calculations.
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Fig. 1. Energy dependent integrated intensities of the
(001) reflection with incident s and p polarization, of

YBazCusz0O7 at the Cu Lz s edges .

Jl71st curMa noJisipu3aly XOpoIllo BUHA UHTEP(EPEHIIHS C HEPE3OHAHCHBIM PACCESIHUEM

N3 pabotbi: RESONANT SOFT X-RAY SCATTERING AND ABSORPTION ON YBa2Cu307
U. Staub, V. Scagnoli, T. Ramsvik (PSI), A. Erb (Munich), and J. M. Tonnerre (CNRS-Grenoble)



Pe3oHaHCHas audpakiys B oprooopare
xene3a Fe,BO, (Pnma)

EE:

Fe in two crystallographically nonequivalent positions:
4(c) with local symmetry m and general 8(d).
G. Beutier, E. Ovchinnikova, S.P. Collins, V.E. Dmitrienko, et al. Interplay of

inequivalent atomic positions in resonant x-ray diffraction of Fe;BOg. J. Phys.:
Condensed Matter, 2009, Vol. 21 265402.
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Figure 7. Energy spectra of the reflections 300, 500 and 700 at the azimuth i = 90°: FDMNES calculations versus experimental data.



Forbidden reflections in Ge

PHYSICAL REVIEW B VOLUME 49, NUMBER 21 1 JUNE 1994

Tetrahedral anisotropy of x-ray anomalous scattering

David H. Templeton and Lieselotte K. Templeton
Department of Chemistry, University of California, Berkeley, California 94720
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FIG. 5. Observed and calculated variation of intensity with

azimuth for reflections of Ge that are forbidden (a) by a glide
rule (280) and (b) by structure-factor algebra (482).
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B.E. OmutpuneHko, E.H. OBunHHUKOBa, K. Nwnaa, MNMucema B 2KOTD, 69, 885 (1999).



Spectral, azimuthal and temperature dependences observed for
the 002 and 006 thermal-motion-induced (TMI) reflections in Ge

J.Kokubun, M.Kanazawa, K.Ishida, V.E.Dmitrienko. Phys. Rev. B, 64, 073203 (2001).
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N3amepeHnmne Ha KNCU
2.X. Myxamemxkanos, M.M. bopucos, A.H. MopkoBuH, 2007
1- the 006
reflection
measured at the
Synchrotron in

1,0

0,8 RSC “Kurchatov
Institute”,

067 2 — fitting with dg
and Thermal-

0.4 L Motion-Induced
terms

3 — experiment,
made at the
Photon Factory In
Tsukube

0,2 -

Integral intensity of the 600 reflection, arb.units




N3mepeHne pasbl 3anpeLleHHbIX pedonekcos B Ge:
ntepdepeHUna mexay pe3oHaHCHLIM U Y>Xe N3BECTHbIM
Hepe30HaHCHbIM BKlagamu B pedriekc 222

ity ~ FOKE F(222) = By + R + FM™
H#(E)

F,(222)=+1.02 el.

= ® absorption
_ @ 227 reflection, experiment J.R.Roberto,

= - = calculation with only nonresonant B.W.Batterman,
contribution D.T.Keating, Phys.
— - = xanes calculation Rev. B 9,2590 (1974)_

The integral intensity of the 222 reflection,
absorption (arb.units)
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The integral dependence of the 222 reflection
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Displacement of all atoms in Ge

- e
Phenomenological approach:
fjk Q:: Z 1:jkm L\ ]m L\ :_ U, QE‘
N
4 > )
il 16 g
[ fxyx xyz) u|| (ny+ 1:xyz ﬁlkn H n EXP _izz
\ )

Fitting of the experimental data and simulations—,



Pednekc 006 BO BceM MHTepBarne

TeMmneparTyp
60 ® experiment
. integral CPMD+FDMNES
T 5O random (FDMNES)
= vedrinsky (RDC)
c 40
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= 30
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=
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A | I
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FIG. 6: (Color online) Temperature dependence of intensity: simulation and experiment



AtomHasna ctpykrypa KH,PO,

FIG. 1 (color online). Schematic view of the internal struc-
ture of KDP along the tetragonal axis. P and K coordinates
relative to ¢ along this axis are indicated. Covalent and
H-bonded hydrogens in the FE phase are attached to the
corresponding oxygen through full and broken lines,
respectively.

