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Questions:
e Reason fOr an|SOtrOpy? ... g factors or intrinsic?
e Nature Of fleld—lnd UC@d phaseS? ... quantum paramagnet/topological spin liquid?

e Appropriate spin model? .. sign of K, role of Js, [1?



o-RuCls in zero field

Neutron diffraction:
[Johnson et al., PRB '15]

Intensity (arb. units)
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. Zigzag antiferromagnet

[Cao et al., PRB '16]
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Mechanisms to stabilize zigzag

Extended Heisenberg-Kitaev models:

M= |4hS; S+ KiSIS] +Tu(SesF + Sfse)]

(ij)
+ E JQS,"SJ'_I_KQSI- Sj -+ E J35,'-5j—h- E S;
(i) U i
.. neglect trigonal distortion
Ji K, I’y J K, Js
Set Material (meV) (@(meV) (meV) (@meV) (meV) (meV) Method Ref. Year
1 a-RuCl; —4.6 +7.0 — — — — Fit to neutron scattering [35,36] 2016
1’ Na,IrO; —4.0 +10.5 — — — — Fit to susceptibility and neutron scattering [30] 2013
1+T o-RuCl; —12 +17 +12 — — — DFT + ¢/ U expansion [44] 2015
2 Na,IrO; 0 —17 0 0 — +6.8 DFT + exact diagonalization [32] 2016
24T Na,IrO; +3 —17 +1 -3 +6 +1 DFT + ¢/ U expansion, direction of moments [40,45] 2016
2+T) NayrO; +3 —17.5 +1 +5 — +5 MR, fit to Ocw [47] 2014
2+TI)Y «oRuClz; +12 =56 +1 +0.3 — +0.3 MRUCI, fit to magnetization [13] 2016
2/3 o-RuCl; —1.7 —6.6 +6.6 0 — +2.7 DFT + exact diagonalization [32] 2016
3 o-RuCls — —6.8 +9.5 — — — Fit to neutron scattering [33] 2017
3 a-RuCly — —5.5 +7.6 — — — DFT + ¢/ U expansion [34] 2016
37 o-RuCl; —1 —8 +4 — — — DFT + ¢/ U expansion [38] 2016
34+ J5 o-RuCl; —0.5 —5.0 +2.5 — — +0.5 Fit to neutron scattering [39] 2017

[LJ, Andrade, Vojta, PRB ’17]



Mechanisms to stabilize zigzag

Three scenarios:

Set

‘/// i I
|

Material

Na,IrO;

Ji

(meV)

—4.6

K,
(meV)

I

(meV)

J

K,
(meV)

J3
(meV)

{\ 14T a-RuCl, —12 +17 +12 - -

7= Na,to; 0 =17 0 0 = R:
2 —+ r Na21r03 +3 —17 +1 -3 +6 +1
Q2+T)Y NaltO; +3 =175  +1 +5 - +5
2+T)Y «a-RuCly; +1.2 —5.6 +1 +0.3 - +0.3
2/3 a-RuCl; —17 —66 466 0 427
3 a-RuCl; - —6.8 +9.5 - - -
3 a-RuCl; - —-5.5 +7.6 - - -
3" a-RuCl; —1 -8 +4 - - -
3+ J; a-RuCl; —-0.5 -5.0 +2.5 - - +0.5

Method

DFT + ¢/ U expansion, direction of moments
MRCT, fit to Ocw
MR, fit to magnetization
DFT + exact diagonalization
Fit to neutron scattering
DFT + ¢t/ U expansion
DFT + ¢/ U expansion
Fit to neutron scattering

[40,45]

[47]
[13]
[32]
[33]
[34]
[38]
[39]

(1) Antiferromagnetic Ki, ferromagnetic

[Chaloupka et al., PRL ‘13]



