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Inorganic magnetic materials
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aim of this « tutorial » ... as requested by G. Chastanet

Initiation to the refinement of a magnetic Structures

| will use two examples of Strongly frustrated Low-D inorganic
Materials

1) Frustration = original spin structures
2) Frustration = kills the magnetic ordering ... QSL state



Frustration :
In most “real” ({@
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Frustration effects : 1. “Fragilize” the AFM ground state 2. “Fragmentation” of M(H)



Neutron-atom elastic interaction

same order of magnitude
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Neutron-atom elastic interaction

same order of magnitude

N
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- Magn. Struct.

nuclear origin neutron spin and magn. cryst. Struct.
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Neutron spin and nuclear spin
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Magnetic Structure
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Solving a magnetic Structure = group Theory analyzis (softwares : Sarah , Basireps
ISOTROPY Software Suite, Bilbao Cryst....)

1e kvector + Space group (G) —> subgroup of k : G,

2 ® G, + magn. atoms = magn. Matrix dim. 12
Ex: U,Pd,In, k=(0,0,0), G: P4/mbm =G, 4 atoms X 3 (M, my, miz)

U1 Xu Vo + Xy Vs
Notation trans];;‘gl'liztion (553;1?1:;112 Translation Situation Ezt\":‘lgil U2 l - Xy Va - Xy %
SUYE (\edilflyl‘:nzlalre) pomtlue]le) [}11_?] U3 ]/g - Xy Xy I/z
SYM( 2) X, Y. 2 2, hy Uy 2+ Xy I -xy %
SYM( 3) VouX, Voty, -2 2_1. [0 15 0] [v400] hy
SYM( 4) Vartx, Vauy, -z 2, [200] [0 4 0] h,
SYM( 5) Vaty, Vatx, -z 2p110] [V5 5 0] hyg U1 U2 U3 U4
SYM( 6) Va-y, Va-X, -Z 2Jiio] [0 %2 0] hy3 Mx My Mz
SYM( 7) Y, X, Z 4? hys Mx | -1
SYM( 8) Y. X Z 4. hig U1 My -1
SYM( 9) X,y -7 1 hos Mz 1 -
SYM(10) X, Y, -z m, hys H U2 -1 1
SYM (11) Vatx, Yoy, Z m, [Y200] [0 % 0] hys 1
SYM(12) Va-x, Vaty, z m, [0%0]b [0 0] hae -1 r
SYM(13) Vamy, Va=X, Z My 0] [0 % 0] hao U3 1 4
SYM(14) Vaty, otX, Z m[ﬁo} [V2 2 0] h37 1 1
SYM(15) Y, X, Z 43 hao U4 -1
SYM(16) V, -X, -Z 4_ h3g 1




3 ® 16 symmetries = 16 magn. Matrix 4. 1,
o All together = representation I of the G, group ¢ 4 15

e The magn repr. I can be reduced in irreducible representation I'\; of various dimensions

Symmetry
P4/mbm 1 2 3 4 5 6 7 8 9 |10 | 11 |12 | 13 | 14 | 15 | 16
Iy I 1 1 1 1 1 1 1 1 1 1 1 | 1 1 |
T, 1 1 I I I t 1 1 [ a1 l|o, | E 20, 3¢, o, 25 3o,
I3 1 1 1 I | -1 ] -1 | -1 | -I 1 L A [ I | 'y, 2
| A 1 1 1 1 -1 -1 -1 -1 -1 -1 01 1 =1 1 1 =1 R’
1s byttt b bt -t bl lbe s -t 0 2 =1 0| (xy) |(x-0.0)
I I 1 -1 -1 1 1 -1 -1 -1 -1 |1 | | | | | '
Iy 1 I -1 -1 | -1 ] -1 1 1 1 1 o
Te L | 1 | 1] 1] 1| a1 |1 ]a]a]At b -t=b=t s
r to|-to[1o|=tolo1t o101 | o1 |-to] 10 E |2 =1 0O =2 I 0 [-‘{.H‘j {.1‘:.,1.:]
9 01 0-1 0-1 01 10 -1 0 1 0 -1 0 0-1 01 U1 U=T =T U U U T U -
T lo[-10o] 101001 [O-1]O-1 ] OI|[1O0[—10]TO]-10]OL |[O-1]0-1 ] 01
10 o1 o1 ] o=t o1 | t1o|-1toJ1o|-to] ot o1 o1 o1 |10 |-10]10]-

e by orthogonality it can be decomposed
innI;, each associated withanorderm — T =1, @[3 @1, &l &7 &I dIy (—’_921"10



