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5.			Summary	



Paramagnetic	ground	state	vs.	antiferromagnetic	phases

Ĥ = J Ŝi ⋅ Ŝ j

<i, j>
∑

Antiferromagnetic	“Heisenberg	model” (model	Hamiltonian)

(	J >	0	)

Paramagnetic	state	with	
randomly	oriented	spins

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

Higher	
temperatures

T	≤	TN
(Neel	temperature)

Liquid	water Solid	ice
T	<	273	K

In	analogy	with……….



Landau	(1962	Nobel	Physics)	thought	there	is	
no	such	a	thing	as	antiferromagnetically
ordered	state;	Instead,	superposed singlet	
states	must	be	realized.

Old	controversy:	Antiferromagnetically	ordered	state	vs.	Landau’s	superposed	singlets	

Cf.	P.A.	Lee,	Science	321 (2008)	1306

1306

and results in “sick” APM virions with aber-

rant morphologies. Sputnik thus behaves as a

true parasite with a detrimental effect on

APM reproduction.

Small viruses requiring other larger

viruses for their reproduction have previously

been documented. These “satellite viruses”

lack essential functions for multiplication, for

which they exploit their “helper viruses.” La

Scola et al. (8) argue that Sputnik is more than

a satellite virus, because it uses its partner’s

virus factory and impairs its fitness. They

therefore call Sputnik a “virophage.”

What is the origin of the Sputnik viro-

phage? The authors provide evidence sug-

gesting the existence of related virophages in

the oceans (8). Marine virologists have

reported small viruses occurring with larger

ones in marine protist populations (9, 10).

During recurrent infection of a cell by the two

viruses, one virus may begin to benefit from

the other. Like Sputnik, the small marine

viruses multiply faster than the larger ones. If

the viral genomes can physically interact,

genes can be exchanged, and the two viruses

may evolve into various  states of depend-

ency, from mutualisms to parasitism. In this

context, it is worth noting that Sputnik has an

integrase (an enzyme that inserts pieces of

DNA from one DNA molecule into another).

The genome of a marine virus, infecting the

planktonic species Emiliania huxleyi con-

tains a strange 176-kb central segment (11):

Genes in this segment lack homologs in other

viruses, but harbor a unique promoter. This

segment is expressed much earlier than the

rest of the viral genome and may be the inte-

grated genome of an unknown virophage.

The genes in giant eukaryotic viruses have

multiple origins (see the figure). The APM

genome contains eukaryotic- or prokaryotic-

like genes. Recent horizontal gene transfers

from its eukaryotic hosts or prokaryotic or-

ganisms partially account for these genes.

However, giant viral genomes also contain

genes that are unique to viruses, the origin of

which is hotly debated (6, 12, 13). Do these

genes originate in vertical gene transfer from a

very old viral common ancestor? The small

number of genes shared among modern

viruses argues against this possibility. Viral

genome mosaicism is also suggested by the

occurrence of very similar genes in different

viruses (14). Furthermore, a substantial

amount of horizontal gene transfer may occur

between viruses. The Sputnik virophage now

provides a new potential vehicle for such hor-

izontal gene transfers. In fact, the Sputnik

genome encodes several genes that may origi-

nate in vastly different viruses. 

Assessing the proportions of vertical gene

transfer and virus-virus horizontal gene trans-

fer now appears crucial for understanding the

evolution of giant viruses, refining the con-

cept of virus lineage, and elucidating gene

flow in the virosphere. The unusual features of

the giant Mimivirus revived the popular, yet

unresolved question: “Are viruses alive?” The

discovery that some of them can get sick adds

a new twist to this old debate.
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E
lectrons possess magnetic behavior

through the quantum mechanical prop-

erty of spin. The magnetic properties of

materials then arise from the collective interac-

tion of electrons on atoms within the crystal.

Below a transition temperature, the electron

spins of normal magnets “freeze” into an

ordered array of magnetic dipoles. Whether the

ordering is ferromagnetic (all the dipoles point

in the same direction) or antiferromagnetic (the

dipoles on adjacent sites point in opposite

directions) is determined by the sign and

strength of the interaction between the elec-

trons. Early theoretical work has indicated a

departure from these ordered states, suggesting

that quantum mechanical fluctuations of the

spin could be so strong that ordering would be

suppressed and the spin ensemble would

remain in a liquid-like state, even down to the

lowest temperatures. Experimental evidence,

which has until recently remained elusive, is

emerging in favor of this long-predicted state of

quantum matter.

To understand the controversy surround-

ing this exotic quantum spin liquid state, it is

instructive to go back to the description of

antiferromagnetism. Soon after the invention

of quantum mechanics, Heisenberg pointed

out that electron spins on neighboring atoms

can have short-range interaction due to

quantum mechanical exchange. Louis Néel

After decades of searching, several promising examples of a new quantum state of matter have

now emerged.

An End to the Drought of 

Quantum Spin Liquids

Patrick A. Lee

PHYSICS

Department of Physics, Massachusetts Institute of Tech-
nology, Cambridge, MA 02139, USA. E-mail: palee@mit.edu

Ordered spins. (Left) Néel’s picture of antiferro-
magnet ordering with an alternate spin-up–spin-
down pattern across the lattice. (Right) Quantum
fluctuations lead to mutual spin flips, which Landau
argued would disorder Néel’s state.

THE VIRAL GENE POOL

Vertical gene transfer from viral ancestor

Horizontal gene transfer from eukaryotic hosts

Horizontal gene transfer from prokaryotes

Horizontal gene transfer from viruses (by virophages)

?

0 ~ 10%

0 ~ 10%

?

A GIANT VIRUS GENOME

~30% shared with cellular organisms

~70% unique to viral life (virosphere)

Origin of genes in large eukaryotic viruses. The distribution of sequence database matches suggests
diverse origins for the genes of large DNA viruses. Horizontal gene transfer may occur through exposure to
host or prokaryotic DNA. The many genes unique to viruses are vertically or horizontally transferred between
viruses—a process in which the newly discovered virophages may play a key role.
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 “Neel	state”	is	not	an	eigenstate	of	

the	Hamiltonian.	

Ĥ = J Ŝi ⋅ Ŝ j

<i, j>
∑

Antiferromagnetic	“Heisenberg	model”	
(model	Hamiltonian)

(	J >	0	)

Mostly	forgotten	idea	for	decades,	because	
antiferromagnets	do	exist	after	all.



Geometrical	frustration	effects	of	spins	on	the	triangular-lattice	Heisenberg	model		
and	the	RVB “spin	liquid”	(P.W.	Anderson	1973)

P.W.	Anderson	(Nobel	physics	1977)	
singlet

frustrated

singlet frustrated

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

+ + …….	(superposition	of	many	
other	states)

In	reality,	spins	usually	compromise	
by	forming	a	120-degree	ordered	
state	(favored	classically)	

“Resonating	Valence	Bond	(RVB)”

RVB =



Resurrection	of	the	old	RVB	idea	in	the	context	of	undoped square-lattice	Heisenberg	
antiferromagnet La2CuO4 (Parent	phase	of	Copper-oxide	high	Tc superconductors)

P.W.	Anderson,	Science	235 (1987)	1196

This content downloaded from 130.113.111.210 on Tue, 29 Sep 2015 13:31:15 UTC
All use subject to JSTOR Terms and Conditions

+ + …….

