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How do we use NMR as a local probe of condensed matter? 
--- Using the kagome spin liquid as an example !

Lake Ontario 
in Burlington 

Takashi Imai 
McMaster University and CIFAR 

Spin liquid on “Kagome lattice” 
Figure courtesy of Sean Takahashi 

Kagome References: 
 
T. Imai et al. PRL 100 (2008) 077203.   

 Early powder NMR evidence for a spin gap in the kagome lattice. 
 
T. Imai et al., PRB 84 (2011) 020411.     

 2D single crystal NMR study of defect spins. 
  
M. Fu et al., Science 350 (2015) 655.   

 17O single crystal NMR evidence for a kagome spin gap 
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1. What’s NMR? 
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Well-known application of magnetic resonance: MRI 
“MRI” = Magnetic Resonance Imaging  

Magnetic 
field B  

Superconducting 
magnet 

Position-by-position scanned image 
of radio-frequency wave absorption  
by proton in body fluids and tissues 
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Other wacky (but lucrative) applications of NMR and NQR   

Proton NMR in oil well 
Characterization of oil type, 
its viscosity, porous size of 
rocks etc.  

Detection of 15N NQR in explosives 
Airport security, land mines, etc.  

High resolution NMR in chemistry 
Determination of molecular structures etc. 
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Zeeman interaction between magnetic moment and magnetic field 
(Classical description) 

Classically, µ may point any direction. 
 
Energy E of µ in B is given by 
 

 E = - µ    B = - µB cos θ  . 

Magnetic field B 

Magnetic 
moment µ 

θ	


Applied magnetic field B exerts a torque,  
 

 τ = µ x B  
 
on magnetic moment µ.  Accordingly, µ precesses about magnetic field B, with 
Larmor frequency 
 

 f  =    

€ 

γ
2π

B

“Larmor 
precession” 

where γ : gyromagnetic ratio is proportional to µ. 



7 

Zeeman interaction (for nuclear spin I =1/2) and “magnetic resonance”  
Zeeman  
Energy E 

0 
Magnetic 
Field  B 

Photons with frequency 
 
 
  
may be absorbed by nuclear spins,  
where         is the nuclear 
gyromagnetic ratio. 

ω	


Absorption intensity (“NMR Spectrum”) 
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E2 = γnB⋅ (+

2
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E1 = γnB⋅ (−
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Hyperfine interactions between observed nuclear spins and environment 

Electron spin S 
Dipole-dipole 
interaction	


Orbital magnetic field 
(“chemical shifts”)	


Bext ~ 8 Tesla 

Fermi’s contact interaction 

Quite generally, in an isolated electron/nuclear spin pair, electron spin -nuclear spin 
interactions may be expressed as  
 
 
 
 orbital dipole Fermi’s contact 

See V. Jackarino and Watson-Freeman.  

See Cohen-Tannoudji et al. “Quantum Mechanics”  p-1218 

In multi-electron systems (such as transition metal in solids), other higher order processes 
exist; e.g. 3d electrons polarize inner core s-electrons, and the latter interact with nuclear 
spin with Fermi’s contact term (“inner core polarization”). 
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Nuclear gyromagnetic ratio γn (Examples) 

Easy to detect nuclei  
Large γn (hence large NMR frequency f and bigger signal intensity) 
I=1/2 (generally sharp NMR line thanks to lacking quadrupole effects) 
high natural abundance 
Non-magnetic sites (slower relaxation times T1 and T2) 
 
Hard to detect nuclei 
Low natural abundance, small γn, large spin I (NMR line splitting due to quadrupole 
effects),  magnetic sites (fast T1 and T2) 

  Spin I  γn/2π [MHz/T]    Abundance [%]    Comments 
   

1H  1/2  42.5759   99.98  Easy to detect (even proton in hand-lotion!) 
13C  1/2  10.7054   1.108  Easy to detect  
17O  5/2  5.772   0.037  Need to enrich (expensive!) 
27Al  5/2  11.094   100  Background troubles (MACOR in probes) 
57Fe  1/2  1.3758   2.2%  Need to enrich (expensive!) 
63Cu  3/2  11.285   69.09%  Relatively easy 
65Cu  3/2  12.089   30.91%  Relatively easy 
47Ti  5/2  2.400   7.75%  Hard 
49Ti  7/2  2.401   5.51%  Hard 
75As  3/2  7.2919   100%  Relatively easy 
235U  7/2  0.76   0.7%   Very hard, need to enrich, dangerous ! 
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35Cl NMR lineshape
  H // c-axis, 9 Tesla
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T = 130K FFT of spin-echo
averaged for 100,000 scans

 B = 37.539 MHzγ
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+1/2, -1/2

+3/2, +1/2-3/2, -1/2

(Useful) complications for nuclear spin I > 1/2: Nuclear quadrupole interaction  

Splitting of 35Cl (I = 3/2) NMR in TiOCl with finite ‘nuclear quadrupole interaction’  

ω	


NMR Absorption 
intensity 

Iz = -3/2 to -1/2 
Satellite transition 

Iz = +1/2 to -1/2 
Central transition 

Iz = +1/2 to +3/2 
Satellite transition 

Energy levels for I = 3/2 

Spin-Pierls compound TiOCl  

ωo : Zeeman frequency 
 νQ  : nuclear quadrupole frequency 

ωo+νQ  ωo-νQ  ωo 

ωo-νQ  
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Nuclear quadrupole interaction; νQ  

