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Dzyaloshinsky-Moriya Anisotropy in the Spin-1/2 Kagomé Compound ZnCu3(OH)6Cl2
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We report the determination of the Dzyaloshinsky-Moriya interation, the dominant magneti

anisotropy term in the kagomé spin-1/2 ompound ZnCu3(OH)6Cl2. Based on the analysis of the

high-temperature eletron spin resonane (ESR) spetra, we �nd its main omponent |Dz| = 15(1) K
to be perpendiular to the kagomé planes. Through the temperature dependent ESR line-width we

observe a building up of nearest-neighbor spin-spin orrelations below ∼150 K.

PACS numbers: 71.27.+a, 75.30.Gw, 76.30.-v

Among all geometrially frustrated networks, the spin-

1/2 orner-sharing kagomé antiferromagneti lattie has

been at the forefront of the quest for novel quantum phe-

nomena for the past two deades [1℄. Various ompeting

ground states with minute energy di�erene have been

proposed [1, 2℄ and are still under ative onsideration.

The understanding of the ground state and of the low-

lying exitations therefore still appears as a pending the-

oretial issue, even for the simplest nearest-neighbor (nn)

isotropi Heisenberg ase. In addition, minor deviations

from this model, often met in experimental realizations,

suh as magneti anisotropy [3, 4℄ and spinless defets

[5℄, may ruially a�et the fundamental properties of

the kagomé antiferromagnets.

In the pursuit of �nding a suitable ompound whih

would re�et intrinsi kagomé properties, the min-

eral herbertsmithite, ZnCu3(OH)6Cl2, has reently been

highlighted [6℄ as the �rst "struturally perfet" realiza-

tion of the spin-1/2 kagomé lattie [inset (b) to Fig. 1℄.

It features Cu

2+
-based kagomé planes, separated by non-

magneti Zn

2+
. It laks any long-range magneti order

(LRO) down to at least 50 mK [7℄ despite sizable nn ex-

hange J ≈ 190 K [8, 9℄. Its bulk magneti suseptibility

χb monotonially inreases with dereasing T [8, 10℄, at

variane with numerial alulations [9, 11, 12℄. It was

argued that this inrease is due to magneti anisotropy of

the Dzyaloshinsky-Moriya (DM) type [12℄, Dij · Si × Sj ,

and/or due to impurities [9, 10℄. Various experiments

indeed evidened 4 − 7% of Cu

2+
/Zn

2+
inter-site disor-

der in the samples available at present [9, 10, 13, 14℄.

This explains why χb di�ers signi�antly from the loal

suseptibility of the kagomé planes χk measured by NMR

[13, 16℄. The latter exhibits a pronouned derease below

∼J/2 and shows a �nite plateau at low T [13℄. Together

with ungapped exitations [13, 15, 16℄ this points to the

absene of the singlet-triplet gap in this ompound.

The absene of the spin gap leads to the important

question whether this is an intrinsi feature of the kagomé

physis or is it related to additional terms in the Hamil-

tonian of ZnCu3(OH)6Cl2. The presene and role of

the DM interation, highlighted by Rigol and Singh [12℄,

have been questioned on several oasions [9, 13, 16℄.

Suh perturbation to the isotropi Hamiltonian an in-

deed drastially a�et the low-T properties by mixing dif-

ferent states and an even stabilize LRO, as in jarosites

[3, 17℄. In order to be able to inspet this ruial issue it

is of utmost importane to experimentally determine its

magnitude in ZnCu3(OH)6Cl2.

Using eletron spin resonane (ESR), in this Letter we

provide evidene of a sizable magneti anisotropy, whih

we argue to be the DM interation. In addition, through

the temperature dependene of the line-width we show

that spin orrelations build up below ∼150 K and relate
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FIG. 1: (olor online). ESR spetra of ZnxCu4−x(OH)6Cl2,

measured at 326.4 GHz, and their �ts to the powder-averaged

Lorentzian (solid lines). The dashed line gives an axial powder

spetrum for the same g-fator anisotropy (g‖ = 2.25, g⊥ =
2.14) in the ase of small magneti-anisotropy broadening.

Inset (b): DM vetors onneting the nn Cu

2+
ites (orange)

through OH

−
groups (blue, gray), with Dz and Dp as the

out-of-plane and the in-plane omponents.
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the low-T behavior to inter-site mixing defets.