Mechanisms to stabilize zigzag

Ji K, [y J K> J;
Set Material (meV) (meV) (meV) (meV) (meV) (meV) Method Ref. Year
1 o-RuCl; —4.6 +7.0 - - - - Fit to neutron scattering [35,36] 2016
I Na,IrO; —4.0 +410.5 - - - - Fit to susceptibility and neutron scattering [30] 2013
1+ o-RuCl; —12 +17 +12 - — — ____ DFT + t/U expansion ____[44] 2015
(/ 2 Na,IrO; 0 —17 0O 0 - +6.8 DFT + exact diagonalization 32 :
{{ 24T Na,IrO; +3 —17 +1 -3 +6 +1 DFT + ¢/ U expansion, direction of moments
\{ 2+T) NayrOs +3 —17.5 +1 +5 - +5
N@+TD)" oRuCly  +1.2 5.6 +1 +0.3 - 103 , MRCIL fit to magnetization [13] )
2/3 «-RuCl; —1.7 —6.6 +6.6 0 - +2.7 DFT + exact diagonalization [32] 2016
3 a-RuCl; - —6.8 +9.5 - - - Fit to neutron scattering [33] 2017
3 a-RuCl; - —-5.5 +7.6 - - - DFT + ¢/ U expansion [34] 2016
3" a-RuCl; —1 -8 +4 - - - DFT + ¢/ U expansion [38] 2016
34+ J5 a-RuCl; —0.5 -5.0 425 - - +0.5 Fit to neutron scattering [39] 2017
Three scenarios:
(1) Antiferromagnetic Ki, ferromagnetic [Chaloupka et al., PRL ‘13]
(2) Ferromagnetic Ki, antiferromagnetic J3 [Winter et al., PRB '16]

[Katukuri et al.,, NJP '14; .. ]



Mechanisms to stabilize zigzag

J] Kl Fl J2 Kz J3
Set Material (meV) (meV) (meV) (meV) (meV) (meV) Method Ref. Year
1 o-RuCl; —4.6 +7.0 - - - - Fit to neutron scattering [35,36] 2016
I Na,IrO; —4.0 +410.5 - - - - Fit to susceptibility and neutron scattering [30] 2013
14T a-RuCl;  —12 +17 +12 - - - DFT + ¢t/ U expansion [44] 2015
2 Na,IrO; 0 —17 0 0 - +6.8 DFT + exact diagonalization [32] 2016
24T Na,IrO; +3 —17 +1 -3 +6 +1 DFT + ¢/ U expansion, direction of moments [40,45] 2016
24+T)Y NayrO; +3 —17.5 +1 +5 - +5 MRCI, fit to Ocw [47] 2014
2+T)Y «a-RuCly; +1.2 —-5.6 +1 +0.3 - +0.3 7 MRCI, fit to magnetization [13] 2016
/2/3 aRuCl = : 0 - T2.7 _ DFT F exact diagonalization - 6
fi 3 o-RuCl; - —6.8 +9.5 - - - Fit to neutron scattering [33]
" ! a-RuCl; - —-5.5 +7.6 - - - DFT + ¢/ U expansion [34] 2016
|3 a-RuCl; -1 -8 +4 - - - DFT + /U expansion [38]
\t 34+ 5 a-RuCl;  —0.5 -5.0 425 - - +0.5 [39]

Three scenarios:
(1) Antiferromagnetic Ki, ferromagnetic
(2) Ferromagnetic Ki, antiferromagnetic J3

(3) Ferromagnetic Ki, positive '

... we will show that finite J; < 0 is also needed

[Chaloupka et al., PRL ‘13]

Winter et al., PRB '16]
[Katukuri et al.,, NJP '14; .. ]

[Rau et al., PRL '14; Ran et al., PRL '17]



