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Abstract: The kagome lattice in a mineral compound "Herbertsmithite" represents structurally the most ideal kagome Heisenberg antiferromagnet
known to date. Herbertsmithite does not undergo a magnetic long-range order or spin freezing at least down to ~J2000. We will present 17-Oxygen
and 2-Deuterium single crystal NMR study of Herbertsmithite. We will demonstrate that the ground state of the kagome plane has a spin gap ~ 0.05J
[1], and ~5% excess Cu2+ ions occupying the out-of-plane Zn2+ sites are the only defects[2].

[1] M. Fu et al., Science 350, 655 (2015).
[2] T. Imai et a., Phys. Rev. B 84, 020411 (2011).
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NMR Evidence for a gapped spin-liquid ground state
in a kagome Heisenberg antiferromagnet
['70 isotope-enriched Herbertsmithite ZnCu,(OH).Cl, single-crystal]
Takashi Imai

McMaster University
Canadian Institute for Advanced Research

Reference:
M. Fu, T.lmai, T.-H. Han, and Y.S. Lee, Science 350 (2015) 655 about 70O single crystal NMR.

T. Imai et al., PRB 83(2011) 020411 (Rapid) for 2D single crystal NMR measurements of defects.
T. Imai et al. PRL 100 (2008) 077203 about earlier 35Cl, 1H, 3Cu NMR using a powder sample.

Spin liquid on “Kagome |attice”
Figure courtesy of Sean Takahashi
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Summary: 70O single crystal NMR study of ZnCu,(OH).Cl,

= After 8 year long effort since 2006, we finally succeeded in measuring the intrinsic spin susceptibility
from the kagome plane using well-resolved 170 NMR lineshapes with B=3.2T || a*. The ground
state has a total spin S = 0 with a gap in the spin excitation spectrum both in 17K{**) and 1/T,. The
magnitude of the gap: A~ 10K; A/J ~ 0.05. (Comparable to numerical predictions).

* Open question: we could not determine whether lowest-lying excitations are singlet (spinon S=1/2)
or triplet (S=1) = Need to extend 1/T, measurements to higher fields.

* Cu?* defect spins occupy out-of-plane Zn?* sites with ~15% probability.
No evidence for anti-site defects in single crystal NMR data. Consistent with (Zng gsCu,, ;. )Cuz(OH)Cl,.

» Defect spin susceptibility obeys a Curie-Weiss law, Xgefect ~ C/(T + 0) with 6 ~ +1 K (from 2D NMR)
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Paramagnetic ground state vs. antiferromagnetic phases

Antiferromagnetic “Heisenberg model” (model Hamiltonian)

<i,j>
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Higher
temperatures

Paramagnetic state with
randomly oriented spins

In analogy with..........

Liquid water
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Neel state : usually, spins are antiferromagnetically
ordered with a regular pattern (T =0 for square-lattice)

Solid ice
T< 273 K
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Geometrical frustration effects of spins on the triangular-lattice Heisenberg model

and the i "(P.W. Anderson 1973)

1 .‘.’f\\ P.W. Anderson (Nobel physics 1977)
singlet v\ N \ frustrated
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singlet

Frustration effects arise from love-and-hate
relationship between S=1/2 spins on a triangle

4

....... (superposition of many
other states)
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“Resonating Valence Bond (RVB)” /&
X
In reality, spins usually compromise

by forming a 120-degree ordered
state (favored classically)
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Spin arrangement on edge-sharing triangular lattice (classical picture)

Edge-sharing triangular lattice

120 degree arrangement on a triangle .... and constrains .... and all spins
minimizes the energy (classically) another spin

YAVAVAN VAN

3 rabbits forming a frustrated equilateral
triangle in the backyard of Imai’s

Lattice constant a ~ 2 (m)
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Where should we look for a quantum spin liquid?
: Japanese “Basket pattern” composed of corner-sharing triangles

Japanese basket

“Kagome Tomato Ketchup”

“Basket” “pattern”

(kago) (me)
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Advantage of the kagome Heisenberg antiferromagnet = (strong degeneracy).