Electrostatic energy of nucleus depends on  
(a) charge distribution of the nucleus itself, and  
(b) electric field gradient Vij from the environment (ions and electrons) 
where 
 

    
 

“cigar” shaped 
 nucleus 

+ 

+q (ion) 

+q (ion) 

Energy higher 

“saucer” shaped 
 nucleus + 

+q (ion) 

+q (ion) 

Energy lower 

(2nd derivative of Coulomb potential at nucleus) 
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where nuclear quadrupole interaction Hamiltonian 
 
 
 
and 
 
 
 
 
 
 
 
 
 
 
 
 

Nuclear quadrupole interaction Hamiltonian 

Asymmetry of the EFG 

Nuclear quadrupole moment (e.g. Q = 2.8 x 10-27 cm2 for 2D) 

Electric field gradient (EFG) along z-axis 

Total nuclear spin Hamiltonian for Ι  > 1/2 
H = Hz + HQ 

€ 

νQ =
e2qQ
3h

Nuclear quadrupole frequency νQ depends on local Coulomb potential 
arises from ions and electrons in the lattice 

eq = Vzz =  

€ 

d2V
dz2

See  C.P. Slichter, Principles of Magnetic Resonance 

         A. Abragam, Principles of Nuclear Magnetism 
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•  23Na, 59Co and 17O NMR lineshape in the parent non-superconducting metallic phase of  
17O isotope-enriched Na0.72CoO2 
•  Multiple NMR lines for each site due to vacancy configurations  

17γn =  5.772 
MHz/Tesla 

59γn = 10.054 
MHz/Tesla 

23γn = 11.262 
MHz/Tesla 

Site selective nature of NMR techniques:  
We can see what electrons are doing at different sites in the structure separately ! 

Co triangular lattice 

F.L. Ning, T.I. et al. PRL(2004). PRL(2005) 

Na 

O 

Na0.72CoO2 
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2. Nuts and Bolts of NMR;  
How do we generate and detect NMR signals?  
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Larmor precession of nuclear magnetic moments generates voltage in 
pick-up coil L (“Faraday’s Law”) 

L: inductance with sample 
     (nuclear spins inside)	


CM 

C T L 

Magnetic field B 

Magnetic 
moment µ 

θ	

Pick up coil 
(inductor L) 

Output voltage =  
  

€ 

−
dΦ
dt

= −
d
dt

 
B ⋅ d
 
A ∫

“Larmor 
precession” 

•  In thermal equilibrium, up and down moments nearly cancel out. 
•  Apply 90 and 180 degree pulses to generate net moments. 
•  Larmor precession of the net moments results in voltage signals (“Free Induction 
Decay” and “Spin Echo”). 
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Bolts and nuts in NMR Laboratory: Cryogenic NMR probe with LCR circuit 
Cryogenic NMR probe	


Temperature 
sensor	


C T : tuning capacitance	


CM: matching 
capacitance	


L: inductor with sample (~1cm3) 
     (nuclear spins inside)	


Co-axial 
cable	


~2”	


CM 

C T L 

B	
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FFT (Fast Fourier  Transformation) of spin echo  

time domain 
signal 

absorption 
spectrum 

35Cl spin echo in TiOCl 
Iz = -1/2 to +1/2 transition 

FFT spectrum 
(Real phase signal) 
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NMR spin echo signal by PSD 
(Phase sensitive detection) 
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Typical equipment for modern NMR measurements used for solid state physics 

Frequency 
synthesizer 

Power amplifier 
(1 kWatt) 

Pulse sequence 
generator, digitizer 

Phase 
detector, 
Filters,  
& DC amplifier 

Step attenuator 
Oscilloscope 

16 Tesla, 10ppm homogeneity  
superconducting magnet 
(Cooled by liquid helium 4) 

Home-made Spectrometer 
(Electronics) 

1.8m deep pit 
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3. Application to quantum materials (Part 1) 
 

Local spin susceptibility as measured by 
NMR frequency shift (a.k.a. Knight shift) 
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Knight shifts --- NMR measurements of local susceptibility 
“Knight shift” (a.k.a. “Frequency shifts”, “paramagnetic shifts”) 
 
Relation between the NMR resonance frequency fo and external magnetic 
field Bext in vacuum 
 
 

Bext 

f 

Nuclear 
spin I 

Bext 
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Knight shifts --- NMR measurements of local susceptibility 
“Knight shift” (a.k.a. “Frequency shifts”, “paramagnetic shifts”) 
 
Relation between the NMR resonance frequency fo and external magnetic 
field Bext in vacuum 
 
 
But in solids; 

Bext 

f 

Nuclear 
spin I 

Bext 

Electron 
polarized by Bext 
Polarization is 
proportional to χ. 

