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ISISH@: Using Neutron Scattering and
‘ Magnetlc Fields to Explore New
Physms in Cs2CuCl4

Alan Tennant » In collaboratlon with: (Cs2CuCl4)

Oxtord Un Iversity and Radu Coldea (Oxford) Zbigniew
~ 1SIS Facility, Rutherford Tylczynski (AMU, Poland)

Laboratory, UK
A.M. Tsvelik (BNL), Klaus Habicht,
Peter Smeibidl, Michael Hoffman (HMI,
Berlin).

(KCuF3)

Bella Lake, Stephen Nagler (ORNL)
and Chris Frost (ISIS)
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Outline of Presentation

s 1. Introduction

= 2. 1D S=1/2 Heisenberg
antiferromagnet.

» 3. Using high magnetic fields to find a
spin Hamiltonian experimentally.

s 4. 2D S=1/2 Frustrated Heisenberg
antiferromagnet.

= Conclusions
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ATIMS:-

« WANT To Look AT AND MAN/PULAK
STRONGLY CORRELATED QUANTUM
STATES EXPERIMEBNTALLY .

e DEVELOP TECHN: QPUES So WwE CAN
FIND NBW TYPES of BEHAVIOUR
‘)N THE LARORATORY ' AND EXEMPLARY

- SYSTEMS , |
USE :-
4.1 NEUTRoN TECHNOLOGY

1.2 QUANTUM MAGNETS

NEUTRON IS NETRAL S=lfy PARTICIE.

WG AKY INTERACT ING. SIMFPLE SCATTER NG
MATRIX GLEMENT FBR MAGNETIC ScATTERIMY

- SQps) KE 1SR
0(6“"5’"7{%#)
sy




Protons accel-
erated in
SOOMeV
Synchrotron

Protons hit
heavy metal
nuclei in the
Target which
emit neutrons

14/07/2001 Experimental Realization of a ..
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3.3 The neutron scattering measurements

Inside the Reactor Building at HMI, Berlin
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e Y
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HMI 14.5 Tesla superconducting
magnet with dilution insert.

To probe quantum
effects we need extreme
CNVIFrONments:

30 mK 1s about
1/10000™ Room Temp.

[4 Tesla 1s about

1,000,000 times Earths

surface held (frogs

levitate at 10 Tesla!)
14/07/2001

30 mK-Option: -,
*He -‘Ma
Mischungskryostat
(30 mK / 14.5 Tesla) -
EBF T J
T b i L‘_r"
N P Probenraum mit variabler
Cos THRN " Temperatur-Regelung
N
flussig
1 / Helium-Behélter
{ flussig
| / Stickstoff-Behiiter
Probenstab

Isolier-Vakuum

supraleitender Magnet
max 14,5 Tesla

Material-Probe
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Some of the seminal
hysi blems i |

physics provlems in 11 3 | ow=-Dimensional Quantum
the development of the
field include: - Mag HEtS
» Haldane gaps in |
integer spin chains » Quantum magnets provide examples of
« Spinons in half-odd- strongly correlatgd systems showing novel
integer chains ground and excited states.
e Spin-charge » They can be studied in great detail
separation in doped e xperlmentally :

tift t . .
amierotmagnets » Their quantum states can be manipulated by
* Hole pairing in magnetic fields in a clean way.
conducting spin
ladders » The Hamiltonians are simple but nontrlwal

» Nonlinearity is embedded in the spin
commutation relations.

14/07/2001 Experiment_al Realization of a ... 7
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2. 1D S=1/2 Heisenberg

Antiferromagnet

x 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.

Experimental Realization of a ...
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A physical pictur

~ Instead of semiclassical spin-1 spinwaves a new picture of spin-1/2

spinons emerges

AVAVAVAVAVAY 1. Ground st‘ate is quasi-long-range ordered |
}*4*‘4’**’*’* . 2. A spinon is a spin-1/2 inserted into the

ground state. It also looks like a 7t twist.’