Favors a quantum spin liquid ground state

Edge-sharing triangular lattice

120 degree arrangement on a triangle .... and constrains .... and all spins
minimizes the energy (classically) another spin

NN\

Corner-sharing triangular lattice (kagome)

or

One triangle does not constrain the

arrangement of the adjacent triangle Spins have a hard time to choose ordering pattern!
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“The ground state of the kagome Heisenberg antiferromagnet is a gapped Z, spin liquid”

= - — o spontancously broken symmetrses (4). A key
spln-quu l d Ground state Of the s = 1/2 problem in scarching for spin hguids in lv.\:i-
dimernsiional (212 models is that there are no ex-

Kagome Heisen berg Antife rromag net act or nearly exact analytical or computational

methods 1o solve mfinite 2D guantum lalhice sys-

Simeng Yan,'! David A. Huse,”™" Steven R. White'* tems. For 1D svstems, the densily matnx renoe-

malzzaton group (DMRG) (5, 4), the method we
We use the density matrix rencommalization group to perform accurate calculations of the ground use here, serves in this capacity. In addition to
state of the nearest-neighbor quantum spin § = 1/2 Heisenberg antiferromagnet on the kagome s INGCTUSE Us an EMportant Wopec In guanium mag-
lattice. We study this model on numerous long cylinders with clicumferences up to 12 lattice motism, the scarch for spin hguads thus serves
spacings. Through a combination of very-low-energy and small finite-size effects, our results as a wst-bed for the development of sccurate and
provide strong evidence that, for the infinite two-dimensional system, the ground state of this widely apphcable computational methods for
model is a fully gapped spin liquid. 21 many -body quantum sysiems

e consider the quantum spin § = 172 batice (Fig. 1AL This fnsiated spin systermn has 3
kagome Heisenberg antiferromagnet  long been thought o be an wleal candidate tor a Department of Physics ind Asrononry, University of Call
KH it Iy % hib | hvsicall al C fee hat s Tommia leviese, CA 92617, USA “Deparimment of Physics,
i A) with only nearcst-neighbor sumple. physically realistse model that shows a Princetan Universty, Princeton, N) 08588, USA ‘Instevse
1solropic exchange interactions { Hamiltoman span-hguid ground state (/-3 A spin hguid is a for Advanced Study, Princeten, N| 085480, USA.

'y S -85, where 8 and S are the spin magnetic system that has “melted” in s ground *lo wham comespendence sheuld be addressed. E-mail:

oparmtons for sites | and j. respectively) on a kagome stale because of gquantum fluctuations, so it has  srette@uciede
www.sciencemag.org SCIENCE VOL 332 3 JUNE 2011 1173
0.2 ' . 8 T v T L]
G0—© YCn-2
L|G—& YCO6. YCI10 -
O—Q Even

015 -

L /.—’_/. ! Large scale DMRG (Density Matrix Renormalization Group) calculations
0.1k / 1 Yan, Huse, and White, Science 332 (2011) 1173.
0.05 it—_ t-& -

% 005 01 015 0.2
1

Gap

[N
»

c
Fig. 4. Spin triplet (solid symbols) and singlet (hol-

low symbols) gaps for various cylinders with circum- 9
ferences ¢. The type of cflinder (15) is indicated in

the key (inset).
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Successful laboratory-synthesis of the structurally ideal kagome lattice

Herbertsmithite ZnCu,(OH)Cl,

M.P. Shores, D. Nocera et al. (M.LT. Chemistry)
J. Amer. Chem. Soc. 127, (2005) 13462
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* Cu?ions (S = %) form a perfect kagome lattice
* Cu-Cu super-exchange interaction J~ 200 K

Helton et al/. PRL(2007)
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Absence of conventional magnon excitations in ZnCu;(OH)/Cl, in inelastic neutron scattering

T.-H. Han, et al. Nature (2012)

Good news: Spinon Continuum (rather than conventional magnon dispersion);
Consistent with continuous spin excitations from a spin-liquid ground state
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Bad news: Defect spins dominate the low energy part of spin excitations;
unable to study the ground state, including the possible small gap

11
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Complications : Defect Cu?* spins occupy the non-magnetic Zn?* sites with 15% probability

> actual composition is (Zn, z.Cu, ,)Cu,;(OH)CI,

o] o n
) o 0.03% -
9 o ° L] [ |
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w Kagome layer oo2g k| h
o ° ® \- _____________ o2 i

0.01 I J
Kagome layer 0.005 |\ J~ 180K |
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TK)
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~Anomalous X-ray diffraction experiments on single crystal:
| , | * 15% of Zn?* sites are occupied by Cu?* defect spins
—1ol- { : | * No Zn?* occupy Cu?* kagome sites (i.e. no anti-site defects)
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NMR successfully probed aspin liquid state in the two-leg ladder layers of A,,Cu,,0,,

although the bulk spin susceptibility is dominated by chain layers !

T. Imai et al., PRL 81 (1998) 220.
Chain

Ladder —_—

* Chain
Ladder /'/—_)

Chain

Spin liquid on
two-leg ladder layer

13
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NMR is a local probe owing to “hyperfine interactions”

(Example) Kagome plane in B | a*

ext |

NN 2D and Y70 sites sense hyperfine fields

Main12 from both the kagome plane and defect
T I e e e e e e e e e e e e L et
__________ Fermi’s contact interaction |
T with polarized s-electron
Cu S=1/2 EREEE ey,
M Cu
T Defect S=1/2 E<y

Dipole interaction
with polarized p-electron

* Hybridization between O 2s & 2p orbitals and Cu 3d orbital(s) transfers spin
polarization to O sites.

