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Quantum kagome antiferromagnet
 

ZnxCu4-x(OD)6Cl2 (S=1/2) 



- Rhombohedral, R-3m (#166), 
    a=6.8293A, b=6.8293, c=14.024A 
    =90o, =90o, =120o 

ZnCu3(OD)6Cl2: A perfect kagome system???
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M.P. Shores/G. Nocera et al., JACS (2005)

kagome layer

triangular layer



Cu4(OD)6Cl2 : a pyrochlore system?

kagome layer

triangular layer

- Monoclinic, P21/n (#14), 
    a=6.1637A, b=6.8166, c=9.114A 
    =90o, =99.6515o, =90o 

- Cu2+ ions form the pyrochlore lattice.



Rhombohedral, R-3m

ZnCu4(OD)6Cl2: Crystal Structure

Kagome lattice, 
magnetically 90% filled

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

Neutron diffraction



- Jahn-Teller distortion around the doped Cu2+ ion
- Bond angle of Cu2+-O2--Cu2+ > 110o between kagome spins: 
	 	 strong AFM J in the kagome layer
- Bond angles of Cu2+-O2--Cu2+ < 100o between kagome and triangular spins:
  	 	 weak coupling between kagome and triangular layers
- In kagome layer, two bonds with different bond angles and lengths
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Phase Diagram of ZnxCu4-x(OD)6Cl2

Monoclinic
P21/n

Rhombohedral
R-3m

Weakly coupled
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dilute kagome
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Cu4(OD)6Cl2 : Phase Transitions at Low Temperatures

Zheng et al., PRL (2005)

- Two transitions at  ~ 18 K and ~ 6 K.
- From µSR data, they interpreted the 18K 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 Rln2/Cu, surprisingly small for a 
Neel ordering (SRln2/Cu). 
- The large amount of entropy is released at 6 K.



Cu4(OD)6Cl2 : Elastic neutron scattering and Neel state

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

S.-H. Lee et al., Nature Materials (2007)
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Collinear vs 120o configuration

J2
J1

E (coll) = 4 J2 - 8 J1 E (120o) = -2 J2 - 4 J1

E (coll) < E (120o) J2 < 2/3 J1

- If we take Goodenough’s prediction, J ~ cos4/d7, J2 ~ 1/3 J1 for Cu4(OD)6Cl2. 



Cu4(OD)6Cl2 : Phase Transitions at Low Temperatures

- Two excitations at 1.5K at 1.3 meV and 7 meV.
- With warming, the 1.3meV mode shifts to 
lower energies and above the Neel transition, it 
becomes quasielastic continuum.

- The 7 meV mode survives well above 7K, 
gradually diminishes around 20K, coincides 
with the 18K transition in the Cv.
- The energy of the 7 meV mode does not 
change with T



Spin dimers: 

mode

Cu4(OD)6Cl2 : Q-dependence of the magnetic fluctuations

Spin waves
mode

- The two excitations also have different Q dependence



Summary on Cu4(OD)6Cl2

- Specific heat: two transitions at  ~ 18 K and ~ 6 K.
- Their interpretation of the µSR 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 Rln2/Cu << SRln2/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 1.5K 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)6Cl2

Temperature (K)

0 7 20
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Zn doping effects on
 

ZnxCu4-x(OD)6Cl2  



ZnxCu4-x(OD)6Cl2: Spin Fluctuations with x



ZnxCu4-x(OD)6Cl2: Spin correlations vs x

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 h0 = 7 meV mode disappears at x ~ 0.4.
- The h1 = 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)6Cl2
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ZnxCu4-x(OD)6Cl2: Spin Fluctuations vs x

SCGO (S=3/2)
SHL et al. Euro. Phys. (1996)



ZnxCu4-x(OD)6Cl2 (x > 0.66): 
Magnetic field effects on spin fluctuations

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

x = 0.66x = 1
J.S. Helton/Y. Lee et al., PRL (2007)

©!2007!Nature Publishing Group!
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Figure 4 Q dependence of magnetic fluctuations in ZnxCu4−x (OD)6Cl2. a, Cu4(OD)6Cl2; b, Zn0.66Cu3.34 (OD)6Cl2; c, ZnCu3(OD)6Cl2. Different colours represent the data
obtained for different energies at different temperatures. In a, black symbols represent I (T= 40 K, h̄ω = 4meV), red I (T= 1.5 K, h̄ω0 ) and blue I (T= 40 K, h̄ω1 ).
b,