ATOMbI Kanus B Todkax ¢ cummetpuen 4 , HapyLlaemMon ckadykamu Bogopoaa



Crystal structure of KH,PO,
Space groups:
high temperature (T>123K) I 424 (No. 122);

symmetry of K positions is 4
no dipole-dipole contribution to pure resonant reflection;

low temperature (T<123K) Fdd?2 (No. 43);

ferroelectric;

symmetry of K positions is ..2 ;

the main contribution is dipole-dipole, it is proportional to
the order parameter, i.e. (Tc-T)0>



Bknaabl B 3anpeweHHble
pedonekcsl B
BbiCOKOTEeMneparypHou chase



CTpyKTypHas amnnutyaa:

35IeMeHMbl CUMMeMmpUU amoMHbIX Mo3uyuu. UH8epPCUOHHas ocbk -4 U ocb 2

4

NMuBapnaHTHOCTb: XYZ — Y-X-Z —-X-YZ — -YX-Z
CBsa3b mexagy atomamun: XYZ —Y+V2,X,Z+%

7

S)

= OTpaXkeHus 3anpeLleHbl B AUMNOMb-
ONMNONbHOM MPUBNKEHUN,

" HO OHW BO3HMKAOT B AMMNOSb-
KBaJpynosibHOM NPUBMAKEHUN.

d [ fSH, 0 fSH +f2l ) N
FAa(H, 1) = 0 CfH CfH )
fxsz - fxixlx B f H T 1:xi;xly 0 )
- )
)

S u a - cnmmeTpuyHasa

QOMI'IOHGHTbI.

‘l=k+k’ H=k "k,

N aHTUCUMMETPUYHASA YacTu
COOTBETCTBYIOLLEN TEH30PHOM

~

/




merinosble KonebaHusi 6cex amomos
N

Fdd — F’dd (TeH30pHbIE aTOMHbIE (DAKTOPBbI)

dd dd
K of, quzz 0 of,, H_ U2
0z . 8xdd
FIMI(H)= 24| o ——afaxx H,u? ——a;ﬂ H U’
afdd . af%id . &
Tl T
OX OX

~

Heobxoanmo yyuTtbiBaTb
TepMONHAYLUMPOBaHHbIN BKNaa




(9

Fi(H) = = Af “u, exp(27iHr?)
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Pecnekc 002 B high-KDP
(T=293 K)
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Temperature dependence of the energy spectra of the 002 forbidden
reflection of KDP at the Potassium K-edge. The intensity has been

normalized to the peak of the spectra, evidencing the change of line
shape. The phase transition at 123 K is clearly visible.
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[MpocTpaHCTBEHHbIE FPpynnbl, AONyCKakLwmne

cyllecTBOBaHME eCTECTBEHHOro KpyroBoro

anxpounsma
Henenrpo- Ilcegoo-ckansip | Ionapuwii | Ilcesoo-neBuarop
e P 1 bIC O6o3HaveHus BEKTOP
Tpynnbl CHMMETPUM | Tl[epdanca JHAHTHO- Voigt/Fedorov XNCD
Mop¢puzm OA
E1.M1 E1.M1+E1.E2 | E1.MI+E1.E2
43m; 6m2; 6 Tq; Dsn; Can No No No
432; 23 O:T Yes No No
[ 6228 32 422 Ds ; Ds ; D, Yes No Yes
6mm; 4mm; . Cesv: Cuyv; Cay No Yes No
6;3;4 Cs:Cs:Cy Yes Yes Yes
42m D.q No No Yes
4 S, No No Yes
mm?2 S, No Yes Yes
222 D, Yes No Yes
2 C, Yes Yes Yes
m Ca No Yes Yes
1 € Yes Yes Yes

J. Jerphagnon et D.S.Chemla J. Chem. Phys. 65, 1524 (1976)




Vector part of optical activity in ZnO?

Table: Irreducible parts of optical activity (antisymmetric third-rank tensor)

Pseudo-scalar Polar vector Pseudo-deviator

Odd parity
Crystal classes  Point groups  Enantiomorphism  Voigt/Fedorov ~ XNCD

43m 6m?2 6 Ty D3p Cap - - -

43223 OT + - _

622 32 422 De D3 Dy + — +

(m.am-lmm Cey C3v Cuy — @ _

634 Cooes + + ' J. Goulon, N. Jaouen, A. Rogalev, et al.

i St - _ i Vector part of optical activity probed

e o N ’ N with x-rays in hexagonal ZnO.

