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Outline of Presentation

1. Introduction
2. 1DS=1/2 Heisenberg
antiferromagnet.
3. Using high magnetic fields to find a
spin Hamiltonian experimentally.
4. 2D S=1/2 Frustrated Heisenberg
antiferromagnet.
Conclusions

14/07/2001 Experimental Realization of a ...



S :-

To t-OOk AT A*\)D

STATES

Fp /v Types oF
" I N THE LABORATORY'1 A^D

ts|&UTROfV

1.2

/J



Protons accel-
erated in
SOOMeV
Synchrotron

Protons hit-
heavy metal
nuclei in the
Target which
emit neutrons

14/07/2001 Experimental Realization of a ... 36



3.3 The neutron scattering measurements

Inside the Reactor Building at HMI, Berlin

14/07/2001 Experimental Realization of a ... 26



HMI14.5Tes
magnet with d

a superconducting
ilution insert.

To probe quantum
effects we need extreme
environments:

30 mK is about
I/10000th Room Temp.

14 Tesia is about
1,000,000 times Earths
surface field (frogs
levitate at 10 Tesia!)

14/07/2001

30 mK-Option:
3He-*He
Mischungskryostat
(30 mK/14.5Tesia)

Probenraum mit variabler
Temperatur-Regelung

fliissig
Helium-Behalter

fliissig
Stlckstoff-Be halter

P rob* n stab

Isolier-Vakuum

supraleitender Magnet
max 14,5 Tesia

Material-Probe
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Some of the seminal
physics problems in
the development of the
field include: -

• Haldane gaps in
integer spin chains

• Spinons in half-odd-
integer chains

• Spin-charge
separation in doped
antiferromagnets

• Hole pairing in
conducting spin
ladders

1.3 Low-Dimensional Quantum
Magnets

• Quantum magnets provide examples of
strongly correlated systems showing novel
ground and excited states.

m They can be studied in great detail
experimentally.

m Their quantum states can be manipulated by
magnetic fields in a clean way.

m The Hamiltonians are simple but nontrivial.
m Nonlinearity is embedded in the spin

commutation relations.
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2.1D S=1/2 Heisenberg
Antiferromagnet
• 2.1 Conventional methods break

down.
• 2.2 A physical picture emerges.
• 2.3 Experimental aspects:

2.3.1 Spinon continuum and scaling.
2.3.2 Renormalization of the energy
scale.
2.3.3 Filling a band of spinons.

14/07/2001 Experimental Realization of a ... 8
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A physical picture
Instead of semiclassical spin-1 spin waves a new picture of spin-1/2
spinons emerges

1. Ground state is quasi-long-range ordered

2. A spinon is a spin-1/2 inserted into the
ground state. It also looks like a n twist.
3. Spinons are restricted to hopping only to
every second site. Exist over Vi B.Z.

X A A AX 4. Neutrons scatter by
flipping over a spin
creating two spinons —

AXAAXAXAAXAX which partition the energy
•+-•—-p q • and wave vector.

Spinon dispersion | \ ]6 : K'Wnu>r>) cwKl^e^ S 81 d. UKJIT
HOT Ss7a . MufT c*eAT&
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A physical picture cont...
Two-spinon neutron scattering event.

U/1TH T-O

ooL =lower and <% =upper boundary

Magnetic fields
polarise the spin
chain. The spinons
are like pockets of
spin which repel
each other.

Condensation of
spinons in field

fully polarised
spinon orbitals

W=w(p)+w(q)
Q=p+q

-1 -0.5 0 0.5 1
Wavevector q along chain (units of 2 rc)

They space out evenly l/5th of
total magnetization:

14/07/2001 Experimental Realization of a ... 13



2.3 Experimental results
Predicted neutron scattering

W=w(p)+w(q)
Q=p+q

-1 -0.5 0 0.5
Wavevector q along chain (units of 2 n)

MAPS spectromete

-40,000 detector pixels
200Mb data per run.

14/07/2001 Experimental Realization of a ... 14



2.3.1 Excitation
Continuum

Inelastic neutron scattering
measurement of the
dynamical correlations
in the S=l/2 Heisenberg
Antiferromagnetic chain
KCuF3 across two Brillouin
Zones. Agrees with
predictions

120.

100.

!6Krr

Spinon pair continuu

-0.5 0 0.5 1

Wavevector q along chain (units of 2TO

MAPS 2000

4.5

3.6

2.5

11.5

0.5
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0 k.OzT b(tf&£ O-'tTK u5,Q,T<£n

imensional Crossover r

In Nature we only have
approximations to Heisenberg
chains and the ID field theories
only apply at temperatures,
energies, and wavevectors
where interchain effects are
not important.

Affleck, JPhysA 29, 2627 (1996)
Schulz, PRL 77, 2790 (1996)
Essler, PRB 56, 11001 (1997).