Determined by the imaginary part of the dynami-

al suseptibility χ”(ω), ESR spetra, I(ω) ∝ χ”(q →
0, ω) ∝

∫∞

−∞ dt 〈S+(t)S−(0)〉 expiωt /T , re�et the T -

evolution of the spin orrelation funtion 〈S+(t)S−(0)〉
in the diretion perpendiular to the applied magneti

�eld H . Kramers-Krönig relations demonstrate that the

integrated ESR intensity χESR gives a loally measured

stati suseptibility. Further, a �nite ESR line-width pro-

vides a diret measure of a �nite magneti anisotropy.

In Fig. 1 we show typial derivative ESR spetra of

polyrystalline ZnxCu4−x(OH)6Cl2 (x = 0.5−1) synthe-
sized as in Ref. [6℄, whih were reorded at 326.4 GHz.

Using a referene sample, in ZnCu3(OH)6Cl2 we �nd

χESR = 1.0(2) emu/molCu at room temperature (RT),

whih is in good agreement with the bulk suseptibil-

ity χb = 1.1 emu/molCu. This proves that the Cu

2+

spins on the kagomé lattie are deteted by ESR [18℄.

The T-dependene of χESR is presented in Fig. 2(a). Its

monotoni inrease with dereasing T losely resembles

χb down to 5 K and di�ers from the peaked kagomé

planes suseptibility χk [13, 16℄. This demonstrates that

ESR detets both the Cu

2+
spins on the kagomé lattie

and those on the inter-layer Zn sites, the latter result-

ing from the Zn

2+
/Cu

2+
inter-site disorder. Despite the

two deteted Cu

2+
sites with likely di�erent g-fators

(δg . 0.2), only a single ESR line is deteted. This is

expeted [19℄ beause the exhange oupling J ′ ∼ 10 K

between the two Cu

2+
speies [20℄ is larger than their

di�erene in Zeeman energy, δgµBH . 1 K.

In order to �t the spetra appropriately, one has to

onsider both the g-fator anisotropy and the line-width

broadening by the magneti anisotropy. The former is

given by g(θ) = (g2‖ cos
2(θ − θg) + g2⊥ sin2(θ − θg))

1/2
,

where θ is the angle between H and the normal c to

kagomé planes. θg =36° denotes the tilt of CuO4 pla-

quettes with respet to the kagomé planes [6℄, whih

loally sets the prinipal axes of the g-tensor. Typi-

al g-fator values for Cu

2+
ions in a uniaxial rystal

�eld g‖ = 2.2 − 2.4 and g⊥ = 2.05 − 2.15 should yield

two distintive narrow features in a single ESR deriva-

tive spetrum (Fig. 1). In ontrast, the observed spetra

appear as a single broad derivative shape, whih is a di-

ret evidene of a sizable magneti anisotropy. In the

ase of the DM interation, whih we argue below to

be dominant, the symmetry of the lattie imposes the

line-width to depend only on θ. To �t the spetra, we

therefore onvoluted a powder �eld distribution and a

Lorentzian, the latter having the semi-phenomenologial

line-width ∆H = (∆H2
z cos

2 θ + ∆H2
p sin

2 θ)1/2, where
∆Hz and ∆Hp orrespond to the diretion parallel and

perpendiular to c. The �eld distribution ombines a

uniform angular distribution and the g-fator anisotropy
g(θ). Standard g-tensor values, g‖ = 2.25 and g⊥ = 2.14,
were found. We stress that the RT ESR spetra are not

notieably a�eted by the Cu

2+
spins residing on the Zn
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FIG. 2: (olor online). (a) Saling of ESR intensity χESR and

bulk suseptibility χb in ZnxCu4−x(OH)6Cl2 (x = 1). (b) The
out-of-plane ∆Hz and the in-plane ∆Hp ESR line-width.

sites. They an be �tted with the same set of parameters

for x = 0.5 − 1 (Fig. 1). We therefore use them later to

determine the magneti anisotropy in the kagomé planes.

Several distint regimes are observed in the T -
dependene of the ESR line-width [Fig. 2(b)℄. It

is onstant above ∼200 K, with very similar values

in ZnCu3(OH)6Cl2 and Zn0.5Cu3.5(OH)6Cl2. This T -
independene is harateristi of the high-T exhange

narrowing regime. Below ∼150 K a pronouned inrease

is observed in ∆Hz, while ∆Hp starts inreasing notie-

ably below ∼100 K. On general grounds [21℄, we reog-

nize the inrease of the line-width as the evidene of a

building up of short-range spin orrelations at T . J .
The di�erene between ∆Hz and ∆Hp indiates that the

orrelations are evolving in an anisotropi manner. We

propose that this results from magneti anisotropy af-

feting the evolution of the orrelations. With dereasing

temperature the ESR spetra should broaden monoton-

ially as the spin orrelations develop, e.g., similarly as

found in another two dimensional (2D) frustrated system,

SrCu2(BO3)2 [22℄. At variane, a maximum is observed

in ∆Hz . Its position shifts signi�antly toward higher

temperatures with reduing the Zn ontent [Fig. 2(b)℄.