∫ 0.8 meV

0.2 meV I (1.5 K)− I (10 K) d(h̄ω ) (blue squares) obtained from the x= 0.66 sample, which shows an increase of intensity at low energies below 10K. The inset of b
shows the temperature dependence of these low-energy excitations (blue squares) and that of the bulk susceptibility (pink lines) measured under field-cooled (FC) and
zero-field-cooled (ZFC) conditions, indicating spin freezing below 5K. c, Low-energy magnetic excitations measured at 30 K and with h̄ω = − 0.6meV (cyan squares). Here
I (1.5 K) with negative energy transfer was measured to determine non-magnetic contributions using the principle of detailed balance, I(−ω )= exp(−h̄ω/kBT ) I(ω ), where
kB is the Boltzmann factor, and was subtracted from I (30 K). Blue squares are the difference in intensity between 1.5 and 30 K, measured with h̄ω = 0.6meV. Statistical
errors were determined by the Poisson distribution.

between the two magnetic (001) and (010) Bragg peak positions
of the x = 0 system (see Fig. 3a), suggesting that this intensity
is due to short-range critical fluctuations around the Néel state.
The low-energy excitations grow below Tf ∼ 5 K (blue squares in
the inset of Fig. 4), at which bulk-susceptibility (χ) data (magenta
lines) show field-cooled and zero-field-cooled hysteresis, indicating
a spin-glass-like phase transition. When x = 1, on the other hand,
not even spin freezing occurs at low temperatures. Only a nearly
Q-independent increase is observed on cooling at low temperatures
(blue squares in Fig. 4c). Interestingly, the Q dependence of
low-energy magnetic excitations (cyan squares) can be modelled
by the squared magnetic form factor of the single Cu2+ ion with
S =1/2 (cyan line). This behaviour, characteristic of the excitations
of uncoupled spins, is also observed in the magnetic-field-induced
excitations of the spin-liquid phase of ZnxCu4−x(OD)6Cl2 with
x ≥ 0.66. As shown in Fig. 5, when the field, H , is applied to the
x = 0.66 sample, the energy continuum of magnetic excitations
changes to develop an excitation mode at finite energies. The
peak energy of the field-induced excitation is proportional to
H: E (meV) = 0.12(3)H (T) ≈ gµBH , where g is the g factor
and µB is the Bohr magneton, which is the expected Zeeman
splitting behaviour of a single magnetic ion in the presence of an
external magnetic field. This result is consistent with the previously
observed field effect on the x = 1 sample14.

What is the origin of the single-ionic excitations in the spin-
liquid phase of ZnxCu4−x(OD)6Cl2 with x ≥0.66? Spin-liquid states
that have been theoretically proposed for the perfect quantum

kagome antiferromagnet have strong characteristic Q dependences
due to strong spin correlations, which cannot explain the observed
single-ionic behaviour. To understand the observed behaviour let
us consider the effect of Zn doping on the crystal structure.
It has been assumed that because the Zn2+ ions are not Jahn–
Teller active they prefer the triangular sites, which are surrounded
octahedrally by six O2− ions, over the kagome sites, which are
surrounded non-octahedrally by four O2− and two Cl2− ions (see
Fig. 1a,b). If the non-magnetic Zn2+ ions replace the Cu2+ ions at
the triangular sites only, but leave the Cu2+ ions at the kagome sites
intact, ZnCu3(OD)6Cl2 would be the fully occupied perfect two-
dimensional quantum-spin kagome system. To find out whether
this is indeed the case, we have made neutron powder-diffraction
measurements on the x =1 sample and refined the crystal structure.
Our results show that Zn2+ ions prefer the octahedral triangular
sites but they can also go into the non-octahedral kagome sites. For
x =1 the triangular sites are 36% occupied by Cu2+ ions and 64% by
Zn2+ ions whereas the kagome sites are 90% occupied by Cu2+ ions
and 10% by Zn2+ ions (see the Supplementary Information). The
dilution of the kagome lattice may provide a possible explanation
for the single-ionic spin fluctuations.

