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Plenary Lecture: Monopoles andMagnetricity 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).

A Ma g n éicrosymposia:
A Low-dimensional magnetism
A Magnetic thin films
A Nanomagnetism
A Magnetic structures and excitations
A Frustrated magnetism
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Magnetic ordering in nanoporous matrix

Nanoporous silica MCM-48 matrix
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Dependencies of MnO normalized magnetic moment (left), Neel
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Neutron diffraction pattern of MnO inside a

3/21/21/2 4 7 pdve matrix. AFM lines are clearly seen.

Intensity (arb. units)

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




Structural and magnetic size effects IlINIO 13, 100,
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Diffraction patterns of NiO with 13 nm
and 138 nm crystallite size
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Widths of nuclear and magnetic peaks in diffraction patterns
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q-function for fermions Y =/ (Y@ 1 must by antisymmetric!

O =U(r) 7 coordinate part I = G(r) i spin part
G(r)
S=0 S=1
(singlet, antisymm) Energy depends on spin state! (triplet, symm.)

Quantum theory: i Ex c hange o I Bbkettrestabc{Goulomh) potential

He ~14S.S) Heisenbergi Dirac T Van Vleck Hamiltonian,
Magnetic ordering is possible aflf ~ 1000 K !
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Refinement of atomic and magnetic structures obr,GaMnO._4

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

! E==E5 K
LA
I H III Il IHIIII [ Il:T
Sr,GaMnOg, sp.grima2, G-type AFM Sr,GaMnO¢ ¢, sp.grP4/mmm, C-type AFM

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



Refinement of atomic and magnetic structures or,GaMnO._4

AN

Ordered magnetic moment for

0
\A\/Ak/‘ da O dand@. 5

Sr,GaMnOg, Imaz2, Sr,GaMnO¢ ¢, P4/mmm,
G-type AFM C-type AFM

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



Refinement of atomic and magnetic structures obr,GaMnO._4
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v 3= Odzade SO adad- IS8zt K

(Lag 5Pro.goag MNO 5, DMC instrument, &= 2.56j , SINQ (PSlI)
E=TaECE== [0EEIE at T <80 K: FM (85%) + AFM £(15%)
25000 p80-t1-3

=150 K N+PM

=80 K N+PM+AFM+FM
20000 -
l FM scattering r
2 15000 ﬂ
n
(- -
2
= 10000 - w \n
e | \PM scattering
5000 — AFM scattering n L

10 20 30 40 50 60
Scattering angle
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v 3= Odzade SO adad- IS8zt K

(Lag xPrg75)0 780 MNO 5, DMC instrument, &= 2.56j , SINQ (PSlI)
Tra—LE 300k at T <80 K: FM (85%) + AFM (15%)
LPCM -160 LPCM -180
4 —

4 T T T T I T T T T T T T T T I T T T
1 18
(Lay ,5Pry 75)9 ,Cay sMn"°0;

T T T
| (Lag,5Prg15)9 7Cag sMn'°O;

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)
> 150 s OLOBOCd=Edes 1> 150 s OOdOcdE
e <=1=5"0—"AElV| =S e=—o AFM

E=120 = FM + AFM
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Neutron sources for condensed matter studies

|. Continuous neutron sources

W =101 100 MW

Const in time, 234 RRs

ll. Pulsed neutron source.*

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

W=0.17 5 MW

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

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

ISIS, UK BESS e

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°

TOE diffractometer &= const diffractometer
ZnSPALi detector, g 4o 3.86 Sr Linear-wire, SHe PSD,q 4,01 sr

25
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4 monochromators,
5 take-off angles,
Soller collimators

%
- Soller Collimators
A

Monochromators

Variable bending double
focusing Stmonochromator




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 &= 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 D2(ILL) in high-resolution mode.
NAC-standard, Hansen et al. 2003.