Bhf 

Hyperfine 
interaction 

Bext 

Proportional 
to χ 

Van Vleck contribution (Usually negligibly small at non-magnetic sites in insulators). 
Knight shift K measures local spin susceptibility! 
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17O	  NMR	  demonstra1on	  of	  the	  spin	  gap	  in	  two-‐leg	  ladder	  spin-‐liquid	  in	  A14Cu24O41	  
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VOLUME 81, NUMBER 1 P HY S I CA L REV I EW LE T T ER S 6 JULY 1998

17O and 63Cu NMR in Undoped and Hole Doped Cu2O3 Two-Leg Spin LadderA14Cu24O41
sssA145 La6Ca8, Sr14, Sr11Ca3ddd

T. Imai, K. R. Thurber, K.M. Shen, A.W. Hunt, and F. C. Chou
Department of Physics and Center for Materials Science and Engineering, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
(Received 2 March 1998)

We conducted the first 17O NMR in the S ≠ 1y2 Cu2O3 two-leg spin ladder, and probed the low
energy spin excitations of various momentum transfers up to 850 K. These measurements clearly
demonstrate the crossover from the spin gap to the paramagnetic regime. In the hole-doped ladders, the
crossover is accompanied by changes in electric field gradient tensors and charge transport properties,
suggesting interplay between spin and charge degrees of freedom. [S0031-9007(98)06462-X]

PACS numbers: 76.60.–k, 74.25.Dw, 74.72.Jt

Strong quantum fluctuations of S ≠ 1y2 Heisenberg
antiferromagnets in one and two dimensions have been
a focus of intensive research over the past decade.
More recently, Azuma et al. reported an experimental
realization of the S ≠ 1y2 two-leg spin ladder in the
Cu2O3 plane of SrCu2O3 [1]. In the two-leg ladder, two
spin chains with intrachain antiferromagnetic exchange
interaction Jk , 1500 K [2,3] are coupled by interchain
antiferromagnetic exchange interaction J' s&Jkd along
rungs, as shown in Fig. 1(a). The ground state is a
many-body singlet state [4]. The excited states are
triplet magnons on qy ≠ 0 or qy ≠ p branches, and
the excitation spectrum is gapped. The minimum of
the energy gap D s,0.5J'd is called the spin gap,
and is located at the staggered wave vector q ≠ sp , pd
[4]. The recent discovery of superconductivity at 12 K
under high pressure [5] in hole-doped A14Cu24O41 sA ≠
La,Y,Sr,Cad, which has both a Cu2O3 ladder and CuO2
chain layers, enhanced the interest in spin and charge
excitations in the Cu2O3 ladder.
In the past few years, several groups reported 63Cu

NMR measurements in the Cu2O3 ladder of SrCu2O3
[6] and A14Cu24O41 [7–11]. Since the spin gap D
in these systems is as large as *300 K, these earlier
experiments probed mostly the physical properties in the
low temperature limit. By fitting NMR properties to the
activation law, ~ exps2DykBT d, they tried to gain insight
into the spin gap. Unfortunately, the coexistence of
various charge and magnetic orders below 300 K makes
even the estimation of the magnitude of the minimum
of the gap D difficult, resulting in contradictory reports
[6–11].
In this Letter, we report the first 17O NMR as well as

63Cu NMR in the undoped and hole-doped Cu2O3 plane
of A14Cu24O41 not only in the gapped low temperature
regime but also in the high temperature paramagnetic
regime, and demonstrate the crossover between the two.
The comparison of 17O and 63Cu NMR results provides
wave-vector-dependent experimental information regard-
ing the evolution of spin excitations as functions of both

temperature and hole doping. We also demonstrate that
the crossover of spin excitations between the spin gap and
the paramagnetic regime in the hole-doped ladder is ac-
companied by changes in charge properties. Moreover,
from the measurement of spin polarization in oxygen-
ligand orbitals, we deduce the ratio J'yJk.

FIG. 1. (a) Structure of two-leg ladder. Open and closed
circles represent Cu and O atoms, respectively. Two segments
of the ladder are shown. C, D, and F are the intraladder,
interladder, and rung hyperfine couplings between Cu S ≠
1y2 electron spin and O nuclear spin. (b) Ladder spin
susceptibility xLsT d measured as 17Ks2dspin

c in La6Ca8Cu24O41

[d, PL ≠ 0, 17Ks2dorb
c ≠ 0.04 6 0.04%], and 17Ks2dspin

b in
Sr14Cu24O41 [D, PL , 0.06, 17Ks2dorb

b ≠ 20.02 6 0.02%] and
Sr11Ca3Cu24O41 [h, PL , 0.12, 17Ks2dorb

b ≠ 20.02 6 0.02%].
The solid curve is the best fit to Eq. (2), Dx ≠ 510 K.
(c) 631yT1b fdg, 171yT1cs1d fsg, and 171yT1cs2d f3g in
La6Ca8Cu24O41. Solid line is a guide for the eye.
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Hole Doping of the CuO2 Chains in (La,Sr,Ca)14Cu24O41

S. A. Carter, B. Batlogg, R. J. Cava, J. J. Krajewski, W. F. Peck, Jr., and T.M. Rice*
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 9 August 1995)
Substantial hole doping has been achieved in (La,Sr,Ca)14Cu24O41 compounds with CuO2 chain and

Cu2O3 ladder building blocks. Holes enter the structural units with larger OyCu ratios which are
the CuO2 chains. The ladders remain undoped and magnetically inert due to a large spin gap. The
moments in the undoped chains interact weakly, and every hole added creates a nonmagnetic CuO2 unit
and decreases the resistivity. At the maximum hole concentration s,0.6yCuO2d the residual moments
form a singlet ground state possibly due to dimerization with an excitation gap of ,140 K to the triplet
state. [S0031-9007(96)00720-X]