To test this scenario we have normalized our inelastic-
neutron-scattering data to an absolute unit by comparing
the magnetic intensity with the intensities of nuclear
peaks (S.-H. Lee, unpublished) (see Figs 3b and 5). For
x = 0 and at 1.5 K, the integrated intensity of the
h̄ω1 = 1.3 meV mode,

∫ 1.7 meV

1 meV
I(h̄ω) d(h̄ω) = 0.20(2)/Cu2+,

4 nature materials ADVANCE ONLINE PUBLICATION www.nature.com/naturematerials

No evidence for any field induced static ordering.



ZnCu3(OD)6Cl2: Characteristics of Spin Fluctuations

- For x = 1, 10% of Cu2+ ions at triangular sites.
- Are those free spins responsible for the spin fluctuations in the x = 1 system? 

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

  
I(

0.2meV

1.7meV

! !")d(!")=0.11(3) /Cu
2+

 

- Assuming that all Cu2+ ions contribute to the observed intensity,

 whereas if only the 10% free spins contribute,

- As x increases, the spin fluctuations gradually shifts from the collective spin 
waves of x = 1 to the low energy continuum of x = 0.

We conclude that the low energy continuum of ZnCu3(OD)6Cl2 is due to 
collective excitations of kagome Cu2+ ions.

  

I(
0.2meV

1.7meV

! !")d(!")=1.1(3) /Cu2+

>S(S+1) /Cu2+ = 0.75 /Cu2+
 



Summary: Phase Diagram of ZnxCu4-x(OD)6Cl2
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Scenarios for Cu4(OD)6Cl2

- Scenario I

Temperature (K)
0 7 20

Neel state I:
- very weak moment

Neel state II: Paramagnet

- Scenario II

Temperature (K)

0 7 20

VBSNeel state VBL

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



1. Introduction 

Spin-lattice coupling has recently been found to be an effective mechanism to lift 

frustration in geometrically frustrated Heisenberg antiferromagnets.
1-3

  One of the 

best examples is ACr2O4 (Zn, Cd)
1,4

 where the magnetic Cr
3+

 ions form a network of 

corner-sharing tetrahedra
5,6

 (see Fig. 1 (a)). A Cr
3+

 ion has three unpaired electrons in 

the triply degenerate t2g levels, and thus does not have orbital degeneracy.
1,7

  Due to 

the electronic configuration and the edge-sharing network of oxygen octahedra, 

which each surrounds a Cr ion (Fig. 1 (b)), the dominant antiferromagnetic nearest 

neighbor interaction between the Cr
3+

 magnetic moments is through the direct overlap 

of their t2g orbitals.
8,9

  Interactions between  further neighbors  require overlapping of 

Cr
3+

 and oxygen orbitals and are negligible because of the empty eg state of Cr
3+

 ions. 

This leads the ACr2O4 to being the most ideal system to date that realizes the most 

frustrated lattice with the simplest Heisenberg Hamiltonian: 

 
H = J S
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Fig. 1 (a) The network of corner-sharing tetrahedra that are formed by Cr
3+

 

ions in spinels ACr2O4. (b) Crystal structure of ACr2O4. Blue polygons 

represent oxygen octahedra that surround Cr ions. Neighboring oxygen 

octahedra share an edge. Grey polygons represent AO4 tetrahedra. 

Spinel AB2O4: Crystal Structure

- At high temperature, 
    Fd3m, cubic
    a=6.1637A, b=6.8166, c=9.114A 
    ===90o

- AO4 tetrahedra

- BO6 Octahedra

- The octahedra are edge sharing

- B ions form a pyrochlore lattice



From Takagi’s talk ‘06

d4

Li1+M23.5+O4

Zn2+M23+O4

(Mg2+, Cd2+, Hg2+)

