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Frustrated magnets
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Frustration from geometry: kagome and
pyrochlore lattices
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Frustration from anisotropic interactions:
Kitaev model
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/ / A. Kitaev, Annals of Physics 321, 2 (2006),
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Exactly solvable for $=1/2, massive classical degeneracy




Kitaev model: Majorana fermions
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Free fermion solution!
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S* =1b*c, SY =bYc, ST =1b°c

Vlajorana fermions:
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Non-abelian statistics in magnetic
fleld: path to topological qguantum
computing

A. Kuraes, A. lllens, M. Banbsin
KJACCUYECKHE H KBAHTOBBIE BBIYHCJIEHHUA

4. AnvoHE. AHMOHEI — 2TO 0COOLIe BO30YXKAEHUSA B JBYMEPHBIX KBAHTO-
BBIX CMCT€MaX, B YaCTHOCTH, B ABYMEDHOM DJICKTPOHHOM KUIKOCTH B Mar-
uuTHOM nosae. Oaun u3 abropoB (A.K.) cuuraer >roT moaxoa Haubonee
MHTEepeCHEIM (MOCKOJBKY OH ke ero u mpuaymai [32]), mosroMy omumeM
ero foaee noaApoOHO.



Honeycomb Kitaev magnet BaCo (AsO,),



BaCo, (AsO,),: structure
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Honeycomb layers
(related to structure of mica)
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BaCo,(AsO,),: easy-plane anisotropy
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L.P. Regnault et al., Physica B+C 86, 660 (1977)



BaCo,(AsO,),: «double zigzag»+plateau
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Electronic structure of d’ 1on - Co?**
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Exchanges of Co**
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M= JSi-S;+KSS]+T (808 +8755)
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H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018)
R. Sano, Y. Kato and Y. Motome, Phys. Rev. B 97, 014408 (2018)




Kitaev materials with Co?**

CoTiO, XXZ+(small bond-dependent)

Elliot, M. et al. Nat Commun 12, 3936 (2021)
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SRE ), Large K, large J3

Ising chains: CoNb,O,, BaCo,V O,
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BaCo,(AsO,),: ab initio exchange Integrals

U 6 eV
J1 (K) | -40.9
K, (K)| 2.2
I (K)| -1.7
) (K)| 4.0
Js3 (K) | 24.6
Ks (K)| 0.2
I's (K)| -6.0
L (K) | -2.3
DFT /A.Ushakov, Z.Pchelkina, S.Streltsov (IMP RAS)/
(total energy method)

Almost Isotropic model with 3rd

neighbor interaction
J.>05J

Adreement with ¢ S. Das et al., Phys. Rev. B 104, 134425 (2021)

PM et al., Phys. Rev. B 106, 165131 (2022)
P.A. Maksimov, Phys. Rev. B 108, L180405 (2023)



Neutron scattering

Neutron diffraction

(1) Neutron beam
i Energy and
® Detector E, momentum of
/ the excitation
E - Q = k- k,
@ hw = E- E;




Inelastic neutron scattering in BaCo (AsO,),

In polarized state spin-wave theory is almost exact = spectrum fit = exchange integrals

PN
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© parameters: 4 exchanges + 2 g-factors

M Model (This Work

J. D. Thompson et al., Phys. Rev. Lett.119, 057203 (2017)
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elastic neutron scattering In BaCo,(AsO,),
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Dots — data from L.P. Regnault, Grenoble
Lines — linear spin-wave theory
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Inelastic neutron scattering in BaCo,(AsO,), : fitting
guality
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DMRG: double zigzag
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PM, Shengtao Jiang, L.P. Regnault, A.L. Chernyshev, to be published in PRL (2025)



Pyroxene SrCoGe, O,



Pyroxene SrCoGe, O,
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L. Ding, C. V. Colin, C. Darie and P. Bordet, J. Mater. Chem. C, 2016
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Fig. 8. Representation of the magnetic structure of SrCoGe,Oq
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AD Initio calculations

DFT results:
J=-12 K (FM)
J1=8 K (AF)
J2=11 K (AF)

Strong inter-chain coupling — long-range order — spin-wave theory



Effective pseudospin 2 of Co*"

Oak Ridge powder scattering data
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H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407
(2018)
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014408 (2018)
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Kitaev-Heisenberg ansatz

L HoS ), S0 8+ KS78] + 1 (8057 + 5757
N o (Szozs;y 4 S;Sf‘ + S,?SJB + SZBSJ)