Mechanisms to stabilize zigzag

J] Kl Fl J2 K2 J3
Set Material (meV) (meV) (meV) (meV) (meV) (meV) Method Ref. Year
1 o-RuCl; —4.6 +7.0 - - - - Fit to neutron scattering [35,36] 2016
I Na,IrO; —4.0 +410.5 - - - - Fit to susceptibility and neutron scattering [30] 2013
14T a-RuCl;  —12 +17 +12 - - - DFT + ¢t/ U expansion [44] 2015
2 Na,IrO; 0 —17 0 0 - +6.8 DFT + exact diagonalization [32] 2016
24T Na,IrO; +3 —17 +1 -3 +6 +1 DFT + ¢/ U expansion, direction of moments [40,45] 2016
24+T)Y NayrO; +3 —17.5 +1 +5 - +5 MRCI, fit to Ocw [47] 2014
2+T)Y «a-RuCly; +1.2 —-5.6 +1 +0.3 - +0.3 MRCI, fit to magnetization [13] 2016
2/3 «-RuCl; —1.7 —6.6 +6.6 0 - +2.7 DFT + exact diagonalization [32] 2016
3 a-RuCl; - —6.8 +9.5 - - - Fit to neutron scattering [33] 2017
3 a-RuCl; - —-5.5 +7.6 - - - DFT + ¢/ U expansion [34] 2016
3" «-RuCl; —1 -8 +4 - - - DFT + ¢t/ U expansion [38] 2016
34+ J5 a-RuCl; —0.5 -5.0 425 - - +0.5 Fit to neutron scattering [39] 2017

Three scenarios:

(1) Antiferromagnetic Ki, ferromagnetic

(2) Ferromagnetic Ki, antiferromagnetic J3

(3) Ferromagnetic Ki, positive '

... we will show that finite J; < 0 is also needed

[Chaloupka et al., PRL ‘13]

Winter et al., PRB '16]
[Katukuri et al.,, NJP '14; .. ]

[Rau et al., PRL '14; Ran et al., PRL '17]

This talk: Magnetic-field behavior allows to distinguish scenarios!




Warm-up: SU(2) Heisenberg antiferromagnet in field

Minimal model:

H=S 45 5 555
(iJ) I



Warm-up: SU(2) Heisenberg antiferromagnet in field

Minimal model:

H=S 45 5 555
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Warm-up: SU(2) Heisenberg antiferromagnet in field

Minimal model:

H:ZJlgi'gj_E'Zgi
(if) /

§i 1 h (largest susceptibility)



Warm-up: SU(2) Heisenberg antiferromagnet in field

Minimal model:

H:ZJlgi'gj_E'Zgi
(if) /

/ \ Tﬁ 0< |h| <6h/S

“homogenous” canting
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Warm-up: SU(2) Heisenberg antiferromagnet in field

Minimal model:

H:ZJlgi'gj_E'Zgi
(if) /

fully polarized
[{m)|/S =1

... Ssince one-magnon state eigenstate of H

S|

0 1 2
[hl/(645)



o-RuCls: Field directions




Scenario 1: Antiferromagnetic Ki, ferromagnetic J;

Minimal model: [Chaloupka et al., PRL '10; PRL '13]
H=S" [Jl§, St K1575]]
(ij)
Zero field:

Ki>0,J1<0

“cubic-axes zigzag" S || &€, ... along Ru-Cl bonds

... consistent with one of the two options in a-RuCls:

\ - € i »)
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[Cao et al., PRB "16]




Scenario 1 (K1 > 0, J1 < 0) in field: h | [110] || b

... along Ru-Ru bonds

Spin-wave spectrum in high-field phase:

K I M, K’ Mo K M3 K’
(L, Ki) = (-4.6, +7.0) meV

[Banerjee et al., Nat. Mat. '16]

