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Introduction to

strong DC electric fields in Mott insulators




Usual magnetic phase diagram (1) Field-effect transistor (FET)
or Electric double layer transistor (EDLT)
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(4) THz laser pulse may be also used as a quasi-static electric field

TE
Half- or one-cycle
THz pulse

~1 — 10 pico seconds (pico sec = 10712 sec)

Typical time scale of electron dynamics of solids : ~1 — 100 femto seconds
(femto sec = 10~1° sec)

Time evolution of electric field of THz pulse is much slower than electron motion.

Electric field of THz pulse ~ nearly static for electrons



In insulating systems, effects of DC electric fields have long studied,

especially, in the fields of multiferroics and spintronics.
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Many theoretical studies are based on
the symmetry arguments and the effective low-energy theories.

Theories from the microscopic viewpoint
have been not developed enough.

We have tried to develop the theory
which can predict E-field induced phenomena in a quantitative way.



Our target
Effects of DC electric fields in Mott insulators (spin systems)

Outline

1, Electric field can change direct exchange interactions.
K. Takasan and MS, PRB100, 060408(R) (2019).

2, Electric field can change super exchange interactions.
S. C. Furuya, K. Takasan and MS, PRR3, 033066 (2021).

3, Electric field can change magnetic anisotropies.
S. C. Furuya and MS, arXiv:2110.6503.



Control of direct exchange interactions

with DC electric fields

K. Takasan and MS, PRB100, 060408(R) (2019).



Direct exchange interaction
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Magnetic ion

Definition of “direct” exchange interaction in our study
Exchange interaction generated from
direct hopping of electrons residing on neighboring magnetic ions



We theoretically treat the effect of DC electric field as the “voltage”.

Electron number operator
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Setup : Hubbard model + E-field

DC Electric fields = Spatial gradient of the on-site potential
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In the strong coupling regime (t € U ) and the half-filling case, without V..
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Effective spin model by large-U expansion
With on-site potential V..
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What kinds of control is possible ?

Parallel to the E-field : most enhanced e —
Perpendicular not

— Control of spatial anisotropy of exchange interactions

¥

Magnets where their spatial structure plays an important role
should be nic@r this scheme

J3 J2

1. Frustrated Magnets

1

2. Quasi-1D Magnets




Application 1: frustrated systems

Triangular lattice antiferromagnets

Spin Configuration (Classical G.S.) E>0

. v 1D AFM-like

¥ 4 spiral
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Control of spiral orders



Application 2: quasi-1D systems

Quasi-one-dimensional Magnets

E || 1D-chain £ | 1D-chain
+ T Ty J : intra-chain interaction
a: a, i J,, J,  inter-chain interaction
a. ‘]>> ‘]y,z
" F|| 1D-chain — 1D nature is enhanced

£ L 1D-chain — 1D nature is suppressed (2D-3D nature is enhanced)

“Dimensionality” can be controlled by changing the direction of the E-field



Phase diagram of spatially anisotropic 2D spin-1 system

Jx (zero temperature, J,=0)

]y Critical point between Haldane and Neel phases : J = 0.043J,
Matsumoto et a/, PRB 65, 014407 (2001)
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Edge : spin- 1/2 ] E 1 1D-chain
JI | 08 | | | |
~ TU = A\O.6 - =
= =
7 7 .
> 0.4 1 <04 Néel Phase -+
R Néel Phase R
0.2 F — 0.2 —
0 | ] | ] 0 | ] ] |
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Jy/ Iy Jy/ J

Haldane phase is favored (1D like) Haldane phase is suppressed (2D like)

— Field-induced Haldane-gap phase (Control of topological order)



Control of super-exchange interactions

with DC electric fields

S. C. Furuya, K. Takasan and MS, PRR3, 033066 (2021).



Many magnetic materials have non-magnetic (ligand) atoms
between magnetic ions

Magnetic Non-magnetic

ion atom
Cu 0O
—0-0-0-0-0-0-0-0-00-0°0 Sr,Cu0,
Ni_ O .
0000000000000 Y,BaNiO;
S h . . O High T, cuprates
uper-exchange interaction : B G0 G0 CuGe0; 000000000008
exchange interaction between 2 magnetic ions Cu 0 """
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induced by hopping processes m S1Cu,0;

with intermediate non-magnetic atoms

e.g) Alloul et al., RMP (2009)