Anderson’s	proposition:	
High	temperature	superconductivity	
emerges	when	we	remove	~15%	of	spins

Cooper	pairRVB =

Cu2+ ion	(S=1/2)	at	each	corner
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Japanese	“Kagome	Tomato	Ketchup”

“Basket	pattern”
(kago) (me)

籠 目

?
Corner-sharing	triangles

Where should we look for a quantum spin liquid? 
“Kagome” 籠目 : “Basket pattern” composed of corner-sharing triangles

frustration



+

+

+

9999

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

Favors a quantum spin liquid ground state

120	degree	arrangement	on	a	triangle	
minimizes	the	energy	(classically)

+

++

++ +

….	and	constrains	
another	spin	

….	and	all	spins	

Edge-sharing	triangular	lattice

Corner-sharing	triangular	lattice	(kagome)

or

One	triangle	does	not	constrain	the	
arrangement	of	the	adjacent	triangle

+

+

++

+

+

+ +

+

or

Spins	have	a	hard	time	to	choose	ordering	pattern!



“The	ground	state	of	the	kagome	Heisenberg	antiferromagnet	is	a	gapped	Z2 spin	liquid”
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which the weak-valued photon trajectories are
reconstructed.

For the experimentally reconstructed trajecto-
ries for our double slit (Fig. 3), it is worth stress-
ing that photons are not constrained to follow
these precise trajectories; the exact trajectory of
an individual quantum particle is not a well-
defined concept. Rather, these trajectories rep-
resent the average behavior of the ensemble of
photons when the weakly measured momentum
in each plane is recorded contingent upon the
final position at which a photon is observed. The
trajectories resemble a hydrodynamic flow with a
central line of symmetry clearly visible: Trajec-
tories originating from one slit do not cross the
central line of symmetry into the opposite side of
the interference pattern. Trajectories at the edges
of bright fringes tend to cross over to join more
central bright fringes, thus generating the ob-
served intensity distribution because of interfer-
ence. The trajectories cross over dark fringes at
relatively steep angles; there is a low probability
of finding a photon in these regions that cor-
respond to postselecting on a state nearly or-
thogonal to the initial state of the system. The
separation of the imaging planes sets the scale
over which features in the trajectories can be
observed. The evolution of the interference in
our double-slit apparatus takes place over a scale
that is much longer than the separation between
imaging planes, and our trajectories can accu-
rately track the evolution of this interference. The
one place where the accuracy can suffer is when
a trajectory quickly passes through a dark fringe;
here the fine scale behavior is smaller than the
spacing between imaging planes. By overlaying
the trajectories on top of the measured intensity
distribution (Fig. 4), we observe that the trajec-
tories reproduce the global interference pattern
well. The tendency of the reconstructed trajecto-
ries to “bunch” together within each bright in-
terference fringe is an artifact of measurement
noise with the position error accumulating as the

trajectory reconstruction is carried out further
and further from the initial plane at z = 2.75 m.
Single-particle trajectories measured in this fash-
ion reproduce those predicted by the Bohm–de
Broglie interpretation of quantum mechanics (8),
although the reconstruction is in no way depen-
dent on a choice of interpretation.

Controversy surrounding the role of mea-
surement in quantum mechanics is as old as the
quantum theory itself, and nowhere have the
paradoxes been thrown into such stark relief as
in the context of the double-slit experiment. Our
experimentally observed trajectories provide an
intuitive picture of the way in which a single par-
ticle interferes with itself. It is of course impos-
sible to rigorously discuss the trajectory of an
individual particle, but in a well-defined opera-
tional sense we gain information about the aver-
age momentum of the particle at each position
within the interferometer, leading to a set of “av-
erage trajectories.” The exact interpretation of
these observed trajectories will require continued
investigation, but theseweak-measurement results
can be grounded in experimental measurements
that promise to elucidate a broad range of quan-
tum phenomena (7, 11–13, 15–17). By using the
power of weak measurements, we are able to pro-
vide a new perspective on the double-slit experi-
ment, which Feynman famously considered to
have in it “the heart of quantum mechanics” (27).
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Spin-Liquid Ground State of the S = 1/2
Kagome Heisenberg Antiferromagnet
Simeng Yan,1 David A. Huse,2,3 Steven R. White1*

We use the density matrix renormalization group to perform accurate calculations of the ground
state of the nearest-neighbor quantum spin S = 1/2 Heisenberg antiferromagnet on the kagome
lattice. We study this model on numerous long cylinders with circumferences up to 12 lattice
spacings. Through a combination of very-low-energy and small finite-size effects, our results
provide strong evidence that, for the infinite two-dimensional system, the ground state of this
model is a fully gapped spin liquid.

We consider the quantum spin S = 1/2
kagome Heisenberg antiferromagnet
(KHA) with only nearest-neighbor

isotropic exchange interactions (Hamiltonian
H ¼ S

→
Si ⋅

→
Sj, where

→
Si and

→
S j are the spin

operators for sites i and j, respectively) on a kagome

lattice (Fig. 1A). This frustrated spin system has
long been thought to be an ideal candidate for a
simple, physically realistic model that shows a
spin-liquid ground state (1–3). A spin liquid is a
magnetic system that has “melted” in its ground
state because of quantum fluctuations, so it has

no spontaneously broken symmetries (4). A key
problem in searching for spin liquids in two-
dimensional (2D) models is that there are no ex-
act or nearly exact analytical or computational
methods to solve infinite 2D quantum lattice sys-
tems. For 1D systems, the density matrix renor-
malization group (DMRG) (5, 6), the method we
use here, serves in this capacity. In addition to
its interest as an important topic in quantum mag-
netism, the search for spin liquids thus serves
as a test-bed for the development of accurate and
widely applicable computational methods for
2D many-body quantum systems.

1Department of Physics and Astronomy, University of Cali-
fornia, Irvine, CA 92617, USA. 2Department of Physics,
Princeton University, Princeton, NJ 08544, USA. 3Institute
for Advanced Study, Princeton, NJ 08540, USA.

*To whom correspondence should be addressed. E-mail:
srwhite@uci.edu
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state of this crystal. We have measured the cor-
relation length for VBC energy correlations in
this diamond pattern along cylinder YC8 and
find that it is less than 1.5 lattice spacings (15).
Unlike the HVBC, which shows a first-order
phase transition to the spin liquid (15), this dia-
mond VBC evolves smoothly into the spin liquid
without any phase transition as one changes the
strengths of the exchanges that are altered to
favor it (we call this “pinning it,” Fig. 2C). For
the even cylinders on which this diamond VBC
does fit, this process allows a careful production
of the spin liquid by approaching it in a smooth
fashion from the diamond VBC (15).