* The latter interacts with the 7O nuclear spin.

* Mainl, Main2, NN sites have different hyperfine fields, hence NMR line splits
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Nuclear spin Hamiltonian for 70 (nuclear spin / = 5/2) and resonant peak(s)

H = yn Be_\'t ol +yn Bhf *1 +_Q z ik aes s
2
+5/2 I +5/2 +5/2
+3/2 I +3/2 (')1‘+2\'(‘) +3/2
Rk i H2 losva 5
-1/2 ! -1/2 [ on i
-3/2 : -3/2 OrvQ oo
-5/2 -5/2 W 0 S
(l){) = Y“ ch[ .(')H—_: ‘Yll{BL‘Xl ‘ Li’hl- ) .
“Knight shift” “Knight shift”
Zeeman only Zeeman + hyperfine Zeeman + hyperfine +
T S PR T quadrupole interaction
W, = Wy(1 + K)
A
where K = X X spin s chem
NAMB G
and |Kgem| ™ 0.02(%) << K,
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Intrinsic susceptibility X, ,..m. ©f the kagome plane as determined from

the 70 Knight shiftinB=3.2T || a*

Mainl (vqy ~ 8 kHz)

I

R AR LR
g aieaie
RTEY

.‘.

Main2 (vg ~ 520 kHz)

NMR Echo Intensity (arb.units)

L s T T T

5
f(MHZ)

Hyperfine tensors depend on the relative orientation of the
magnetic field B with respect to the Cu-O-Cu bond axis.

170 NMR signals at “ Mainl” and “Main2” sites appear
separately with the intensity ratio~ 2 : 1.

“Mainl” sites happen to have v, ~0for B || a*.
All 5 transitions appear together as a gigantic peak!
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Intrinsic susceptibility ), ,..m. Of the kagome plane as determined from

the 70 Knight shift at the main sites measured withB=3.2T || a*

"k = 0%¥ 120K
; Mainl only (measured with long RF pulses)
----- -y . . s
: The optimal RF pulse width for Mainl is
; A factor 2 ~ 3 times broader (because we flip
il R = L. S all 5 transitions at the same time).
s P §  SOK
g :A We can measure Mainl peak selectively,
= E . 30K and observed the same results for 7K.
S :
= |
Bl A NS (’\- .......
' 10K
[ ]
' 4.2K —_
as
=
( =
...... i, . i TP =
_ A 1.8K ~
i s X l
: - L - S ————
168 1774 180 186 192 198 204 18.0 18.6 19.2
Froequency (MHz) Frequency (MHZ)
} 0-0 L ' b bl Al | SN
Larger frequency shift 50 100 150 200 250 300

Temperature (K)

Larger VK and %, .0me 21
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Magnetic field dependence of the gap: A(B_ ,—~>0) ~ 0.05J

17K(@") depends on |B| below ~10K

"K=0 4.2K
- b Spin Gap: A (B) = A(B=0) — gu,,SB
§ /h,’*\
g ' s . e S=1/2 for a spinon
A S=1 for triplet excitation
§ : + 61T
2 ' or A(0) ~ 10 K, hence A(0) ~ 0.05 )
- Consistent with DMRG calculations, Yan et al., Science (2011)

e A A i e
025 0.00 025 0S50 0.75

15 -

h 1 -1(%) ; A (below 4.2K)
4 A (below 10K)
(S= 1) Free parameter
0.6 * - = -S=1, g=22
R R I ] | N S S | | G e R S=1/2, g=2.2
P L m 8T 4 g
# ® 327 ; -® X
~ 0.4 —
% @
= . -
5 2 a & 8 1o e
Temperature (K) 0 X P X i e
0 2 4 6 8 10 12
Solid (dashed) lines: BT

best fit to 17Ka") ~ T * exp(-A/T) below 4.2 K (10 K).

Pre-factor T: to account for the expected decrease caused by SRO

(also arises in Dirac Fermion Model, P.A. Lee, private 24
communications).
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Additional evidence for a finite gap A based on low-frequency spin dynamics

170 nuclear spin-lattice relaxation rate 1/7, at Main2 sites
We measured 1/T, in B = 3.2 or 9 T using the isolated, clean, upper-most Main2 satellite peak for the 7,

= 3/2 to 5/2 transition to obtain reliable results.