300

20 40
Energy GO (meV)

60 80
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Measurement of the
ID static correlations
in KCuF3 across a Brillouin
Zone.

CO

S(q) = S(q,t = 0) = | da)S(q,CO)

A l + sin(g/2)
= —In ——-

In cos(ql2)
,{q > 0). ••••I

.:<SrSr+d>ccl/d,(q~n)

Muller et al PRB24, 1429 (1981). 0.0

Algebraically 1/d decaying
correlations in the ground state.

q along chain (units of 2n)

Spinwave model result

14/07/2001 Experimental Realization of a ... 16



1 0 0 0

100 r

-O.fi 0 0.5 1

Wavevector q along ohaJn (units of 2n)

CO

X

The ID dynamical correlations 10
around q=7T show #/T scaling
and agree with CFT.

L 1

-

;

CO

r ^

. , . , i

Rix • 6 K
rHfeTTT • 50 K
I ^ H l A 7 5 K
I ^ a a t J T T • IOO K

J J f f l M f c T • 150 K

1 1 5 W 4 i • 200 K
j o j L J L s c a l i n g f u n c t i o nrr?K

CO

co/kT

S{7t,CO) =
A

.ta/kT IT
Im P

0)

\

= r(l/4-ix)/r(3/4-ix).

0 . 1 10

Functional form derived by
HJ. Schulz, PRB34, 6372 (1986)
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3. Using high magnetic
fields to measure the spin
Hamiltonian

3.1 Excitations in the fully polarized
state
3.2 The material: Cs2CuCI4
3.3 The measurements
3.4 Results

14/07/2001 Experimental Realization of a ... 22
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3.1 Excitations in
the fully polarized
state
For antiferromagnetic
couplings neighbouring spins
like to point antiparallel

In a big enough magnetic field
the spins become fully
polarized along the field
direction

(see next tilk by Radu C<*Mea)
- neutrons flip over one spin S'jfffff**1) * ItWf '*)

One spin-flip
manifold of states Wavevector (q)

sv
• • >

fully-aligned

14/07/2001

The excitations in this
state have remarkable
properties. (True, for
any magnet with
conserved Sz).

dispersion images
exchange Hamiltonian

exact
result «Xq) = - /(0) + h

Fourier transform
of magnetic couplings

W = % /„ ^

Zeemarf
energy

zation of a 23
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3.2 The material: Cs2CuCI4

• Zeeman splitting of an S=1/2
magnetic moment is about 0.1 meV for
a f ield of 1 Tesla.

• Exchange energy is about 0.3 meV.
• Expect fields of about 8 Tesla to fully

polarize Cs2CuCI4.
• Energy window where cold neutrons

and high-fields overlap.

Cwiin et al, J. Appl. Piiys.57,3351 (1985)
14*07/2001 Experimental Realization of a ... 24



CuCl4
2-tetrahedra

Cl" ci-

Cu2 +

ci-
Tetrahedrally coordinated

Cu ion

• Cu2+ ion has 3d9 outer shell i.e. 1 hole.
• The orbital moment is quenched by the
four Cl" ions.

• Near isotropic spin-1/2 (within 1%)

14/07/2001 Experimental Realization of a ...

Cs+ ions

Crystal structure of
Cs2CuCl4. The holes
Are tightly bound to
the Cu sites and so
Cs2CuC14 is an
insulator.

25



3.4 Dispersion of the
magnons in the
ferromagnetic state c*l .

2D Brillouin zone Triangular Lattice
c

(002)

A typical scan in energy
Splitting at the minimum gap

(000)

0.35 0.40 0.45 0.50 0.55 0.60 0.65

Energy (meV) Fourier (
0.00 0.25 0.500.751.00

Quasi-2D
Hamiltonian

7=0.376 meV
7'=0.124meV

transform
of exchange
couplings 1 v

o.o

2D "inter-
chain"

14/07/2001

1.001.251.501.752.00

[0 k 0]
[0,2,/]

0.0
2.00 1.75 1.501.25 1.00

29



ci ci

Cu2 +

ci-
Tetrahedrally coordinated

Cuion

Superexchange is via
two chlorine ions.

Magnetically Cs2CuCI4 is a
2Db=1 /2 a
antiferromagne

uan

Layers of S=l/2
Coppers coupled in
An isoscelese triangle
geometry

J'

Isoscelese triangle
building block

"Chains"

14/07/2001 Experimental Realization of a ... 30



3?
1 • 4.4 Field effects

• 4.5 Conclusions

4. A 2D S=1/2 Frustrated
Heisenberg
Antiferromagnet
• 4.1 Preliminaries
• 4.2 Quantum renormalization effects
• 4.3 Excitation continua

14/07/2001 Experimental Realization of a ... 31
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'Chains"

J' J'-TA

Isoscelese triangle
building block

4.1 Preliminaries
• The magnetism of Cs2CuCI4 is that of

layers of spins coupled in an
antiferromagnetic isosceles triangular
arrangement

• This is a new Hamiltonian which is
frustrated and strongly fluctuating.