The infinitely long cylinders may be viewed
as one-dimensional systems with a unit cell con-
taining Nc spins. Even-Nc cylinders (e.g., Nc = 12
for YC8) are compatible with the diamond VBC,
and the ground state of the infinite cylinder ap-
pears to be nondegenerate. Odd-Nc cylinders are
not compatible with the diamond VBC, and the
Lieb-Schultz-Mattis theorem implies that the
ground state must be degenerate (25). Ground
states on these odd cylinders weakly break transla-
tional invariance, spontaneously doubling the unit
cell, which produces a pair of degenerate ground
states, still with a gap to higher excited singlet
states. The symmetry breaking is in a “striped”
pattern (Fig. 3). For YC6 and YC10, the stripes
run around the circumference, whereas for the
other odd spiral cylinders the stripes are spirals.

The ends of our cylindersmay have low-lying
states below the bulk singlet and triplet gaps. The
following DMRG procedure avoids these edge
states: First target only one state, and sweep
enough to obtain a high-accuracy ground state.
Then restrict the range of bonds that are updated
in the DMRG sweeps to the central half of the
sample and target the two lowest-energy states,
again sweeping to high accuracy, but keeping the
end regions of the samples locally in the ground
state. This technique is particularly important for
obtaining the singlet gap. For the triplet gap, one
can also keep the excitation away from the ends
with local magnetic fields. With this approach,
we can target both states together—one with total
Sz = 0 and the other with Sz = 1—or run them
separately. These different approaches allowed
for fairly independent checks on the results.
Figure 4 shows the measured bulk gaps. Gaps
are more demanding than ground-state energies,

so we do not have gap estimates for our widest
cylinder (15). See table S1 for energies and gaps
of all the cylinders studied.

The singlet gap is 0.050, within the errors, for
the even XC8 and YC8 cylinders, and it remains
near this value for the wider even XC12-2 cyl-
inder. The odd cylinders come in at least two
families: YC6 and YC10 are not spirals, whereas
YC5-2, YC7-2, and YC9-2 are a series of spirals
with increasing circumference. In each of these
(small) families of odd cylinders, the singlet gap
increases as the circumference increases, support-
ing our conclusion that the singlet gap is ~0.05
in the 2D limit. This is quite different from the
exact diagonalization results, where there are
many lower-lying singlets, and the lowest singlet
gap is only ~0.01 on the standard 36-site torus
(26). The singlet gap is a strong function of a
second-neighbor exchange coupling (J2) (13),
with an apparent phase transition at a very small
ferromagnetic value of J2. The location of this
nearby transition is quite sensitive to circumfer-
ences, and this produces the large differences in
the singlet gap between the torus and our cylinders.

The triplet (spin) gap on the 36-site torus is
0.164 from exact diagonalization (26). Although
XC8 and YC8 have gaps that are quite close to
this, our results on other cylinders suggest that
the 2D triplet gap is smaller (Fig. 4). The triplet
excitations are composed of two spinons, but we
cannot resolve whether or not the two spinons
bind, although in some cylinders any binding
must be very weak. This composite nature of the
excitation seems to make the finite-size effects
and variation between the cylinders more pro-
nounced. We do not yet understand the details of
these effects. As for the singlet gap, the spiral odd
cylinders have the smallest triplet gaps, and the
even cylinders the largest. The triplet gap remains
above the singlet gap in all the systems we have
studied; thus, we believe it remains nonzero in
the 2D limit.

A nearest-neighbor RVB wave function is a
linear combination of nearest-neighbor singlet
dimers covering the kagome lattice (24). For a
kagome lattice wrapped on a cylinder, such dimer
covers are in two topologically distinct sectors that
differ by a Z2 winding number, and dimer reso-
nances on finite loops do not change this winding
number (19, 20, 22–24). We can force our even
cylinders to have one or the other of the two

winding numbers by choosing how many spins
to leave at each end. For a finite circumference c,
these two sectors have different ground-state
energies (E ) per site; for YC8, their difference
is dE ≈ 0.00069(3). For odd cylinders, the two
sectors are related by translation along the length
of the cylinder and, thus, are degenerate. If an
even cylinder is topologically ordered, one ex-
pects dE ∼ exp(−c/x) (where x is a correlation
length ) at large c, but we do not yet have re-
liable dE results for larger cylinders to test this
hypothesis. This is partly because the singlet
gap above the ground state in the higher-energy
sector is substantially smaller than the singlet gap
above the overall ground state, slowing DMRG’s
convergence.

A domain wall along the cylinder where the
Z2 winding number changes is a spinon. For the
odd cylinders, the degeneracy of the two sectors
means the spinons are unconfined. However, two

Fig. 2. Response of the spin
liquid to small perturbations on
cylinder YC8. In each case, cer-
tain bonds have been strength-
ened: (A) a six-site hexagon by
1%, (B) an eight-site diamond
by 1%, and (C) the wide strong
and weak vertical bonds (12 of
each are shown) by T0.5%. Line
widths indicate subtracted bond spin-spin correlations, |〈

→
Si ⋅

→
Sj〉 − ea|, with dashed lines indicating that

the quantity is positive. Here, a signifies bond direction, and the approximate unperturbed bond cor-
relations are ea = −0.223 for horizontal bonds and −0.217 for diagonal. Note the different scales used:
the response increases strongly from (A) to (B) to (C). Surrounding dimers arise in response to the diamond
pinning in (B), and diamonds arise in response to dimer pinning in (C).

 0.1
 0.0

-0.1 -0.05

0.0

0.05

Fig. 3. Ground-state energy pattern for a YC9-2
cylinder. The colors of the triangles and their in-
tensities indicate the deviation of the sum of the
spin-spin correlations on the three bonds forming
the triangle from 3e0, with e0 = −0.219.

Fig. 4. Spin triplet (solid symbols) and singlet (hol-
low symbols) gaps for various cylinders with circum-
ferences c. The type of cylinder (15) is indicated in
the key (inset).

www.sciencemag.org SCIENCE VOL 332 3 JUNE 2011 1175
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Large	scale	DMRG	(Density	Matrix	Renormalization	Group)	calculations

Yan,	Huse,	and	White,	Science	332 (2011)	1173.
Also	see	 Jiang	et	al.,	PRL	101	(2008)	117203;	

Deepenblock et	al.,	109	(2011)	067201;
Liao	et	al.,	PRL	118	(2017)	137202.



Successful	laboratory-synthesis	of	the	structurally	ideal	kagome	lattice	
Herbertsmithite	ZnCu3(OH)6Cl2

M.P.	Shores,	D.	Nocera	et	al.				(M.I.T.	Chemistry)
J.	Amer.	Chem.	Soc.	127,	(2005)	13462

Cu
O
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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.

PRL 98, 107204 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
9 MARCH 2007

107204-2

No	magnetic
Bragg	peak

Helton	et	al.	PRL	98 (2007)	107204.

Also	by	µSR,	see	Mendels et	al.,	
PRL	98 (2007)	077204.

