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OUTLINE

e Frustrated magnets

e Local anisotropy and Site Susceptibility
Tensor

e Polarized neutron diffraction (PND)

e Longitudinal and Transverse susceptibilities
in cubic pyrochlores

e Ising versus XY anisotropy in R,Ti,O, (R=Ho,
Tb, Er and Yb) as seen by PND



Geometrically frustrated magnets

Frustration: first neighbour interactions can not be satisfied
simultaneously

High sensitivity to perturbations: pressure, magnetic field

Triangular Kagome Pyrochlore

Pruszrazion and ground sZaZe enzropy increasing

A. P. Ra Nazure 1999
S. T. ell Science 2001



2D Geometrically frustrated magnets

Triangular lattice
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NNN-exchange can lift the SG degeneracy




2D Geometrically frustrated magnets

Kagome lattice
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Less Next Nearest Neighbour  more frustration




3D Geometrically frustrated magnets

Pyrochlore lattice



Symmetry of R Site in R,T,0,




Symmetry of R Site in R,T,0,




Symmetry of R Site in R,T,0,




Symmetry of R Site in R,T,0,




Symmetry of R Site in R,T,0,




Symmetry of R Site in R,T,0,

2x Tb-O1 2.19 A

6 xTb-O2 2.51 A




Symmetry of R Site in R,T,0,

Th-O1 2.19 A
Th-02 2.51 A




Orbital L, Spin S and Total J/ moments in 4f

Due to Strong L-S coupling Jis a good quantum number

gaturated ion

5 J g gJJ G2 dip
Ce £! 1/2 5/2 6/7 2.14 1.600
proT £ 1 4 45 3.20 1. 644
ma>* £ 3/2 9/2 8/11 3,27 1.803
Pu g 2 4 : 3/5 2.4 2.263
st £° 5/2 sfz | 247 0.71 5,422
Eu3+ fE 3 0 no moment -
catt g’ 7/2 7/2 2 7.0 0
" £ 1 6 342 9.0 0.370
| oy £ 5/2 15/2 443 10.0 0.533
Hoo glo 2 8 574 10.0 0.613
... .|
Bro* gl /2 15/2 6/5 9.0 0.652
" gl2 1 6 7/6 7.0 0.667
o g3 1/2 7/2 8/7 4.0 0.667
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Pyrochlore compounds R,T,0,

R-R interaction

R anisotropy

Ferro Antiferro
. d
Dy, Ti,0, . Not frustrated
y : £ Long Range
Holezog Order

rated

Not frustrate
Heisenb . uR hort Range
erg ong Range Order

Ord
reer Spin Liquid




Ising ferromagnet (exchange + dipole):

the pyrochlore « spin ice », a frustrated system
M.Harris, Nature 399 (1999) 311 & A.P.Ramirez et al, Nature 399 (1999) 333

Ising spins, constrained Ice protons, constrained
to lie along (111) directions to be on the (111) ligands
j — | to O
(« in » or « out ») (close or near to O)
Oxygen
1111] axis oroton
D,, symmetry __
O )
If ferromagnetic interactions, Similar to ice gr@und state:
the ground configuration is —> « two close — two far » protons
« two in — two out » spins with zero point entropy

« Spin ice » (e.g. Dy, Ti,O-, with Ising ion Dy3*):
large GS degeneracy and no LRO



Tb,Sn,0, (quasi-lsina F) - T~=0.87K
Magnetic diffractio
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|.Mirebeau et al, PRL 94 (2005) 2464

- presence of g=0 scattering below vu.yn = rerro. correiauons
*« ordered spin-ice »: quasi-« two in — two out » with LRO
« saturated Tb3* moment: m(Tb)= 5.9(1)ug
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SPIN ICE structure

H Cao, A Gukasov | Mirebeau, PRL , 100, 22,227602, 2008
Low field and temperatures (H=1T, 200 mK)) H/ 110

A/

o chainz:> | close to H (369)
% [ chain local <111> easy axis < perp. to H (90°)

Very different moments
Magnetization

—~6F . g
= “ ot
2 |a =
“E’ 41 chains
(@)
=
° . |B
5 2|5
§ cvalrjs \é\
= = 0 -'
0 ‘
1 10 100 V~I4.” X

T (K)
Red lines: CF calculations

H=1T& T=200mK

Close to spin ice



POLARIZED NEUTRON DIFFRACTION

A T
1 N C>/® I P, parallel to H
II \

i > D
M F H

>
HT I 4 C{@ [- P,antiparallel to H

2 2
I+OC(FN+FM) I'oc(FN-FM)