• Hope is to find new physics and
challenging problems for theory!

14/07/2001 Experimental Realization of a ... 32



Strongly fluctuating system. As for the S=1/2
Heisenberg chain spinwave theory not
reliable!
We don't have any exact results!
Have the complex phase factor messing up
the field theory!
Can't use Bosonization in 2D!
We have to use experiment to work out
what's going on!
F O I I O V L S = 1 ^ ^
c^iaractengtics.icontinua versus, delta.
fa net ions, renprmaHzation offects, ajidJhe
effects_of a magnetic fi

14/07/2001 Experimental Realization of a... 33



Chains Magnetic phase diagram (B\\a)

Strongly
fluctuating state

Spin Liquid

Ferromagnet

2 4 6 8 10 12 14
B(T)\\a

Spins rotate in cycloids in zero field.

TAS 6, Risoe, Denmark

14/07/2001 34



4.2 Quantum
renormalization
effects

Eigenstateof
Hamiltonian

(no fluctuations)

(000) (010) ((SO) b* k
Shift in intensity and
position of Magnetic Bragg peaks
tell us precisely how the structure
changes with field

Quantum
renormalization

6^=0.56
14/07/2001

quantum
fluctuations

W\s
T6U.S

US HOUO

| Triangular Lattice

b

(0,L5-e,0)
(0,0.5-6,1)

= 8.44(1)T

ec=0.0536

Ferromagnet

10 12 14

ec=0.053(l) "classical"
incommensuration

eo=O.O3O(2) A

Experimental Realization of a ...
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Time-of-flight

££££»*,. IRIS neutron spectrometer
Energy transfer -0.2 to
1.6 meV (variable)
Wide angular coverage
25°<20<158°

RawduHoni 4.2paY --.., s ^-^^^

x t fflP^8^

Diffraction

W / * i " 2,5 IT 10 s gyi
a 11012A

v a | | B | i | | | | | B | r i i ^ ^ ^ .

mocUrolor at 36.5m

T Inclcknr boom
k\ . .^ - monltew

| \ CooM
1 .1 graphfta onalyHirt

JJ R«xalulion« |^S0| | f tV
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WAS

I
W

o

4.3 Excitation
Continua
Quantum renormalization of

excitation energy
R=J/J=1.65

(lDS=l/2HAFC/?=7t/2)

Spin-wave model

CHAIN)

effective /=0.62 meV

0

14/07/2001 Experimi
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Model for 2-spinon
cross-section

S{q,CO) =
"(Or )®(O)rr -CD)

- C O 2 L

=lower boundary
=upper boundary

Elementary excitations are S=l/2
spinons with a dispersion relation
modified at all energy scales by

the 2D frustrated couplings

S?!NON

\D
ID CAS£ PATA

2D quantum magnet Cs2CuCl4 \ jy m a g n e t

k (2n/b)

2-spinon cross-
section in
Cs?CuCL:
1) 3 overlapping
contiuna
2) modified

14/07/2001

0.2 0.4 0.6 0.8

Energy (meV)
iincri na i ncct i i /Lauui i u i a ...

1.0 1.2

40



4.4 Field effects
Phase diagram for
in-plane fields (Z?||c)

IN n**s% AUONGT C

C\7\7V

In-plane fields stabilise the
spin liquid phase.

0 1 2 3 4 5 6 7 8 9

0,00

MO

14/07/2001 /S00

A T LSAST

Experimen

0 1 2 3 4 5 6 7 8 9

B(T)\\c
:al Realization of a ... 41



Phase diagram for in-plane fields (B\\b)

0 10

ecr

fully polarised
spinon orbitals

Condensation of
spinons in field

Spinons in Cs2CuCl4 follow exclusion statistics

0.0 0.2 0.4

14/07/2001 Experimental Realization of a ... 42



Inelastic scattering in applied field (B\\c)
i i I I i r

Scan

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Energy (meV)

R.C. et al. ,PRL 79, 151 (1997).

14/07/2001

Scan

O TEST
LOOK

Large shifts of the
inelastic scattering in

applied field show that
spinons condense by
filling up a band of

states.

T
SHIFTS IN INZltfTK.
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Resonating Valence Bond Phenomena:-

Neutron breaks RVB
singlet - creates two
soinons.

Spinons separate via a
rearrangement of
sinelet bonds.

Zero-field RVB configuration

In-field RVB configuration at
l/3rd filling

RVB phenomenology provides a physical
picture for continuum scattering
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Next Steps

Need theoretical explanations of why
Cs2CuCI4 behaves this way.
Why does it show 2D continua?

Can the quantum renormalizations be
calculated?
Can the phase diagrams be explained fully?

Can the 1D theory tools be generalized to
handle strongly fluctuating 2D systems?
What other materials are out there?

dot) <K 7X> ^(WCKV ho\c. '
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