:;(“’) =1-[0.0714 """ +02857- """ +04- """ +0.2143- " +0.0286 - ¢ +]
oC

"K:o, ‘n-ll 120K

Note: this is the only way to measure 1/7, at the 70 sites accurately,
even though the signal intensity is miserably small!

Spin echo intensity (arb. units)

1.8K

b 4 -

-

168 174 180 186 192 198 204
Freguency (MHZ)
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Additional evidence for a finite gap A based on low-frequency spin dynamics

170 nuclear spin-lattice relaxation rate 1/T, at the Main site

4 NMR

Lo -S4, @0 X DSuw) - 1 4, (3PS, fy)
7 7

< 9T|la” (Main2) ) 9Tllc (Main )
5000 @ 3.2T|ja* (Main2) | 4000
P —
4000 — b —— —
S % -4 3000
»n,
— 3000 - %
"L-'- + -4 2000
2000 é* - j_.:_ 300 +
- = 200 e
>~ R = bl e e e | - A
100047 X 100 T 1000
| % 5 10 15
—————— i T | :
100 150 200 250 300

Spin gap!!
A7 Kin3:2T
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Temperature (K)

Defect contribution

2

(1/17), ~ %"i ~ 3,300 sec

Parameter-free theoretical estimation in the
high temperature limit (7 >> J) based on
Moriya’s Gaussian approximation applied to

kagome Heisenberg model (/= 180 K)
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A comparable gap A deduced from inelastic neutron scattering

Koo = 1.3 maV

os

(6 : i"’)

P00 i)’

X lu)

payetsl

o5 10 0.5 10 o 08
0] (rhaa [H A0 (r.ud MO frdu)

FICG. 12 (Color online) Momentum structure of the INS data
at 0.4 meV and 1.3 meV for single cryvstal herbertsmithite
at 2 K in the (HKO) scattering plane {(top row) and (HFEL)
scattering plane (bottom row) (Han «f al., 2015). The plots
in the right column are the calculated structure factor for
near neighbor AF correlations between copper defects on the
zine sites, taking into account the copper form factor. These
correspond to correlations between the brown and the gray

sites of Fig. 1, which sit in successive triangular planes.
0.14
0.12
0.1 R o s Magnitude of gap comparable to NMR results
—— kagome

T.-H. Han, M. Normal, Y.S. Lee et al.
Arxiv:1604.03048

1 E
E (meV) 55
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)(,CI.:;

—- 295K NN(-) 295K  NN(+) : nKin Main (59%+8)
: [ g | pom (1793 WA, e |
g NNN(- NNN(+ NN (13%:
] ns
= N
E3
=
5“ 51.5 52.0 52.5 53.0 53.5
Frequency (MHz2)
t R T | 1}
NNN(28%+5)
2D NMR lines (/ = 1) observed for ZnCu,;(0OD)Cl,. 170 NMR lines (/ = 5/2) observed for ZnCu;(OH)Cl,.
T. Imai et al. PRB 87 (2011) 020411. M. Fu et al. Science 350 (2015) 655.
NNN (x 12)
Main 7 '
<— — — —| Cu?* defect at Zn?**site

The relative intensity of the NN peaks (~¥15%), NNN peaks (~¥30%), as expected for (Zng, gsCug 15)Cus(OH)Cl,
No evidence for anti-site defects within the kagome plane in 2D or 70 single crystal NMR.
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Curie-Weiss behavior of defect spin susceptibility as determined by the Knight

shift at NN 2D and 7O sites (B=9T || ¢)

NMR intensity (arb. units)

ARAN
54.75 54.8 54.85 549 54.95 55
Frequency (MHz)

s tc. {b)
2 b1
5 ‘ (1
g i
_; B-l‘l T|i!3+
g NN sok f 1 ,
E b 10K ’A{J/(\“
3|y

la\
..... e - T

54.3 54.4w54.5 546 547 548 549 S5 ;55.1
Frequency (MHz)

2D NMR in deuterated crystal
Imai et al. PRB (2011)
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Local spin susceptibility of defects determined by the temperature dependence
of the Knight shift at NN 70O and ?D sites (B=9T || ¢)

Low T behavior at '70O and 2D NN sites is dominated 50 160 150 260 250 360

by a large Curie - Weiss contribution, T(K)
€
Xdefect
et T+ 0

with 6 ~1 K and negative hyperfine coupling A, < O 20

Pirsa: 16050038 Page 24/25



Thank you for your attention!

Reference:
M. Fu, T.lmai, T.-H. Han, and Y.S. Lee, Science 350 (2015) 655 about 70O single crystal NMR.

T. Imai et al., PRB 83(2011) 020411 (Rapid) for ?D single crystal NMR measurements of defects.
T. Imai et al/. PRL 100 (2008) 077203 about earlier 35Cl, *H, 3Cu NMR using a powder sample.
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