Ty \
AV¥AVYA¥AV44¥ 4V 3. Spinons are restricted to hopping only to
2 every second site. Exist over ¥2 B.Z. R

s 4. Neutrons scatter by .
E ‘ | ****‘@***** flipping over a spin
0s AVAVALAVAYAY creating two spinons —
WM' - L AYe AVAYAAVAY which partition the energy
"® G «——p ..q—— and wavevector. -

Spinon dispersion =~ N B: NEUTRON ChaNges S BY L. uNIT
. NoT S=!/a. . MUST CREATE PAIRS OF SPINONS,
14/07/2001 Experimental Realization of a ...
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A physical picture cont... | = PW@

| Q=p+q
Two-spinon neutron scattering event. ®
100 1
Ow-w,)(w, ~w) |
Sq.my = Q@-0)0@, —0) .
\/ W -w’L i
( AGREES WITH Tzo umT OF BoSonNIZATION) ? v
; =lower and  =upper boundary "
. . 204 q
Magnetic fields J P |
Condensation of pOIariSe th€ Spin -1 05 0 05 1

Wavevector q along chain (unitsof 2 =)

spwonsinfield —— chain, The spinons
are like pockets of
spin which repel
—— each other.

They space out evenly 1/5% of
total magnetization:

AVAAAVAATAVAL V4

fully polarised
spinon orbitals

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



2.3 Experimental results

Predicted neutron scattering iy
W=w(p)+w(q)
Q=p+q
s 80- S | B
g 40 Tl ™ V\
! q MAPS spectrometer—
P
b py : Y 1 : ~40,000 detector pixels

Wavevector g along chain (units of 2 )

200Mb data per run.

14/07/2001 Experimental Realization of a ... 14
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2.3.1 Excitation
Continuum

Inelastic neutron scattering
measurement of the
dynamical correlations

in the S=1/2 Heisenberg
Antiferromagnetic chain
KCuF3 across two Brillouin
Zones. Agrees with
predictions

14/0Y7/2001

120 4

100 4

80 -

60

3
£
3
2
O 40
c

L

a 05 0 o5 1
Wavevector q along chain (units of 2x)

MAPS 2000
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. | o
CHNNJ” “@VAOL(’Q“’W/\/\U l and chudies
4 of RG Hows fam 1D RGT +H
4 20 RGT AGREE wITH  o5iq (T correlodions,

mensional Crossover ,

300

In Nature we only have
approximations to Heisenberg 260
chains and the 1D field theories
only apply at temperatures,
energies, and wavevectors
where interchain effects are

not important.

200

Temperature T (K)
o
o

Affleck, JPhysA 29, 2627 (1996) o
Schulz, PRL 77, 2790 (1996) oL o —.
Essler, PRB 56, 11001 (1997). Energy o (meV)

| (EXPC(L MENTAL . CROSSOVER
14/07/2001 : | Experimental Realization of a ... D 1AGR A M ) 20
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Measurement of the

1D static correlations

in KCuF3 across a Brillouin
Zone.

S(g)=S(q,t=0)= [dwS(q,0)

- A 1n1+s1n(q/2),(q20).
27 cos(q/2)

~<SS >el/d(qg~7)

r~r+d

Muller et al PRB24, 1429 (1981).

Algebraically 1/d decaying
correlations in the ground state.

14/07/2001

q .élong chain (units of 2r)

Spinwave model result

‘Experimental Realization of a ...



§ K

50 K

15 K

100 K

160 K

200 K

— ¢ (3 1in g function

L X X BN N

Wavevector ¢ along chain (units of 2r)

The 1D dynamical correlations 10 © ‘_:E E

around g=7 show a/T scaling =

and agree with CFT. ] N
0.1 1 10

w! kT 27] | olT
e A @
S(m,w) = —Im| p| — | |; |
(7, @)= -1T '0( 4T )

. Functional form derived by

p(x)=T(1/4-ix)/T(3/4~ix). H.J. Schulz, PRB34, 6372 (1986)