Only x and y bonds



Fit criteria

T=2.0K, H=0T. Padajushaja energija Ei=5.0 meV.
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r—2 K+ 17
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° Cantlng angle ~6° J. Chaloupka and G. Khaliullin, PhyS Rev. B 92, 024413 (2015)



Full exchange model

_ ale B o
H=Y 0 JSi - S; + KS]S) +T (S88] + 8757)

e *§  [O-TM
: o7 |80-0 g Y v QP B Qv
o + 17 (S28] + 578+ 87S) + 577
o, ¥, A
o & . 8 .0 Table 1: Comparison of the exchanges from ab initio (GGA+U+SOC) calcula-
U’?*-f'?*. tions and neutron scattering fit (LSWT).
T | Method J K |K/J| I I J1 Jo
GGA+U+S0C -1.20 1.12 0.93 - - 0.74 1.06
LSWT -0.87 0.83 0.96 0.43 -0.26 0.40 0.60
The exchanges are in units of meV.
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Single crystal neutron scattering
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Conclusions

* Co2+ ions can have strongly anisotropic exchanges

* Need to be described by a 3x3 matrix — Kitaev-Heisenberg
model, XYZ model, etc

* |nelastic neutron scattering can provide crucial info
* Linear spin-wave theory gets complicated

* Need as much information as possible
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Kitaev exchange mechanism
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Pseudospin: d° ion+SOC

octahedral 5 spin-orbit electronic
o A& g - :
crystal fiela coupiing _ o~ j=1/2 correlations N
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d-orbitals Q000 =32 U

A —1Ivzd))  (mj=+3)
T —zt)  (mj=—3

iS0spin up spin up, =0 spin down, |=1

FIG. 1: (Color online) Density profile of a hole in the isospin
up state (without tetragonal distortion). It i1s a superposition
of a spin up hole density in |zy)-orbital, I- = 0, (middle) and
spin down one in (|yz) + i|zz)) state, [, = 1, (right).

G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205 (2009)



Topological quantum computing




Phase diagram of Co*" honeycomb

H. Liu, J. Chaloupka and G. Khaliullin, Phys. Rev. U/ Apd
Lett. 125, 047201 (2020)



Kitaev materisals: d° 1ons

(b)

B3anMoOencTBYET TOSIbKO
Z-KOMIMOHEHTa ncesaocnmHa

TLEEFF B 8=
H=KYS S8
T\~
K ~ tQJH/UQ (17)
S.M. Winter et al., J. Phys.: Condens. Matter 29 G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102,

493002 (2017) 017205 (2009)



da3oBad anarpamma moaenmn Kntaesa-
[en3eHbepra

H=>» JS;-S;+KS]S]

(25)7

J =cos¢p, K =sin¢

bonblwasa yactb ha3oBont
onarpamMmmbl —
ynopsaovYeHHble ashbl

Jifi Chaloupka, George Jackeli, and Giniyat Khaliullin, Phys. Rev.
Lett. 110, 097204 (2013)



BaCo (AsO,),: J -J, model
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Magnetic excitations

Experiment Theory for spiral state
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OPPeKTUBHLIN 0OBMEHHbLIV TAaMWUTILTOHMAH

O O
J J J
O ® R Tx TY Tz
Hw — S;P Jyw Jyy Jyz SJ
Jz:v Jzy Jzz

B3anmogencTteuns, paspeLlleHHble CUMMETPUEN
PELLETKMN:

* NOBOPOT HAa 71 BOKPYI CBA3N x—-Xx, z—>-Z

* MHBEPCUA OTHOCUTENBHO y3na

* MOBOPOT Ha 27/3 B NNOCKOCTU
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OPPeKTUBHLIN 0OBMEHHbLIV TAaMWUTILTOHMAH

O O A - Joo Ty @
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TzLy Jzz
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B3anmogencTteuns, paspeLlleHHble CUMMETPUEN
PELLETKMN:

* NOBOPOT HAa 71 BOKPYI CBA3N x—-Xx, z—>-Z

* MHBEPCUA OTHOCUTENBHO y3na

* MOBOPOT Ha 27/3 B NNOCKOCTU



OPPeKTUBHLIN 0OBMEHHbLIV TAaMWUTILTOHMAH
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B3anmogencTteuns, paspeLlleHHble CUMMETPUEN
PELLETKMN:

* NOBOPOT HAa 71 BOKPYI CBA3N x—-Xx, z—>-Z

* MHBEPCUA OTHOCUTENBHO y3na

* MOBOPOT Ha 27/3 B NNOCKOCTU



Pas3imyHblie opMbl aHU30TPOMNHOIo

[aAMWJIbTOHNAHA

H=Y 1, J (5255 + SYSY + AS2S7)
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PacLumpeHHaa mogesnb Kutaesa-I endeHbepra — Kybuy4eckne ocu

M= JSi-S;+KSS]+T (808 +8757)

(25)7

J.G. Rau, E.K. Lee and H.-Y. Kee, Phys. Rev. Lett. 112, 077204 (2014)

H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018)
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214 =

I (5782 + 8787+ 508) + 8787 )

(K —T —2I),

(K

21

AT,

(—K — 2T + 2I),
V2J,+ = = (2K — 2T + 2T")



BaCo,(AsO,),: ab initio exchange Integrals

DFT /A.Ushakov, Z.Pchelkina, S.Streltsov (IMP RAS)/
(total energy method)

a)

Direct hopping t ~ —300 meV larger than hopping

through xz, yz orbitals, t ~ 50 meV
Strong third-neighbor hopping

t3:1 24meV

ED /S.Winter, Y. Li (Wake Forest)/
(exact diagonalization)

5eV 6eV 7 eV

U
J1 (K) |-61.0 -40.9 -37.6
K, (K)| 03 22 53
Ny (K)|-22 -1.7 -18
M (K)| 51 4.0 32
J5 (K) |31.4 24.6 18.7
K3 (K)|[-02 0.2 -0.2
I3 (K)|-4.5 -6.0 -4.5

L (K)|-3.6 -2.3 -1.8

Jiis, | 0.7 ¢V - 0.9eV |

U 3.20 eV eV beV T eV
I, (K) |-107 (-127)|-37 (-57) -18 (-38) -8.8 (-29)
K (K)| 32 13 65 = 34
) (K)| 28(35) | 14 (21) 8.0 (15) 4.8 (12)
Iy (K)| 9.4 (16) | 7 (14) 4.0 (11) 2.4 (9)
Ja (K) 43 30 27 24
Ka (K)| -06 04 = -0.3 0.3
s (K) -20 12 10 8.9
ry (K)| -21 12 -1l 9.2




Kitaev model in «natural» reference frame

>y IS+ S5 + KS]S] + T (828) + 8757)

(ligand octahedra) N, (S;XS;/ 4 SZW/S]Q 4 S,?/SJB 4 st;)

=i J(S:;”Sf +SYSY + ASij)

y4 y4 AN y4 N AN

(8787 =SS! )ea — (S7SY + S/'ST )sa)

(8797 + 9257 )ea + (SV57 + 8257 ) 50

J=Jo+ 3 (K —T —2I"),
(K + 2T + 417),

Cubic axes H=
{x,y,2}
X
H
Crystallographic axes
(lattice plane) — 2J
{2}
o JZ:
AJ = Jy + %

|

::§

Pseudodipolar —
bond-dependent

2. (—K — 2T +21"), Car = €05 a
V2J,+ =+ (2K — 2T + 2I')

¢o = {0,27/3, —2m/3}



J -J+XXZ model

M
0 /3 O, 21/3
]
K
0.8
Luttinger-Tisza method: . 0.6 H:Z(z‘j}l J(S;EESf ™ SinJy T AS?S?)
H=> S,JoS_ | TST SO
Eq: JoS_a . BTSN + >, Js (257 + SYSY + ASzS?)
1
S’L — S qr
VN zq: " 0.2
> ISi? = NS
’ 0

0 02 04 06 08 1
YNIVA



J -J,+XXZ model+bond-dependent terms

M 0 /3 0, 21/3
0.5
K 0.4
03
0.2

o0 og oo os ] oot os oo o 00 04 06 08
L)\ A LV
All bond-dependent terms H=Y, J(Sg 57 4 SYSY 4 AS: 5;:)
suppress (0,0 ) spiral at
y —92J Sr8% — 8§98 ) ey — (S*SY + SYS* ) s,
large J, SR !

— Lox (8782 + 8257 )ea + (SVS7 + 578Y ) 5a)




BaCo02(As04)2

TABLE VI. Local exchange couplings for BaCo,(AsQO;, ),.