PACS numbers: 74.72.–h, 74.62.Dh, 75.30.Et

There is increasing interest in novel cuprates such as
the infinite layer ladder compounds Sr

n21Cun11O2n

whose
magnetic properties are very sensitive to the width of the
copper-oxygen ladders [1–5]. Of particular interest are
theoretical predictions of a spin gap and “d-wave” pair-
ing in hole doped ladder compounds with an even number
of legs [6]. Hole doping and metallic conductivity was
recently achieved in La2Cu2O5 [7], yet superconductiv-
ity could not be found above 4 K, which might be due
to residual coupling between the ladder building units [8].
The family of compounds (La,Sr,Ca)14Cu24O41 contains
Cu2O3 planes with two-leg ladders alternating up the c axis
with planes containing weakly coupled CuO2 chains [9–
13]. The structure, shown in Fig. 1 [9], has a large unit cell
along the c axis and can be written in terms of Cu2O3 lad-
ders and CuO2 chains as [(La,Sr,Ca)2Cu2O3]7(CuO2)10.
The average Cu valence has been varied, but from resistiv-
ity and magnetic susceptibility measurements on both un-
doped compounds (all Cu21-oxidation state) and Sr-doped
compounds, we are led to conclude that doped holes enter
predominantly the CuO2 chains. Furthermore, because of
the formation of a large spin gap sJ , 1400 Kd that results
from their two-leg ladder structure, the Cu2O3 planes are
magnetically inert for T , 400 K. The electronic prop-
erties are dominated by the CuO2 chains. These chains
have ,90± Cu-O-Cu bonding with weak magnetic Cu-Cu
interactions. The Cu valence varies from all Cu21 and un-
doped chains in La6Ca8Cu24O41 to strongly doped chains
with average valence Cu2.61 in Sr14Cu24O41. The holes
introduced into the chains are mobile and each hole cre-
ates a nonmagnetic CuO2 unit. The remaining magnetic
CuO2 units form a singlet ground state at low temperature
with a singlet-triplet excitation energy of,140 K possibly
due to dimer formation. This is, to our knowledge, the first
study of the development of magnetism when a substantial
number of holes are introduced into CuO2 chains.
Polycrystalline ceramic samples were prepared from sto-

ichiometric mixtures of SrCO3, CaCO3, La2O3, and CuO
as described elsewhere [14]. Determination of the crystal-
lographic cell parameters for the Ca and La-doped solid
solutions was based on the powder pattern indexing of

Sr14Cu24O41 by Roth et al. [10]. Upon Sr substitution
in La6Ca8Cu24O41, the in-plane dimension perpendicular
to the chains weakly increases, as does the perpendicu-
lar separation between planes, but the dimension along the
chain direction shrinks. The substitution of Ca for Sr de-
creases all unit cell dimensions, such that both the in-plane
Cu-O separation and the separation between planes de-
creases [14]. The periodicity along the chain is generally
incommensurate with the Cu2O3 plane periodicity, and is
changed with atomic substitution for Sr. A commensurate
supercell occurs for the variant La6Ca8Cu24O41, where all
the copper is in the 21 state [10]. The magnetic suscepti-
bilities x and resistivities r of La62y

Sr
y

Ca8Cu24O41, 0 #
y # 6, and Sr142x

Ca
x

Cu24O41, 0 # x # 10, were mea-
sured using a commercial magnetometer (Quantum De-
sign) and a standard dc four-probe technique, respectively.

FIG. 1. The crystallographic structure for
sLa,Sr,Cad14 Cu24O41 showing the Cu2O3 two-leg ladder
planes, the CuO2 chains, and the cation planes. Views are
parallel to the c axes. The a axis is horizontal and the b axis
is vertical [9].
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First, we discuss the magnetism of the undoped com-
pound and its evolution as holes are introduced through
Sr21 substitution for La31 to form La62y

Sr
y

Ca8Cu24O41.
The magnetic susceptibilities x are shown in Fig. 2. As
can be seen at first glance, the susceptibilities are signifi-
cantly smaller than expected for 24 magnetic Cu sites per
formula unit (f.u.) (dashed line). For y ≠ 0 (all Cu21),
only ,10 of the 24 Cu ions contribute to x , clearly sug-
gesting that the magnetism resides in the CuO2 chains
(10 Cu ions per f.u.) and that the other 14 Cu in the
two-leg ladders behave as one has come to expect from
theoretical and experimental studies which find a spin liq-
uid ground state and a gap in the spin excitation spec-
trum. Such a spin gap was recently reported in SrCu2O3
by Azuma et al. [5]. At high temperatures, xsT d can be
well described by a Curie-Weiss law xsTd ≠ CysT 1 ud
with a Curie constant C ≠ Ng2m2

B

y4. N is the number
of S ≠ 1y2 Cu21 spins. We set g ≠ 2.17 [15] and find
N ≠ 10.3s60.3d Cu21 spins per f.u. and a small net ef-
fective interaction u of 210 6 2 K. Considering the ar-
rangements of Cu ions in CuO2 chains and given a net
ferromagnetic coupling, we adopt a more appropriate de-
scription of xsT d in terms of weakly interacting ferromag-
netic chains:

x ≠ x1Dys1 2 2zJ

0x1DyNg2m2
B

d 1 x0 , (1)
and for k

B

TyJ . 1 [16]
x1D ≠ Ng2m2

B

y4k

B

T f1 1 sJyk

B

T dg ,

where J and J

0 are the intrachain and interchain exchange
constants and, z s≠ 2d is the number of neighboring
chains. For the undoped chains s y ≠ 0d, the fit from 50