Fr=1, @ &, & &5 &y & &2

Each of the I' ; gives a magnetic structure and needs to be tested against the diffr. data

Rietveld refinement
of neutron data =2 I’

U,Pd,In i




UCCSH Frustration drives idle spin in Sr,Cr(PO,),

.....
TCHMIEDU SOUDE o "0 g g qn®

Cr dissolved in HCI/HNO; acid, + (NH,),HPO,

|

2 Sr3(PO,),(s) + 2 CrPO,(s) + Cr(s) = 3 Sr,Cr(PO,),(s)
1273 K, air

Cr**, d4, S=2, L=2, strong JT effect Single crystals, CVT 12 as transport agent

Unstable in oxide, easily oxidized
CrO does not exist =2 Cr,0; too stable

Cr" is stabilized by oxo-anions (SiO,*, BO,> T
PO/’ F) by inductive effect, e.g CrF,
Cri*>>0>>P



R Sr,Cr(PO,), : Crystal structure * Orthorhombic Pbca
UCCS e Two indiviadual layers
Pbca(61) e Pseudo trigonal
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e Sr,Cr(PO,), : Crystal structure * Orthorhombic Pbca
UCCS: 2Cr(PO,), : Cry e Two indiviadual layers

----- e Pseudo trigonal
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e Sr,Cr(PO,), : Crystal structure * Orthorhombic Phca
UCCS ? ( 4)2 Y e Two indiviadual layers

e Pseudo trigonal
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Low T: 50% only of the Cr2 seems Crl AFM-2D lattice ordering at 13.6 K

fluctuating , 50% ordered  + Cr2 idle = “quasi-paramagn.”
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Solving the Magnetic Structure at 5K

1tstep : find the propagation k vector

| (a.u.)

All magn. peaks are indexable in the
crystal cell

> K =(0,0,0)

2"d step : Group theory analyzis

=> Decomposition of the Magnetic/Mechanic
representation:

-> GAMMA(Magnetic): 3 Irep_k(C 1) + 3

Irep_k( 2) + 3 Irep_k(C 3) + 3 Irep_k( 4) +

3 Irep_k( 5) + 3 Irep_k( 6) + 3 Irep_k( 7)
+ 3 Irep_k( 8)

(001) (100)
_TNZ
3.6 K
(10 — 1
NPD, D1B ILL, A = 2.52A (11.1) &12 115K
4 6 8 10 12 14 16 18 20 22 24 26
20 (°)
CALCULATIONS FOR SITE CI"(Z)

=> Decomposition of the Magnetic/Mechanic
representation:

-> GAMMA(Magnetic): 3 Irep_k(C 1) + 3
Irep_k( 3) + 3 Irep_k(C 5) + 3 Irep_k(C 7)

demo



What represent these IRreps ?

=> Basis functions of Representation IRrep( 8) of dimension 1 contained 3 times in GAMMA
Representation number : 8 for Site: 1
Number of basis functions: 3

————— Block-of-1ines for PCR start just below this Tline
P -1 <--Space group symbol for hkl generation
| Nsym Cen Laue Ireps N_Bas
8 1 1 -1 3
I Real(0)-Imaginary(l) indicator for Ci

0 00
SYMM Mx My Mz

X,Y,2Z
BASR CD0 0 o0CDo o0 0D
BASI 0 0 0 0 0 0 0 0 O
SYMM -x+1/2,-y,z+1/2

BASR 1 0 0 O 1 0 O O0-1

BAStT 0 0 0 O O O O O O

SYMM -Xx,y+1/2,-z+1/2

BASR 1 0 0 O0-1 0 O O 1

BAStT 0 0 0 O O O O O O

SYMM x+1/2,-y+1/2,-z

BASR 1 0 0 O0-1 0 O O0-1 .
BAST 0 0 0 0 00 0 0 0 3rdstep : test all IRreps = refinement of
SYMM -X,-Yy,-Z .