14/07/2001 Experimental Realization of a ... 17
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3. Using high magnetic

fields to measure the spin
Hamiltonian

= 3.1 Excitations in the fully polarized
state

a 3.2 The material: Cs2CuCl4
s 3.3 The measurements
s 3.4 Results

Experimental Realization of a ...
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3.1 Excitations in  (sec next talk by Radu Coldea)
the fully polanzed e tp e S HH-) - M

state

For antlferromagnetic
couplings neighbouring Spins
like to point antiparallel

I J
| fully-aligned

In a big enough magnetic field cigenstate

the spins become fully =
polarized along the field

One s,pi_n-vﬂip/ |
-manifold of states “Wavevector (g)

| {m@n-~> \/\/
| s/'/ fx)(q) /

| )
| - HEARARR

exact
result

direction

| state have remarkable
t ‘ properties. (True for
any magnet with
14/07/2001 | conserved Sz).

The excitations in this

- Energy

dispersion images
exchange Hamiltonian

ag) = Jg) - JO) + h

4 '
I
/ " Zeeman
energy
Fourier transform
of magnetic couplings

I = Z; J e

zationof a ...

23



3.2 The material: Cs2CuCl4

B Zeeman splitting of an S=1/2
- magnetic moment is about 0. 1meV for
a field of 1Tesla.

‘s Exchange energy is about 0.3 meV |

'z‘ 0.08 ——p—y S |
il ~~—~~1 = Expectfields of about 8 Tesla to fully
il ] polarize Cs2CuCl4.

I = Energy window where cold neutrons
i.‘; N and high-fields overlap.

EETeT e |

[ mnuﬂim

Carlin et al, J. Appx Phys.57,3351 (1985) |
14/07/2001 | Expenmental Realization of a . | | 24



e Cu?*ion has 3d® outer shell i.e. 1 hole.
| » The orbital moment is quenched by the

four CI- ions. | |
* Near isotropic spin-1/2 (within 1%)

CuCl,* tetrahedra

Cl- | Cs* ioﬂns

Crystal structure of

Cs2CuCl4. The holes
Are tightly bound to
the Cu sites and so
Tetrahedrally coordinated Cs2CuCl4 is an
Cu ion “insulator.

14/07/2001 Experimental Realization of a ... 25



3.4 Dispersion of the |

mag nons iIn the . 2D Brillouin zone Triangular Lattice

ferromagnetic state <} . . . . b .
p |

(002)

A typical scan in energy

Splitting at the minimum gap

Counts (/10 mins)

c
301 (0,1.5-£,0) '
20 1 (000)
10 1 ¢
0 v . 5“,D . .
0.35 0.40 045 0.50 0.55 0.60 0.65 (021
E A% 1 : 010 020 021 _ -
nergy (mev) Fourier ©10 kol §000250500.751 0 106 €711 (10)
. transform S - - -
QuaSI-2D . N8 B=12Tesla l 115
. . of exchange _ .
. S 5
Hamiltonian | coyplings g, . w2
J=0.376 meV 3 12D “inter- 2
J'=0.124 meV " t cham” | I
0.0 b s bt 0.0
1.001.251.601.752.00 10,2,/ 2001.751.501.251.00

[0k0] [0¢&-1]
14/07/2001 29
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%neucally Cs2CuCl4 is a
1/2 quantum
antlferromagnet

JJ

Isoscelese triangle

Tetrahedrally coordinated - building block
Cuion
“Chains”
—

Layers of S=1/2
Coppers coupled in
An 1soscelese triangle
geometry

Superexchange is via
two chlorine 1ons.

14/07/2001 Experimental Realization of a ... 30
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4, A 2D S=1/2 Frustrated

Heisenberg
Antiferromagnet

» 4.1 Preliminaries |
= 4.2 Quantum renormalization effects

‘n 4.3 Excitation continua

s 4.4 Field effects
a 4.5 Conclusions

ExperimentaI'Realization ofa ..
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4.1 Preliminaries

= The magnetism of Cs2CuCl4 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

Isoscelese triangle challenging problems for theory!
building block

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

Follow S=1/2 HAFC and look for distinctive
characteristics: continua versus delta .