• Cu2+ ions	(S	=	½)	form	a	perfect	kagome	lattice
• Cu-Cu	super-exchange	interaction	J ~	200	K

Paramagnetic	down	to	~50	mK

H	(or	D)



Absence	of	conventional	magnon	excitations	in	ZnCu3(OH)6Cl2 in	inelastic	neutron	scattering

T.-H.	Han,	et	al.	Nature	(2012)
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Good	news:	Spinon Continuum	(rather	than	conventional	magnon dispersion);
Consistent	with	continuous	S=1/2	spin	excitations	from	a	spin-liquid	ground	state

the free-Cu21 magnetic form factor. Here the measured data indicate
longer-range correlations than the nearest-neighbour singlet model.
Figure 3c depicts a line scan of the dynamic structure factor (integrated

over 1 # Bv # 7 meV) along the (0, K, 0) direction. The nearest-
neighbour singlet model does not account for the observed scattering
intensity at the (0, 2, 0)-type positions.
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Figure 2 | Inelastic neutron scattering measured along symmetry directions
and at high-symmetry locations. a, b, Intensity contour plots of the dynamic
structure factor as a function of Bv and Q for the (H, 0, 0) direction (a) and the
(H, H, 0) direction (b). These directions are indicated by the thick black lines on
the reciprocal space map shown in d. Along the (H, H, 0) direction, a broad
excitation continuum is observed over the entire range measured. The colour
bar shows the magnitude of Stot(Q, v) in barn sr21 eV21 per formula unit.
c, Energy dependence of Stot(Q, v) measured at high-symmetry reciprocal

space locations. Data for Bv $ 1.5 meV were measured with Ef 5 5.1 meV,
whereas data for Bv # 1 meV were measured with Ef 5 3.0 meV for better
energy resolution (except those at C*, which were measured with
Ef 5 5.1 meV). Error bars, 1 s.d. Inset, energy dependence of Smag(Q, v) with
the non-magnetic scattering from the sample subtracted. Smag(Q, v) is
normalized to have units of eV21 per formula unit, consistent with the
magnetic structure factor defined in Supplementary Information. d, The
integrated areas in reciprocal space referred to a–c.
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Figure 3 | The measured dynamic structure factor along specific directions
in reciprocal space with comparison to the nearest-neighbour singlet model.
a, Smag(Q, v) along the (22, 1 1 K, 0) direction, indicated by the thick red line
on the reciprocal space map in d. Three energy transfers, Bv 5 2, 6 and 10 meV,
are shown. b, Smag(Q, v) along the (22, 1 1 K, 0) direction integrated over

1 # Bv # 11 meV. c, Smag(Q, v) along the (0, K, 0) direction, indicated by the
thick orange line on the reciprocal space map in d, integrated over
1 # Bv # 7 meV. The solid lines in b and c are the calculated equal-time
structure factors for uncorrelated nearest-neighbour singlets multiplied by
| F(Q) | 2. d, The trajectories in reciprocal space referred to in a–c. Error bars, 1 s.d.
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Bad	news:	Defect	spins	dominate	the	low	energy	part	of	spin	excitations;	
unable	to	study	the	ground	state,	including	the	possibility	of	a	small	gap
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Kagome	layer

Kagome	layer

Kagome	layer

Cu2+ defect	spins	dominate	c (and	all	
bulk-averaged	thermodynamic	data)	
at	low	tempertures

Anomalous	X-ray	diffraction	experiments	on	single	crystal:
• 15%	of	Zn2+ sites	are	occupied	by	Cu2+ defect	spins
• No	Zn2+ occupy	Cu2+ kagome sites	(i.e.	no	anti-site	defects)

J	~	200	K

Cu2+ defect

Freedman	et	al,		JACS	132 (2010)	16185.

Complications	:	Defect	Cu2+ spins	occupy	the	non-magnetic	Zn2+ sites	with	15%	probability	
à actual	composition	is	(Zn0.85Cu0.15)Cu3(OH)6Cl2

Zn2+ sites
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How	shall	we	probe	the	properties	of	the	kagome layers	separately	from	the	defects?

Answer:	NMR

w

Absorption
intensity

“NMR	
lineshape”
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How	shall	we	probe	the	properties	of	the	kagome	layers	separately	from	the	defects?

Answer:	NMR

w

Absorption
intensity

“NMR	
lineshape”

Electron spin S
Dipole-dipole
interaction

Orbital magnetic field
(“chemical shifts”)

Bext ~ 8 Tesla
(Zeeman)

Fermi’s contact interaction
Nuclear
spin I

Influence	of	electron	spins	via	hyperfine	interactions

w

NMR	frequency	shifts	to
w =	gn(Bext + Bhf)
= wo(	1	+	K	)		

where	

Ahf :	“Hyperfine	coupling”

|Kchem|	~	0.02(%)	<<	Kspin

K =
Ahf

NAµB

χ spin +Kchem

frequency	shift		K
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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.

220 0031-9007y98y81(1)y220(4)$15.00 © 1998 The American Physical Society
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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].

1378 0031-9007y96y77(7)y1378(4)$10.00 © 1996 The American Physical Society

Ladder

Ladder

Chain

Chain

Chain

Spin	liquid	on	
two-leg	ladder	layer

17O	NMR	successfully	probed	a	spin	liquid	state	in	the	two-leg	ladder	layers	of	A14Cu24O41

although	the	bulk	spin	susceptibility	is	dominated	by	chain	layers	!
T.	Imai	et	al.,	PRL	81 (1998)	220.
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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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Bulk	SQUID	data	is	
dominated	by	the	chain
contribution	cchain

S.	Carter	et	al.	PRL	(1996)
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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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Ladder

Chain

Chain

Chain

17O	NMR	Knight	shift	at	
O(2)	sites	reflects	cLadder

Spin	liquid	on	
two-leg	ladder	layer

17O	NMR	successfully	probed	a	spin	liquid	state	in	the	two-leg	ladder	layers	of	A14Cu24O41

although	the	bulk	spin	susceptibility	is	dominated	by	chain	layers	!
T.	Imai	et	al.,	PRL	81 (1998)	220.

0 900300 600
T	(K)

17O nuclear spins at O(1) and O(2)
sites couple mostly with Cu
electron spins in the ladder layers
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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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S.	Carter	et	al.	PRL	(1996)
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First	generation	63Cu,	1H	and	35Cl,	NMR	in	partially	aligned	powder	sample	of	ZnCu3(OH)6Cl2

35Cl nuclear spin has decent strength of negative hyperfine coupling with Cu electron spins.

T.	I.	et	al.,	PRL	100 (2008)	077203
63,65Cu NMR : Direct but inconvenient probe (nuclear quadrupole interaction too large).
1H NMR : hyperfine coupling is too small, compared with line broadening induced by defect spins

Undesirable shoulders #1 & #2 from other grains split by
second order nuclear quadrupole interaction (to be ignored)

Main	35Cl	NMR	peak	from	
grains	aligned	along	the	c-axis	
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Asymmetrically broadened. Low frequency tail
reflects large Curie-Weiss defect susceptibility.