FIG. 2. The magnetic susceptibility xsT d for
La62y

Sr
y

Ca8Cu24O41, 0 # y # 4, as a function of the
doping. The dashed line indicates the expected behavior of
xsT d if all the 24 Cu in the formula unit were magnetically
active. Solid lines are fits by Eq. (1) as described in text. For
y ≠ 0 (no hole doping) the data indicate that 10 Cu ions (in the
CuO2 chains) are magnetic. For each hole introduced through
Sr substitution s y . 0d, a CuO2 unit becomes nonmagnetic.
The resistivity r (inset) decreases with increased hole doping,
reflecting the mobile character of the holes.

to 350 K describes the data very well (solid line in Fig. 2)
and yields the following parameters: N ≠ 10s60.5d Cu21

spins per f.u., J ≠ 221s62d, J

0 ≠ 136s64d K, and
x0 ≠ 1.3s60.5d 3 1025 emuymole Cu. Accordingly,
the coupling within the chains is weakly ferromagnetic
(FM) and between the chains weakly antiferromagnetic
(AF). The weak FM interaction in the CuO2 chains is
expected for nearly 90± Cu-O-Cu superexchange bonds
and consistent with the spin arrangement observed in
Li2CuO2 [17]. However, similar chains in CuGeO3 have
AF interaction with a spin-Peierls transition at 14 K [18].
Note that the absence of a spin-Peierls transition here is
consistent with FM-interactions. The peak near 25 K in x
indicates the development of AF order of the FM-chains.
When Sr21 is substituted for La31 in

La62y

Sr
y

Ca8Cu24O41, the susceptibility decreases fur-
ther and the introduction of holes leads ultimately to a
novel ground state. For y ≠ 2 and nominally d ≠ 0.2
hole per CuO2, any indication for long range ordering is
barely resolved although Eq. (1) fits with similar values
of J ≠ 220s62d K, J

0 ≠ 36s64d K, x0 ≠ 6.0s61.0d 3
1025 emuymoleCu and N ≠ 9 6 0.5Cu21 per f.u. (The
effective u is 8 6 2 K.) For y ≠ 4, the inter-
chain coupling J

0 becomes negligibly small such
that xsT d can be fit by the Curie-Weiss form with
x0 ≠ 4.0s61.0d 3 1025 emuymole Cu, u ≠ 32s63d K,
and N ≠ 6.4 6 0.2. The transition from effective FM
to AF exchange interactions takes place between d ≠ 0.2
and 0.4. The cause of this transition is not clear but could,
for example, be due to small changes in the Cu-O-Cu
bond angles with doping and modifications of the inter-
chain coupling path due to variation in the plane-chain
crystallographic registry.
The attraction of holes to the CuO2 chains can be

attributed to the higher OyCu ratio, which will make
them more electronegative than the Cu2O3 planes. The
xsT d analysis indicates that each hole introduced by Sr
substitution renders approximately one CuO2 unit in the
chains nonmagnetic. This is consistent with assigning
an effective Cu31 ion in the low spin sS ≠ 0d state, and
reflects the same microscopic physics as in hole-doped
CuO2 layers: The extra hole sits mainly on the O ions but is
tightly bound in a Zhang-Rice singlet so that the Cu31 ion
is in a low spin singlet state. The doped CuO2 chain with
weak exchange interactions should be an example of the
t-J model with Jyt ø 1. Concomitantly, the resistivity
decreases significantly, without reaching a fully metallic
state, however. (See inset Fig. 2). Thus a first important
result of this study is the finding that CuO2 chains behave
very similarly to Cu-O planes with respect to hole doping:
Every doping hole creates a nonmagentic Cu-O unit and
becomes mobile, enhancing the electrical conductivity.
A new magnetic ground state of the chains is formed

with further Sr substitution in Sr6Ca8Cu24O41. Shown
in Figs. 2 and 3 is the susceptibility with a broad maxi-
mum near 80 K and free momentlike impurity contribu-
tion at low temperatures. This low temperature part is
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Ladder	  

Ladder	  

Chain	  

Chain	  

Chain	  

17O	  NMR	  Knight	  shi6	  at	  
O(2)	  sites	  reflects	  χLadder	  Bulk	  SQUID	  data	  is	  

dominated	  by	  the	  chain	  
contribuHon	  χchain	  	  	  
S.	  Carter	  et	  al.	  PRL	  (1996)	  

17O	  NMR	  1/T1	  

Spin liquid on 
two-leg ladder 
layer 
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this system remain important topics for further investiga-
tion. We also observe a small peak in the ac susceptibility
nearH ! 2 T at 50 mK which disappears upon warming to
705 mK. The overall susceptibility data indicate the ab-
sence of magnetic order or a spin gap down to 50 mK.

The specific heat C"T# of ZnCu3"OH#6Cl2 is shown in
Fig. 2(a) in various applied fields. For temperatures of a
few Kelvin and higher, the lattice contribution to the
specific heat (proportional to $T3) is the most significant
contribution, as shown in the inset. However, this contri-
bution diminishes at low temperatures, and below $5 K,
an additional contribution is clearly observed which arises
from the Cu spin system. Magnetic fields of a few Tesla can
significantly affect the low-T behavior, and fields of 10 T
and higher strongly suppress the specific heat below 3 K.
The difficulty in synthesizing an isostructural nonmagnetic
compound makes it hard to subtract the lattice contribution
precisely. However, the magnetic field dependence sug-
gests that the specific heat in zero applied field below 1 K is
predominately magnetic in origin. As a rough measure of
the spin entropy, the field-induced change in specific heat

below 3 K, obtained by subtracting the 14 T data from the
zero field data, accounts for about 5% of the total entropy
of the spin system.