P oc F 2y £2F(Py*Fy) + F,*



FLIPPING RATIO MEASUREMENTS

Froc(Fy +Fy)? Ioc(Fy-Fy)?
R=(1+7)2/(1-7)2  Fy, (@)= r*Fy(q)



5C1 DIFFRACTOMETER (LLB)

0.84 A
Heussler 50x50 mmZ2in transmission

Cryoflipper

Asymmetric 7.8 T magnet
-5°< v< 20°

lifting counter S
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U.P, (Th,P,STRUCTURE I-43d)
A. Gukasov P. Wisniewski and Z. Henkie J. Phys. C, 1998




U,P, (Th,P,STRUCTURE I-43d)

A Gukasov, P Wisniewski and Z Henkie. J of Phys, Cond Matt. 8,
10589,1996

o
'#. ‘. @ ? _
KNI B
8/ .#. ¢ 4, M1,2,3,4= 1.6515
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o200



U,P, (Th,P,STRUCTURE I-43d)

A Gukasov, P Wisniewski and Z Henkie. J of Phys, Cond Matt. 8,
10589,1996




LOCAL ANISOTROPY OF SUSCEPTIBILITY
IN CRYSTALS WITH Th;P, STRUCTURE

J. X. Boucherle et al. Physica
B, 281-282, 139-140, 2000

Sm3Te4

D3, ILL

C

K= 0.0831p

M3 456= 0.0331p

4 L
T

-

—4-

A Gukasov and P J Brown, J

Phys C, 14, 8831, 2002
H|© 01) 5T

Nds:«S4 SC1, LLB

L= 0.62Uup M3456= 1.44Up




LOCAL ANISOTROPY OF SUSCEPTIBILITY
IN CRYSTALS WITH Th;P, STRUCTURE

A Gukasov and P J Brown, P
J Phys C, 14, 8831, 2002
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X.e™ X

ANISOTROPIC SUSCEPTIBILITIES 4

Bulk magnetisation M; (v)=y;H,

The number of independent components of ;;
Is determined by the crystal symmetry class:

cubic groups 1 parameter
all uniaxial groups 2 parameters
Orthorhombic 3

Monoclinic 2l

Triclinic 6

12
22

xR

13
23
33




ANISOTROPIC BULK SUSCEPTIBILITY

CUBIC, 341=%22= %33 UNIAXIAL %41 =222 <3
M

M




ANISOTROPIC SITE SUSCEPTIBILITIES

A Gukasov and P J Brown, J Phys C, 14,

Bulk magnetisation

8831, 2002

M; =2 M2 =2 ¥,

Mbi = Z Rg(t) xaij Rg(t) -II{j

R, (1) is the symmetry operator
E

ry=R,)r,

M; =2, R(D)|x*;

R() -'H,




REFINEMENT OF ANISOTROPIC SUSCEPTIBILITIES
I+ «c N2+ 2 Py,, N M, +MZ2
M, = Za Xainj

Foc N2 £2F(Py* 2y H; ) + |2y Hil?

B
R=1I*/1" CHILSQ (CCSL)

A Gukasov and P J Brown, J Phys C, 14, 8831, 2002



ANISOTROPIC SUSCEPTIBILITY PARAMETERS

(ASPs)

;(11 0 0
ZiT o Ay O
X
A Gukasov and P J Brown, J Phys C, 14, 8831, 2002 0 2

Prolate Sm; Te, Oblate Nd,_ S,
X11< X 33 X11>X 33




OBLATE MAGNETIC ELLIPSOIDS INNd,, S,

6.0

0 0

%29

A Gukasov and P J Brown, J Phys C, 14, 8831, 2002

Mtot




OBLATE MAGNETIC ELLIPSOIDS INNd,, S,

c5H®®d> e

0 0

%29

A Gukasov and P J Brown, J Phys C, 14, 8831, 2002




OBLATE MAGNETIC ELLIPSOIDS INNd,, S,

6.0

0 0

o0

A Gukasov and P J Brown, J Phys C, 14, 8831, 2002

tot




ATOMIC DISPLACEMENT PARAMETERS (u;)
AND
ATOMIC SUSCEPTIBILITY PARAMETES (y;)

o u;are probes of  © x; are probes of
the shape of elastic magnetic interaction
potential well e symmetry constraints

e u; give informaton of x; the same as of u;
about atomic e Anomalous y; indicate
vibration, dynamics, strong local anisotropy
disorder ... e and a possible channel