27



Optimization of neutron powder diffractometers for
magnetic and structural studies

DM|C||||||
SR Magnetic structures.
> - medium resolution: gu/d° 0.01
D AFM —
5 o - optimized for large d,,, (upto 2 O
-
o N <~
o . '.
.S T W g :a:i. | \ (Lag 28Prg.75)0. 789 MNO 5
0.0 0.1 0.2 0.3 04 0.5 0.6 /

T "'ll'_l'l:'z'l:ll'D"'/"|'"'l""l""l'"'l';,l'%'f
. M
Atomic structures: :

- high resolution: qu/d © 0.001
- optimized for d,,, from 0.6t0 3 |

Intensity

04 05 06 07 08 09 10 11 12 13
H(=1/d), A
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TOF high-resolution magnetic diffractometer WISH,

Moderator
Unpoisoned
Decoupled CH;

< 9000 -~
12000
15000
35000
<
<

Disk Choppers
"/ Nimonic Chopper

58N Guide

\
\

Monitors

ISIS, UK

50000

Detector

Sample Tank

Collimator

Guide Carougel Monitors

—

m=0-3 T

\
|

|
|
|

\
| Monitor
\
Vertical ballistic funnel
m=3

Beam Stop

Details of the focussing sections

m=2
26x13 mn? 12x6 mnt we ak
. m=2 m=3-4

613 T emm —— Strong
10x5 mn?

f

WISH schematicdrawing




TOF high-resolution magnetic diffractometer WISH (ISIS, UK)

for simultaneous refinement of crystal and magnetic structures

._
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d-spacing ({ﬂ'\‘j

Detector systemof the WISH diffractometer. Diffraction pattern of CeRuAl,,at T = 10K

ZnS scintillator detectors are covering all measured with WISH diffractometer. The

scattering angles bet weirset sHo@dJthea refthenfert Sot) the pure
magnetic scattering.

from D. D. Khalyavin et al., Phys. Rev. B (2010)
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02.06.1965 04.11.2007 cells for low-temperature neutron diffraction
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Diffractometer G6.1 MICRO at the LLB (Saclay)

Focusinsystemand Kurcﬁov I LLB
pressurecell on specializedhigh-pressure
diffractometer G6.1 (LLB , Saclay) with
o= 4. 8 j

ﬁ GdAs  43gPa

GdAs measured at

30GPa T=1.4K and
P=8.5,3043 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 as0 GPg
temperatures down to0.1 K,

applied magnetic fields up to7.5 T.

|.N. Goncharenko (2004 n Ne ut diffraction
experiments in diamond and sapphire anvil c e | |
High Press Res 24, 193
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Intensity (arb.units)

AAAER

pry

o 8 8

1 NO
] 95GPa
300K

HRPT, SINQ: /

NiO N -

P=0i 9.5GP
T= 3(|)o K ) \\ \r:

= 1.5 U %
V=100 mn? -
t = 4 hours Steel /

Toroid cellsare usedat:

Lttt b i NUCleN we

20 magnetic

- POLARIS (PEARL), ISIS (199 _ .
( ) (1993 P = 30 GPa (diamond)®

- HIPD, LANSCE (1994 T =907 1000 K

_DN-12, FLNP, JINR (2002 V=301 100 mn?

- HRPT, SINQ (2005

P__. =10 GPa (WC)

AToroid type high-pr essur e devi ce: i P
L.G. Khvostantsev et al. High Pressure Researcli2004)
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Muon spin spectroscopy§SR):e*Y et 3, + 3,

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

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

The main relation: N = N,e?UAL + aP(t)cosfrt + ()] i positron intensity as a function of time
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Normalized intensity

(100) peak area

Microscopic phase separation in LaCuO,,, induced by

superconducting transition: neutron diffraction & €SR study
PhyS|caC272 (1996) 277; Phys. Rev. B 58 (1998) 12350
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Pb, ,Ba, JFe,0:: neutron-diffraction and °’Fe 2-spectroscopy study
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Crystal and magnetic structures of  G.
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k=(0, 1Ty=b2%Kand