: C: ¥ N i J. Phys.: Condens. Matter. (2007) 19. 156201.

I C.: + + +y - — T 7
=) @ i) somine

Figure: Comparison of the measured (a) §n.1 /\ I o] m .:

and simulated with the FDMNES code (b) £ /\ | Gomo pou s O

spectra of the X-ray Linear Dichroism 2 01 \/ \/ ] ::‘1’: ]

(XLD); both spectra were normalized with ] 1 o]

respect to the edge jump. Similarly, the IS A A IS (’d)‘ e

measured X-ray Circular Intensity o o] ] omo{A A

Differentials (XCID) spectra (c) are 1 ; Q:j::t F

compared with XCID spectra calculated £ oo N | R \/

with FDMNES (d). All simulations were - \/ V ] -0.010:\}

performed with the multiple scattering ) Y ] oo FoNES

option of the FDMNES code. O atve Enargyt B (V) VTGl )
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Dipole-quadrupole reflections in anatase, TiO,

- J.Kokubun, K.Ishida, et al.
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Dipole-quadrupole reflections in anatase, TiO,

Simulations made by
Vedrinskii at al., Rostov
University

Intensity (arb. units)

T T T T
4.960 4.962 4.964 4.966 4.968 4.970

Photon energy (keV)

T
4.956 4,958

FIG. 8. (Color online) Calculated 002 reflection intensities
(solid lines) and experimental data (dotted curves) corrected for
absorption (blue for ¢ =0, black for ¢=m/4). The red curve repre-
senting the experimental Ti K-edge absorption spectrum was re-
corded in fluorescence mode, i.e., simultaneously with the reflection
spectra; it shows clearly coincidence between peaks in resonant
diffraction and fluorescence.

PHYSICAL REVIEW B 82, 205206 (2010)

@

calc 0 20K e 300K ] |

'E

Intensity (arb. units)

T T T T T T T T T T T
-180 -135 -80 45 a 435 an 135 180

Azimuthal angle (degrees)

calc o 20K e 300K |

(CYE-E, |

Intensity (arb. units)

oo

T T T T T T T
=180 =135 -90 =45 o 45 a0 135 1a0

Azimuthal anglc (degrees)

FIG. 2. (Color online) Azimuthal angular intensity dependence
of the forbidden reflection 002: (a) at the main resonance peak
energy Ey; and (b) at the subresonance peak energy Eg (see Figs. 1
and 4). Full circles: measurements at 300 K, open squares at 20 K,
both normalized to a common maximum intensity. All data were
corrected for a small tilt of the sample surface against (001). The
more pronounced oscillations at Eg are mainly caused by the anti-
symmetric dipole-quadrupole term [Eq. (9)]. The solid lines repre-
sent calculations according to Eq. (19).



Intensity (arb. units)

Magnetic and chirality effects
In Fe,O5; and Cr,0y

Small effects in absorption.

Very rich variety of phenomena in diffraction
owing to interplay of dipole-quadrupole,
guadrupole-quadrupole

and magnetic contributions

CHIRAL AND MAGNETIC EFFECTS IN FORBIDDEN... PHYSICAL REVIEW B 78, 115112 (2008)
| I in I I [
Fe,O, Wl
£ o Il e ‘
cee- 333 5o b,
O 333 Bl ® Il
[~  —— Absorption = sl SR E
- e ] 333
£ E ' —— Absorption
o o & ,* E: B . - ..T 3 o o = i
[)#--.- e ?- -t--’ “h- ey 200086 -8 A o &- ] OM':J “‘-‘W.-i;-.i—-*..&.‘
7.08 7.09 7.10 7.11 7.12 7.13 5.96 5.97 5.98 5.99 6.00 6.01 6.02

Energy (keV) Energy (keV)



Local chirality of atoms In centrosymmetric crystals

z

Figure 1

The ‘right-handed’ and *left-handed’ positions of Fe atoms in a unit cell of

hematite.

x'f?{f:fr!r]ﬁ = Héﬁclf;”’” sin(6hx)cos® @

+ 4 cos(6hx)f f’”f{z cos’ #sin 3,

ﬁﬁ{hhﬁ}ﬂ: = —Hikff‘f“’ sin(6mhx) cos” 6

+ 4 cos(6hx)f f““ﬁrl cos’ Asin 3.
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Magnetic structures of Fe, O, and Cr,0O,
Fe,O4:
Weak ferromagnetic
due to DM interaction

Hon=D-[S; S,]

Owing to this
Interaction spins
are canted out of
the figure plane,
the ferromagnetic
moment is normal
to the figure plane.