Additional specific heat measurements at zero field at
temperatures down to 106 mK were performed at the
National High Magnetic Field Laboratory (NHMFL) and
the combined data are shown in Fig. 2(b). The specific heat
at low temperatures (T < 1 K) appears to be governed by a
power law with an exponent which is less than or equal to
1. In a 2D ordered magnet, magnon excitations would give
C$ T2. The kagomé-like compound SrCr8%xGa4&xO19
(SCGO) [18] and other 2D frustrated magnets [19] are
also observed to have C$ T2 even in the absence of
long-range order [20,21]. The behavior that we observe
in ZnCu3"OH#6Cl2 below 1 K stands in marked contrast.
We can fit our data to the power law C ! !T", though we
note that the exponent " is sensitive to the chosen range of
temperatures that are fit. The blue line in this figure repre-
sents a linear fit with " ! 1 over the temperature range
106 mK< T < 400 mK. The fitted value for ! is 240'
20 mJ=K2 Cu mole. If we include higher temperatures, the
red line represents a fit with " ! 2=3 over the temperature
range 106 mK< T < 600 mK. Extending the fitted range
to even higher temperatures can yield " values as low as
0.5.

Finally, inelastic neutron scattering measurements of the
low energy spin excitations were performed on deuterated
powder samples of ZnCu3"OD#6Cl2. High resolution mea-

 

FIG. 2 (color online). (a) The specific heat C"T# of
ZnCu3"OH#6Cl2 in various applied fields, measured using a
Physical Property Measurement System. Inset: C"T# plotted
over a wider temperature range in applied fields of 0 T (square)
and 14 T (star). (b) C"T# in zero field measured down to 106 mK.
The lines represent power law fits as described in the text.

 

FIG. 1 (color online). (a) The chemical transformation from
the pyrochlorelike lattice of Cu2"OH#3Cl to the kagomé layers of
ZnCu3"OH#6Cl2. (b) Magnetic diffraction scans of the two
systems at T ! 1:4 K (open) and 20 K (filled). The
Cu2"OH#3Cl data show magnetic Bragg peaks at Q ’ 0:70 and
Q ’ 0:92, which are absent for the ZnCu3"OH#6Cl2 data (which
have been shifted by 2300 counts=min for clarity). (c) Magnetic
susceptibility of ZnCu3"OH#6Cl2 measured using a SQUID
magnetometer plotted as 1=#, where mole refers to a formula
unit. The line denotes a Curie-Weiss fit. Inset: ac susceptibility
(at 654 Hz) at low temperatures measured at the NHMFL in
Tallahassee, FL.
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reaction was carried out in a nitrogen filled glove bag,
deuterated Copper Carbonate was prepared, and 99%
D2O was used throughout. The purity of the samples and
the Cu-to-Zn ratio were verified ( ! "1%) with powder x-
ray diffraction and inductively coupled plasma–atomic
emission spectroscopy. SQUID tests were performed and
gave results in perfect agreement with those of Ref. [15].
For x # 1, we find !CW # $300%20& K and we detect a
small Curie term which would correspond to a maximum
of 6% S # 1=2 free spins out of the total Cu amount. In all
our x ' 1 samples a ferromagnetic frozen component
appeared whose weight was found negligible for x # 1
as in [15], and increased drastically for x < 0:5.
"SR measurements were performed on x # 0:15–1:0

Zn contents, in zero field (ZF), longitudinal applied field
(LF) or weak transverse field (WTF), with respect to the
muon initial polarization. Because of their positive charge,
implanted muons come at rest in well-defined sites where
their electrostatic energy is minimized, i.e., nearby Cl$ and
OH$. In a paramagnetic state, electronic moments fluctu-
ate fast ((10$12 s) on the "SR time scale and the field
sensed by the muons has only a nuclear origin with a
typical value of a few G.

We first focus on the low-T state for the ‘‘perfect ka-
gomé’’ composition, x # 1 (T # 50 mK, Fig. 1). Damped
ZF oscillations, corresponding to a few G field are evident
for the H sample and were observed at all T, but disappear
for the D sample. They are therefore clearly associated
with the H nucleus. This is evidence for the formation of a
OH-" complex where the muon binds to a hydroxyl group
in the H sample [16]. The signature of such a complex lies
in oscillations of the polarization. The characteristic fre-
quency !OH of the time evolution of the polarization
POH%t& can be calculated by modeling the dipolar interac-
tion between the proton and the muon moments [17]. In the
D sample, the frequency !OD is too small (nuclear mo-

ments ratio "D="H # 0:153) and the oscillating pattern
escapes our 0–16 "s time window. As expected in a static
case, a LF approximately a few tens of G, much larger than
nuclear dipole fields, decouples nearly completely the
relaxation, except a small relaxing tail which is found
identical in 80 and 10 G data. The latter can be safely
attributed to a dynamical relaxation, due to fluctuations of
the electronic moments, which only starts decoupling for
much larger LF such as 2500 G. In addition, we do not find
any change of the oscillations with T, which evidences that
there is no static field other than the dipolar field from
nuclei. We can qualitatively conclude that (i) no freezing
and (ii) no drastic slowing down such as that observed in
kagomé-like compounds [6,8,12,13] occur even at 50 mK.

