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“HeiiTpoHOrpausi MAarHeTUKOB” - pelleH3Us

HEMATPOHDI
¥ TBEPOAOE TENO

10. A.Usomos, B.E. Halimg, P. I1.0zepon

HeiirpoHorpapus
MarHeTHKOB

IIpennaraemasi 4WTaTeIl0 KHHIa YHHMKAJIbHA. 3T0 H
OPUTMHAJIbHAA MOHOrpagusi, ¥ OXHOBPEMEHHO IPeKpPaCHBII
YUYeOHUK I BcCeX, KI0 XO04YeT MPAaKTHYEeCKH OBJAACTh
MeTOAaMM CHMMETPHH MATHUTHBIX cTPYKTYp. KHura mocrymua
JIO00MY BIYMYHMBOMY JKCIEPUMEHTATOPY, A3, BIPOYEM, OHA H
PaccYnTaHA B MEPBYI0 0Yepedb HA HUX, IMOCKOJBKY MO3BOJIACT
IPEeBPATUTH JIKCHEPUMEHTAJBHYIO Mpo0djeMy paciudppoBku
MATHUTHOM CTPYKTYPBI U3 HCKYCCTBA B HAYKY.

IIpu Bcex JO0CTOMHCTBAX KHMIM aBTOPAM HeJlb3sl He caesiaTh
OHOI0 cepbe3HOro ympeka. /lejo B TOM, 4YTO MATHUTHYIO
CTPYKTYPY MOKHO ONHMCHIBATL He TOJbBKO 3ajJaBas ee
TpaHcGOpMALMOHHBIE CBOWCTBA O] /JAeHCTBHEM 3JJIE€MEHTOB
CHMMETPHH NPOCTPAHCTBEHHON TIpynIbl Kpucraia (T. e.
HCIOJIb3ysl TEOPHI0 NPEIACTABICHHMH, KaK JITO /JeJaeTcd B
KHUIe), HO TAaKsKe 3aaBasl ee COOCTBEHHYIO I'PYIIIy MATHUTHOM
cumMmeTpuu. Teopermyeckm  o00a  cmocobda  onucaHus
IKBUBAJICHTHbI. BbIOpaB MeTox NMpeacTaBJIeHYEeCKOr0 aHaJIu3a,
aBTOPBI CAEJIAIN CIAUIIKOM KaTeropu4eckoe yTrBepKAeHue, 4To
METOJ MArHUTHON CHMMETPMM He HY:XKeH M OH HuMeeT
akagemuuecknii umHrepec. Ha camom pgesie He cJiienoBajio Obl
Je30PUEHTUPOBATH YUTATE/Isl MOAO00HBIM 00pa3oM, U B pa3jesnax
0 MATrHHTHOM CHMMETPHMH CJIeIOBAJO OBbI CKOpee OTMETUTh
MOTEHIHAJIbHYI0 IKBUBAJIEHTHOCTH 000UX MOAXO00B.

b. K. Baiinwumeinin, B. A. Konuuk
Y®H, 137 (1982) 542-543




|. YnopsizioueHHble MATHUTHBIE CTPYKTYPbI




MaruurHbie CTPYKTYPbI B KPUCTAJLJIAX
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“O0bIYHbIC” MATHUTHBIE CTPYKTYPbI
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MonyaupoBaHHbIe (HECOM3MEPUMbI€) MATHUTHBIE CTPYKTYPbI
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Magnetic diffraction lines
are narrow!

MarnuTHasi 4 aTOMHAasl CTPYKTYPbI, KaK NPaBujI0, Hecousmepumsbl, T /T, #N.
Her MArHUTHOM 3JIEMEHTAPHON AYEHKHU.




“HoBble” MATHUTHBIE CTPYKTYPbI

Il'eomeTpryeckn ¢pycTPpHPOBAHHBbIE MATHEeTHKH. NPOTHBOPEYHsI BO B3aMMOJAEHCTBUH cocenei
(Gerard Toulouse, 1977); 43-a Illkona IMUSAD, 2009, A. I'ykacoB “@pycTpUpOBaHHbIE MATHETHKH
CO CTPYKTYpOH mupoxJiopa”

/ N\ ' @

VARVAE "

Triangular lattice: Kagomé lattice: ZnCu,(OH),Cl, Spin ice: Ho,Ti,0,
YMnO;,
N =2 N=3 N=4
N-BepmIMHHBIE MO/IEJIN A N
ITorTca (R.B. Potts, 1952) 1)
Jij ~cos 0
Y >

“Ising”, 1925



International

European Conference on Neutron Scattering, July - 2011:
What's new in magnetic neutron crystallography?
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Plenary Lecture: Monopoles and Magnetricity in Spin Ice

Professor Steve Bramwell
London Centre for Nanotechnology
University College London, UK

The analogy between spin configurations in spin ice materials like
Ho2Ti207 and proton configurations in water ice, H20, has been appreciated
for many years (see Bramwell and Gingras, Science, 294, 1495, 2001).
However it is only in the last few years that this equivalence has been
extended into the realm of electrodynamics. In this talk I shall describe
our recent experimental work that identifies magnetic charges
("monopoles"), transient magnetic currents ("magnetricity”) and the
universal properties expected of an ideal magnetic Coulomb gas (magnetic
electrolyte - "magnetolyte”). These universal properties include the
Onsager-Wien effect, "corresponding states" behaviour, Debye-Huckel
screening and Bjerrum pairing. | will describe experimental results for
both traditional spin ice materials (Ho2Ti207, Dy,Ti,07) and a recently
discovered system (Dy2Gez07).

“Magnetic” Microsymposia:
Low-dimensional magnetism
Magnetic thin films
Nanomagnetism

Magnetic structures and excitations
Frustrated magnetism

10



“HoBble” MATHUTHBIE CTPYKTYPbI

B MArHUTHBIX MAKPOCKONMYECKH BbIPOKIEHHBIX ()PYCTPHUPOBAHHBIX CHCTEMAX MOKHO
UMHUTHPOBATH MATHUTHBIE MOHOIIOJIN M CTPYHBI Aupaka.

° .

-

AP -

“IIpaBuJio Jbaa”: CnuHoBBIH “J1€1”:
Ha 4 KOBaJIEeHTHBIX 2 CIIMHA HATIPABJIEHBbI
CBA3SIX KHCJIOPOAA M0 2  BHYTPb M 2 CIIMHA U3
nporoHa “two close — oKTaYIpa — “two in —
two far”. two out”.

JAumnosibHbIe MOMEHTBI JJIEKTPOHHBIX CTemeHeu
cB000ABbI MOIYT ObITH IpeICTaBJIeHbI B BH/E
MATrHUTHBIX 3apsiioB. JTa (paKuMOHAIM3ALMS
MO3BOJISIET BBECTH MOHOIIOJIM M CBSA3bIBAIOLIHE
HUX CTPYHBI /Iupaka B CHHHOBOM pelleTKe.

CnuHBI B CTPYKTYpe NMUPOXJIOPA
kpuctaioB Dy, Ti,O, uau Ho,Ti,0.
IIlecTUKpaTHOE BBLIPOAKACHHE 110
HanpaBJieHHI0 cIMHOB: 3 (ochb 3
nopsiAKa B Ky0e) X 2 (HanpaBjeHue
1o ocu TeTpasipa) = 6.

D. J. P. Morris et al., Science 326, 411 (2009) 11



Magnetic ordering in hanoporous matrix

Nanoporous silica MCM-48 matrix
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Dependencies of MnO normalized magnetic moment (left), Neel
temperature and critical exponent index (right) on pore size.

Neutron diffraction pattern of MnO inside a
47 A pore matrix. AFM lines are clearly seen.

I. V. Golosovsky et al., PRB 72, 144409 (2005)




Structural and magnetic size effects in NiO (13, 100, 138 u 1500 nm)
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Diffraction patterns of NiO with 13 nm
and 138 nm crystallite size
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YrnopsiioueHHAsE MATHUTHASA CTPYKTYPA — ABJICHHE KBAHTOBOE
(Ordered magnetic state is quantum phenomenon)

J1lo-KBaHTOBAasA 3pa: ANIO0JIb — IUITOJIBbHOC B33HMOHeﬁCTBHe

E.~pn/r>, mpur~2A, E~104-10%eV > T, ~1-01K (H*=510°2),

HO 11 xkesie3a - <1000 K - E~0.1 eV

KBaHTOBas1 TEOpHs. “ooMeHHOe” B3amMoaelicTBue (exchange interaction)

He ~ 11(S,S,) - ramunbronnan Ieiizenéepra — [lupaka — Ban-@ieka

I =[] o0 )0, () Vs (5 )00, (5 )T AR, - otemmii mirerpa

Wolfgang Pauli Werner Heisenberg Paul Dirac John Van Vleck
1900 - 1958 1901 - 1976 1902 - 1984 1899 - 1980
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¥-function for fermions w = @(¥) - y(F) must by antisymmetric!