—

... gap closes precisely at z zigzag ordering wavevector Q = M

... consistent with a direct continuous transition to canted zigzag



Scenario 1 (K1 > 0, J1 < 0) in field: h | [110] || b

_ _ ... along Ru-Ru bonds
Magnetization curve:

uniform

(S) ||

Set 1 (K1—J1)

bl [110] | b |1
+ MC (S — o0) | 1

cubic-axis | — anal. (S — o)
z-zigzag . — SW (§=1/2)] -
0.5 1 1.5 2

(N, Ki) = (-4.6, +7.0) meV



Scenario 1 (K1 > 0, J1 < 0) in field: h | [110] || b

Classical phase diagram in [110] field:

- - = ~ o~

7 /‘/ \N\ T T T T T T T T T T T T — '_
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~ 5 N <
0 N 2
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. N .
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J1 = Acosp
Kl — 2Asincp



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

—

Zero fleld Si along cubic axes ... “cubic-axes zigzag”

= Sim ple Ca nting impOSSible! ... canted zigzag will compete with other states

Spin-wave spectrum in high-field phase:

3.0) e e ot
R || [111] " K :
2.5 tH e = 0.627 1 :
| h:2.61AS/ K@ :
200 7 -j
o —
T 151 :
}@ .
W Z
1.0 ¢
0.5 |
0.0 /A N VTN IT TR \
K r M K’

. magnon gap closes at K points!

... different from zigzag ordering wavevector



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

—

Zero field: S; along cubic axes ... “cubic-axes zigzag”
= Simple Ca nting impOSSible! ... canted zigzag will compete with other states

Spin-wave spectrum in high-field phase:
(R — e —

i f
5 M -
2.9 | = 0.627 ! )
| h:2.61AS/\ K@ :

eV ay

X Continuous transition to canted zigzag impossible!

W

1.0 }

0.5}

0.0 VA B S

. magnon gap ClOseS at K pOIHtS! ... different from zigzag ordering wavevector



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Ki > —2J;:
intermediate phases
1.0 e I _
1(a) ¢ = 0.627 3

0.8 + MC (S — o0)
E—anal. (S — o0)
$0.6_‘—SW(S:%)

S
<'Q. _ . +§ polarized
12 0.4 o 8 3
S SRS
S o0
0.2 R S =
/ AF star ED .
0.0 ........................................

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
h/(AS)

—2J1 > Ky > —J;:

first-order transition

polarized
(b) ¢ =0.837 |
?g « MC (S — o0) |
%D — anal. (S — oo)| ]
[ canted — SW (S = 1)
/ z187ag 2
0.0 0.1 0.2 0.3 0.4 0.5



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Kl > —2./1 :
intermediate phases h = 0:
.0 s E— _
1(a) ¢ = 0.62 :

0.8} « MC (S — o0)
E—anal. (S — o0)
N 06 H=5sw(s=1)

S
<'Q. _ . 42 polarized
0.2} : -
AF star ED
D) Cr—m - b= 1
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 ZI1gZag

h/(AS)



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Ki > —2J;:
intermediate phases (AS) < 1.8:
1.0 o e - A
1(a) ¢ = 0.62m |

0.8 | + MC (S — o) { - - TR <]
| — anal. (S — o0) ) ] \ 3 _ w \

L 06 f|—sw(s=1)

% —
1 : ~ b, *
& o > ~LT s -
5 = |
N AF star s S
0.0 ................. N nnnnndonA iAo

0. G . 0 25 3.0 3.5 4.0

h/(AS) “AF star’




Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Ki > —2J;:
intermediate phases 1.8 < h/(AS) < 2.0:
M@ e =o0eer | g |

0.8 H « MC (S = o0)

— anal. (S = oo)|
o« i { a8 .
’ - » i polarized
12 0.4 i ?NSD g . 5
0.2 % gl <
:/ AF star ED ]
) AU | )
0.0 05 1.0 1.590 25 3.0 3.5 4.0 |
h/(AS) zigzag star

... cf. [Chern et al., PRB "17]



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Ki > —2J;:

intermediate phases 2.0 < h/(AS) < 2.6:
1.0 frommmmmrre s S ?