35Cl	NMR	in	partially	aligned	powder	sample	of	ZnCu3(OH)6Cl2

T.	I.	et	al.,	PRL	100 (2008)	077203
Larger	spin	susceptibility
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Asymmetrically broadened. Low frequency tail
reflects large Curie-Weiss defect susceptibility.

35Cl	NMR	in	partially	aligned	powder	sample	of	ZnCu3(OH)6Cl2

T.	I.	et	al.,	PRL	100 (2008)	077203
Larger	spin	susceptibility

Main peak seems to suggest ckagome à 0 at T = 0,
but inconclusive
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Advantages	of	single	crystal	NMR	of	ZnCu3(OH)6Cl2

Partially	aligned	powder

Single	crystal	(B	||	c)

Much	higher	resolutions!
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NMR	lineshape	of								(nuclear	spin	I	=	1)

Zeeman interaction only

Frequency

-1

0

1

With nuclear quadrupole interaction

Frequency

Second	generation	2D	(nuclear	spin	I =	1)	NMR	in	ZnCu3(OD)6Cl2
deuterated	singe	crystal	

T.	I.	et	al.,	PRB	83(2011)	020411	(Rapid).
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NMR	lineshape	of								(nuclear	spin	I	=	1)

Zeeman interaction only

Frequency

-1

0

1

Nuclear quadrupole interaction with 
charge/lattice

Frequency

Second	generation	2D	(nuclear	spin	I =	1)	NMR	in	ZnCu3(OD)6Cl2
deuterated	singe	crystal	

T.	I.	et	al.,	PRB	83(2011)	020411	(Rapid).
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NMR	spectra	in	applied	magnetic	field	
of		8.4	Tesla		along	the	c-axis

3	pairs	of	2D	NMR	signals	from	3	inequivalent	2D	sites

A	sites (~14%	population)	:	NN	of	Cu2+ defects	occupying	Zn2+ non-magnetic	sites.		
B	sites	(~28%	population)	:	NNN	of	Cu2+ defects occupying	Zn2+ non-magnetic	sites
C	sites	(~58%	population)	:	No	defects	nearby

2D	single	crystal	NMR	reveled	14%	Zn2+ sites	are	occupied	by	Cu2+ defects	in	ZnCu3(OD)6Cl2

Consistent	with	Zn0.86Cu3.14(OD)6Cl2;
~14%	of	Zn2+ sites	are	occupied	by	Cu2+
defect	spins

No	evidence	for	anti-site	Zn2+ defects	
occupying	Cu2+ sites	
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NMR	spectra	in	applied	magnetic	field	
of		8.4	Tesla		along	the	c-axis

Defect	spin	susceptibility	probed	by	2D	A	sites	in	ZnCu3(OD)6Cl2

B	sites	and	C	sites

2K(B, C) ~	Ahf
kagome ckagome +	Ahf

defect cdefect

Defect	contribution	obscures	the	intrinsic	term

A	sites:

2K(A) ~ Ahf
defect cdefect

cbulk = cdefect + ckagome



Change	of	strategy:	angle-dependent	17O	(nuclear	spin	I =	5/2)	NMR	
for	isotope-enriched	single	crystal

Ph.D
. Thesis – M

ingxuan Fu  
M

cM
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niversity – Physics and A
stronom

y 

138 

 

Single	crystal	courtesy	of	T.-H.	Han	&	Y.S.	Lee	 Compact	goniometer	for	NMR	&	X-ray
designed	by	M.	Fu
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Zeeman	only

Nuclear	spin	Hamiltonian	for	17O	(nuclear	spin	I =	5/2)	and	resonant	peak(s)
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Nuclear	spin	Hamiltonian	for	17O	(nuclear	spin	I =	5/2)	and	resonant	peak(s)
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17O	NMR	lineshape of	ZnCu3(OH)6Cl2 single	crystal	in	Bext ||	c

NN	(13%±4)	

Main (59%±8)

NNN(28%±5)

Main

NNN

Defect	Cu2+
NN



Main

NN

M	Fu	et	al.	Science	(2015)	
17K=0

Temperature	dependence	of	17O	NMR	lineshapes in	Bext ||	c

We	cannot	resolve	the	crucial	center	
peak	of	the	Main	sites	below	~50K

NN
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Main

NN

M.	Fu	et	al.	Science	(2015)	
17K=0

17O	Main

17O	NN
17O	NN

2D	NN

We	cannot	resolve	the	crucial	center	
peak	of	the	Main	sites	below	~50K

Temperature	dependence	of	17O	NMR	lineshapes in	Bext ||	c

NN
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Main

NN

Fu	et	al.	Science	(2015)	
17K=0

17O	Main

17O	NN
17O	NN

2D	NN

Low T behavior at 17O and 2D NN sites is dominated by a 
large Curie - Weiss contribution, 

with q ~1 K and negative hyperfine coupling Ahf < 0

χdefect ~
C

T +θ

We	cannot	resolve	the	crucial	center	
peak	of	the	Main	sites	below	~50K

Temperature	dependence	of	17O	NMR	lineshapes in	Bext ||	c

NN
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17K=0

(Side)	Earlier	powder	17O	results	are	consistent	with	our	data	(NOT	a	proof	of	anti-site	defects)

Olariu,	Mendels et	al.,	PRL	100 (2008)	087202

Zn	(S=0)
singlet

Main

NN

NN	(their	“D”)

Main

NN	has	negative	shifts	at	low	T

NN	data	points	should	
have	been	negative

Positive	shift	(in	field	swept	mode)



35

Bext

Cu S=1/2

Defect S=1/2

2p
2s

OCu

Main1
Main2

NN of defect

35

Try	a	different	field	geometry	:	Bext ||	a*

(which	we	initially	thought	would	be	hopelessly	complicated)

O

Cu

Fermi’s contact interaction
with polarized s-electron

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 17O nuclear spin.
• Main1, Main2, NN sites have different hyperfine fields from Cu sites, hence each of 5 NMR transitions

split

Bext ||	a*

NN	2D	and	17O	sites	sense	hyperfine	fields	
from	both	the	kagome plane	and	defect



Intrinsic	susceptibility	ckagome of	the	kagome	plane	as	determined	from	
the	17O	Knight	shift	in	B	=	3.2	T	||	a*

120K

36

Main1	(nQ ~	8	kHz)

Main2	(nQ ~	520	kHz)

a 

a* 

A 

c 

B 

?

c 

E D 

C 

c 

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

17O	NMR	signals	at “	Main1”	and “Main2”	sites	appear	
separately	with	the	intensity	ratio	~	2	:	1.