Set up:
Single-band Hubbard-like models including non-magnetic atoms

Spin-1/2 (one-electron in each magnetic ion)

Electric potential (voltage)

H = _.Z.tl] Z (CLO' j,o! +H.c.)+ ZUini,Tni,l + ZZVi,O'ni,O' + -
L,J i i o

O'O'—

4th order Large-U expansion H .= S@P=0 =515+
M'I L M2
(a) () 1" . _
[ eneray o dey o, de M, ,: in a d-orbit
1 ()= A - (transition metal such as Cu)
2, —u, CHRI<THO _ |
Al_UJ ] s ~ L:two electrons in a p-orbit
;l: | N (non-magnetic atom such as O)



Antiferromagnetic superexchange in the linear configuration

f energy d
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A4, : potential energy at site 1 and 2 Ay(E) —A(E) = —eE - 15



Ferromagnetic superexchange in the triangular configuration

(@)1 energy d, Kanamori-Goodenough rule
Jr is generally ferromagnetic (Jp < 0)
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DC electric-field controls of AFM/FM superexchanges

(@) - ; » Electric potential differences at
- T ECE | three sites.
Ey S, Vs
j=0 J=7 j=1 ":.._,__':< /,/
. | O e g « ForU,; = 5eV, Up = 1eV,
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S .
<. superexchange by O(1)%.
me
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T E=E  The condition will be relaxed for

Z ‘. = " DC electric potential 1E/U, thin films and organic compounds.




Application T

BaCdVO(POs)2

Nath et al., PRB (2008)



Application 1

BaCdVO(POs)2

1 -

Nath et al., PRB (2008)



Application T

Out-of-plane DC electric field changes the model

—p E field

5J2=0

51, > 0

5.]2 = J2
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Application 2

* Spin-1/2 Heisenberg AFM chain.
* GS = critical (Tomonaga-Luttinger liquid)

* DC electric-field drives dimerization of spins.
* Spin gap opens.
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Control of magnetic anisotropies and spin textures

with DC electric fields

S. C. Furuya and MS, arXiv:2110.65083.



So far we considered exchange interaction modified by E-field.
iIsotropic in spin space

Electric field breaks inversion (parity) symmetry.
— electron orbits are deformed (polarization appears).
— Spin-orbit coupling is also changed/generated.
— Magnetic anisotropy is generated by E field.

Case 1: Intra-atom SO coupling Case 2: Inter-atom SO coupling

Kitaev magnets E-field driven Rashba SO couplings

e ¢ ‘/{\“
¢ ot <
goifion

’ ZZ



Large-U expansion leads to spin Hamiltonian
with E-field iInduced magnetic anisotropy

=~ S@2 +
+
| | |
O(|E|%) O(|ET")

<2 total hoppings & intrinsic hoppings ::2 extrinsic (E-driven) hoppings



Case 2 : Mott insulator with inter-atomic Rashba SOC

Building block (3 sites)

M, dy L

— * One of the {4 orbitals, say, the dxy orbital, carries spin-1/2.

. Low-spin d> configuration.

yl N
X Y d;  Three-site model w/ an intra-atomic SOC, the Rashba SOC.

M

. 2

- « Spin-dependent electron hoppings between magnetic ions and
@ E =E“%e, ligand (A oc E electric field).
L ) I )
eg A Z,[lpy,s (055" X dl)zdl,xy,s’ + 1Py o (0gsr X dz)zdz,xy,s' +H.c.|
S,S

dyy

t, * The out-of-plane electric field is assumed.
g
Octahedron



E-driven DM Interaction

9
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d * The spin Hamiltonianw/ E = E%e,:

yI N ;1d2 Hopin = =U/IS1 - S; = B (S{ +S§) +D - 5, % 5.