0.8 + MC (S — o0)
E—anal. (S — o0)
$0.6_'—SW(S:%)

]
<'Q. _ 3 +§ polarized
o} W
0.2 R y <
/ AF star . ! :
OO ................... ....... ..............

0.0 0.5 1.0 1.5 2%=2=F 3.0 3.5 4.0
h/(AS)

... consistent with spin-wave analysis



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Classical phase diagram in [111] field:

[LJ, Andrade, Vojta, PRL ’16]
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... similarly complicated phase diagram for [112] direction (a axis)



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Classical phase diagram in [111] field:

[LJ, Andrade, Vojta, PRL ’16]
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“ J1 = Acosp
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degenerate @ “Klein” points
= intermediate phases also for $ = 1/2



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Classical phase diagram in [111] field:

[LJ, Andrade, Vojta, PRL ’16]
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[Jiang, Gu, Qi, Trebst, PRB '11]



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Classical phase diagram in [111] field:

[LJ, Andrade, Vojta, PRL ’16]
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[Jiang, Gu, Qi, Trebst, PRB '11]



Scenario 1 (K1 > 0, J1 < 0) in field: A || [111] || ¢*

Classical phase diagram in [111] field:

[LJ, Andrade, Vojta, PRL ’16]
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[Jiang, Gu, Qi, Trebst, PRB '11]



Summary: Scenario 1 (K1 > 0, /i < 0)

Magnetization process ...
Strongly anisot rOpiC ... but only weak angle dependence of susceptibility and hc
... does not explain anisotropy in a-RuCls

typlca”y no Simple Ca nting ... unless field along high-symmetry direction

exotic intermediate phaseS ... large unit cell, multi- @, vortex



Scenario 2: Ferromagnetic K1, antiferromagnetic J
Minimal model: [Winter et al., PRB '16]
H=> KiSIST+ > 1SS

(iJ) (i

Zero field:

K1<O,J3>O ‘( gAIj_,

“cubic-planes zigzag" S |

-(c&, +s€,), c*+s° =1
... 1.e., within Ru2Clz planes

... degeneracy will be lifted in real materials



Scenario 2 (K1 < 0, J3 > 0) in field

0.8

0.2

0.0

T

cubic-plane
x/y/z-zigzag .

,/ uniform

(S) ||

Set 2 (Kl—J3)
h | [110] || b

+ MC (S — OO)
— anal. (S — o0)
— SW (S =1/2)

1 1 1 1 1 1 1 1 1 1 1

1

1

1

2

3 4

h/|K1S]

~—

1

E

0.8

0.6

0.4

0.2

0.0 L

1.0

i K uniforr_r} 1
8 (S) Il
w Set 2 (Kl-J3) :
W, h|[111] | ¢ |
+ MC (S — OO) ]
i cubic-plane — anal. (S5 — 00)] -
x/y/z-zigzag — SW (5 =1/2)

T T T T T T T T T T T

h/|K1S]

... classical magnetization curve independent of field direction!

... and angle dependence of quantum corrections very weak

(Ki, &5) = (-17, +6.8) meV
[Winter et al., PRB '16]



Scenario 2 (K1 < 0, J3 > 0) in field: Perturbations

Z3 x O(2) degeneracy lifted by:

(i) quantum fluctuations:

§,‘ H ::5X, ::é;,, -

(i) off-diagonal 't > O:

g +[110] or symmetry-equivalent,
| +[111] or symmetry-equivalent,

(iii) magnetic field:

S. 1 h

= competition between different effects

[Sizyuk et al., PRB '16]
¥ [Chaloupka et al., PRB '16]

“cubic-axes zigzag”

f0< <Ky
if [1 > Kj °xé/°

“face-center zigzag”

4 '?7 0 . . 1 2]
< a./ cubic-plane zigzag

... can be tuned by h



Scenario 2 (K1 < 0, J3 > 0) in field: Perturbations

Metamagnetic transitions between canted zigzag states:

1.0

h/S
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2 06
e g ) .
- cubic-plane  Set 24T
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(N, Ki, T1, b, Ko, J3) = (+3, -17, +1, -3, +6, +1) meV

[Sizyuk et al., PRB '16]



Summary: Scenario 2 (K1 < 0, J3 > 0)

Magnetization process ...

mOStly iSOt ropic ... very weak angle dependence of susceptibility and hc
... does not explain anisotropy in a-RuCls

transitions between different canted zigzag states possible

... for some field directions

no exotic intermediate phases

high-field transition continuous



Scenario 3: Ferromagnetic Ki, positive [1

Minimal model: [Ran et al., PRL '17]

H=S" [Jls?‘,- S+ KiSYS) 4T (SeSP + 5?5;*)}
(i)

Zero-field phase diagram?
Zigzag 7/2 [Rau et al., PRL "14]

Stripy

3m/2




Scenario 3: Ferromagnetic Ki, positive [

Minimal model: [Ran et al., PRL '17]

H=S" [J1§, S+ KiSTST +T1(S3SP + 5?5;*)}
(i)

/ero-field phase diagram?

(K1, Fl) = (-6.8, +9.5) meV
[Ran et al., PRL '17]

/2 [Rau et al., PRL '14]

Heisenberg FM
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multi- @ Incommensurate ferromagnet
: Stripy
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... failure of Luttinger-Tisza
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Scenario 3: Ferromagnetic Ki, positive [

Minimal model: [Ran et al., PRL '17]

H=S" [J1§, S+ KiS)SY +T1(S7SP + 5?5;*)}
(i)

/ero-field phase diagram? =2 [Rau et al, PRL '14]

Zigzag
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A A\
I . Heisenberg FM
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J1=0 0 < F* 5045 0.45 S T+ < 0.55

classical SL zigzag incommensurate

[Rousochatzakis & Perkins, PRL '17]

. zigzag can be recovered for [1 > |K1‘ ... failure of Luttinger-Tisza
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Scenario 3: Ferromagnetic Ki, positive [

Minimal model: [Ran et al., PRL '17]

H=S" [J1§, S+ KiSYS) 4T (SeSP + 5?5;*)}
(i)

/ero-field phase diagram? =2 [Rau et al, PRL '14]

Zigzag
.. in Ji-I'1 model
(a) _ AFM
/ A
: . ;
: ¢ =0
L e
J1=0 0< =1 <045 0.45 < =1 < 0.55
1 1
classical SL zigzag incommensurate
_ _ ’ Stripy
[Rousochatzakis & Perkins, PRL '17] 37/2

. zigzag can be recovered for [1 > |K1‘ ... failure of Luttinger-Tisza



Scenario 3: Ferromagnetic K1, Ji, positive [

Minimal model:

H=Y" [J1§,- S+ T (SPSP + 5?5;.*)}
(i)

Zero field:

I'r >0, J: <0

“face-center zigzag'

... i.e., take the limit K1/T1— 0

117

... towards faces of RuClg octahedra



Scenario 3: Ferromagnetic K1, Ji, positive [

(a) 10 ' B Set 3+J3 +———
| R[] ][ |
0.8 M0 (5 = o) | %Ti
"N [ |— anal. (S — o0) ”é‘ oy
=z 06f—sw(s=1/2) 5~
T o04f
s ‘\ 4 face-center
0.2 : f/ x [y /z-zigzag
00 . —t t +—t t —t —— —t t — t —t
(c) 1.0} ,
08f 4 m
il (S) [l A
2 o Ny/
¢ . : ¢ _)SGt 3+J3
= 04) ANSUIENE
: + MC (S — o0) | 1
0.2r ; — anal. (S — o0)| A
- / face-center. —SW (S =1/2)] ]
) zzigzag . T -
0'OO 0.5 1 1.5
h/|K1S|
Observations:

(1) Out-of-plane hc much larger than in-plane hc

(b)

- h/S

(d)

- h/S

(J1, Ki, 1, J3) = (-0.5, -5.0, +2.5, +0.5) meV
[Winter et al., Nat. Comm. '17]
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... as in o-RuCls

(2) |{my)|/S < 1 in polarized phase already in classical limit



Scenario 3 (K1, J1 < 0, I'1 > 0): Consequences of strong I'1

Toy model:

H = Z r(S7SP + 5Ps)

(ij)

In polarized state S =

S
41 if S; | [111] || ¢*
(Eo/(NS?)) =< —Iy/2  if S; || [110]] b
/2 if S| [112]] a

... similarly: components of S; in out-of-plane vs. in-plane direction

= [1 > 0 means ...

“antiferromagnetic’ for out-of-plane spins

“ferromagnetic’ for in-plane spins

... haturally explains in-plane vs. out-of-plane anisotropy



Scenario 3 (K1, /1 < 0, I'1 > 0): Field-angle dependence

[LJ, Andrade, Vojta, PRB '17]

Susceptibility: Critical field hc:

(a) a b —a (b) a b —a
112 [011] [i21] [i10] [211] [f01]  [i12] 113 [011] [i21] [110] [211] [f01]  [i12]
209 . l i l . s . l37r/4l . ' > 209 . l i l . i . l?ﬂr/lll . ' >
| lT l | 17 | l | sasrn] ]
i h € ab ] i et S+ s ]
1.5 1.5 B
i h € ac
:
EE 1o} < 1of
0.5} l St 3171 0.5
h < hg i
00— m/2 =Y ool e T2
Uy } A Uy ) A
) R 7 R Y
112) (111] (o] (11 [112]  [001]  [i12] 112) [111] 0] [111] [112]  [001]  [i12]

(h, Ki, T1, J3) = (-0.5, -5.0, +2.5, +0.5) meV

... immediately testable in o.-RuCls



Scenario 3 (K1, 1 < 0, I'1 > 0): High-field transversal magnetization

High fields: expect ground state w/o spontaneous symmetry breaking

... l.e., expect high-field state to be adiabatically connected to fully polarized state

f =0 S~ -5 S — -5, 57— -57

... IS an accidental higher symmetry

For h || [001]:
(a) Ti=0: (S)|[o01] = [(m)]/S=1
(b) T #0: <§,> | [xxz] with x # 0 not forbidden

= finite (M) L h possible

m | is a direct measure of [ ... independent of K1, Ji, Js, ...

‘ <IT7J_> ‘/| <I?7|| > ‘ ~ 051 at h = h.t for (A, Ki, 1, ) = (-0.5, -5.0, +2.5, +0.5) meV



Summary: Scenario 3 (K1, 1 < 0, I'1 > 0)

Magnetization process ...
strongly anisotropic

X2 much larger than y.

... even without g-factor anisotropy

ces Xab/Xc = 3 ... 4 for (4, K1, 1, J3) = (-0.5, -5.0, +7.0, +0.5) meV
... consistent with small trigonal distortion [Agrestini et al., PRB(R) '17]

high-field state with transversal magnetization

... for field in intermediate direction, e.g., [001]



Conclusions:

Magnetization process crucially dependent on zigzag stabilization:

e Scenariol (K1 > 0, Ji < 0)
» Weak anisotropy in x and hc

» Various exotic intermediate phases

e Scenario 2 (K1 < 0, J3 > 0)

» Nearly no anisotropy in x and hc

» Metamagnetic transitions between different canted zigzag

e Scenario 3 (K1, 1 <0, 1> 0)

» Strong amSOtrOpy In X and hC ... natural explanation for anisotropy in ot-RuCl3

» Finite transversal magnetization in high-field state ... possibly measurable?

» Intermediate phases?

a-RuCls: expect strong ['1 > 0, K1 < 0, and small /5 > 0