O = ¢(r) - coordinate part I = y(r) —spin part
o(r)
Sa y w S Sb
Sb
S=0 S=1
(singlet, antisymm.) Energy depends on spin state! (triplet, symm.)

Quantum theory: “Exchange” interaction, Electrostatic (Coulomb) potential

He ~ 1(S,S,) Heisenberg — Dirac — Van Vleck Hamiltonian,
Magnetic ordering is possible at T ~ 1000 K !




“MarautHbie” B3auMoOAeHCTBUSA

+  “O6menHoe” B3aumopneiicteue (exchange interaction), 1.,(S.S,)

< JlMmoJIbHOE€ MAarHUTHOE B3aHMOJeicTBHE TRINIE

¢  CnuH-0pOMTAIbLHOE B3aUMoJelicTBHE, (v/c)?-(l.s,)

<« Csepxoomen Kpamepca-Angepcona (superexchange) Mn?* - O - Mn?*
<« JIBoiiHoii oomen (double exchange) Mn3* - O - Mn#*
+  s-d (f) B3aumoneiicTBHe A, (SiSp)

%  RKKI B3aumopneiictBue cos(2k:R /R ,3
<«  B3aumoneiictBue /[3suiommunckoro-Mopust D55, ]

%  MAarHHTOCTPUKIMOHHOE B3aUMO/IeliCTBHE (5252

«  Kugel-Khomskii coupling t2/U-(S,S,)

HA: -ZAU §i°§j +ZBIJ (§i'§j)2 = Z Ci §i2 +ZDIJ[§I§j] ==

Many-body problem. Density functional theory. Dynamical mean field approximation.

16



Refinement of atomic and magnetic structures of Sr,GaMnO._;

o0=( ' 0=0.5

i ' : - T=200K
_J____L___IU L\.A » Jl ~

! T=15K
LA
I H III Il IHIIII [ Il:T
Sr,GaMnOg, sp.gr Ima2, G-type AFM Sr,GaMnO; ¢, sp.gr P4/mmm, C-type AFM

V.Yu.Pomjakushin et al., PRB (2002) 17



Refinement of atomic and magnetic structures of Sr,GaMnO._;

Ordered magnetic moment for
0~0andd~0.5

8~ 0.5, AFM,.

Sr,GaMnQO;, Imaz2, Sr,GaMnOg ., P4/mmm,
G-type AFM C-type AFM

V.Yu.Pomjakushin et al., PRB (2002) 18



Refinement of atomic and magnetic structures of Sr,GaMnO;_

AFM “vertical”
exchange

|

AFM

FM “vertical”
exchange

|

AFMc

AFM “horizontal” exchange

pd

Mn, and Mn.

§~0.5, AFM_

AFM “diagonal”
exchange between

19



CMemraHHble MATHUTHDBIE COCTOSTHUS

(Lay ,Pry )y 7CaysMNO;, DMC instrument, A = 2.56 A, SINQ (PSI)
T 00T 00K at T < 80 K: FM (85%) + AFMc(15%)
25000
LP80-t1b
1 T=150 K

20000 | N+PM

P>

3 15000 - Nuclear scattering ﬁ
Qﬁ) 41 Incoherent magnetic

st _| scattering

5 10000 7 s+1)p2Q) |

10 20 30 40 50 60
Scattering angle

T> Ty, aaepHoe + MapaMarHuTHOE paccesiHUe

20



CMemraHHble MATHUTHDBIE COCTOSTHUS

(Lay,Pryg)e-CaysMNO,, DMC instrument, A = 2.56 A, SINQ (PSI)
0 & 0 at T < 80 K: FM (85%) + AFM ~(15%)
25000 AR RPN p80-t1-3
1780 K N+PM+ AFM +FM
20000
l FM scattering r
2 15000 - ﬂ
)
(- -
3
= 10000 - w \n
e | \PM scattering
5000 — AFM scattering
: \
0 l | l | I | l ) l | l 1

10 20 30 40 50 60
Scattering angle

T < T, nBe marautHsbie paszsl FM + AFM

2l



CMemraHHble MATHUTHDBIE COCTOSTHUS

(Lag 5:Prg75)07Ca, sMNQO;, DMC instrument, A = 2.56 A, SINQ (PSI)
Ty=130K, T- =120 K, at T <80 K: FM (85%) + AFM~(15%)
LPCM-150 LPCM-180
4 —

T ———

UENE N T LI v
| (Lag5Pry 75)g7Ca sMn04 (Lag 55Prj.75)0.7Ca3Mn'*0,

Magnetic moment (Bohr magnetons)
1
Magnetic moment (Bohr magnetons)

T | L T LI — L — T LI — L L L L L

0 50 100 150 0 50 100 150

Temperature (K) Temperature (K)
T>150 K, apaMarHeTuk T>150 K, NnapaMarHeTuk
120< T<150 K, AFM T <150 K, AFM

T<120 K, FM + AFM



|l. MarHuTHBIM HEUTPOHHBIU

AUPPAKIIHOHHBIN IKCIIEPUMEHT
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Neutron sources for condensed matter studies

|. Continuous neutron sources

=1 e
Const in time, 234 RRs

1. Pulsed neutron sources

Region Operational RRs
Africa 9
Americas 66
Asia/Pacific 59
Europe (with Russia) 100

V=
Pulsed in time, 5 PSs
Region Operational PSs
Africa 0
Americas Z
Asia/Pacific 1
Europe (with Russia) 2

FRM 11, Germany
ANSTO, Australia
CARR, China
PIK, Russia

ISIS, UK B SO
LANSCE, USA LANSCE (new)
SNS, USA Ch-SNS, China

J-SNS, Japan IN-06, Russia
IBR-2, Russia

24



Neutron detectors. New generation.

GEM at ISIS, UK DRACULA at ILL, France

Sample Tank Banks 6 & 7
142°-171°

2D with Solid Angle > 1 steradian ¢.f. 0.27 on D20

Bankl Bank2 Bank3 Bank4 Bank5 Bank5X
57120 13°-21° 24°-45°  soe_m 79°-108° 108°-114°

TOF diffractometer A = const diffractometer
ZnS/®Li detector, Q= 3.86 sr Linear-wire, °He PSD, Qo> 1 sr

25



A = const, nudpaxkromerp D20, ILL (I'peH00IBb)

| . 4 monochromators,
g 5 take-off angles,
= Soller collimators
4 |
]! S A Soller Collimators
"7% o Monochromators
= == ‘b

Variable bending double-
focusing Si-monochromator




1.2x10 * j2mnjo.ip Na2Ca3Al2F14
Chiz = 4.06
1.37 &, 2 min
1.0
) 0.8 —
®
h
E
£ 0.6
o
J

High-intensity and high-resolution diffraction
with A = const diffractometer

10 20 30 40 50 60 70 80 an 100 110 120 130 140 150b
2theta

Diffraction pattern obtained in 2 minutes on D20 (ILL) in high-resolution mode.
NAC-standard, Hansen et al. 2003.
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Optimization of neutron powder diffractometers for
magnetic and structural studies

DMC
>INQ Magnetic structures:
2| e - medium resolution: Ad/d = 0.01
5 N - optimized for large d,, (up to 20 A)
| \ (Lag 25Prg75)0.7Ca5 sMNO;,

||HRF|D/ IR R T
- M
Atomic structures: :

- high resolution: Ad/d = 0.001
- optimized for d,, from 0.6 to 3 A

Intensity

04 05 06 07 08 09 10 11 12 13

H(=1/d), A1
(=1/d) 28



TOF high-resolution magnetic diffractometer WISH,
ISIS, UK

50000
Moderator
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TOF high-resolution magnetic diffractometer WISH (I1SIS, UK)

for simultaneous refinement of crystal and magnetic structures

Detector system of the WISH diffractometer.
ZnS scintillator detectors are covering all
scattering angles between 10° and 175°.
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Diffraction pattern of CeRu,Al,, at T = 10 K
measured with WISH diffractometer. The
inset shows the refinement of the pure
magnetic scattering.

from D. D. Khalyavin et al., Phys. Rev. B (2010)




“Kurchatov-LLB” single crystal anvil cells

Igor Goncharenko Compact “Kurchatov-LLB” high-pressure
02.06.1965 — 04.11.2007 cells for low-temperature neutron diffraction

(diving accident in the Red Sea)




Diffractometer G6.1 MICRO at the LLB (Saclay)

Focusingsystem and Kurchatov - LLB
pressure cell on specialized high-pressure
diffractometer G6.1 (LLB, Saclay) with
L=48A

ﬁ GdAs  43gPa

GdAs measured at

30GPa T=1.4Kand
P =8.5, 30, 43 GPa
with G6.1.

antiferro k=1/2 1/21/2
8.5 GPa

PRB 64 (2001).