of ordering

A Gukasov and P J Brown, J Phys C, 14, 8831, 2002



VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” IN Tb,Ti,O,

102 BR gives ,,=0.056 uy/T aM¥y,,_=0.0024,

xR
xR
xR

1 712 712
12 711 712
12 712 711

— Xij =

xR
xR
&

xR
xR
xR

L\l 2710 K1 T




VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” IN Tb2Ti207

102 BR gives ,,=0.056 uy/T aM¥y,,_=0.0024,

a B B

_JI Zij: B a B
£ 2= 0 a O

| 0 0 B

L\l 2710 K1 T




VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” IN Tb2Ti207

196 PR 'vesg=0.17 Mg/ T
Elliosoit a\re% Pby T 2o comn

4
—

H15==0.041g/T
2 comdWeiss beﬁo\r‘

.

AN
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VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” IN Tb2Ti207

423 PR 'vesg=0. 94 g/ T
E///ﬁvﬂa\re% Bby T 20 com

;
—

#15-=0.53 /T
2 comdWeiss beﬁo\r‘




VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” IN Tb2Ti207

gives y.4=0.992) g/ T %0.76(1 Hg/T, chi’=2,
El/iu/svﬂ \re%’.ﬁu/ by T Zo co e Covmd®Weiss beﬁio\r‘

{
—




FROM HEISENBERG TO ISING BEHAVIOR




(BAD) SPIN ICE (k=0)

=

»P=1T

H// 110
@\ .‘//f{ /\@ ﬁ/kk/\
A

T 20 coﬂge cowdWweiss beﬁo\r‘
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—:.:Zf—' >,
e ]




VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” H Il [111]

H// 110

270K1T, 100 FR



VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” H Il [111]

R

100 K1 T, 100 FR



VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” H Il [111]

50 K1 T,100 FR



VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” H Il [111]

10K1T, 150 FR



VISUALIZATION OF ASP BY “MAGNETIC
ELLIPSOIDS” H Il [111]

5K1T, 150 FR



(BAD) “One-in three-out” spin ice

H// 111




CF calculation of susceptibility tensor

Tb,Ti,O,

4,
—T T — T .
Tb,Ti,0, . A
i thermal neutrons I
(calculated) :
’I: 2 o — | — 4.1K 3| P
= £ — 104K
k [110] [111] : Ul -
: J 1
. o R P N s A N T R N R R -
= . I E o0 1 2 3 4 5 6 7 ® o 0
« /\+ = Energy (THz)
_8 O 0 é T T T T T T T T T T T
b § XJ_ 2 A3 Th,Ti ,0,
S 1 i \ o — LoK i\ cold neutrons
— g — 34K {1 (calculated)
2 £ 5.5K N -
N = — 9.34K {1\t )
7] 11.7K i\ FAY
= o y 4
= LENEY A WVA
1 | 1 1 |. 1 1 | f—? 1 e
| 1.5 2 2.5 3 3.5 4

o

) Eﬂfl‘g;h(THZ) )

0 100 200 300 BY=315cm™, B)=1820cm™, Bj=-580cm™,

T(K) Bl=-300cm™, B;=228cm™', BE=900cm™.

Lines shows fit using CF parameters from inelastic neutrons for Tb2Ti207.
I. Mirebeau, M. Hennion and P. Bonville . Phys Rev. B 184436, 2007




Quasi-Ising Type, Spin Liquid

Lines shows fit using CF parameters from inelastic neutrons for Tb2Ti207.
I. Mirebeau, M. Hennion and P. Bonville . Phys Rev. B 184436, 2007




Ising Type (Spin Ice)

Lines shows fit using CF parameters from inelastic neutron data

0.01 ——?. A




XY Type 3D-Antiferromagnet

Lines shows fit using CF parameters extrapolated from Ho2Ti207 and Th2Ti207




XY Type ?7??

Lines shows fit using L=3, S=1/2 model

0.1k

X (ug/T)

0.01}




Ising and XY(?) pyrochlores

x (ug/T)

0.01

i L 1 P |
10 100

Ly " I PRI A B |
1 10 100

0.01¢

1 10 100




p
SUMMARY =

z; tensor

e gives universal description of large T and H
range with 2 parameters for any field direction

e evidence Heisenberg- Ising or XY evolution
e Can be calculated using CF parameters

e Reconstruction of the noncollinear density ?

e H. Cao, A. Gukasov, I. Mirbeau and P. Bonville ,PRL , 100, 22,227602, 2008
e Physica B PNCMI 2008 Proceeding
e J. Phys.: Conf. Ser. 145 012021, 2008
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