< ——————

l.V. Nikolaev et al., PRB (2008) 37
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Case exampleAFM 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.S.Smart
Physical Review (1949
AFM of MnO

Fm3m at room temperature
R-3m at low temperature
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[ OcdzdIsdzr 2 9C dZzOH © HdWELOC Y

b,~PQ)s,|ST e ( ®Lawm With spin S,e=Q/Q is scattering vector
PQ) 3 @) expf Q x) dV is magnetic formfactor,s, = ik neutron spin

For collinear magnetic structure Scattering length(fm), 1 fm=10"%cm
~ Cu:b =77b =-265(S = |
i ~ 8, nucB®+ M i “OF8R | magB® " m (
Mn: b, =-3.7,b,=-108 (S = 2)

Foit, nuc™ | b]caXp[mi(hXj+kyj+|Zj)@_j,

Fo, mag= 0-5393; S®,(Q)@xp[2pi (hx,+ky;+1z)d;,
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Acta Cryst. (1971). A27, 470
Classifications of Magnetic Structures

By W.OPECHOWSKI AND TOMMY DREYFUS*
Department of Physics, University of British Columbia, Vancouver, Canada
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Shubnikov (or Black & White or Antisymmetry) Space groups
(H. Heesh 1929,Shubnikov, 1945)
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Magnetic (Shubnikov) space groups
IS description of all possible magnetic structures that remain within the unit cell
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Representational analysis of magnetic structures

(classificationd 2 )

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 to two-dimensio hree-dimension
representations associated with any k vector in or on the first Brillouin zone.
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Computer programs for analysis of neutron diffraction

| nde-xector:,g, BKuperCell[l]

S ENERE e Baslrepdq1], SARAN[2], MODY [3]
ST FullProf [1] (simulated annealing)
EcEE o me - RiERE G SR

Vi sual i zat FRStudio[1l]

Phase tr an0OTROPYH :

Po o Po o To Iw

1. Juan Randjal{lld)eeat, http://www.ill.fr/sites/fullprof/

2. Andrew S. Wills UCL) http://www.chem.ucl.ac.uk/people/willis/
magnetic_structuregmagnetic_structures.html

3. Wieslawa Sikora et al., http://www.ftj.agh.edu.pl/~sikora/modyopis.htm

4. Bob VonDreeleet al.,,  http://www.ncnr.nist.gov/programs/crystallography/
software/gsas.html

5. H.T. Stokes et al., http://stokes.byu.edu/iso/isotropy.html
61



Magnetic ordering in Sr;YC0,0,,c,; (U = 0.02 and 0.26)
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Magnetic ordering in Sr;YC0,0,4 5, (U= 0.02 and 0.26)
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Magnetic ordering in Sr;YC0,0,,c,; (U = 0.02 and 0.26)

BV At b - BV At b b c - . .
B e T 1—T—¢— Basis vectors (BV) of the irreducible
6 1 1 0 representations of the little group of
1 0 0 1 Y2 7 1 -1 0 :
y 2 0 0 1 8 1 1 0 propagation vectork=[0,0,0] for the space
’ : ° ° : ° 0 ° : group l4/mmm The atoms of the non
Vs 7 0 0 1 primitive basis are defined as follows. For the
2 > > 2— Col site:
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St e OIS 02D 0 (OIS0 0i510)
2 0 0 -1 8 -1 -1 0 ) ) ] ) y ]
Ve ; 0 o | 2 > 0 0 ] and for the Co2 site:
Ys : 0 0 a1 e e e (VR DR e
g 2 8 é 7:_( I:],,IJ) ( 13 .) .
, 6 1 0 0 Highlighted are the basis vectors of théR,
B L 0 0 according to which the magnetic ordering is
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1 1 0 0 5 0 1 0 occurring in both studied compounds.
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