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Quantum kagome antiferromagnet

ZnxCua-x(OD)sCl (S=1/2)



ZnCu3(OD)e¢Cla: A perfect kagome system???

M.P. Shores/G. Nocera et al., JACS (2005)
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- Rhombohedral, R-3m (#166),
a=6.8293A, b=6.8293, c=14.024A
a=90°, 5=90°, y=120°




Cu4(OD)eCly :a pyrochlore system!?

- Monoclinic, P24/n (#14),
a=6.1637A, b=6.8166, c=9.114A
a=90°, =99.6515°, y=90°

- Cu?* ions form the pyrochlore lattice.



Intensity (arb. unit)

ZnCu4(OD)eCla: Crystal Structure
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Rhombohedral, R-3m

Atom Site fraction x y z
Cu1 3b 0.3723 O 0 1/2
Cu?2 Qe 0.8927 .
“ 892 |Kasome lattice,
Zn1 3b 0.6277 . o
55 |oe 007> magnetically 90% filled
Cl 6c 1 0 0 0.195773
(0] 36i 1 0.206226 0.412451 0.061618
D 36i 0.9935 0.131562 0.263119 0.090799




Cu4(OD)¢Cly: superexchange paths

- Jahn-Teller distortion around the doped Cu?* ion

- Bond angle of Cu?*-O%-Cu?* > | 10° between kagome spins:
strong AFM | in the kagome layer

- Bond angles of Cu?*-O%-Cu?* < 100° between kagome and triangular spins:
wealk coupling between kagome and triangular layers

- In kagome layer, two bonds with different bond angles and lengths

Weakly coupled distorted kagome system



Phase Diagram of ZnxCu4.4(OD)¢Cl;
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Cu4(OD)eCly : Phase Transitions at Low Temperatures
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Zheng et al., PRL (2005)
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- Two transitions at ~ |18 K and ~ 6 K.
- From 1SR data, they interpreted the 8K transition involves a long range order.

- At 6K, it transits to a metastable state with strong fluctuations.

- But.. the entropy released at 18 K is only 0.05 RIn2/Cu, surprisingly small for a
Neel ordering (SRIn2/Cu).
- The large amount of entropy is released at 6 K.



Cu4(OD)eCl, : Elastic neutron scattering and Neel state

S.-H. Lee et al., Nature Materials (2007)

- Neel ordering occurs at ~ 7 K.
- Qm = (001).
- consistent with the specific heat data

that showed the large amount of
entropy was released around 6K.

<M> (ue/kagome Cu?**)

- The Neel state is collinear,
rather than 120 degree configuration.




Collinear Vs 120° configuration

E (coll) =4, -8] E(120°)=-2),-4]
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- If we take Goodenough’s prediction, | ~ cos*0/d’, ], ~ 1/3 ]| for Cu4(OD)sCla.



Cu4(OD)eCly : Phase Transitions at Low Temperatures
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Cu4(OD)sCl, : Q-dependence of the magnetic fluctuations
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Summary on Cu4(OD)Cl

- Specific heat: two transitions at ~ |8 K and ~ 6 K.
- Their interpretation of the #SR data:

- The 18K transition: LRO

- The 6K transition is to a metastable state with strong fluctuations.
- But.. the entropy released at 18 K is only 0.05 RIn2/Cu << SRIn2/Cu.
- The large amount of entropy is released at 6 K.

- Elastic neutron scattering:
- LRO occurs below Tn ~ 7K.
- No evidence for another LRO above Tn.
- Inelastic neutron scattering:
- The energy of spin waves shifts from 1.3 meV at |.5K to lower energies
as T increases to TN, and it becomes a gapless continuum.
- The 2nd excitation mode at 7 meV gradually weakens and disappears ~20K.
- The energy of the 7 meV mode does not shift with increasing T.
- S(Q,hw=7meV) resembles that of spin dimers.
- Above 20K, S(Q) at low energies resembles that of spin dimers.



Cu4(OD)¢Cl

Neel state VBS VBL
0 7 20 I

Temperature (K)



Zn doping effects on

anC u4-x(o D)6C |2



ZnxCus.x(OD)e¢Cla: Spin Fluctuations with x
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<M> (u./kagome Cu?*)

| (hw) (1/meV/Cu?**)

ZnxCus.x(OD)eCla: Spin correlations vs x
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Elastic scattering at 1.5 K
- The Neel state weakens upon Zn doping.
- It disappears just above x = 0.4.

Inelastic scattering at 1.5 K
- The hwo = 7 meV mode disappears at x ~ 0.4.
-The hw| = 1.3 meV mode weakens and shifts to
low energies with x.
- The energy excitation spectrum becomes
a featureless continuum for x > 0.4.



Summary: Phase Diagram of ZnxCu4.x(OD)¢Cl>

VBL

20 Monoclinic e

T (K)

SG
0 e, I
0 02 04 06 08 1
Zn concentration (x)




ZnxCus.x(OD)eCla: Spin Fluctuations vs x
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Zn,Cus4(OD)sCla (x > 0.66):
Magnetic field effects on spin fluctuations
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No evidence for any field induced static ordering.




ZnCu3(OD)eCly: Characteristics of Spin Fluctuations

- Featureless in energy and in momentum
- Under H, E (meV) = gugH

- For x = |, 10% of Cu?* ions at triangular sites.
- Are those free spins responsible for the spin fluctuations in the x = | system!?