“Main1”	sites	happen	to	have	nQ ~	0	for	B	||	a*.	 All	5	transitions	appear	together	as	a	gigantic	peak!!
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Intrinsic	susceptibility	ckagome of	the	kagome	plane	as	determined	from	
the	17O	Knight	shift	at	the	main	sites	measured	with	B	=	3.2	T	||	a*

Larger	frequency	shift
Larger	17K and	ckagome
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17
K(
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%
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Temperature (K)

3.2	T

High	temperature	series	expansion	
by	Rigol-Singh	(J =	180	K)



The	optimal	RF	pulse	width	for	Main1	is	
factor	2	~	3	times	broader	(because	we	flip	
all	5	transitions	at	the	same	time).	

We	can	measure	Main1	peak	selectively,	
and		observed	the	same	results	for	17K.
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Intrinsic	susceptibility	ckagome of	the	kagome	plane	as	determined	from	
the	17O	Knight	shift	at	the	main	sites	measured	with	B	=	3.2	T	||	a*

Larger	frequency	shift
Larger	17K and	ckagome
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The	optimal	RF	pulse	width	for	Main1	is	
factor	2	~	3	times	broader	(because	we	flip	
all	5	transitions	at	the	same	time).	

We	can	measure	Main1	peak	selectively,	
and		observed	the	same	results	for	17K.
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Intrinsic	susceptibility	ckagome of	the	kagome	plane	as	determined	from	
the	17O	Knight	shift	at	the	main	sites	measured	with	B	=	3.2	T	||	a*

Main1	only	(measured	with	long	RF	pulses)

Larger	frequency	shift
Larger	17K and	ckagome

0 50 100 150 200 250 3000.0

0.5

1.0

1.5

2.0

17
K(
a*
)  (

%
)

Temperature (K)

3.2	T

Asymptotes	to	zero,	so	total	S =	0.	
Finite	spin	gap!!
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Magnetic	field	dependence	of	the	gap
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Solid	(dashed)	lines:	
best	fit	to	17K(a*) ~	T	*	exp(-D/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	communications).
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Magnetic	field	dependence	of	the	gap:	D(Bextà0)	~	0.05J

0 2 4 6 8 100.0

0.2

0.4

0.6

0.8

17
K(
a*
) (%

)

3.2T

Temperature (K)

6.1T
9T

17K(a*) depends	on	|B|	below	~10K

Solid	(dashed)	lines:	
best	fit	to	17K(a*) ~	T	*	exp(-D/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	communications).
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D(0)	~	10	K,	hence	D(0)	~	0.05	J
Consistent	with	DMRG	calculations,	Yan	et	al.,	Science (2011)
Note:	we	cannot	entirely	rule	out	S	=	1	excitations.
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Spin	½	excitations	in	Barlowite	Cu3Zn(OH)6FBr	from	19-F	NMR	(?)
4
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FIG. 3. (a) 19F NMR spectra under 3 T at di↵erent temperatures. The vertical dash line is a guide to the eyes. (b) Temperature
dependence of the Knight shift 19

K determined from the peak positions of the spectra. The dotted horizontal line shows the
position of Kchem obtained from 19

K-� plot at high temperatures as shown in the inset. (c) Magnetic field dependence of the
spin gap. The black short-dash line is fitted by �(B) = �(0)� gµBSB with spin quantum number S = 1/2. For comparison,
we also plot �(B) for S = 1 shown by the blue dash line constrained by the value at 0.914 T, which hardly describes the data.
Inset shows the low-temperature part of 19

K with the horizontal axis in logarithmic scale, which demonstrates visually that
the gap decreases with increasing magnetic field. The solid curve is the fitting function A exp(��/T ) +Kchem and the dotted
line is the position of Kchem.

for 19F with I = 1/2 nuclear spin, as shown in Fig. 3 (a).
The sharp high-temperature peaks suggest that few Zn2+

exists in kagome planes. Moreover, no extra peak due to
residual interkagome Cu2+ moments is observed even at
low temperatures. The line shape asymmetry may arise
from the magnetic anisotropy [35].

In a gapped QSL, the spin susceptibility should be-
come zero at low temperature. The Knight shift is
expressed in terms of the uniform susceptibility � as
19K = Ahf� + Kchem, where Ahf is the hyperfine cou-
pling constant between the 19F nuclear spin and the elec-
tron spins andKchem is the T -independent chemical shift.
Kchem can be obtained from 19K-� plot at high temper-
atures as shown in the inset of Fig. 3 (b), where � is DC
susceptibility at B = 3 T. Figure 3 (b) shows that the
Knight shift drops quickly below ⇠ 30 K. The inset of

Fig. 3 (c) further illustrates that the Knight shift at low
fields (0.914 T and 3 T) tends to merge to the value of
the chemical shift Kchem at low temperatures, consistent
with previous results of herbertsmithite [29]. All of the
low-temperature data can be well fitted by an exponen-
tial function A exp(��/T ) +Kchem, where A and � are
a constant and the gap value, respectively.

With elevating the magnetic fields, the gap is sup-
pressed due to Zeeman e↵ect as �(B) = �(0)� gµBSB,
where µB is Bohr magneton and g = 2.4 is g-factor ob-
tained from bulk magnetic susceptibility measurements
in Fig. 2 (a). In Fig. 3 (c), our results of magnetic field
dependence of � imply a zero-field gap ⇠ 7.4 K and
spin S = 1/2 quantum number for spin excitations, i.e.
spinons.

Detecting spin-1/2 quantum number of spin excita-

2

FIG. 1. (a) Schematic crystal structure of Cu3Zn(OH)6FBr with copper Cu2+ ions (blue) forming the kagome planes AA

stacked along c-axis. Kagome planes are separated by non-magnetic Zn2+ (blond) ions. (b) Top view of the Cu3Zn(OH)6FBr
crystal structure, where F (brown) is in the center between two hexagons of two kagome Cu planes. (c) Scanning electron
microscope image of crystal grain in the polycrystalline samples. (d) Measured (brown “+”) and calculated (green line) XRD
di↵raction intensities of polycrystalline samples. The blue curve indicates the di↵erence between the measured and calculated
intensities. The vertical lines indicate peak positions.

We have successfully synthesized Cu3Zn(OH)6FBr
polycrystalline samples by replacing the interkagome
Cu2+ sites in Cu4(OH)6FBr with non-magnetic Zn2+.
Our thermodynamical (e.g. magnetic susceptibility and
specific heat) measurements were carried out on the
Physical Properties Measurement Systems (PPMS). The
NMR spectra of 19F with the nuclear gyromagnetic ratio
� = 40.055 MHz/T were obtained by integrating the spin
echo as a function of the RF frequency at constant ex-
ternal magnetic fields of 0.914 T, 3 T, 5.026 T and 7.864

TABLE I. Structure parameters of Cu3Zn(OH)6FBr at room
temperature. Space group P63/mmc; a = b = 6.6678(2) Å,
c = 9.3079(3) Å.

Site w x y z B (Å2)

Cu 6g 0.5 0 0 1.48(6)

Zn 2d 1/3 2/3 3/4 1.93(8)

Br 4c 2/3 1/3 3/4 1.99(5)

F 4b 0.0 0.0 3/4 0.34(2)

O 12k 0.1882 0.8111(5) 0.9021(7) 2.22(2)

H 12k 0.1225 0.8775 0.871 1.0

T, respectively.