. : ——
40 60 =11 100 120

2 theta (deg.)

G6.1 with sapphire or diamond anvil cells
allows neutron diffraction experiments at:
pressures as high as 50 GPa,
temperatures down to 0.1 K,

applied magnetic fieldsup to 7.5 T.

I.N. Goncharenko (2004) “Neutron diffraction
experiments in diamond and sapphire anvil cells”
High Press. Res. 24, 193



“Toroid” or “Paris — Edinburgh” cell \

Intensity (arb.units)

g

AARE

§

Toroid cells are used at:

o 8

HRPT, SINQ: /

e N "
oy s ~
=154 %

. ] Cahours Steel | / 7

o nuclear weC

200 magnetic

- POLARIS (PEARL), ISIS (1992) 5
- HIPD, LANSCE (1994) T =90 - 1000 K
- DN-12, FLNP, JINR (2002)
- HRPT, SINQ (2005)

Prax = 10 GPa (WC)
= 30 GPa (diamond)

max

V, =30-100 mm3

“Toroid type high-pressure device: history and prospects”
L.G. Khvostantsev et al., High Pressure Research (2004)




Z[OHOJIHI/ITGJIBHI)IB IKCIHIEPUMCHTAJIbHBIC MECTOAbI

CHHXPOTPOHHOE M3JIyYeHHe
BO3MOYKHO pa3ac/JI€cHUEC CIIMHOBOI'0 A 0p6HTaJII)HOI‘O BRJIA10B,

IJNIEMECHTHAA YYBCTBUTC/IbHOCTD BOIM3H Kpasi IOIVIOIICHU S

MIOOHHAs crieKkTpockonus (USR)

MOKeT OBITH OIpe/iesieHa 10J1 00beMa, 3aHSATOr0 MArHUTHOM (a30ii,
MOI'YT ObITh H3MepPeHbI MaJible MATHUTHbIE MOMEHTbI

Y-pe3oHaHcHas cnekTpockonusi (Mossbauer effect)
ME = uSR, Ho 1191 onipeejieHHbIX H30TONOB (87 M30TONMOB 46 3/1IEMEHTOB)

siiepHblii MarHuTHbI pe3onanc (NMR)
NMR = uSR, HO ¢ MArHUTHBIM 0JIeM Ha oopa3ue (~10% 3)

34



Muon spin spectroscopy (uSR): p* — e* + v, + v,

Only a few number of muon beams are available at: PNPI, PSI, TRIUMF, ISIS, J-PARC

Muon spin rotation or relaxation, with or without external magnetic field, are investigated.

The main relation: N = Nye'¥*[1 + aP(t)cos(wt + @)] - positron intensity as a function of time
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Cxema u 1marpamma pacnajga p'

N3 10.M.beqoycos, B.II.Cmuira “Yro Takoe
MIOOHHBII METO/1 UCCJIeI0OBAHMS BelecTBa”
Copocosckuii 00pa3s. ;kypnaJ, 1 (1999) 76
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Normalized intensity

(100) peak area

Microscopic phase separation in La,CuO,,, induced by
superconducting transition: neutron diffraction & uSR study

G e
L305-k

Physica C272 (1996) 277; Phys. Rev. B 58 (1998) 12350

1 La,Cu0,y,
30000 4 (200 [1020] T=;‘002K
20000 -

1 WV “"V‘/\.,‘“‘"’&,’L ; A A
10000 - # \‘ /P

0 \ :
200 300 400
TOF cham{el

Neutron diffraction on La,CuO, o, and La,CuQO, ,,. The AFM
(100) peak is clearly seen for x = 0.04 and is absent for x = 0.02.

12 -
il » La,Cu0, ,, LaZ_Cl_JOLL04 S|_ngle crysta_l.
[0k0] Splitting of diffraction lines
T=10 K
8 12
S 1200 120 16 L2-d2
11.95 12.00 12,05 200) LazCuO4_04
10 15000 - [100] T=10 K
6
£ 10000 - %
18 20 = o W :'\"..'./-"v"f.‘/‘:.n\' =
Vi‘l .J : \ A 5000 L
LA SRR L O ERLTE B A T F T B B L T (S ERELTE B, A A T T (4 ~
6 8 10 12 14 16 18 20 " ‘ ‘ m
k 200 300 400
TOF channel
300 ¢ La,CuO, 0 LI — 60
IFY | L s
200 &~ AFM (100) 540 5 \ .
lo ‘ g A oA
15 \ 7 :_E,\_s o ™ A i
1\ 1 AEM fraction ! | 25 —
100 1 \Qw seen b;aucsllgn | | 20 '2(1- E ¢ o ¢
1 %o — o _ e | 020y we ¢
07~1w~uwuwu\w\ﬁ“ew—u—o%—o EO'IS__ * +#+ .
0 50 0 150 200 250 30 0.10 ’ ;
T, K 1 AR
0.05 —
. i 4K
The AFM volume fraction A ——
seen by HSR. 0.0 0.2 0.4 t(us)o.é 08 1.0

Muon-spin polarization P(t)
for La,CuQ, ,,. At T=4 K
the magnetically ordered
state is clearly seen.
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Pb, ,Ba, 4Fe,O:: neutron-diffraction and °>’Fe y-spectroscopy study

Crystal and magnetic structures of
Pb, ,Ba, Fe,O.. Magnetic structure

is AFM with a propagation vector
k=(0, 5, %) and Ty, = 625 K.

AFM

AFM

==
<3
- =
== 2
=% | |\ 4y
Q=
L]
</ \
\ =3
é E s ;\/
AFM
b

M_total (xB)

Fitting curve:

M=M}ATITY™
M,=391£004,8, T =6255K,
a=1.81(0.16), f=041(0.03)

0

T T T ¥ I o T Ll . 1
o 100 200 300 400 500 600 700
T (K)

G,

Temperature dependence of the
ordered magnetic Fe moment.
Ty =625 K.

LN
AY 1A"A N

< ——————

I.V. Nikolaev et al., PRB (2008)

0
Velocity (mm/s)

Mossbauer spectra recorded
at 78 and 543 K. No magnetic
splitting at T above 520 K.

Two possible spin configurations:
G,/G,and G, /G.

The fast switching causes
vanishing the Mossbauer spectra
splitting for T>520 K. Time scale
of 5’Fe y-spectroscopy is ~107 s.
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[1]. Anaiu3 (onpeaeseHne) MArHUTHON CTPYKTYPbI
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Case example: AFM magnetic structure of MnO, T, =118 K

Detection of Antiferromagnetism by Neutron
Diffraction*
C. G. SnuLL
Oak Ridge National Laboratory, Qak Ridge, Tennessee
AND
J. SAMUEL SMmaARrT

Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland
August 29, 1949

TWO necessary conditions for the existence of ferromagnetism
are: (1) the atoms must have a net magnetic moment due
to an unfilled electron shell, and (2) the exchange integral J
relating to the exchange of electrons between neighboring atoms

C.G.Shull, J.5.Smart
Physical Review (1949) ,
AFM of MnO

Fm3m at room temperature
R-3m at low temperature
(0=60.7°) for T< T,

A, =2a
B,,=2b
E—=2¢

[E0]
I

33 (S1E33)
t t

(msns.v_l% o] ctu)

}

| (IR ey L |
M Wo oo tn goomcwl G2
MnO parey
X

I
(310 (222)
[300) (31}

Fic. 1. Neutron diffraction patterns
temperature and at

(I

for MnO at room

80°K.

| LR
MnO-290r|

R
MnO -
290 K 111
2 Fm3m / R-3m(a=60 deg.)
b7
g 111
k= 210
g i 221
2 311
g 322
-110
o
i } i ] 211 110
- 2 s
20 5 T [ [N 1 1
0o 3 ,..«r.,..,LJ e s A i I
2 4 e e
06 08 10 12 14 16 18 20 22 24 26 28
d A
T i S : e LR mma
MnO .
15K 100
2 | R-3m(a=60.72 deg.)
g )
2 A
= 111 S
o 210 - Q
Q 210 221 a o a
= a1 8 oo 8 11
322 s =249 &
g J Q gQ9Q 3
o o o on
$ 110
INTE N RN
b onn oo 1n I | |1
20 3 [T T T (L I w o
o — ek i e
2 4 e e
06 08 10 12 14 16 18 20 22 24 26 28
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New lines: (1/2 1/2 1/2), (3/2 1/2 1/2), (3/20 0), etc
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HelTpoHHBIN TUPPAKINOHHBIA AHAJIU3 MATHUTHOU CTPYKTYPbI

(MarHuTHasi HEUTPOHOTpPadus)