-

* E-driven DM interaction. D =D (e, + e,)
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Embedding to square lattice

Square lattice made of edge-sharing octahedra.

Assume the Rashba SOC between M-L bonds.

(@) A A (b) « The resultant spin Hamiltonian is
. ud 4 U - y . . . .
R E N BN
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E-driven Néel-type skyrmion lattice expected.




Other applications

« Chiral soliton lattice.
« 1D version of the square-lattice model.

e’

soifon

* Magnetic hedgehogs.
* A multiple-q state.
« Suppose double-q states.

* The electric field can drive a uniform DM
interaction that leads to another q vector.

Hedgehog




Case 1 : Kitaev magnet with intra-atom SO coupling

Three-site models with two magnetic ions

a) — and one ligand.
J . =1/2
" ﬁ Px Py P, . Low-spin d> configuration.
J . = 3/2 M * Joie = 1/2 doublet carries a (pseudo)spin-
1)
(o) (©) (d) * Hubbard-like Hamiltonian with large on-
site Coulomb repulsions.
M, L bt ,{i))"
e Y o jt «  Our model is akin to the model used by

yi_))( . @ Jackeli and Khaliullin [PRL (2009)] to
z d N realize the Kitaev model on the

Xy v .
M, ad, honeycomb lattice.



Large-U expansion : Kitaev-Helsenberg-I''-DM model

« W/o the DC electric field:

Hspin = —|JIS1 - Sz + KS{S7 —h- ZSj
J
cf. G. Jackeli and G. Khaliullin, PRL (2009)

-
-

+ W/E =E%e, + EVe,:

Hspin = —|JIS1 - S, + KS7S7 — h'ZSj +D - 51 X5
J

-

-

- W/ E =E%e,:

Hspin = —|J|S1 - S + KS¥S; —h- Z.Sj
ot j
+D - Sy X Sy + T'[SZ(SF + S2) + (SF + S7)S7]



I'' term and magnetic field cooperatively
opens Majorana gap and induces QPTs.

e [ interaction: 32t3

Ug — Uy + Agp

)2

[’ = IE?(

9 Uy — Uy + Agyy

* Perturbative expansion:

« Second-order term: —

: h T’ h*EZ
 The Majorana gap P 0'¢

-

e E will change the Chern number of the chiral
quantum spin liquid.
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D. Takikawa and S. Fujimoto, PRB (2020)



DM interaction also leads to QPTs in Kitaev model

e
H = Hg + Hpy + Hp ;
Kitaev interaction
+ DM interaction
. . Q)
+ Zeeman interaction WV
),
00 0.1 02 03 04 05 06 0.7 0.8 09 1.0

K

Ralko and Merino, PRL (2020)



Summary
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Setup : Mott insulator + DC Electric field

(without current, No “Mott breakdown”)

Control direct- and super-exchange interactions with a DC Electric field

o o @+ 0

(e.g.) Applications of Control of exchange interactions in many-spin systems

1. Frustrated Magnets 2. Quasi-1D Magnets 3. Frustrated ferromagnets
E-field-induced E-field-induced E field changes models
magnetic order and QSL magnetic and top. order ey E field
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, AVERY “ / ‘ o.i— ] 4 02 § e -

1 1 | I 1 1 | 1
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Control magnetic anisotropies with a DC Electric field
Case 2: Inter-atom Rashba SO coupling

 The DC electric field can yield DM interactions and drive quantum phase transitions from
collinear phases to topological spin texture phases.

. B Hedgehog

(@) 4|_|} 4u} (b) /

. s ’ y
® <G B < B <E ZL"L

AN ST 18 M

U 5 U ,,’ ‘\\ 2 0

e M ﬂ
4[]} N // ﬁ \\ L2 b

Case 1: Intra-atom SO coupling in Kitaev model

 The DC electric field can yield DM interactions and
off-diagonal symmetric magnetic anisotropies

['(S2SP + SPS) to Kitaev materials such as c-RuCla.
H =% % (“KoSISf+]Si-S) + 1'% 5 3 (S{S) +57S])

ai,j)a a(i,j)agb+a