We therefore relate this maximum to the Zn

2+
/Cu

2+

inter-site disorder. The e�et of di�erent Cu

2+
spins on

the ESR signal is proportional to their suseptibility [19℄.

Therefore, below ∼20 K where χb overshadows χk, the

Cu

2+
spins on the Zn sites dominate the ESR response,

whih explains the rossover between 20 K and 150 K.

Weakly oupled Cu

2+
spins on the Zn sites, with a di�er-
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ent environment, hene a di�erent magneti anisotropy,

would provide a natural explanation of the low-T behav-

ior. Substantial theoretial modeling is needed though

to aount quantitatively for the observed line-width T -
dependene, whih is beyond the sope of this paper.

We address the origin and magnitude of the magneti

anisotropy in ZnCu3(OH)6Cl2 from the detailed analysis

of its RT spetrum, in the framework of the Hamiltonian

H = J
∑

(ij)

Si · Sj − gµBH
∑

i

Sz
i +H′, (1)

where, the �rst sum runs oven the nn spin pairs and rep-

resents the exhange interationHe, the seond one gives

Zeeman ouplingHZ , andH′
is magneti anisotropy. For

strong exhange with respet to HZ and H′
the Kubo-

Tomita (KT) formalism [23℄ yields a Lorentzian ESR

spetrum, in agreement with our experiment. Regard-

less of the spei� form of the anisotropy, its line-width

an be estimated from the magnitude A of the anisotropy

as ∆H ∼ A2/J [24℄, yielding A ∼ 16 K.

We stress again that the spetra are extremely broad.

Both, the dipolar interation between Cu

2+
spins and

their hyper�ne oupling to nulear spins are too small

to aount for the observed line-width. They would

lead to ∆H . 1 mT due to strong exhange narrow-

ing. Therefore, exhange anisotropy must be at work

in ZnCu3(OH)6Cl2. It originates from a sizable spin-

orbit oupling λ, whih mixes orbital exited states of

Cu

2+
with their Kramer's ground doublet, and is re-

�eted in measured g-fator shifts of 0.14-0.25 from the

free eletron value 2.0023. The seond-order perturba-

tion alulation yields two exhange anisotropy terms

� antisymmetri DM interation D ∝ (∆g/g)J (linear

in λ) and symmetri anisotropi exhange (AE) Γ ∝
(∆g/g)2J (quadrati in λ) [25℄. The DM interation

H′ =
∑

(ij) Dij ·Si × Sj is thus usually dominant in Cu-

based antiferromagnets, if allowed by symmetry [25℄.

The out-of-plane DM omponent Dz is generally

present in the kagomé lattie, while the in-plane om-

ponent Dp is allowed in ZnCu3(OH)6Cl2 beause the su-

perexhange mediating O

2−
ions break the mirror sym-

metry of the kagomé planes. We therefore base our ESR

analysis on the dominane of the DM anisotropy. The

Dij pattern (Fig. 1) is obtained by hoosing the diretion

of one of the vetors and applying symmetry operators of

the lattie spae group. We use the onvention of spins

being ounted lokwise in all triangles.

We an alulate the ESR line-width [26℄

∆H(θ) =
√
2π

kb
2g(θ)µBJ

√

√

√

√

(

2D2
z + 3D2
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(

2D2
z −D2

p

)

cos2 θ
)3

16D2
z + 78D2

p +
(

16D2
z − 26D2

p
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FIG. 3: (olor online). The redued χ2
, re�eting the quality

of the RT �t in ZnCu3(OH)6Cl2. The dashed retangle gives

the optimal parameters |Dz | = 15(1) K and |Dp| = 2(5) K.

determined by the DM pattern (Fig. 1), in the in�nite-T
limit. The high-T exhange narrowing regime is reahed

at RT sine the ESR spetra do not hange notieably

above ∼200 K. This is onsistent with a T -independent
NMR spin-lattie relaxation above 150 K [16℄. We �t-

ted the RT ESR spetrum with the powder-averaged

Lorentzian having the above line-width ∆H(θ). In Fig. 3

we plot on the Dz-Dp map the redued χ2
obtained from

the �t. Optimal parameters are |Dz| = 15(1) K and

|Dp| = 2(5) K. Aording to Eq. (2) their sign annot

be determined by ESR. We �nd the magnitude of the

extrated DM interation (D/J ≈ 0.08) in the range set

by several other Cu-based 2D frustrated systems. For

instane in the orthogonal-dimer system SrCu2(BO3)2 it

amounts to 4% of the isotropi exhange [22, 27℄, while

the ratio of 16% was reported for the triangular om-

pound Cs2CuCl4 [28℄.