OnpenesieHue ¢ NIOMOUbIO TUPPAKIIUOHHOTO IKCIIEPUMEHTA OCHOBHBIX
XapaKTEPUCTUK MATHUTHOM CTPYKTYPbI KPHCTAJLIIA, K KOTOPbIM OTHOCSATCSI

/7
0‘0

napaMeTrpbl MArHUTHOM JICMEHTAPHON AYeKH
BOJIHOBOM BEKTOP MATHUTHON CTPYKTYPbI
KOOPAMHATHI MATHUTHBIX AaTOMOB

BCJIMYMHA MATHUTHBIX MOMEHTOB

HallpaBJICHUEC MAI'HUTHBIX MOMCHTOB

(a, b, c, a,p,v)
K =(k K. k)

(Xi» Yir Zj)

Hi

= (Lo My 1)

MaruuTHBIA MOMEHT aTOMAa PAacCCMATPUBAETCH KAaK KJIACCUYECKUN AaKCHAJIbHbIN BeKTOP!
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HOJIﬂpHI)Ie 1 AKCHAJIBHBIC BCKTOpPAa

TP Ha Y
P P A Ecau m || Q, To HanpaBjieHne
MOJISIPHOTO BEKTOPAa He MEeHsIeTCsl,
HampaBJ/ieHHe aKCHAJBLHOTO BEKTOpPa
MeHsIeTCsl HA POTHBOMOI0KHOE.
m m
P P’ A A’ Ecam m L Q, To HampaBJieHHe

AKCHAJILHOI0 BEKTOPA HEe MEHSIeTC S,
< > > > HANpaBJIeHUE MOJSPHOI0 BEKTOPA

MCHACTCH HA IIPOTUBOIOJJI0KHOC.

Q

»

m m AR m J*V

Q~[vR]| -7

i, ,
f CCW ==
\Vj
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MAarHuTHbIM BKJIAA B AU(PPAKIUOHHbIE IMAKH

b, ~ P(Q) s, |S — e (S-e)| for atom with spin S, e=Q/Q is scattering vector

P(Q)=] p(x) exp(i Q X) dV is magnetic formfactor, S, =Y is neutron spin.

For collinear magnetic structure:

Lokt ~ | Pt nud 2 + Mia?| P, magl

Fokt nue = 2. Dy exp[2ri(hx;+ky;+1z;)-T;,

Scattering length (fm), 1 fm=10-13 cm

Cu:b,=7.7,b,=-2.65(S =)
Mn: b,=-3.7,b,=-10.8 (S=2)

e=Q/Q=H/Hpy

lnag=0,  If e[lm
. m=S/S | nag=max, If eLm

2-11 _ (e.m)2] = sin2
M c=[1 — (e-m)?] = sin?y, .
1l nuclear |
<
08
C/\I\ . 08 \ r 24
O 04 NN
E_/ 2N N
0.2 I N
N Sy
0 1 2 3 4\“5 6:1-171:)—
q A g=Adr 3
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BekTop pacnpocrpanenus, K.

Sni :Z exp(2ni KLTn) : SLOi - 3aJIaHUE€ MAarHUTHOW CTPYKTYPbI UEPE3 JIyUYEBbIC
L

BKJIabI (Shy;), BOMHOBOM BEKTOp (BEKTOP PACHPOCTPaHEHHUsT) CTPYKTYphl K| 1 BEKTOp B

pemieTke kpuctaia T ,. B mpocrelimem ciryyae

I
. .
ia _____ 1: _____ P

K. =K;=(1/200)
A=2a,B=Db,C=c
ForS,=(010)and T,=(h00):

S,, = exp[27i(1/2 0 0)-(h 0 0)]-S, = (-1)"'S,
Sy = exp[27i(1/2 0 0)-(0 k 0)]:S, = S,

S, = exp(2niKT,)-S,

K. =K;=(1/21/2 0)
A=2a,B=2b,C=c

ForS,=(010)and T,=(h00)

S,, = exp[2mi(1/2 1/2 0)-(h 0 0)]-S, = (-1)"S,
S, = exp[2mi(1/2 1/2 0)-(0 k 0)]-S, = (-1)*S,
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UnenTtuduranus MArHUTHBIX IMKOB M onpeaeienune K,

T ' o T T l T T T I T T T l T T T l T T T I T T T l T T T I T T T I b T T I NIIOI15IOOIR
NiO, HRFD N M
R-3m, o = 60.07 deg.

Normalized neutron counts

NiO-4-mag-1

NiO, 1500 nm N
2EH005 N

-+ 3211212

S
- = 1/21/21/2

UluJ a JJ -

| 0 oy o | 1 | I I
LU I [ | | |
LI L N L L B I L L L L B N L B L B B B L B B

M N

high

06 08 10 12 14 l.if 18 20 22 24 ”2.6 M M
d, —M\
/ " 0E+000 —.'L‘J‘F-J‘-s-.J»‘J o m F"J

Heiitponorpamma NiO B MarnuTHOil ¢a3e.

Ilow

Ha pasuoctnoii kaprune ( I, — l1phign) SR
YeTKO BH/IHBI siiepHbIe (pacuienieHHbie Ha |7

LI L WL S N PR L) W B L L B I W
u |) 1 MarHuTHBIE THPPAKIUOHHBIE TIHKH. AR 20 gy e

Case example: AFM magnetic
strtetire oENIOE=523 K A4




YTOYHEeHHE U3BECTHON MATHUTHOU CTPYKTYPHI.
Metoa PurBeiibaa

H.M. Rietveld “A profile refinement method for nuclear and magnetic structures”
J. Appl. Cryst. (1969) 2, 65-71.

I(d) = (I)(d)A(d) Zjn I—n (Fn, nuc2 + I\/In2°|:n, mag2 )(P(dn'd)

— npopuib TMPPAKIMOHHOIO CIIEKTPA

xz = ; (‘Ji = Ii)2 — min - (PYyHKIHOHAJ 1)1 MUHUMU3AUHU

HaDaMETDbI JJISI MUHUMMU3 AN .

a, b, c, a, B, Y — mapaMeTpsl 3JIeMEeHTAPHOH AYEHKH
N; - (haKkTOp 3aceJeHHOCTH |-T0 aTOMA

Xj» Yj» Zj — KOOPJAMHATBI -0 aToMa

B; — TemuioBoii pakTop J-ro aroma

lj — MATHUTHBII MOMEHT |-ro aromMa

Q. Py, O, — OPHUEHTAILUA MOMEHTA OTHOCUTEJIBHO Ocell

King Carl Gustaf of Sweden, in Stockholm,
31 March 1995 awarded Dr. Rietveld with
the Aminoff prize 45



Yr1ounenue LPCM-90 nmo metony PurBennaa

' | ' | ' | ' | ' | ' | ' | ' |
4.0 - .
_ (La1_yPry)CaO.3M nO,
3,54 y=0.9, T=15K -
30 HRPT, a
> 25- HI, 2.=1.9A 1
n - |
S 2,04 ’
:‘é’ 4 i
= 1,5 - -
8 7 2
= 1,0 - .
> |
Z 0,54 il
N RiR 0 B8 oo 7l SATUAA MRS i |
‘9 0,04 = T R T e e 1A Nuclear
1 Db T TEEET R R T e vnwmn w104 FM
A0 TR T R e 1 4 AFM-I
| e e o owe owe onmoww wn o nnd AFM-1
J BRSO S A W B B R A RN A RO
- | ' | ' T ' T - T - T - | ' T
20 40 60 80 100 120 140 160
R,=3.4%, 3?=3 20, (°)

OoOpaborannas mo Mmeroay Purseiiba HEUTPOHOrpaMMa M Pa3HOCTHASA PyHKIUA (BHU3Y).

IHTpI/IXI/I - PACYCTHBIC ITOJIOKCHUA IMTUKOB /IJIA PA3JITUIHBIX (1)213, YKa3aHHBbIX CIIpaBa.
Pnma, a=5.464 A, b =7.690 A, ¢ =5.442 &, pey,= 1.55(6), par= 1.98(4), pa,= 1.96(4) ps.
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Yr1ounenue LPCM-X no metony PurBesbaa

5.50 ‘ sp. gr. Pnma
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Yro xoTeq0Ch ObI YMETH J1eJ1aTh?

|. KnaccuguuupoBarb MATHUTHBIE CTPYKTYPbI
OTHO3HAYHO W MOJIHO XapPaKTepH30BaTh KOHKPETHYIO CTPYKTYPY,

XapaKTepu30BaTh Bce Pa3HO00pa3ne CTPYKTYP
|l. YTouHSATH H3BeCTHBIE MATHUTHBIE CTPYKTYPHI (MeToa PutBenbaa)
[11. IIpoBoaAMTH aHAIM3 HEU3BECTHBIX MATHUTHBIX CTPYKTYP

onpeacasiTb BCC BOBMOKHBIC BaApUAHTbI, COBMCCTUMBIC (HO CI/IMMeTpI/II/I) C

ATOMHOHM CTPYKTYPOH

V. BoiOupaThs anexkBaTHbIi myTh pemienusi 3aja4u |11, a umenno, pemarn
€e HA OCHOBE OJTHOI'0 U3 HECKOJIbKHUX BO3MOKHbBIX IyTeH, HCIOJb3YH
- IIYyOHUKOBCKHE / IBETHbIE TPyNIbl / 3 + N — MepHbIE NMPOCTPAHCTBA,

- HEMPUBOAUMBbIE NMpeaCcTaABJIeHUA (PeTOPOBCKUX IPYIIIL
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AHaau3 (Kjiaaccu@uKanms) MATHUTHBIX CTPYKTYP

|. llyOHUKOBCKHE IPYIIIbI

1951

1955

1965

1966

A.B.lllyOHnKOB
“AnTHCHMMeTpHUN”

H.B. besios, H.H. HeponoBa,
T.C. CmupHOBa

“1651 myoHuKoBCcKAasi rpynmna”
W. Opechowski and R. Guccione
“Magnetic Symmetry”
B.A.Konuuk “lllyonnkoBckue
rpynnbi”

Onucanue!