In order to refine this qualitative statement, the ZF
polarization for the H sample was fitted to the sum of the
two expected contributions,

 Pz%t& # )POH%t&e$%#"!OHt&2=2 * KTCl%t&+e%$$t&
%
: (1)

The Gaussian damping !OH originates from nuclei sur-
rounding the OH-" complex. KTCl%t& is the well estab-
lished Kubo-Toyabe function, Gaussian at early times used
here for the Cl$ site ((10%–20%) where the relaxation is
due to surrounding Cu and H nuclei. In addition, a small
dynamical relaxation was allowed through the stretched
exponential overall multiplying factor [18]. All the static
values used in the fits were fixed by a high statistics run at
1.5 K and found identical for higher T values and other x
values—provided the samples are in a paramagnetic state.
From the value of !OH, we find HOH # 7:6%2& G, and the
field distributions are respectively !OH # 2:2%3& G and
!Cl # 1:7%5& G for OH$ and Cl$ sites, typical of dipolar
fields induced by nearby H, Cu, and Cl nuclei. The
D-sample data can be consistently analyzed using HOD #
HOH , "D

"H
and similar ! values. At 50 mK we found

identical HOH values and only the dynamical relaxation
was found to slightly increase.

The absence of variation of the frequency of the oscil-
lation with T on the H sample demonstrates that although
!CW ($300 K, the sample does not freeze into a mag-
netic state down to the lowest T of 50 mK. Indeed, in the
case of a magnetic freezing, the oscillation due to the
OH-" complex would be swamped by the relaxation due
to electronic moments. An upper value of the electronic
field of (0:3 G corresponds to the error bars of our fits.
From the comparison with the (500 G field found at the
muon site in Cu4%OH&6Cl2, one obtains an upper bound of
6, 10$4"B for the Cu2* frozen moment.

We now turn to the discussion of the small dynamical
effects observed on the long time tail of the muon polar-
ization. We tracked its T evolution by applying a 80 G
longitudinal field, large enough to decouple the static
nuclear fields. In the left panel of Fig. 2, one can directly
notice on the D-sample raw data a small increase of the
muon relaxation between 1.5 and 50 mK. The values of $
extracted from stretched exponential fits are plotted in the

 

FIG. 1. "* polarization in x # 1 compound, either in zero
field (H and D samples) and under an applied field (H sample).
No static internal field other than of nuclear origin is detected
and a weak dynamical relaxation is observed.
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No spin freezing 
observed by µSR 
down to ~50 mK 

•  Cu2+ ions (S = ½) form a perfect kagome lattice 
•  Cu-Cu super-exchange interaction J ~ 180 K 

Paramagnetic down to ~50 mK 
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Herbertsmithite ZnCu3(OH)6Cl2 :  Complications 
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15% 

χdefect	  



	  Zeeman 
	  	  

 Hyperfine  
	  	  

  
Quadrupole   
  

Nuclear quadrupole interaction splits 17O NMR into 5 peaks 
(nuclear spin I = 5/2) 
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  295K (9T || c-axis) 

Cu2+ defects occupy Zn interlayer 
sites with ~15% probability (~5% 
of excess Cu2+  at Zn site) 

NN (13%±4)  

Main (59%±8)  

NNN(28%±5)  

NN 
Main 

NNN 

Identification of 17O NMR signals arising from NN and NNN 
of Cu2+  defects occupying the Zn2+  sites (B || c) 
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Cu
2+

 defect 

3 sets of 5 peaks à 3 different magnetic & structural environments for 17O sites 



Main 
NN 

Main 

NN 

•  The defects are S=1/2 occupying Zn sites.  
•  No evidence for Zn anti-site disorder in the kagome 

layers. 
•  We can’t track down the kagome Main peak at low T 

17
K=0 

Low T behavior at NN is 
dominated by a large Curie-
Weiss contribution with Ahf < 0 

Distinct temperature dependences of defect and kagome spin susceptibility 

2D NMR at the NN of defects  

B = 9T || c 



120K 
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All 5 peaks for Main1 collapse into a large 
single peak, owing to small νQ ~ 8 kHz 

Main2 (νQ ~ 520 kHz) 

Optimizing the magnetic field geometry to track down the kagome main peak to T à 0  

- Nuclear quadrupole interaction νQ has a traceless tensor. 
- νQ takes both + and – values, depending on the geometry. 
- If we apply B along a certain orientation, νQ = 0, and all 5 transitions 
collapse into a large single peak --- for Main1 sites, B || a* would do! 

B = 3.2T || a* 
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B = 3.2T || a* 

Knight shift measurements using the optimized B || a* geometry 



Optimal RF pulse condition is different 
for Main1.  We can selectively Main1 
using longer pusles. 
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Knight shift measurements using the optimized B || a* geometry 

B = 3.2T || a* 

Kagome spin susceptibility (Knight 
shift of the Main1 peak) asymptotes to 
zero below ~10 K 



Asymptotically zero below 
~10 K → Spin gap  
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B = 3.2T || a* 

17O single crystal NMR evidence for a gapped spin liquid ground state  
in a kagome Heisenberg antiferromagnet ZnCu3(OH)6Cl2 

M. Fu et al., Science 350 (2015) 655.  
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4. Application to quantum materials (Part 2) 
 

Measurements of low energy spin excitations 
based on spin-lattice relaxation rate 1/T1  
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1/T1 probes low energy excitations of the lattice 

More low energy excitations 
 
Faster relaxation time T1 
Bigger relaxation rate 1/T1 

Lost energy of nuclear spins 
must be absorbed by ….. 