At this point it is important to address the issue of the

possible hidden symmetry of the DM interation [29℄.

For linear spin hains with staggered DM vetors one

an e�etively transform it to the AE term of the mag-

nitude D2/J by applying a non-uniform spin rotation

[30℄. This makes it of the same order as the initial AE

and disards the diret appliability of the KT formalism

[30, 31℄. However, for other latties one should distin-

guish between reduible DM omponents, transforming

to λ2
order, and irreduible omponents, remaining lin-

ear in λ [27℄. The omponents that an be eliminated

in the �rst order are those whih sum up to zero within

any losed loop on the lattie [27℄. For the kagomé lat-

tie, the in-plane Dp is reduible while the out-of-plane

Dz is irreduible. Using the KT formalism for the latter

is therefore well justi�ed, while the former might not be

aurate. However, the small value of Dp does not signif-

iantly in�uene the ESR spetra (see Fig. 3). We note

that in SrCu2(BO3)2 the values of the DM interation

obtained from the KT analysis [22℄, from inelasti neu-
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tron sattering [27℄ and from NMR measurements [32℄

were found to agree within 20%.

In Ref. [12℄ somewhat larger values, |Dz| ≈ 0.1J and

|Dp| ≈ 0.2 − 0.3J , than extrated in this study were

suggested to explain the bulk suseptibility upturn in

ZnCu3(OH)6Cl2, by onsidering the DM interation as

the only additional term to the Heisenberg Hamiltonian.

These values would lead to high-T ESR line-widths of

6−7T, whih is inonsistent with our experimental obser-

vations. Therefore, DM interation alone annot aount

for the marosopi suseptibility in ZnCu3(OH)6Cl2.

Sizable DM interation (D/J ≈ 0.08) raises the fun-

damental question to what extent DM anisotropy a�ets

the low-T magnetism of ZnCu3(OH)6Cl2. Spin-wave ex-

itations in the spin-5/2 Fe-jarosite were explained by

the presene of the DM interation of a similar magni-

tude (D/J ≈ 0.09) [17℄. In this kagomé ompound, Néel

order below 65 K was reprodued by lassial Monte-

Carlo alulations, prediting uniform (q = 0) ordered
spin strutures indued by the DM interation [3℄. In the

S = 1/2 ase, quantum orretion should suppress LRO

for small D/J [4℄. For D/J & 0.05 reent numerial

alulations seem to indiate a broken-symmetry state

at T = 0, whih however has no on-site magneti mo-

ment [33℄. Further, the rather large Cu

2+
/Zn

2+
inter-site

disorder may destabilize LRO. Indeed, vaanies on the

spin-1/2 Heisenberg kagomé lattie indue unexpetedly

extended dimer-dimer orrelations, despite short-ranged

spin-spin orrelations [5℄. Although exat dimer patterns

are not known for additional terms in the Hamiltonian

that break the SU(2) symmetry, it seems plausible that

they would ontradit the uniform LRO state preferred

by the DM interation. This might explain the absene

of LRO in ZnCu3(OH)6Cl2 down to D/300 = 50 mK.

Last, quite importantly, the DM interation mixes

magneti exitations into the presumably singlet ground

state of the Heisenberg kagomé lattie. This ould

explain the experimentally observed gapless exitation

spetrum in ZnCu3(OH)6Cl2 [13, 16℄ and the �nite sus-

eptibility of kagomé planes at low T [13℄, as on�rmed

by numerial alulations on �nite spin lusters [34℄.

These experimental results ould likewise be desribed

as a disorder-generated e�et, due to a vaany-indued

spatially distributed density of states [35℄. Most likely,

both e�ets play an important role.

In onlusion, we have shown that the DM intera-

tion in ZnCu3(OH)6Cl2 is sizable (D/J ≈ 0.08) and

ould ritially a�et the low-T properties. Knowing

its magnitude, future theoretial studies should investi-

gate its impat on the ground state. They should also

larify whether the DM magneti anisotropy and the

Cu

2+
/Zn

2+
inter-site disorder are primarily responsible

for the absene of the spin gap.
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