But in which
direction?
It can be rotated by

a strong enough
maanetic field




PHYSICAL REVIEW B 71, 184434 (2005)

Weak ferromagnetism in antiferromagnets: a-Fe,O; and La,CuOy

V. V. Mazurenko? and V. I. Anisimov!-

theory Ap=~0.4 103
experiment Ap=~1.1x103

X

FIG. 1. (Color online) The ecrystal structure of a-Fe;Os. The
large circles are Fe atoms which belong the smallest unit cell used
in the LDA+U calculations. The small circles are Fe atoms which
surround atom 2. The arrows denote the magnetic configuration
used 1in our calculations.

TABLE II. The different contributions in components of site
magnetic torque of a-Fe,0; obtained in LDA+ U calculation (in
meV). The couplings with negative sign are ferromagnetic. dj; 1s the

distance between ith and jth atoms in a.u. R;; 1s the radius vector
from ith site to jth site in units of the lattice constant (5.49 a.u.).

-

(i.j) d;; R; BE . B-L B ;J

(2.2) 0 (0:0:0) 0 0 0.162
(2.1) 5.45 (0:0:—0.99) 0 0 0.005
(2,3") 560 (-0.5;-0.86:0.200 —0.036 0.015 0.001
(2,3") 5.60 (1:0;0.20) 0.032 0.023 0.001
(2,3") 5.60 (—0.5:0.86:0.20) 0.004 —0.038 0.001
(2,1"') 636 (0.5:—0.86:—0.58) 0.071 0.019 —0.14
(2,1") 6.36 (—1:0:;—0.58) —0.052 0.052 —0.14
(2,1') 6.36 (0.5;0.86;—0.58) —0.019 —-0.071 —0.14
(2,4") 6.99 (0.5:—0.86:0.79) 0.168 0.063 0.101
(2,4") 6.99 (—1:0:0.79) —0.139  0.115 0.101
(2,4") 6.99 (0.5:0.86:0.79) —0.029 —0.178 0.101
(2,4") 699 (—0.5;—0.86:—0.79) 0.128 0.094  0.076
(2,4") 6.99 (1:0:—-0.79) 0.017 —0.158 0.076
(2,4") 699 (-0.5:0.86:—0.79) —0.145 0.064 0.076
(2.4) 7.53 (0:0:—1.37) 0 0 0.001



Typical
setup

“ A

Detector Azimuthal angle ¢

T X-rays

| Sample L

h - weak ferromagnetic moment fixed by magnetic field

FIG. 2. Definition of the optical setting. o and 7 denote polar-
ization vectors for the incident x rays, ' and ' for the scattering
x rays. k and k' denote the wave vectors for the incident and scat-
tering x rays, respectively, G the scattering vector; z axis is parallel
to the threefold crystal axis, and the x axis 1s normal to one of three
vertical glide planes and parallel to the hexagonal a axis. When the
azimuthal angle ¢ equals zero, vector k+k' coincides with the x
axis; just this case 1s shown in the figure. X-ray beam is rotated
clockwise viewed from +z side with the angle @, 1.e., sample crystal
is rotated counterclockwise relative to the x-ray beam.



Magnetic structures of Fe, O, and Cr,0O,

Fe,O4:

1) Interference of
non-resonant
magnetic term and
resonant d-q and g-q
terms.

2) Single-domain
antiferromagnetic
structure

1) and 2) allow us to
measure the sign of
the Dzyaloshinskii-
Moriya interaction!
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Sign of the Dzyaloshinskii-Moriya interaction

Fe,O; — weak ferromagnetic owing to the

Dzyaloshinskii- Morlyalnteractlon D- [S SZ]

Sy

N\

/[\\
S;

right-nand twist  left-hand twist

251 1 | T | T | T [ T I —
(b) Fe,0,333 —— Case A E=7.105 keV

20— — Case B E —

|
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JIokanbHasi XupajabHOCTh KaK IMPUYMHA CJIa00r0
peppomaraernsma B ctpykrype tHima NiCO, (R3¢)

ot z=0 k z=1/6: npaBas MOAKPYTKA oT Zz= 1/6 x z=1/3: neBasi moaKpyTKa
KMCJIOPOJHOTO TPEYTOJIbHUKA KUCJIOPOAHOTO TPCYTOJIbHUKA
Ni(z=1/6) Ni(z=1/3)