BaCo3(AsOy4); Bond-1 Bond-3
J —12.40 5.51
K 2.06 —0.30
I' 4.05 —1.44
n —0.84 0.00
I 1.82 —1.42
[ 4.89 —1.45
BaCo,(AsO, ), Bond-1 Bond-3
JxY —14.5 meV 7.1 meV
J? —3.8 meV 2.3 meV
D 1.5 meV ~()

E —1.7 meV ~()

S. Das et al., Phys.

Rev. B 104, 134425 (2021)



AD Initio ground state
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Minimal model for BaCo,(AsO,),

M &

0 - /3 27/3

Huin = 211, N1 (stf T Sfl/syy) +J3 235y (S”EUS;U i SEJS&?%)

K — (8287 + S75% )ea + (V82 + 5757 )sa ).

JZ:::g(K_F_I_F/)




Double zigzag in BaCo (AsO,),

M

H o in = ZWM J1 (S;ZESCB SySy) + J3 Z (i5)3 (SfﬂSaz S,;?JS;'J)

o ID((sr85 4 si87) e+ (587 4 575V s

— V2 (K —T+1")

S=1/2
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Quantum fluctuations

) Biguadratic coupling
/| BY (S8,
)

(4

el

' { |
HeHyp1/3 H=Hy/3 Hoy/I<H<Hg
0.25
[ ]
F ..'- : : < :
0.20ps % .f’T RS Y L S
I 1-.I .'I 5 J‘ ;l.- I|I_
[ ] B i L .‘I
! o i
| L 1:1.15;4_}": : } ok “f‘.r' |
‘ =) i f: & o
[ = : | M.,:-I-’NH i
[ - 0.10F | SRR | .- L R o T N— A W
i E .
A N . .
H i : 0058k ‘I. ...... | ..... r. ....................... ........... # .....
: N | » LB
. | g AN,
! 0.00 i L i L i i i
| 0 1 2 3 4 5 b 7 8 4
I External Field h
I

H i | H! | Hmf
Magnetic field

Christian Griset, Shane Head, Jason Alicea, and Oleg
A. Starykh

AV Chubukov and D | Golosov, J. Phys.: Condens. Matter 3, 69 (1991) Phys. Rev. B 84, 245108 (2011)



Quantum fluctuations

N

» (arb. units

Biguadratic coupling
2
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JE:{L4hﬁw
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Fleld-induced magnetic transitions in BaCo,(AsO,),

B 3r_‘| T 1 T :—l—l—él—|—|§—l—l—l—l_1 A
4 ! — 1 i
I [ : :
L
el EEEE
o | =d i | -
O = l 0
R B S
2 g 3
= - 4 i ! T R T T T w— ' a
S 8 4FE|{I:]:|[T:|4 8 : =
TR IV ARSI 00 =
N | =
g [ ‘ e
m_1— | : P.?
© : ]
= | : H-:E
—2t ! :
|
|
r [
[
-3 * ; . :
—-1.0 —-0.5 0.0 0.5 1.0 Magnetic field (T)

D -
R. Zhong, T. Gao, N. P. Ong, and R J.
Cava, Sci. Adv. 6, eaay6953 (2020)



Fleld induced magnetic transitions in BaCo (AsO,),

lo
oy
Ul
oS
2% 4

K \ f’ ‘\
\ /; \ s

L.P. REGNAULT and J.\F?OSSAT—I\/IIGNOD, Journal of Magnetism and Magnetic Materials 14,194 (1979)



Field-induced transitions of the minimal model

J3=0.4|J,|
’m
polarized AN
polarized a
6
1 4
. UUD ¢ 2
ZzZ _,_'"'J; d-zz |
aF 0

" 02 04 06 0.8 1

v (arb. units)



Field transitions in BaCo (AsO,),

(a) J;=0.34|J,| (b)
__________________ +
— Ref.35 R
1| — cCalculation P
; 7 ‘ Double-zigza
0.8 r — 2
i —
306'\‘\ O
o o A
04F =2 J —
0.2+ > -
A i 4+— il
% 0.1 02 03 0.4 0.5 % 0.01 0.02 0.03 0.04 0 02 04 06 08
(3) . : : .
T V| gy HJ| L

R. Zhong, T. Gao, N. P. Ong, and R. J. Cava, Sci. Adv. 6, caay6953
(2020)



Inelastic neutron scattering in BaCo,(AsO,), : fitting

H=Y 1y, Jn (S2S7 + SVSY + 2,877
21 (8787 = SYSY)ea — (SESY+ 8157 )5a)  n=1,2.3
— Lox ((S78% + 8257 )ea + (SVS7 + 578Y ) 5a )

Free parameters
/ equations — {J17A17J 7JZ::7J37A3791)}

Fixed J =-0.21 meV, g .=4.8

Spin-wave theory
ST ~a

S~ a~al

S*=5S—dala

)
{J1,A1, 004,00} = {—6.54,0.36,0.15, —3.76} (meV)
{Js, )3, A3} ={—0.21,1.70,0.03} (meV)