- Assuming that all Cu?* ions contribute to the observed intensity,

1.7meV
jo [(h®)d(hw)=0.11(3)/ Cu>*

2meV

whereas if only the 10% free spins contribute,
[ Iho)d(hw)=1.13)/ Cu**

2meV
>S(S+1)/Cu* =0.75/Cu**
- As x increases, the spin fluctuations gradually shifts from the collective spin
waves of x = | to the low energy continuum of x = 0.

We conclude that the low energy continuum of ZnCu3(OD)sCl; is due to
collective excitations of kagome Cu?* ions.



Summary: Phase Diagram of ZnxCu4.x(OD)¢Cl>
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Scenarios for Cu4(OD)¢Cl>

- Scenario |

Neel state |: Paramagnet

Neel state Il
- very weak moment

0 7/ 20
Temperature (K)

but..

- The spin wave gap is proportional to the frozen moment.
- The 7 meV energy does not shift with increasing T.

- Scenario |l
Neel state VBS VBL

0 7/ 20 I

Temperature (K)




Spinel AB,04: Crystal Structure

- At high temperature,
Fd3m, cubic
a=6.1637A, b=6.8166, c=9.114A
a=F=y=90°

- tetrahedra
- BOs Octahedra

- The octahedra are edge sharing

- B ions form a pyrochlore lattice



Guide map of “simple” spinel oxides fromTakags tak 06

Transition Metal M = Ti \Y% Cr Mn

d0.5 d1.5 d2.5 d3.5
Li1+M23.5+O 4
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“Charge” frustration
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SC Fermion
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Mott insulator
“Spin” frustration
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S = 1 pyrochlore AFM with orbital degrees of
freedom: AV,0, (A = Zn, Cd)

Additional ingredient: orbital degrees of freedom V3+‘(d2, S=1 )

Y. Ueda et al., (1997) t :j
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Effect of the A**-ion on orbital ordering in AV,04
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Tsunetsugu/Motome, PRB (2003)
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A Spinel with e; electrons

GeNi»0; (S=1)



¥ (emu/mol Ni)

¥ (emu/mol Ni)

GeNi2O4: An S=1 spinel Ni2* (3d®): no orbital degeneracy

Takagi’s group, unpublished (2002)
M.K. Crawford et al., PRB (2003)
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GeNi2O4: Neutron diffraction from a single crystal

M. Matsuda et al., cond-mat/0708.3162 (2007)
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- Four sublattices each of which forms an
FCC lattice

- Along <I | I >, three sublattices form
kagome planes and one forms triangular
planes




GeNi2O4: Magnetic structures of the two phases

M. Matsuda et al., cond-mat/0708.3162 (2007)
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Spinels AB>O4 with B = 3d transition metal ions

Electronic states vs Magnetism

b4
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lie along the ligand axes

B-0O-B superexchange
--> 2nd or 3rd neighbor Js

lie between the ligand axes

B-B direct overlap
-->AFM NN J



GeNi2O4: The origin of the two magnetic phase transitions

Superexchange interactions that involve

J4 ‘T'\ - “or J! one to two superexchange steps
3
7 7 0_-{-\& “J] d Path ( nge 7K ZT
J, LSS \ Ji[vZ BOB 00° 2| 4(0.2(T) 6 (K)
A >< A4 s> 2|6 BOAOB 1-;:5? 125.0 1|4 (1), 4 (K), 4 (T) 12 (K)
\ . _,.74 ~ BOBOB 90°,90° 4
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Mean-field energy for the observed (1/2,1/2,1/2) structure

Eka,g = 2J1 — J3-|— Jé —iLLl:_ 3 1 9
» EFiot = sE1ne + s E = 501 — 3.0
Etri . Sjg—gjé, tot Tkag Tt F1 4

Mean-field energy for (1,0,0) and (I,1,0) structures
Ef, = —Js — J5 4+ 3Jg + |1 — 205 + 2J4]

v < Efy WD |Jy>2h—2h+J+J, | :AFM J4, FM )

Consistent with the Goodenough-Kanamori rules for GeNi,O4



Q=(1/2,1/2,1/2)

J4 bondings among kagome spins

Average total E due to J4 per spin
= 3*%(-8J4) /14 = -6 |4

-8 J4



GeNi2O4: The origin of the two magnetic phase transitions

Mean-field energy for kagome and triangular spins

kTNt = %|Fuagl

Eka,g; = 2J1 — J3+ Jé — 4.0y *
E'ri 3.J3 — 3.J3, k1o 2| Eil

kpTne < kT » Ji— /2 2 J5— Js

Jy > J3; Ji may be antiferromagnetic and J; ferromagnetic

consistent with the Goodenough-Kanamori rules?
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Js| V8 BOAOB 125°, 125° 2 2 (1), 4 (K) 6 (1)

J5| V8 BOBOB 90°,90° 4| 4(I),2(K) 6(T)

Ji|[+10 BOAOB 125°,125° 1| 8(K), 4 (T) 12 (K)




Summary

GeNirOg4

» The two magnetic phase transitions are due to the existence of
two types of spins for a given k: majority kagome and minority
triangular spins.

» At 12.1K, kagome spins order due to AFM J. interactions.

» At 11.4K, triangular spins order. Exchange theory containing

only Js calls for AFM J5 and FM Js, which is not consistent with the
Goodenough-Kanamori rules.