0(z=1/12) ottt
7=

O(z=1/4)
Ni(z=1/6) O(z=1/12) Ni(z=1/6) Ni(z=1/3) 0= Niz=1/3)
ot z=0 k z=1/6: myCcTh TOXKE MpaBasi oT Z=1/6 k Z=1/3: COOTBETCTBEHHO JIeBas
MOJAKPYTKa MAarHUTHOIO MOMEHTA MOJAKPYTKa MAarHUTHOIO MOMEHTA

AtoMmbl NI B3aUMOJCHCTBYIOT Yepe3 «XUpPaIbHBIC» aTOMBI KHCIIOPOAa



Local twist of moments
from layer to layer in

MnCO,

z=0 z=1/3
\\// \\//
— —_ * < >
/[\\ /[\\
z=1/6 z=1/6

right-hand twist  left-hand twist




Neutron diffraction for sign measurements

Interference
between magnetic
scattering and
nuclear scattering
on oxygen atoms.
Oblique reflections
hkl should be used:
|I=2n+1, hk(h+k)#0.

The sign can be

deduced from
R(hkl)>1 or R(hkl)<1

In the case of neutron diffraction, one can adopt
the standard technique using the polarization ratio R,
1.e. the ratio of reflection intensities for incoming neu-
trons with spin ¢ parallel and antiparallel to the direc-
tion of applied magnetic field. For /= 2n + | this ratio
1s given by the following expression containing inter-
ference between nuclear scattering by oxygen atoms
and magnetic scattering by Mn atoms

F,(H) +6-Q(H)|’

R(hkl) = _ —L (5)
|FG.1'(H) — G- Q[H)|_

— |Fcrx[.HJ_Sﬂ,t-f’timafktz‘ﬁ_l'k”j {ﬁ}
IF, (H) + 5 pyA ek (20 + k)|

where Q(H) 1s the magnetic structure amplitude for
reflection H, Q(H) oc My; — H(H - My;)/H?, M, is the
correspondent Fourier harmonic of the vector field
describing the electron-magnetization distribution,
Spas 18 the sign of the Dzyaloshinskii—Moriya interac-
tion between the first two layers of Mn atoms and A4,



Conclusions

@ The sign of the Dzyaloshinskii-Moriya
Interaction can be measured in single
crystals of weak ferromagnetics using
resonant X-ray diffraction, neutron
diffraction, or Mossbauer diffraction.

@ The crucial features are 1) interference
between magnetic and structural channels of
scattering and 2) a single-domain magnetic
State.



Phase B, — proposed structures (Link et al. 1997)

7t 3 GlideplaneYZ  Glideplane XZ  Screw axis 2, Z
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Polarization Studies of Resonant Forbidden Reflections in Liquid Crystals
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FIG. 1 (color online). (a) Left: Schematic view of a bent-core
molecule as a bow. The orientation of the string and arrow are
described by unit vectors n and b, respectively. (b) Right: Sketch
of four possible arrangements in the B, phase. @ 1s the SmC-like
tilt of the string over the layer normal. The structures SmCq Py
and SmC, P, are chiral. whereas SmC¢P,4 and SmC4 Py are
racemic mixtures of chiral layers.
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FIG. 2 (color online). i scans of the polarization analyzer for
the 3/2 resonant peak. The intensity maxima, labeled by the
angle @, indicate the rotation in polarization of the diffracted
beam relative to the ¢ polarized incident beam. ¢ is the angle
between the sample rubbing direction and the scattering plane
(see inset). The molecule (160TBB), is shown on top.

[Tokazanu, 4To U3 YeThipex (a3 HanboJIee BEposiTHA oaHa, SMCP



hcta Crystallographica section Exploiting the anisotropy of anomalous scattering
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Crystallography boosts the phasing power of SAD and MAD
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Bricogne” crystals of brominated nucleic acids and selenated proteins is ~ /\ccepted 14 April 2008

shown to have significant effects on the diffraction data
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Figure 2 et - .\/\ WX 7 e \ X-ray polarisation (II)
Anomalous scattering factors f* and f for Br in brominated nucleotides. X-ray polarisation (1) :

The curves represent the anomalous scattering factors when the
polarization direction of the incident X-ray beam is aligned with one of
the principal molecular directions in a brominated nucleobase. Black
curves: along the direction i (parallel to the C—Br bond). Red curves:
along the direction v (perpendicular to the C—Br bond and parallel to
the plane of the nucleobase ring). Green curves: along the direction w
(perpendicular to the nucleobase ring). Data from Sanishvili et al. (2007).