Il. IlpeacraBiaenusi GpeqOpOBCKUX Py

LSS

1953

1968

1979

JI.IA.JIannay “da3oBbie nepexoanl
2 pona”

JI.A.Jlangay, E.M.JIngumig
“Cratucrudyeckasi pusuka”
E.F.Bertaut “Representation
analysis of magnetic structures”
10.A.U310M0B U ap.
“CuMMeTpUITHbIA aHAJIN3
MATHUTHBIX CTPYKTYpP”

IIpenckazanmue!

B Tom CclIydae, Korjia CTaJIKUBaKOTCH /iBa
IMPOTUBOIIO/IOKHbBIX MHCHUSA, 9aCTO I'OBOPAT —
HCTHHA HAXOAUTCHA MOCEPEINHC.

IlocepenuHe HAXOAUTCA MpodIema.

HNorann Boabdraur ¢on I'éte

Hu B koem ciyuae!

49



[H1-A. Kinaccudukanusa MArHUTHBIX CTPYKTYP

Acta Cryst. (1971). A27, 470
Classifications of Magnetic Structures

By W.OPECHOWSKI AND TOMMY DREYFUS*
Department of Physics, University of British Columbia, Vancouver, Canada

JIlBe pa3ziuyHble KJIaccHPUKAIMOHHBbIE CXeMbl NMPUMEHEHbI JIsl XapaKTepU3aluu MATHUTHBIX
cTpYKTYyp: B niepBoii (C1') ncmosib3y0Tcsi MAarHUTHBIE TPYINbI, HeTaBHO NMosiBUBIHIasicsi BTopasi (C2)
OCHOBAHA HA MpPeEACTABJEHUSIX MPOCTPAHCTBEHHBIX rpynmn. O0uue MaTeMaTH4YeCKHe MPUHIIHNbI
y:ke chopmyaupoBanbl ais C1', s C2 3Toro 10 cux mop He ObLJIO ¢/1e1aHO.

B »310ii crathe moka3zaHo, 4To cxemMbl Cl' m C2 3KkBUBajJIeHTHBI ¢ TOYKH 3peHHs] CTPOroi
MaTeMaTHKH, T.e. KJacCH(HKAIM MATHUTHBIX CTPYKTYP BO3MOKHA B 00eHX cXxeMax.

Yr1Bep:xkaenune bepro (Acta Cryst., 1968) o Tom, uto C2 siBnsieTcs “6ojiee 001eii” kiaaccupukanmei,
yem C1', Takum o0pa3oM, HeONIPaBAAHHO.
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Shubnikov (or Black & White or Antisymmetry) Space groups
(H. Heesh, 1929, Shubnikov, 1945)

A.B. lllyonukoB
“CumMeTpusi U aHTUCUMMETPHUA
KOHe4yHbIX ¢uryp” Mocksa, 1951

$ R = uHBepcus uBera

A.V. lllyonnkoB
1887 — 1970, Poccus

H.B. besqios, H.H. HeponoBa,
T.C. CmupHoOBa

“1651 myoHUKOBCKAs
R=1 rpynna” Mocksa, 1955

e e R B e e

Onepanusi MHBEPCHH CIIMHA TOX0KAa HA ONEPALUIO
NHBEPCUU IBETAa, HO (PYHIAMEHTAJIbHAS Pa3HHUIA
MEK1y HUMH COCTOMT B TOM, YTO IIBET - CKAJAP, 1891 - 1982, Poccus

CIIUH — AKCHAJILHbIN BEeKTOP! 51

H.B. beJjios




Onucanue MarHUTHBIX CTPYKTYP. I'pynnbl cummerpun (mytn C1')

[lyoHukoBcKkue (4epHO-0e/ibie) TPYNIbI — KJIACCHIECKHU CIocod
ONMUCAaHUsI MATHUTHBIX cTPYKTYP (Heesh, 1929, Illyonukos, 1945).

AHTHCHMMMETPHUS (YepHO-0es1asi CHMMETPHSI)

R=1" 6 = G:g®11651
1 =
= =5 G 230 (oqHOLIBETHBIE)
=== & ? & 1" 230
R(}) = | g : (cepbie)
g'=g1" 1191 (uepHo-0ebIe)
Pemerkn: 14— 36 Ecau kpucraaia ooiaagaer 3j1eMeHTOM
Toueunsbie rpynnbi: 32 — 122 (32 + 90) ciMMeTpHu R caMHM 1o cede, To 3TO
3HAYHUT, 4YTO B JI0O00W TOYKe
Hp. rpynnbl. 230 > 1651 (230 1 1421) M(r) = - M(r) T.e. M(r) = 0.
Pnma: Pn'ma, Pnm'a, Pnma’ m EEE
Pn'm'a, Pnm'a’, Pn'ma’ =—F—¢ =<
EEEm-a

CnuH 1 MArHUTHBIA MOMEHT —
AKCHAJIbHbIC BCKTOPA. Sl !
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Magnetic (Shubnikov) space groups
Is description of all possible magnetic structures that remain within the unit cell

Pnma — Pn'ma, Pnm'a, Pnma’', Pn'm'a,

Magnetic lattices: T' =T-1 R i i

I A
o |
C
b | Py m'ma’ mmml' Orthorhombic
E. — e —  —
s 51.15.401 P2y 2; /m'2/m2'/a’'
& y
[/ 17
ol o o o | ._1 1 1 -
o o < o D | |
_ & + _ ‘m‘m.
s o 9 0 | | I
o7 O 2 0 - ‘ ‘ ‘
LA 0 ‘e P | 1 Il —n
o o <0 o - g
| | |
0,000+ (0,1,0)' +
16 | 1 M xy,z [uv,w] (2) X+1/2,y,z[u,v, W] 3) X,y,Z [u,v,W] (4) x+1/2,y,Z [u,v,W]
= D = H d) X,¥.Z [ 6 12,y,Z [uyv,w] (7) X, ¥,z [u,v,W 8) X+1/2,y,z [u,v,
Primitive orthorhombic cell is transformed (5) X.3.Z [wv.w] (O)x+1/2y.Z [y, W] (NxF2[WV. W] §) X+1/2y.2 [Wv.W]
8 k m' 1/4,y,z [0,v,w] 1/4,y,z [0,v, W ] 3/4,y,z [0,v,W] 3/4,y,z [0,v,w]
by T" into edge centered (P,), base centered , ) R o
8 ] i x,1/2,z [u,0,w] X+1/2,12,z[u,0,w] X,1/2,Z [u,0,w] x+1/2,1/2,Z [u,0,W]

Pc) or body centered (P,).
(Pc) y (P) Acta Cryst. (2008). A64, 419.

D.V. Litvin “Tables of crystallographic properties of
magnetic space groups” 5 3




“IIpo6aemMbl” ucnojb30Banuss rpynn cumMerpun (myth C1')

IloHOTa CUMMETPHITHOTO ONIMCAHUSA

kyouueckue FM cTpykTypsl, nenTpupoBannbie pemerku (CrCl,), ...

IIpo6aema npeneabHoro nepexoaa: @ = lim Il npu 1' — 1 (Jlanaay, JInBumi)

nas o-Fe G = Im3m, roraa kax I = 14/mm'm*

BuHTOBBIEC CTPYKTYPBbI: B G HeT MOBOPOTOB HA MPOU3BOJIBLHBIH YI0JI

MoayiaupoBaHHbIE CTPYKTYPbI: B G MOy/ 1M CLIMHOB COXPAHSIIOTCSI

Hecouzmepumbie CTPYKTYPBbI: HET JJIEMEHTAPHOU SAYelKHn

IIBeTHAsI MATHUTHASI CHMMETPHUS: M =g(r) - A(S),

rae A(S) He TOIbKO 00OpAallleHre CITHHA, HO M €0 MOBOPOTHI HA JIK00H yroJI.