Figure 1 (a) and 1 (b) depict the crystal structure of
Cu3Zn(OH)6FBr. Micrometer-size crystals are easily ob-
served by the scanning electron microscope (SEM) (Fig. 1
(c)). The refinement of the powder X-ray di↵raction pat-
tern (Fig. 1 (d)) shows that the material crystallizes in
P63/mmc space group with Cu2+ ions forming a direct
stack of undistorted kagome planes separated by non-
magnetic Zn2+ ions (Fig. 1 (a) and (b)) as expected
from theoretical calculations [34]. Cu3Zn(OH)6FBr is
a charge-transfer insulator and the charge gap between
Cu-3d9 and O-2p orbitals is around 1.8 eV according
to first principles calculations [34, 36]. Powder X-ray
di↵raction measurements were carried out using Cu K↵

radiation at room temperature. The di↵raction data
is analyzed by the Rietveld method using the program
RIETAN-FP [37]. All positions are refined as fully
occupied with the initial atomic positions taken from
Cu4(OH)6FBr [31]. The refined results are summarized
in Table I.

No phase transition is observed in our thermodynam-
ical measurements (Fig. 2), establishing strong evidence
for a QSL ground state in Cu3Zn(OH)6FBr. Tempera-

Z.	Feng,	G.-q.	Zheng	et	al.
arXiv:1702.01658
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Additional	evidence	for	a	finite	gap	D based	on	low-frequency	spin	dynamics

17O	nuclear	spin-lattice	relaxation	rate	1/T1 at	Main2	sites
We	measured	1/T1 in	B	=	3.2	or	9	T	using	the	isolated,	clean,	upper-most	Main2	satellite	peak	for	the	Iz	
=	3/2	to	5/2	transition	to	obtain	reliable	results.

M (t)
M (∞)

=1−[0.0714 ⋅e−15t/T1 + 0.2857 ⋅e−10t/T1 + 0.4 ⋅e−6t/T1 + 0.2143⋅e−3t/T1 + 0.0286 ⋅e−t/T1+]

Note:	this	is	the	only	way	to	measure	1/T1 accurately	at	the	17O	sites,	
even	though	the	signal	intensity	is	miserably	small!



17O	nuclear	spin-lattice	relaxation	rate	1/T1 at	the	Main	site
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Additional	evidence	for	a	finite	gap	D based	on	low-frequency	spin	dynamics

Defect	contribution	
(in-gap	excitations)

Spin	gap!!
D ~	7	K	in	3.2T

1
T1
∝T ⋅ | Ahf (

q) |
q
∑

2 χ "(q, fNMR )
fNMR

~ | Ahf (
q) |

q
∑

2
S(q, fNMR )

Parameter-free	theoretical	estimation	in	the	
high	temperature	limit	(T >>	J)	based	on	
Moriya’s	Gaussian	approximation	applied	to	
kagome	Heisenberg	model	(J =	180	K)	

1/T1( )∞ ~
Ahf
2

J
~ 3,300 sec-1

RAPID COMMUNICATIONS

SHERMAN, IMAI, AND SINGH PHYSICAL REVIEW B 94, 140415(R) (2016)

FIG. 4. 1/T1 for the oxygen nucleus as a function of temper-
ature computed using the Lorentzian line shape and our calcu-
lated frequency moments compared with the experimental data on
Herbertsmithite. The solid lines are the eighth-order, dashed lines
seventh-order, and dotted lines sixth-order calculations. The lower
orders can only be seen when they differ from the eighth order. The
experimental data shows some dependence on the orientation of the
magnetic field (for details see Ref. [23] and supplemental material),
we rescaled the data for the field along a to have the same value as the
field along c at T = 120 K. Three different values for the exchange
parameter J are shown. The best fit gives J = 195 K.

where B(α) represents the hyperfine coupling through the
electron spin polarization induced in the 2s and/or 2p orbitals
of the 17O sites. The sum over m = 1, 2 refers to the two
equidistant copper spins from the oxygen nucleus. Following
the procedure outlined in Ref. [26], the high-temperature limit
of 1/T1, in Moriya’s Gaussian approximation, is given by

1
T1M

(T = ∞) =
√

π
{
B2

(j ) + B2
(k)

}

8!J

4√
3
. (15)

This sets the overall normalization for the rates in terms of the
hyperfine couplings and exchange constant J .

Using the standard notation for the hyperfine coupling in
the NMR literature [32,33], let B̃(α) = B(α)/gγn!. From the
measurements of the spin susceptibility [28] and the Knight
shift [23], we obtain the transferred hyperfine coupling tensor
for oxygen to be (B̃(a),B̃(a∗),B̃(c)) = (33,43,36) kOe. This now
leaves the exchange constant J as the only free parameter in
our calculations.

The comparison is shown in Fig. 4. We see a very good
agreement between experiment and theory with J in the
range 195 ± 20 K. These values for J are in agreement
with other experiments [14] and with ab initio calculations
[29]. The convergence of our calculation breaks down at low
temperatures just as the rates show evidence for a sharp drop
with temperature.

Discussions and Conclusions. We have used the numerical
linked cluster method to calculate the nuclear magnetic
relaxation rates in kagome antiferromagnets in Moriya’s
Gaussian approximation and beyond. While the Gaussian
approximation gives a qualitatively correct behavior of the

temperature dependence of the rates including a spin-gap-like
feature at low temperatures, it underestimates the magnitude
of the relaxation rates by up to a factor of two even at
temperatures above the exchange energy scale J . The use
of higher moments fixes the discrepancy at high temperatures
giving very good quantitative agreement with the experimental
data with a value of J = 195 ± 20 K. This shows that
despite the presence of antisite disorder, the Heisenberg model
provides a good quantitative model for intrinsic spin dynamics
of Kagome planes in Herbertsmithite as obtained in the NMR
measurements.

However, the convergence of our calculations with multiple
frequency moments clearly breaks down just as the rates appear
to decrease sharply with temperature. Thus, we are unable to
theoretically address the existence of a spin gap in the system.
The breakdown of NLC implies the existence of longer-range
dynamic correlations in the system in contrast to very short
range static correlations. This causes individual moments to
not converge within NLC. There is also need for more moments
to capture the more complex frequency dependence expected at
low temperatures. We believe that, physically, this breakdown
marks the onset of a coherent regime, where the high-energy
modes, which contribute an increasing amount to the moments,
can now propagate coherently over longer distances. Such
a physics is implicit in the sharp spectral features in the
Brillouin zone seen in neutron-scattering experiments [18] and
the calculations based on Z2 spin liquids [19].

One intriguing feature of our calculations is that the rates
show a small peak and then a sharp downturn towards zero. It is
seen in Moriya’s Gaussian approximation but also obtained in
the extrapolation with multiple moments. Unfortunately, our
convergence breaks down around this temperature. Thus, more
theoretical studies, perhaps based on Z2 quantum spin-liquids
[19,34], are needed to see if such a behavior is real or an artifact
of these computational methods. We note that such a peak is
not seen in the experimental data.