T A i e T

functions, renormalization effects, and the

effects of a magnetic field.

Experimental Realization of a ...
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> SMALL ANISOTROPY ORBERS SEINS IN b.c (LANE.

Chains

Magnetic phase diagram (B||a)

Strongly | MQC&;GTIC
fluctuating state %
SPINS oRPER. % N

Spln L1qu1d

4\ a ( { ) . . 1) .
chain S(tﬁ‘ pro W{““&j by ’Smml!rr\% @W@ .

Spins rotate in cycloids in zero field.

- TAS 6, Risoe, Denmark

14/07/2001
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4.2 Quantum
renormalization
effects

[ 2D Brillouin zone | ITria.ngular Lattice |

(000) (010) (020) b*

Shift in intensity and

position of Magnetic Bragg peaks
tell us precisely how the structure

changes with field

Quantum
renormalization
€,/€.=0.56

14/07/2001

k.

Eigenstate of
- Hamiltonian
) @o fluctuations)
~ {7
Strong_ ' | N T y /
quantum =~ ~» |Cycloid Cone ]
fluctuations (B=0) <— — — pFerromagney .G
‘ T ,! .......... 1'TH‘S RKA&G
B/ |ov g’ ~ 004 ¥ PEAX TELLS
' 0 8 *é 0.03 ] us How
g = 5 OPEN THE
2 =S 0027 1 CoNE S
' o £~ o001
g - 0.00 "; .................... ’;
= (0,1.5-¢,0) *
0.05 1 ) | ]
é ) ©03-&D | Be=8.44()T
g — 004 | £=0.0536
& c=0
g w 0. ¢ | ]
S IFerroma net
S 002 b lies g
§ 10 12 14

£y=0.030(2) -, ,ﬁefo.osz(l) “classical”

4 -7 O ° incommensuration

~eh =g 0510 / \ , c
,
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Time-of-flight |

inverted geometry. IRIS nEUtron speCtromEter

Energy resolution 15 peV.
Energy transfer -0.2 to

1.6 meV (variable)
Wide angular coverage
25°<20<158°
Hydrogen
moderclor o 34.5m
D:::dbn \‘
- 1:0&; . Converging .
MICA analysars /é 1 iflziﬁ gmf:h R A
11 \ et .
Resclutionz 4.ZpeV -, SO P 5
| ey ; R . ;
Incident baam
Noosm moenthar
N
Transmited - Jil " kT
boam monitor N, ! UL L > Cooled
., e TN T g™ grophiie anclysiirt
. Razaluliom [;x:
Kr I

Datecrors of 173°
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THIS WAS AN lﬂ\wﬁmm“ Femu RE B

OF \D. SEE 1T N 2P o]

4.3 Excitation
Continua

excitation energy
R=J/J=1.65

Spin-wave model

C590ully. wmmp cppar

14/07/ 2001

Quantum renormalization of

(1D S=1/2 HAFC R=m/2)

Experimq

CONTN UA, . exPEXT
LOWER & UPPER

O(S§€» RN E STRON (,-;»
TAL

n

;

5k (2}:/1;) 2 2

S

——-y C.HA\N DIRN/.

effective J=0.62 meV |

lk ‘e ass AL

fﬁk
k-7

polarized out-of-plane
W, 0 polarized in-plane
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Model for 2-spinon
Cross-section

2D quantum magnet Cs,CuCl, 1D magpet

. A C D
S(q.0) = O(w—-w,)B(w, —w) 0.8 Ny
\/ (02 _ a)2 é g iy
J04
o, =lower boundary i ;
W =upper boundary 2 Q 05 10
-0. = : 2.5
Elementary excitations are S=1/2 ~ } 2-spinon cross-
spinons with a dispersion relation | ‘F 0.8 1 section in
modified at all energy scales by = 06 - ] |
: £ | Cs,CuCly:
the 2D frustrated couplings 8 04 - I 1) 3 overlapping
M 5 02 { contiuna
NOOIFYING 2 SENON g ) % 2) modified w,
ANSEIZ Fremy (WD TC s 0 L |