10.A.A310mo0B u ap. “Heiitponorpadus marneruxkoB” Mocksa, 1981, I'1. 1, § 6
“HexocTaTO4HOCTH ONMMCAHUA CHMMETPUM MATHETHKOB C IIOMONIbI0 IIyOHMKOBCKHMX rpymnm”
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Representational analysis of magnetic structures

(classification C2)

Representation Analysis of Magnetic Structures

By E.F.BErTAUT

Laboratoire d’E[ectrostatique et de Physique du Métal,C.N.R.S., B.P. 319 et
Laboratoire de Diffraction Neutronique, C.E.N.G., B.P. 269, Grenoble 38, France

Acta Cryst. A24 (1968) 217 (Received 20 July 1967)

In the analysis of spin structures a ‘natural’ point of view looks for the set of symmetry operations
which leave the magnetic structure invariant and has led to the development of magnetic or Shubnikov
groups. A second point of view presented here simply asks for the transformation properties of a
magnetic structure under the classical symmetry operations of the 230 conventional space groups and
allows one to assign irreducible representations of the actual space group to all known magnetic
structures. The superiority of representation theory over symmetry invariance under Shubnikov groups
is already demonstrated by the fact proven here that the only invariant magnetic structures describable
by magnetic groups belong to real one-dimensional representations of the 230 space groups. Representa-

tion theory on the other hand is richer because the number of representations is infinite, 7.e. it can deal
not only with magnetic structures belonging to one-dimensional real representations, but also with
those belonging to one-dimensiona omplex and even imensi e-dimensi

a AL a1
representations associated with any k vector in or on the first Brillouin zone.

“sl He Mory He YNOMAHYTh Kak Mosi paGora OblLIa BCTpedYeHA
KpucTaJUIorpapuyeckuM  coodmecTBoM. Kparko roBopsi, 310  ObLI
IKCTPEMAJbHBIA  CKEeNTHIU3M, €CJd He TMOJHasi  BPakIAeOHOCTD.

OrmsiabiBasicb Ha3zaja, s AYMaw, 4YTO Takasi peakuusi ObLi1a 00yc/10BJIeHA
Yype3MepHOil MaTeMaTu3anuei 3Toil panHel padorbr”

H. A. Hauptman “History of X-Ray Crystallography”

(Nobel Prize in Chemistry 1985)

Erwin Felix Lewy-Bertaut
1913-2003, France
Head of “Laboratoire de
Diffraction Neutronique”
(1958) and “Laboratoire de
Cristallographie” (1971) in
Grenaoble.

In 2007 Erwin Felix Lewy
Bertaut Price of European
Crystallographic Association
(ECA) and the European
Neutron Scattering Association
(ENSA) has been established.
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MarHuTHasi CTPYKTYpa Kak (pa3oBbIU Iepexo

|. MarHuTHasi CTPYKTypa pacCMAaTPUBAETCs KaK pe3yJabTar (pa3oBoro nepexoaa u3
NapaMarHMTHOM B yNOPSAI04YEHHYIO (pa3y.

IIpu ¢a3oBom nepexoae |l poxa cnpaBenimBo pasJiokeHue

_— Ve v A [
Ap —Z Z Cx V,", ;" — 0asucHble pyHKIMH HENPUBOAMMBIX IPEICTABIECHHIA
v A
ncxoaHoi gpaspl, C,¥— k03¢ GuueHTHI CMEeIINBAHUS, V — HOMEP HeNPUBOAMMOI0
npeacTraBjIeHUs.
I1. IlpencraBieHnemM NPOCTPAHCTBEHHON IPyNNbl CAMMETPHHU I'PYIbI SIBJIsSIETCSE HA00P

3JIeMEHTOB € TAKOH ke Tad/IuIell yMHOKeHUs, HanpuMep, Ha0op 3X3 MaTpuu,
COOTBETCTBYIOLIUX €€ JJIeMEHTAM CUMMETPHH.

I11. Ilepexox k HEMPUBOIUMOMY NPEACTABJIEHHUIO — MIEPEBOA MATPHUI K OJI0K- (77 O O O)

AUATOHAJTBHOMY BHIY. OB o o

V. Konuenuusi 0iHOro HempuBOAUMOro npeacrapienus (Jangay): > 8 %\O
O O

A p(V) = ; Cx(v).“’k(v)’
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I'pynmnoBbie CBOMCTBA 3JIeMEHTOB CUMMeTpUH (Tadauna Keiin)

2im=1-7_m, 1

Apryp Kein (Kain)
(Arthur Cayley)

1:6:08:1821==26:01%1:895

BesukoOpuranus

2/m 1 2, m, 1
1 1 Z 1
2, Z Ik 1 m,
m, m, f 1 o
1 et s 2 1

O



HerI/IBOIlI/IMI)Ie IPCACTABJICHUSA I'PYIII

IIpeacraBiienue rpynnbi: romoMopdusm 3aganHoi rpynnbl G B rpyniy HeBbIPOKIEHHBIX
JIMHEHHBIX Npeodpa3oBaHuii BeKTOPHOIo nmpocrpancrea W (cTporoe onpeaesieHune)

IIpeacrapiieHne TPynmbl. 3aMeHa 3J1eMeHTOoB rpynnbl G apyrumu 3jaementamu D(Q),
MMEIOLIUMH TaKyIo ke Ta0iuny Keiim (MoHATHOE onpenesieHue), T.e., €CJu g; = §;°g,, TO

D(9;) = D(9,)-D(g,)

TpuBuaiabHoe npeacrasiaenne: D(Q) ais Bcex § ecTh TOXKIeCTBEeHHBIN oneparop E

BekTtopHoe (3D) npeacraBiaenue: 3D-maTpuiibl 3JieMEHTOB CHMMETPHUH TOYE€YHbIX FPYIIIT

‘M O O O]

Ecan saemeHnTsI rpynnbl G MOIryT OBITH 3alIMCAHLI B BUJ/IE 0JIOK- ,
Py y O O O

AUATOHAJBbHBIX MAaTPHUIl, TO COBOKYITHOCTH COOTBE€TCTBCHHbBIX 0JI0KOB

o0pa3yloT (IpuBoAUMBIE) NPeAcTaBJaeHus: rpynnbl G 8 8 %O

~

MarpuuHoe npeacranjienue rpynnbl G Ha3bIBaeTcsl HENMPUBOAUMBIM, €CJIM MATPHUIIBLI He
MOTYT OBITh 3alIUCAHbI B OJIOK-IMArOHAJIbLHOM BH/I€

e s EEE 6=0=—0
F—=0--0F— 1000 0020
B=0-—-F O=2—0 =
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CBoMCTBA HENPUBOAMMBIX MPEACTABJACHUN IPynIl

Y110 HeAKBUBAJIEHTHBIX HENMPUBOAUMBIX NMPEACTABJICHUI KOHEYHOW IPyNNbl PABHO

YHUCJIY KJIACCOB CONMPAKEHHBIX )JIEMEHTOB B I'pyIIIIe.
DJIeMEHT a COMPSIZKEH JIeMeHTy D, ecjiu B rpynme HaiiieTcs 3J1eMeHT C, TaKoi, uto a = chct.

CymMa KBaIpaToB pa3MepHOCTeil HeMPUBOAUMBIX NMPeACTABJIEHUI IPyNNbl PaBHA
MNOPSIAKY N rPynibl.
Y I'pylibl U3 4-x IJIEMEHTOB, N = 4, MOKeT ObITh TOJbKO 4 OJHOMEPHbLIX NMPEACTABJICHUA.

2im=1,2,m,T —| (4, 1,1,1);(1,-1,-1); (1, -1, 1, -1); (1, -1, -1, 1)

HN3oMop@HBIe rpynnbl HMET OIMHAKOBbIE HENIPUBOAUMBIE MPEACTABJIECHUS.

Pa3mepHOCTH MATPUIl HEMPUBOAUMBIX NMPEACTABJICHUN SABJIAOTCS JeJTUTEJIAMMA
MOPSAKA IPYIIIbI.

OaHuUM U3 HENIPUBOAMMBIX IPEICTABJICHHH BCeria ABJIsAETCH eAHHUIHOE
npeacrasienue I';.

HerHBOI[I/IMI)Ie NnNpeaACTaBJICHUA a0ejieBbIX U IMUKINYECCKUX I'PYyIIl OAHOMECPHBI.