We also find that the spectral functions are well described
by a Lorentzian line shape at low frequencies. This implies
that the kagome-lattice Heisenberg model has much larger
low-frequency spectral weights at finite T than would be
expected just from the short-time behavior. When available,
it would be interesting to compare our spectral weights with
neutron-scattering measurements [35] in the temperature range
between 50 and 300 K, where our calculations are most
reliable. Finite-temperature DMRG methods, using minimally
entangled thermal states [36] may allow for the calculation of
spectral functions at still lower temperatures.

In a system like Herbertsmithite, where much of the low-
temperature and low-frequency bulk behavior may be affected
by impurities, quantitative understanding of the local probes
such as NMR is essential to elucidate the nature of the exciting
quantum spin-liquid phase, and our calculations represent a
step in that direction.
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FIG. 11 (Color online) INS spectra of herbertsmithite at 1.6
K along the K � � � K direction as a function of energy
(Han, Helton et al., 2012). Note that the intensity is almost
independent of energy and momentum, in sharp contrast to
the magnon-like excitations and ‘zero’ modes seen in clinoat-
acamite. This is evidence for a spinon continuum.

IV. THE PHYSICS OF DEFECTS

A. Inelastic neutron scattering and NMR

Naively, one might expect the zone center INS max-
ima below 1 meV (Han, Helton et al., 2012) to simply be
a reflection of a q=0 magnetic state, much like what is
seen in the iron jarosites (Grohol et al., 2005). That this
is not the case is shown by new INS data taken in the
(HHL) scattering plane (Fig. 12, bottom row) (Han et al.,
2015). Here, one clearly sees a di↵use peak at (0,0, 32 ).
Such (00L) peaks are inconsistent with the spins sum-
ming to zero on a kagome triangle (in the iron jarosites,
these peaks occur along (11L) instead (Matan, 2007)).
Another possibility would be ferromagnetic planes cou-
pled antiferromagnetically along the c-axis, but this is
highly inconsistent with the large in-plane AF exchange
interaction identified from various measurements.

One is then forced to conclude that this pattern has
something to do with the defects. Sure enough, AF cor-
relations between near neighbor defect sites (which sit in
neighboring triangular planes) indeed give rise to such a
pattern (Fig. 12, right column) (Han et al., 2015). Such
correlations can be motivated by the known magnetic
structure of clinoatacamite. This implies that the copper
defects on the zinc sites locally distort the surrounding
matrix (due to the Jahn-Teller e↵ect). This e↵ect has
been inferred as well from 35Cl NMR data (Fu et al.,
2015; Imai et al., 2011) and could be further investigated
by such techniques as PDF (pair distribution function)
or EXAFS. Exploiting the di↵ering momentum depen-
dences of the kagome and defect spins, one can estimate
that a spin gap of about 0.7 meV exists for the kagome
spins. The same value is found when modeling momen-
tum integrated data as the sum of a damped harmonic os-
cillator (previously used to model the defect spins in ear-
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FIG. 12 (Color online) Momentum structure of the INS data
at 0.4 meV and 1.3 meV for single crystal herbertsmithite
at 2 K in the (HK0) scattering plane (top row) and (HHL)
scattering plane (bottom row) (Han et al., 2015). The plots
in the right column are the calculated structure factor for
near neighbor AF correlations between copper defects on the
zinc 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.
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FIG. 13 (Color online) Momentum-integrated INS data (Hel-
ton et al., 2010) for herbertsmithite fit to a sum of a low en-
ergy damped harmonic oscillator representing the defect spins
(Nilsen et al., 2013) and a gapped continuum representing the
kagome spins (Han et al., 2015). The spin gap from the latter
is 0.73 meV, close to that inferred from 17O NMR data (Fu
et al., 2015).

lier INS data (Nilsen et al., 2013)) and a gapped kagome
contribution (Fig. 13) (Han et al., 2015).
About the same value for the spin gap was earlier es-

timated from NMR data (Fu et al., 2015). This study
found three di↵erent oxygen sites, with site occupations
based on earlier x-ray studies (Freedman et al., 2010)
found to be consistent with the number of near neighbor
and next-near neighbor oxygens about a given copper
defect on the zinc sites, with the majority of the oxygen
sites (roughly 59%) being largely una↵ected by the de-
fects (the same numbers were inferred from earlier NMR
studies as well (Imai et al., 2011; Olariu et al., 2008)).
From this last type, one can estimate a kagome gap of
about 0.05J , consistent with DMRG and exact diago-

A	comparable	gap	D deduced	from	inelastic	neutron	scattering

T.-H.	Han,	M.	Norman,	Y.S.	Lee	et	al.
PRB	(2016).		Arxiv:1604.03048

Magnitude	of	gap	comparable	to	NMR	results



Additional	complications	caused	by	defects
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Supplementary	Materials,	Science (2015)		Fu,	T.I.	et	al

Bump	of	1/T1 at	35Cl	sites;	depends	on	frequency.
Something	is	slowly	freezing	below	50K.						

Imai	et	al.,	PRL	(2008)
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Thank	you	for	your	attention!

Key	Conclusions

• Cu2+ defect	spins	occupy	the	Zn	sites	with	~15%	probability;	(Zn0.85Cu0.15)Cu3(OH)6Cl2.

• Defect	spins	exhibits	Curie-Weiss	behavior:	cdefect ~	C/(T	+	q)	with	q ~	+1	K.

• No	evidence	for	Zn	anti-site	defects	at	the	kagome Cu	sites	in	anomalous	X-ray,	powder	
Rietveld	refinement,	2D	single-crystal	NMR,	nor	17O	single	crystal	NMR.

• kagome spin	susceptibility	ckagome à 0	at	T	=	0	with	a	small,	field-dependent	gap;	D ~	0.05J.

• Lattice	deformation	freezes	in	the	immediate	vicinity	of	defects	below	~50	K;																
(Open	question)	effects	on	the	overall	magnetism	of	the	kagome planes?



• All	NMR	lines	broaden	in	proportion	to	cdefect.		

• But	we	can	trace	the	Main1	peak	down	to	1.8	K	(~0.01J),	
because	it	is	singularly	larger	than	all	other	peaks.

• Main1	peak	frequency	reaches	a	maximum	at	~60K,	then	shifts	
back	to	the	zero	Knight	shift	position	at	low		temperatures.		

• We	cannot	resolve	the	central	peak	of	Main2,	but	its	uppermost	
satellite	peak	displays	qualitatively	the	same	trend.	
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Larger	frequency	shift
Larger	17K
Larger	ckagome

Intrinsic	susceptibility	ckagome of	the	kagome	plane	as	determined	from	
the	17O	Knight	shift	at	the	main	sites	measured	with	B	=	3.2	T	||	a*
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Magnetic	field	dependence	of	the	gap	--- alternate	fits	with	a	simple	exponential	function
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Semi-quantitatively	the	same	results	for	D