“Charge” frustration
1:1 3+ & 4+, mixed 
valent

Mott insulator
“Spin” frustration
all 3+, AF 
interactions

Transition Metal M = Ti V Cr Mn 

d0.5 d1.5 d2.5 d3.5

d1 d2 d3

LiTi2O4 LiV2O4 (LiCr2O4) LiMn2O4

MgTi2O4
ZnV2O4
MgV2O4
CdV2O4
MnV2O4

ZnCr2O4
CdCr2O4
HgCr2O4 
CoCr2O4

ZnMn2O4 
MnMn2O4

BCS 
SC

Heavy 
Fermion

Spin liquid
3D spin-Peierls transition 
Field-induced plateau states
Multiferroic behaviors

Guide map of “simple” spinel oxides

orbital degeneracy
spin-orbit-lattice coupling
effective 1D physics



S = 1 pyrochlore AFM with orbital degrees of
freedom: AV2O4 (A = Zn, Cd)

ΘCW = -1000 K
TN = 40 K

Y. Ueda et al., (1997)

Additional ingredient: orbital degrees of freedom

Two transitions



ZnV2O4 CdV2O4

I
II

III

ZnV2O4 CdV2O4

Effect of the A2+-ion on orbital ordering in AV2O4

Antiferro- vs Ferro-orbital model for the tetragonal phase

O. Tchernyshyov, cond-mat/0401203 (2004)

Antiferro-orbital order Ferro-orbital order

Interchain

    : negligible

Tsunetsugu & Motome, PRB (2003)

Strong interchain

   coupling

 D. Khomskii (2003) 

    

Tsunetsugu/Motome, PRB (2003)

Antiferro- vs Ferro-orbital model for the tetragonal phase

O. Tchernyshyov, cond-mat/0401203 (2004)

Antiferro-orbital order Ferro-orbital order

Interchain

    : negligible

Tsunetsugu & Motome, PRB (2003)

Strong interchain

   coupling

 D. Khomskii (2003) 

    

Tchernyshyov, PRL (2004)

SHL et al., PRL (2004)
Zhang/Louca/SHL et al., PRB (2006)



A Spinel with eg electrons

GeNi2O4 (S=1) 



Takagi’s group, unpublished (2002)
M.K. Crawford et al., PRB (2003)

- CW = -4.4 K
- Two transitions at 12.1 K and 11.4 K
- No structural transition
- The two transitions are purely magnetic

- TN > |CW| :  AFM and FM Js

GeNi2O4:  An S=1 spinel

3d

eg

t2g

Ni2+ (3d8): no orbital degeneracy



M. Matsuda et al., cond-mat/0708.3162 (2007)

GeNi2O4:  Neutron diffraction from a single crystal

- I(1/2,1/2,1/2) / I(1/2,1/2,-3/2) is different 
in the two phases
- The two phases have different magnetic 
structures

- Four sublattices each of which forms an 
FCC lattice
- Along <111>, three sublattices form 
kagome planes and one forms triangular 
planes



GeNi2O4:  Magnetic structures of the two phases

Phase I

- In phase I, only kagome spins are ordered 
with <M> = 1.3 µB

M. Matsuda et al., cond-mat/0708.3162 (2007)

Phase II

- In phase II, kagome and triangular spins 
are ordered with <M> = 1.8 µB

- kagome and triangular spins lie on the 
<111> plane

Frustrated



3
d

eg

t2g

Free Ion   Cubic Field

 Spinels AB2O4 with B = 3d transition metal ions

lie between the ligand axes

B-B direct overlap
--> AFM NN J

lie along the ligand axes

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

Electronic states vs Magnetism



GeNi2O4:  The origin of the two magnetic phase transitions
Superexchange interactions that involve 

one to two superexchange steps

Mean-field energy for the observed (1/2,1/2,1/2) structure

Mean-field energy for (1,0,0) and (1,1,0) structures

Consistent with the Goodenough-Kanamori rules for GeNi2O4

: AFM J4, FM J1



J4 bondings among kagome spins

-8 J4

+

+

-

-

-
Average total E due to J4 per spin 

= 3*( -8 J4 ) /4 = -6 J4

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



GeNi2O4:  The origin of the two magnetic phase transitions

Mean-field energy for kagome and triangular spins

consistent with the Goodenough-Kanamori rules? 



GeNi2O4

 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 J4 interactions.
 At 11.4K, triangular spins order. Exchange theory containing 
only Js calls for AFM J3/ and FM J3, which is not consistent with the 
Goodenough-Kanamori rules. 

Summary