BASR -1 0 0 0-1 0 0 0-1 magnetic structure

BAStT 0 0 0 O O O O O O

SYMM x+1/2,y,-z+1/2

BASR -1 0 0 O0-1 0 O O 1

BAStT 0 0 0 O O O O O O

SYMM X,-y+1/2,z+1/2 (1€?fT7C)

BASR -1 0 0 O 1 O O O0-1

BAST 0 0 0 O O O O O O

SYMM -x+1/2,y+1/2,z

BASR -1 0 O 0O 1 0 0 0 1

BASI O 00O 00 O 0 OO
————— End-of-block of 1lines for PCR
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(001) (100)
= We can also refine the full NPD
= ' pattern : nuclear + magnetic
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UCCS Frustration ... Towards « true » Quantum Spin Liquid

I 0
ooooo

! Synthesis
e The Cu;Te,O;(OH), compound

e Teflon-lined bomb : autogeneous pressure
e Hydrazine red. agent: stabilization low-redox

110

o E ——  Experimental xy -
B Calculated dat ]

e Fluoride-rich media (HF)
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Cu,(OH),CO?3 (Alfa Aesar, >55%), TeO, (Alfa Aesar, 99%), HF
(Energy Chemical, 48% wt in H,0), Hydrazine monohydrate,

. 10 15 20 25 30 35 4‘0 405 50 55 60
(Sinopharm, >85%) 2009
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UCCS Frustration ... Towards « true » Quantum Spin Liquid

J - (]
T EDUSOUDE o " 0gggn®

... requires « perfect » frustrated Spins ...

e The Cu;Te,0,(OH), compound

1/Chi(T)

.11 pg for 1/3™ of Cu2+
0 .=_0'8 K.

T T
200 300 400




UCCS Frustration ... Towards « true » Quantum Spin Liquid

mEmtmit L requires « perfect » frustrated Spins ...
FM : J, (= -98 K)

The Cu.Te,O(OH d
o ecLuie, 5( )4comp0un AFI\/I:_[Z/jZ’(=147.4/118.4K)

AFM J, (= 30 K}~




Towards « true » Quantum Spin Liquid

Cul, strategical role :
- pivotal for 3D ordering
- but ... Ideally frustrated...

- mirror

J2>11>>)d

Cu2-chain

Cul ideally frustrated by the mirror-symmetry



Towards « true » Quantum Spin Liquid

Chi

T
100

200
T(K)

300

1/Chi exp

400

100 +

80

60

40 4
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Idle quasi-paramagn. Cul

etting of AFM Cu2
J's interplay

T
100

T T T T 1
200 300 400
Tex~

— 1/3rd step (Cul)

'Chil*T('I")

K.-Y. Choi
CINAP s,

Cp - two Schottky anomalies

S, (T) = Z [ln(1+e Ty i_C

i=1,2

linear gap vs. H

Cse, = NR (k;LT)Z Akl /[1 4 e

Energy vs. Field

Paramagnet
S=1/2

120
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Chi

Mixed Anions OXFORD, March 2023

UCCS Towards « true » Quantum Spin Liquid
Structural Model

100 .
| 1/Chi(T)
80
5
- 40
204 Cu2-chain
T - T 0 T T T T T T T T
100 200 300 200 0 100 200 300 400
T(K) Texp

45 T T T T T T T T T T T T T )

ol Chi*T(T) 1 M(H)

- ' Model for exact
o] diagonalization
é 3.0 1
= 1 <
£ 254
51 . Q ,3 O Q 3 Q ﬁ

- A s\ ,,f’ o x\ / -7 \ss\h,z” ‘;’

1.5= —

J1 S$=1/2
107 T T T T T T T 0 T T T T T T T T T
0 100 200 300 400 0 2 4 6 8
HM n 12 spins, 4096 states

Texp



Chi

Quantum spin liquid
Chi(T) 1 1/chi(T)
. ST FITS
= J1=-100K |
™ 40 J12=150 K
12'=125 K
] Jd=51.8K
100 ;2):) 300 400 Toxo
) Chi*T(T) . 1 M(H)
0 100 TZeO;Jp 300 400 0 2 4 . 6 8

1 12=147.4 K
112'=118.4 K

Mixed Anions OXFORD, March 2023

Structural Model

Towards « true » Quantum Spin Liquid

DFT+U
J1=-98 K

1d = 30 K Cu2-chain

Model for exact
diagonalization

\ \ I i
\ ./ im’ ‘

| 1 S=1/2 ) 4
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