2D CASE R'V\ODELS DATHA 02 04 06 08 10 12
WELL THROUGHOUT B.F.
1 4/07/2001 EAPCI el ital nUdPLIi?I{Igl}]UI(I?eV) 40
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4.4 Field effects

Phase diagram for
in-plane fields (B||c)
FIELD IN PLANE ALONG C

0.8 [OROER orsacreaes ||
______ 0 ...-.0__6_.; {l\ %e{. \Of%e, §
? 0.04 I l’ptccmmwurk‘} 1Oh

|

|

= v/ | | o\(dr\s F\'.e,m d\'ﬁ’\.l

= 0.02 M (2,%4+¢€,0) J‘uﬂ. Wice foc |
(1.72480) | jp SpNONS, J' ‘

8

1 2 3 4 5 6 7 9

_ . 0
CNO ORD To AT LeAST
MO DRDER ) B(D)|c
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Phase diagram for in-plane fields (B||b) \O/ \c
B b RV AVAN
0 2 4 6 8 10 O -m== O
0.8 T —
0.6 ] p WP FleLD
< SPIN % : Condensation of IN PLANE ALONG
= 0. - i in fi ‘1.
= 04 " L’Q‘L( ID :—oﬁ%;rroi spinons in field b . Cs,CuCl,
024 . 1
| ordered HT 1 :
_________ o 9
0.10 "7  fully polarised / o
0.08 | | spinon orbitals // L 6 =
' | DISORDERED | » , =
€ -____Q'Q.6_..' I — o . =
C ~ 1 . -3 R
5 004 o (0,1%-€,0) l { {
= 0.02 a (0,3%4+¢€,5) | o e Lo
® 0.00 I . | q 00 02 04
0 2 4 6 8 10. . € (r.lu) in S*
BM)|| b -
SCALE oF INtomMENSU RAVION AGREE S
, v WITH FiLLiNe,
SPIN LiQup
PHASE AGGAIN
| ORScRVED !
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Inelastic scattering in applied field (Bl|c)

I ! 1 ! Al 1 Ll

250 é
200 =
150 é
100 ©
1 450
300
- 250
S 29 Large shifts of the
g 15 = inelastic scattering in
© 0 applied field show that
100 g spinons condense by |
“ | = filling up a band of
02 03 04 05 06 07 08 09 1.0 K o I Y states.
nergy (meV )
Energy (meV) 0 " 1
T - LING OF A KA |
|0 TEST THE FULING ©F A _
R.C. et al. ,PRL 79, 151 (1997). H"l(CfT"HE}!S Lotk FoR  SH 1IFTS IN  INELASTIC

i T e

ConTINUA (FARTICLE ~HOLE) WITH TIELD,

14/07/2001 | Experimentél Realization of a ...
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Resonating Valence Bond Phenomena:-

Neutron breaks RVB
‘singlet — creates two
SDINONS.

Zero-field RVB configuration

Spinons separate via a
rearrangement of
singlet bonds.

In-field RVB configuration at
1/3" filling

RVB phenomenology provides a physical
picture for continuum scattering |

e




Summary

l, Now M eoasuxeg. Q.Xu‘{-ah‘on contrnug
\/6(‘\7 ac_curadi’lﬂ.

2 . SQL d.z'w\.enfib/eal Crossover 1."0 -’0 /?hcq__ft
l"’l KCMFZ

3. Able do find a spin Har'/ o
a-?/‘f‘y /'-4'9‘\ #/'e/c/J e Lret Fme

Lf C)\[)/omﬂ?on o,[ 5—// +’2M?(/((¢\f‘ mag mgh
"C’A/W-QJ 20 !&Xa/—cd'?dvs Com‘v/t%,&

f'ﬂléfr)( S.&b:/zsed( J‘pm ./.’Z,ud
Band £lling o ffets
tupn Renoe s
Lm‘ja @M
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‘Next Steps

Need theoretical explanations of why
Cs2CuCl4 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?
W hat does o 2D spinon ok | ke,

Experimental Realization of a ... 46