Fermi surface 

e 
conduction 
electrons 

Magnons 
Paramagnons 

Lattice 
vibrations 

Etc. 

Thermal equilibrium of 
nuclear spin ensemble 

Apply π pulse and invert 
the population (i.e. 
excite nuclear spins) 

Time T1 to relax by emitting 

pump 



Example: 1/T1 measured at the second upper satellite transition (Iz = +5/2 to +3/2 
transition) of the Main2 17O sites in herbertsmithite ZnCu3(OH)6Cl2 

For quantitatively accurate 1/T1 measurements, it is 
essential to use a clean, isolated peak, even if the 
intensity is weaker than the non-clean superposed 
central peak by an order of magnitude! 

M (t) = A−B ⋅[ 1
14

⋅exp(−15t /T1)+
2
7
⋅exp(−10t /T1)+

2
5
⋅exp(−6t /T1)

+
3
14

⋅exp(−3t /T1)+
1
35
⋅exp(−t /T1)]

Fit with theoretical expression based on a rate equation 
Free Parameters: A, B, 1/T1 

50K 
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where 
 
 
and autocorrelation function 
 
 
 
If we assume that hyperfine coupling tensor A is isotropic,  
 
 
Then 
 
 
 
i.e Spin-lattice relaxation rate 1/T1 is related to the NMR frequency ωo Fourier 
component of electron spin fluctuation spectrum 
 

Spin-lattice relaxation rate 1/T1 : Relation with electron spin fluctuations  

(2) Theoretical results by Golden-rule calculations using  

Electronic Hamiltonian 
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Spin-lattice relaxation rate 1/T1 : expression by dynamical susceptibility 

See, e.g. White 
“Quantum Theory of Magnetism” 

impulse response 

Susceptibility in 
q and ω Fourier space 

Rewriting the expression of 1/T1    

 

 

 

 

  

 

“Hyperfine form factor” Dynamical 
structure factor 
(neutron scattering) 

T. Moriya JPSJ (1963) 
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1/T1 measured at 17O sites in herbertsmithite ZnCu3(OH)6Cl2 

1)  Parameter-free theoretical prediction for the high temperature limit, T >> J 
(~170K), based on Moriya’s Gaussian approximation for the autocorrelation 
function of Heisenberg model: (1/T1) ~ 3200 s-1 

2)  Except for a small residual relaxation rate induced by defects, 1/T1 à 0 at 
low temperatures (spin gap in the excitation spectrum)   

Moriya’s Gaussian Approximation 
for Heisenberg model 
(1/T1) ~ 3200 s-1 

Gap 
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Spin-lattice relaxation rate 1/T1 : Korringa relation for s-electrons 

Special case : Fermi liquid composed of s-electrons 

Knight shift 

Pauli para 

Amplitude of wave function of s 
electrons with kF at nucleus 

Note : A similar relation holds also for p- and d-electrons.   
However, the prefactor changes.  In addition, orbital hyperfine fields 
have a separate contribution to 1/T1.  (Yaffet-Jaccarino, Obata) 

Korringa relation 

Fermi surface 

e 

Initial & final states 

Available electrons near EF 
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Spin-lattice relaxation in BCS s-wave superconductor arising from  
a simple metal (Fermi liquid) 

13C NMR in MgCNi3 superconductor Singer, T.I. et al.  PRL 87 (2002) 257601 

B = 0.45 T (    ), 1 T (    ), 9 T ( x ) 

Korringa relation in the normal state above Tc: 
1/T1 = 0.072 T [sec-1] ~ N(Ef)2T 
when B = 9 T destroys superconductivity 

Tc 



40 

Spin-lattice relaxation in BCS s-wave superconductor arising from  
a simple metal (Fermi liquid) 

13C NMR in MgCNi3 superconductor Singer, T.I. et al.  PRL 87 (2002) 257601 

B = 0.45 T (    ), 1 T (    ), 9 T ( x ) 

Tc 

In low field (0.45 T):  
•  “Hebel-Slichter coherence peak”: a hump just below Tc 
for conventional BCS isotropic s-wave superconductor. 
•  Exponential behavior, 1/T1 ~ exp(-Δ/kBT).   

D(E) 

EF 

E 

Golden rule calculations below Tc 
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1/T1 in non-Fermi liquid, d-wave high Tc cuprate YBa2Cu3O6.9 (Tc=92K)  
T. Imai et al.  J. phys. Soc. Jpn. 57 (1988) 2280. 

Strange non-Fermi liquid behavior above Tc. 
Korringa behavior is not satisfied.  (More in next slide) 
(Knight shift ~ T-independent). 

Absence of Hebel-Slichter coherence peak at T = Tc 
(unconventional superconductivity) 

1/T1 ~ const. at low 
temperature limit 
(defect free spins 
short-circuit the 
relaxation process) 

Power Law at T<<Tc : 1/T1 ~ T3 

First evidence for d-wave pairing 

D(E) 

E-EF 

Linear density of states 

Fermi surface 
and energy gap 