Figure 4

Packing of d(CGCG[BrU|G) molecules viewed down the crystal ¢ axis. The eight C—Br moieties in the
unit cell are displayed, with the Br atoms highlighted as green spheres. Owing to the orientation of the
helical DNA duplexes in the crystal, all C—Br bonds are oriented almost perpendicular to [001]. Also
displayed is the in-plane component of the X-ray polarization direction for data sets (I) and (II). {For data
set (IIT), the X-ray polarization direction was almost parallel to [001] and is therefore not displayed here.}



Hcrionb30BaHUE PEHTTEHOBCKOU
AHU30TPOIIMU B CTPYKTYPHOM aHAJIM3E

Table 1
Data-collection and processing statistics for the brominated Z-DNA duplex d(CGCG|BrU]|G).

Values in parentheses are for the outer resolution shell.

Data set (1) Data set (II) Data set (IIT)
X-ray polarization directiont (p) (.989 0.427 0.162
0.112 0.767 —0.123
—0.095 —0.480 —0.979
X-ray wavelength [ﬁ}.-"phmon energy (keV)  0.9199/13.477
Rotation per image () 1 1 1
Exposure time per image (s) 22 2.2 2.2
Total No. of images 145 145 149
Space group _ P2,2,2,
Unit-cell parameters {f:k._ ) a=1734, b=32.07, c=4434, w= =y =90
Resolution limits (A) 32.1-1.10 (1.16-1.10) 30.0-1.10 (1.16-1.10) 32.1-1.10 (L16-1.10)
No. of measured reflections 41485 (1004) 41428 (1001) 42675 (1041)
No. of unique reflections in Laue group numm 8303 (443) 306 (603) R542 (497)
No. of unique reflections in Laue group 1 26133 (695) 26151 (694) 26371 (700)
Rieas 10 point group 222z 0.073 (0.292) 0.090 (0.289) 0.039 (0.174)
Rieasn 1n Laue group mmm$§ 0.096 (0.302) 0.130 (0.321) 0.066 (0.252)
Ripeas 0 point group 1 0.090 (0.288) 0.104 (0.401) 0.074 (0.253)
Ripeasn 10 Laue group 1 0.108 (0.305) 0.153 (0.328) 0.071 (0.257)

T All vectors are expressed on a crystal Cartesian basis (e, e, e.) which sets e, parallel to aand e, parallel to e*.  § Multiplicity-
weighted merging R factor, keeping Bijvoet pairs separate (i.e. computed in the crystal point group). § Multiplicity-weighted
merging R factor, not keeping Bijvoet pairs separate (i.e. computed in the crystal Laue group).



3aKJIIFOUEHUE KAMO I'PSIIELIIN?
(QUO VADIS?)

PeHTreHOBCKasi CIEKTPOCKOIIMS U PE30HAHCHAs AU(PPpaAKLIMS
ITO3BOJISIOT U3y4aTh UCKAKECHUS DJIEKTPOHHBIX COCTOSIHUM aTOMOB B
KpUCTaIaaxXx. DT METOBI CeJIEKTHBHBI 110 Kparo IMOMIOLICHUS.

IHosisipu3anuoOHHbIE N3MEPECHUS (JTMHEWHBIA U KPYTOBOU
IUXPOU3M, MOJISIPU3ALOHHEIE CBOMCTBA AU(MPPAKIAM ) JAIOT
MHOOPMALIMIO 00 aHU30TPOIINHY TAKUX UCKAKCHUH.

Pe3oHaHCHas gudpakumsa U, 0COOCHHO, «3alpPEIEHHBIC)
pe(IICKCHI MO3BOJISIIOT OJIHOCTHIO OIIPEACIUTh AHU30TPOINIO
BOCIIPUMMYHBOCTH, B YaCTHOCTH, Pa3JIM4aTh CBOMCTBA aTOMOB
OJIHOT'O PJIEMEHTA, HaXOISIINXCS B pPa3HbIX ITOJIOKCHUSIX.
AHH30TPOIMS MOXKET UHAYLIUPOBATHCS TEIIIOBBEIMHU KOJICOAHUSIMU.
B meHTpOCMMMETPHUYHBIX KPHUCTAJLJIaX MOKHO U3MEPUTh
JTOKAJbHYH «XHPAJbHOCTB» aTOMOB C IIPABBIM U JICBBIM
OKPYKCHHUEM.