Hepexozl 0T MNpeacTraBJac¢HUudA IJICMECHTOB CHMMCTPHUHU B BHIC 3D MaTpun (BCKTOpHOe
leeI[CTaB.]'IeHI/Ie) K OPTOrOHAJIbHBIM HCIIPUBOANMBIM npeacraBJICHUAM AHAJOI'NYeH
Pa3Jd0KCHUIO K0JIe0aHuil aTOMOB B MOJICKYJIC I10 HOPpMAJIbHBIM MOJIaM.
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AHaJU3 MATHUTHBIX CTPYKTYP B TepmuHax HII (nyts C2)
(representational analysis)

HenpuBoaumsbie npeacrabiaeHus (peIoOPOBCKUX (IPOCTPAHCTBEHHBbIX)
rPYIIl — YHUBEPCAJbHBINA CIIOCO0 ONUCAHUA MATHUTHBIX CTPYKTYP

(E.F.Bertaut, 1968, 10.A.U310mo0B, 1979)

1. Pa3zioxkeHue 1Mo HeMpUBOAUMBIM

HpencraBeHrsv () ey S(r) — BekTOopHas (akcuajbHasi) GyHKIHSA, V —

SO :ZV Zx C;LV S;LKV, HOMeEpP NpeacTaBJieHHs, A — HoMep Oa3HCHOM

S, — Gasuchble (yrkiyn HIT ¢pynknuu, K — BOJTHOBO# BEKTOP CTPYKTYPBHI.

2. BuiGop oxnoro HII / JI.I.Jlannay: ¢a3oBblii nepexon |1 pona uaer mo
= = OJHOMY  HENPHUBOAMMOMY  HPEACTABJICHHUIO
> - v KV —
Sg Zk G =%~V rpymnbl G B moarpynny G'.

3. Onpenenenue kodpdpuuuenros C," = : .
MeToa PurBesibaa Sn = exp(2n|KT n) SO

JIJIs1 aHAJIHU3a HAA0 3HATD.
4. CooTBeTCTBHE IKCIICPUMEHTY - BeKTOp pacnpocTpanenns K,
B meToa PutBeiibaa - hemopoBCKYI0 MapaMarHuTHYIO rpynmy G,
- KOOPAMHATHI MATHUTHBIX ATOMOB. 60




Computer programs for analysis of neutron diffraction

* Indexing, K-vector:
e Symmetry:

* Solution:

* Refinement:

* Visualization:

e Phase transitions:

SuperCell [1]

Baslreps[1], SARAN[2], MODY|[3]
FullProf [1] (simulated annealing)
FullProf, GSAS [4]

FPStudio [1]

ISOTROPY [5]

1. Juan Rodriguez-Carvajal (ILL) et al., http://www.ill.fr/sites/fullprof/

2. Andrew S. Wills (UCL)

3. Wieslawa Sikora et al.,
4. Bob VVon Dreele et al.,

5. H.T. Stokes et al.,

http://www.chem.ucl.ac.uk/people/willis/
magnetic_structures/magnetic_structures.html
http://www.ftj.agh.edu.pl/~sikora/modyopis.htm
http://www.ncnr.nist.gov/programs/crystallography/
software/gsas.html

http://stokes.byu.edu/iso/isotropy.html
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Magnetic ordering in Sr;YC0,0,,:,5 (6 = 0.02 and 0.26)

Sr. YC04O]0?6

DMC, 2=2.45 A

"pxidized" B

1 |
| i ||'||'r
w

= |

4
I /
= |

===l

Crystal structure of
the Sr;YCo0,0,05+5
compounds

ok

i

Col

30 40 50 60
26 (deg)

70

The evolution of the
diffraction patterns
with temperature.
The magnetic peaks
are marked with
numbers 1-4.

The positions of all
magnetic Bragg
peaks coincide with
those of the nuclear
ones: propagation
vector is K=(0 0 0).

Intensity (10° counts)

0.5+

(R IIIII (I III IIIIIIIIIIIIIIII IIIIIIIIII IIIIIIIIIII e IIII

Sr,¥Co 0, ;, "as prepared”
HRPT, 3=1.494 A, RT

10

o

Neutron intensity (107 counts)

25

40

55 70

85 100 115 130 145 160
2@ (deg)

Rietveld refinement of the RT
HRPT data of the Sr;YC0,0,, 5,

g
=

n
[

Sr,YCo,O,, ;

, (oxidized)
DMC, T=14K, h~245A

| I I I [ I [
IM.#. gL

50 60 ?0 80 90
20 (deg)

Rietveld refinement of the T=14 K
DMC data of the Sr;YCo0,0,, 76



Magnetic ordering in Sr;YCo0,04,:.5 (6 = 0.02 and 0.26)

1. BzaumopneiicTBue Ha y3Jjaax foMmuHupyeT: 1, = 15> |,

CBs3b MexAy y31aMH MaJia, epexo/] B YIOPS104YeHHOe COCTOSIHIE MPOMCXOAUT He3aBUCUMO, HET
cBs3u Mexay IR.

2. BzanMmopneiictBue Mexay y3aamu 1oMmuHupyeT: l g > 1, = g

OauH nmepexox, MOMEHTHI Ha 000MX y3J1aX YIHOPSIAOYHUBAIOTCS OIHOBpPeMeHHO. ba3ucHbie BeKTOpHI,
CBSI3aHHbIE ¢ 000MMH Y3J1aMH, J0JKHbI IPUHAAIEKATH OqHOMY IR.

3.0 ; ' ; 3.0 T T T T - .
._l_ .__.__.___-.—-_
25 "“‘*lﬁ,‘_. Col ] 2.5
H'EI
:;j 2.0 20
2 o] Co2 {| Refined magnetic moments £ ;s
2 o0 o o o g
g B .
s tred \ on the Col and Co2 sites for
2 1.0 T S 2 1.0
& - ST the Sr,YCo0,0,,, compound 2
= Sr,YCo,0,, -, -"as-prepared" g\,, | 3 4~10.52 =
0.5 m M(Col) DMC @ M (Co2) DMC “.};_ | ] 0.5 Sr,YCo,0,, ., -"oxidized" at DMC e
o M(Col) HRPT © M (Co2) HRPT g s MCol) ® M(Co2) \
U-U""I""|""I""I""I""I"'I'ﬁ"_ O.U'l“]f’f’|ll1‘|rrll|||‘|rr|||-1‘
0 50 100 150 200 250 300 350 M % 100 % 00 5 00
@ T® (b) TK)

D.V.Sheptyakov, V.Yu.Pomjakushin, O.A.Drozhzhin, S.Ya.lstomin, E.\.Antipov, |.A.Bobrikov, A.M.Balagurov

“Correlation of chemical coordination and magnetic ordering in Sr;YC0,0,,5.;” PRB 80, 024409 (2009) E
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Magnetic ordering in Sr;YCo0,04,:.5 (6 = 0.02 and 0.26)

IR BV At Ib I BV At Ih I . H .
e =TT T—¢ Basis vectors (BV) of the irreducible
) . . . v, g 11 11 8 representations of the little group of
I » 2 0 0 1 8 -1 -1 0 propagation vector k=[0,0,0] for the space
’ ’ i 8 g 1 g 8 g 1 group 14/mmm. The atoms of the non-
Vs 7 0 0 1 primitive basis are defined as follows. For the
: . : 2 Co1 site:
6 | 1 | 1| o | 1:(~0.25 ~0.25,0), 2: (~0.25, ~0.75, 0),
ooyt r | 3 (~0.75~0.25, 0), 4: (~0.75,~0.75, 0),
To | v ; 0 0 1 s 0 0 1| and for the Co2 site:
WS 7 0 O _1 5: (%, %, %), 6: (%, %, %),
g flJ 8 é ==l Va7 8 Chss, va):
» 6 1 0 0 Highlighted are the basis vectors of the IR,
' : . : : according to which the magnetic ordering is
1 1 0 0 5 0 1 0 occurring in both studied compounds.
2 1 0 0 6 0 -1 0
V7 3 1 0 0 Vs 7 0 1 0
4 1 0 0 8 0 1 0
1 0 1 0 5 0 0 1
2 0 -1 0 6 0 0 -1
Vs 3 0 1 0 Vo 7 0 0 1
T 4 0 1 0 8 0 0 -1
9 1 0 -1 0 5 0 -1 0
2 0 -1 0 6 0 -1 0
Vo 3 0 1 0 V1o 7 0 1 0
4 0 -1 0 8 0 -1 0
1 -1 0 0 5 -1 0 0
2 1 0 0 6 1 0 0
Vo 3 1 0 0 Vi 7 1 0 0
4 -1 0 0 8 -1 0 0
5 0 0 -1
6 0 0 -1
Viz 7 0 0 1
8 0 0 1




Helixes and incommensurately modulated structures

“Partially” ordered

———

P ——

HHH
WA

Circular helix Inclined helix Longitudinal spin wave Transversal spin wave
for K/|| [m;m,] for any K and [m;m,] (LSW) for K || m (TSW) for K L m
S, = S-[m,cos(2nK-t,) — prm,sin(2nK-t, )], S, = S‘m-sin(2nk-t,)

Sy~ [mym,], mysm, =0, [m,| = [m,|
The most qeneral CasSe.