(@) 4 ¢ ML N st b i gy (@) 24 o 2 22 3 Pl
S R ﬁz_ gt eetalalalatatsTeseeisls ﬁD:

262025202020 20 0% % aTe e2a2n2nalg st et et et ets
2020000202024 7022525252225 2 R 020200202 2n g2ttt et ETEEE
|@@&ﬁh@@@&&%@%ﬁ#-y$ LIRS
eSe2eSedr o0 S020002e 282828420 % O R OO OO T wi
0 0.3 0.6 0.9 12 p 15 Z X 0 10 20 30 40 50 p, 60 ¥ “

I I | 0.3 T T T | 0.3

1 | | 1

b Es—s = (c) () Es—s 5]

041 = 05 | (Sf.Si+}-‘) 0.4

—

| 1@ sisy)
0.2 '
02} - (S,-S... ) m—A - (Si°Sis.)
of - of
//: __,/ /\"4 L’\/@‘

m— . | | 1 | | L -0.1 1 1 | | 1
0 0.3 0.6 0.9 1.2 I 15 0 03 06 09 12 515 0 10 20 30 40 50y 60 0 10 20 30 40 30 hZBO
X j <

oteteeteteteoratnedededesede
soseteteloteleosasedetacetedaied

00020202000 000 000 000 0g® W(}
000062020 2000203000000 8292000
0003020002000 2020203030 020 28 B S
o
(8

2P0 P2 02020020000 0. 0_ 8.0
Q'...' 477 .....Q....Q. A .
0 0.3 0.6 0.9 1.2 h;j’ 15
(b) | 1 1 1 0'3 ( ) I | |
i — e Sz i C Q.
0.4 0ok (S;-S;4y) y
01-/\/\/00\—/61—’ -
e2r 1 (Si*Sity)
P . T '
= > i X
0 : — 0.1 l L l
0 0.3 0.6 0.9 1.2 1.5 0 03 06 09 12 1415
h;f hy



Magnetic order
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Intra-chain exchanges

O e @)
Y 0 0 0 0 0 o 0
b
@ @
Glide symmetry of chains: o e
c/2 shift+ reflection o % (K = 4T — 9,
Jyy =J + K/2 T,
S (_1)mJ:Uy J** Sz = Jl—_ % (K + 21" + 4F/) ;
J(m) — (_1)mey Jyy (_1)mJyz ny — m (K + QF L QF/) ,
ST (—1)™Jvs J#* Joz = 55 (K +T —T"),
Jyz — _%(K—F—l—r/)

Generic model has 6
parameters

Michele Fava , Radu Coldea and S. A. Parameswaran , PNAS 117, 25219 (2019)
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First step: Fitting magnetization

M{muB)
257
2.0 4
: ga=3.96
1.5} — Hi|a gc=3.9
I Need to correct for Van Vleck contribution
—— HJ|cC
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Fitting procedure

Energy transfer (meV)

2.5F

1.5

0.5

Energy transfer (meV)

15
(H,0,0(0Q))

SrCoGe206, 1.7K, 0T, hkle:[-0.1,0.11,0.02,[-0.1,0.11,[0.0,0.025,3.0]
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Identify several different high-symmetry points
Optimize spin-wave energies

(depend only on several parameters)

Obtain (Ixx,Jyy,Jzz,J1,J2)

Jxz depends on the OT canting angle

2J:Uz
Ja:ac _ Jzz

tan 20 =



Intra-chain exchanges

O e @)
Y 0 0 0 0 0 o 0
b
@ @
Glide symmetry of chains: o e
c/2 shift+ reflection o % (K = 4T — 9,
Jyy =J + K/2 T,
S (_1)mJ:Uy J** Sz = Jl—_ % (K + 21" + 4F/) ;
J(m) — (_1)mey Jyy (_1)mJyz ny — m (K + QF L QF/) ,
ST (—1)™Jvs J#* Joz = 55 (K +T —T"),
Jyz — _%(K—F—l—r/)

Generic model has 6
parameters

Michele Fava , Radu Coldea and S. A. Parameswaran , PNAS 117, 25219 (2019)



Fitting procedure

Energy transfer (meV)
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A J1=0.2 meV, J2=0.8 meV
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— « 1073

Convoluted spectra: Re s (w,Q), Te fE@@aQR
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H=13.5T, Hj|c H=8T H||b
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