3aKJIroueHUE (IpOaOJKECHUCE)

B MarHuTHBIX CTPYKTypax MOXKHO ONpPEACIISITh BEChbMa
TOHKHE OCOOCHHOCTH: pa3AeiIsiTh CIUHOBBLINA M OPOUTAIbLHBIN
BKJIAJl B KpPUCTAJJIAX U TICHKAX;

U3MEPATH 3HAK B3aUMOAEeUCTBUA J3smonmmHckoro-Mopus.

COBpPEMEHHBIE ITPOTPAMMBI PACYETOB JAKOT BO3MOXKHOCTD
KOJIMYECTBEHHOI'0 OIMCAHNS PEHTTCHOBCKUX CIICKTPOB U
PE€30HAHCHOM AU(PAKILIUH.

OCOOCHHO HHTEPECHBIM SIBISICTCS HUCIIOJIb30BAHUE
PEHTTCHOBCKOM aHM3O0TPOIIMH B OMOJIOTrMY€CKUX CUCTEMAX,
TaK KaK B HUX TSDKEJIBIE aTOMbl OOBIYHO UMEIOT BaXKHBIC
Onojorn4yeckre (OyHKIHUU U SICKTPOHHBIC COCTOSIHUS aTOMOB
MOT'YT MEHSITBCS II IPOLIECCE ITUX (PYHKIIMH.



biaromapHoCTh HAIlIUM COaBTOPaM

3d MHOT'OJICTHCC COTPYAHHUYCCTBO.

JI.B. CoOoneBoit, A.®. KoncrantunoBoi, B.A. Umwxukory (MK PAH);

2.X. MyxamemxkanoBy, M.M. bopucoy, A.H. MopkoBuny
(KypuaToBckuii HHCTHTYT)

K. Ishida, J.Kokubun (Tokyo University of Science);

A. Kirfel (University of Bonn);

D. Cabaret, Ch. Brouder (Université P. et M. Curie, Paris);

A. Rogalev, J. Goulon F. Wilhelm (ESRF, Grenoble).

S.P. Collins, G. Beutier (Diamond Light Source, UK);

J. E. Lorenzo, J-L. Hodeau, Y. Joly (Institut Louis Néel, Grenoble).

Coacu0o0 3a BuumMmanue!

Pabota nogaepxaHa rpaHToM Poccuiickoro poHaa dyHaameHTanbHbix nccnegosaHnn Ne 10-02-00768
n MNporpammon coyHOameHTanbHbIx nccnegosaHun MNpesvanyma PAH "Tennodusunka n mexaHuka
aKCTheMalibHbIX 3HEDpreTnyecknx BO3aencTeui n dninka curnbHO cxKaTtoro seLuectsa”






Magnetic structure of Fe, O, and Cr,0,

Fe,O,,: Interference
of non-resonant
magnetic term and
resonant d-q term.
Single-domain
antiferromagnetic
structure
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FIG. 10. (Color online) The azimuthal angle dependence of the
hematite reflections at 150 K at the resonant energy, 7.105 keV: (a)
111 and (b) 333. The solid curves are calculated by Eq. (22) based
on the results of fitting for the 333 reflection at room temperature
[see Fig. 11(b) and columns “Case A” and “Case B” in Table I],
where we should note that the spin direction is changed by 90
degrees. The dashed curve in (b) represents similar calculation but
the spin direction is reversed compared to the condition of the solid
curve in Case B.
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FIG. 11. (Color online) The azimuthal angle dependence of he-
matite at the room temperature: all experimental results (closed
circle) are the same as in Fig. 5. The solid curves in (b) are results
of fitting for the 333 reflection by Eq. (22) and the solid curves in
(a) are calculated from these results (see “Case A” and “Case B” in
Table I).

Ly = 16|s]? sin*(@ + B)sin?(26)cos*(67rhx)
+ 8¢5 cos® @ sin(67hx)
+4p7 sin 3¢ cos® 6 cos(67hx) — 8i{s cos(p + B)

Xsin® @ cos 8 — s, sin® Glcos(67hx)|?, (22)