S, = Syexp(2nK-t,) + S, *-exp(-2nK-t,)

circular for p = 1, elliptical forp # 1




MonyaupoBaHHbIe (PYyHKIIMHT

p(t) = (1 + a-sin ot)-sin oyt = sin ot + a/2-cos (®, + ®)t + a/2-cos (0, — ®)t

. o
&(w) = Fp(t)] 5
p) =Flg@)] 2
;2 0‘)0 -0 (00 + ()
[ ]
Frequency, ®
N AP
1 ([\ H\ WTN ([ %
0.5 g
< o e §
0.5 §
89
" Ul\ ;7Lu“ C AN
Time, ¢ Frequency, ®

p(t) = (1 + a'sin ot + a/2-sin 2mt)sin ot — &(®,, ®, 2m)
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MonyaupoBaHHbie (HeCOM3MepPpUMbIe) MATHUTHBIE CTPYKTYPbI

Monyasinus aMILUIATYAbI paccesinus. [lepuoa monyasinuu / mepuon CTpykrypsoi >> 1.

Pacnpenenenne mrotHoctu: P(X) = b(X) py(X) = by[1 + a-sin(2wx/t)]-> o(x — nT)
Crpykrypubiii pakrop:  f(§) = f,®f,, rue

f,= Ipy(X)-expRAINE) X =3,3(5 - KIT),

£, = byJ[1 + a-cos(2mx/t)]-exp(2mixE)dx = by [8(8) + a/2-3(&+1/t) + 0/2-3(E-1/t)].
OKOHYATEIBHO:

f(£) = f,®F, = byS, [6(5 = KIT) + a/2-8(& — KIT + 1/t) + a/2-8(& — KIT - 1/1)]

X 1 1 1/T 1/T + 1/t
p(X) t F(&)). S
. LIl 111 LIl J1] R
<>
T X 3
CunycouaajgbHasi MOTYJISIIUS JAndpakumoHHbIe TUKHA U CATEJJIUTHI
B KPHCTA/LIMYECKOM IPOCTPAHCTBE B 00paTHOM NPOCTPAHCTBE
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Modulated spin-density waves in U(Pd, osF€; o5),Ge,

30000

200001

10000

B0

40 50 60
26

U(PdggsFeq.02)2Ge;

T=94K

[ B | |

25

45

85

G4.1 (LLB) diffraction pattern
(A=2.4A, T =94 K).
Transition of the K, through the “commensurate” value
K,=0.75at T=93 K.

—
—

=)
©

Wave vector {0, 0, c*)

A A Z/c
) A A
],OW | .
) ' a |
: y L N
'. AT
o e A AN )
081 | 1 . .
4 s -_\;E\:_ M t 3 > —>
Tt
0.7 \ i ®
(1A TP - v y 2 <
0 & ~l(\ 12 v Ir
T (K)
06 +r———rT—r T T T T mda >
0 20 40 60 80 100 120 u2
®) AR
\ v
.y A < m2 ||

Sine and square modulation of the uranium
magnetic moment value in the (0 £ 2.5) pg limit.

A r
p/ 1 ml .
0

Modulated magnetic structure of uranium
atoms. The z-component of the uranium
moments for the sine and square
modulation shapes as a function of z.

K= (0, 0, K,), does not matter is K,/c* = n/m,
or not.

K = (00 3/4)
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Commensurate and incommensurate modulation

-
* 1 R g
= / ./ m, = exp(2niKT,)-my,

Z ' U : :
: =k, b*+k,c* K iIs a propagation (wave) vector,
1 *
¥ y_b_ __’7]'3 T is a direct lattice vector.
r e Modulation of a 3D structure is commensurate
Reciprocal-lattice primitive unit cell if k-/h. k /k. k.1 are rational fractions
(Brillouin Zone), 1/8V.*. S el :
by o equ H = ha*+kb*+Ic* is a reciprocal lattice vector.

to0or 1/2, or 1/3, or 1/4.

There is no principal requirement for the components of K: are they rational
fractions of a*, b*, ¢* or not. This allows using the propagation vector formalism
and the representation analysis for describing any modulated magnetic structure,

with any periodicity.
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OOpaTHoe NPOCTPAHCTBO AJIS PA3JIMYHBIX TUIIOB BEKTOPOB K

K =(000), FM or ferri- or K=(0%%0),AFM K = (k, k, k,) incommensurate
AFM in non-primitive cell commensurate structure structure. Both K and —K are required.

Multi-k incommensurate structure:  Non-sine K = (k, k, k,) incommensurate

i = Lk IcFand O =(C S ) structure. Satellites with harmonics. Peasibuasi KAPTHHA: OCHOBHbIE

¥Y3i1bl, CATC/IJIUTHI 1 TAPDMOHHUKHA




KommiiementapHocthb nmoaxonoB C1' u C2

AHAJIM3 MATHUTHOM CTPYKTYPbI

“CumMeTpuiinbiid” nyth, C1’

\

<€ J’ >

“IIpencraBiaeH4yeckuii” myThb, C2

/

JI0OCTOMHCTBA U HEOCTATKH MMEKTCH y 000MX 1moaxoa0B. Beioop
3aBHCHUT OT NMPHOPHUTETHOIO KeJAHUS (MpPeacKa3aTb, YTOYHUTD,
ONMHUCATD, ...) H OT THIA 3aa4H.

AHAJIU3 PYTHHHBIX JJaHHBIX MOXKET ObITh C OAMHAKOBbLIM yCIIEXOM
MPOBEAECH B PAMKaX 000MX MMOIX0/10B

IJI X aHAJIHN3a

HecranaaprHbie JaHHbIe TPeOyOT aJeKBATHOIO BbIOOpa NMYTH

000HUX MOIX0I0B

AHAJIN3 CJI0KHON CTPYKTYPHI KeJIaTeJIbHO MPOBECTH B PaMKax
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Commission on Magnetic Structures was established by the IUCr

Executive Committee in August 2011 at the XXII Congress in Madrid.
Membership: B. Campbell (Chair, USA), J. Brown (France), D. Litvin
(USA), V. Petricek (Czech Republic), A. Pirogov (Russia),

V. Pomjakushin (Switzerland), J. Rodriguez-Carvajal (France)
T. Sato (Japan), W. Sikora (Poland)

Consultants: M.I. Aroyo (Spain), M.T. Fernandez-Diaz (France),
J.M. Perez-Mato (Spain), H.T. Stokes (USA)

It primary purpose is to facilitate research on the discovery and communication
of magnetic structures in magnetically ordered materials. The present focus of
the commission is to cultivate a community consisting of interested participants
from diverse fields of research, who can establish standards for defining and
communicating the crystallographic details of magnetic structures.

http://www.iucr.org/resources/commissions/magnetic-structures
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MarautHas Kpucrtauiorpadgus — onucanue ¢ MOMOUIbIO
KPUCTAJLUIOrPpaPUUECKNX NOHATUI MATHUTHBIX CTPYKTYP KPUCTAJLIIOB —
npuoodpesa 4yeprol CPOPMHUPOBABIICIHCH HAYKU:
< (pusnyecKkue Moae U YIOPSAA0YEHHOT0 MATHUTHOIO COCTOSAHUS B
KPHUCTAJJIAX, B IPUHIUIIE, PA00TaIOT;
< He00X0AUMOe IKCIIEPUMEHTAJIbHOE 000PYI0BAHUE CO3IAHO U YCIICIIHO
IKCILIYATUPYETCH;
< UAE0JIOTHA OIpeAeIeHUSI MATHUTHOU CTPYKTYPHI 110 HEUTPOHHBIM
AUPPAKIUOHHBIM JAHHBIM OIpee/IeHa;
< aJITOPUTMBI MPEHU3HOHHOI0 AHAJIN3A IKCIIEPUMEHTAIbHBIX

AU(paKIMOHHBIX JAHHBIX Pa3pad0TaHbI U BHEAPEHBI.
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Many thanks to my friends in science! Joint work with them is exciting!

Peter Fischer EBrennii AHTHIIOB Baaguvup Homakyiimn Jlenuc llenTakoB
Paul Scherrer MIY JH® OUSAUN u JH® OUSAUN un
Institute uM. M.B.JIomoHocoBa Paul Scherrer Institute Paul Scherrer Institute

Cnacu00 3a BHUMAaHHeE,
7KeJIAK0 YCIIEX0B B HEJIETKOW, HO 0Y¢Hb HHTEPECHOU

"KU3HU MOJIOAOT0 HAYYHOI0 pa0OTHHUKA!
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You are invited for experiments at the IBR-2M reactor
In Dubna — a nice place at the Volga River




