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Neutron Scattering

and

Low Dimensional Antiferromagnets

Stephen E. Nagler

Oak Ridge National Laboratory

Outline:

1. Magnetic Neutron scattering

Experimental methods, Cross sections, correlations, excitations

2. Quasi-one dimensional antiferromagnets

king-like chain, Heisenberg AF chain

(NENP, CsCoX3, CPC, KCuF3)

3. Interacting chains

Longitudinal modes in ordered S=l/2 quasi-ID HAF

Elementary properties of the neutron

Energy

Wave vector k==^T k(kl)= 0.695^1 E(mcV)

Neutron magnetic moment M~
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Neutrons as a probe of condensed Matter

Compared to x-rays:
•similar wavelength: structure of materials
•weaker interactions: bulk probe
•nuclear scattering: sensitive to both light and heavy elements
•magnetic moment: sensitive to magnetic structure
•low (meV) energy: collective excitations - phonons, magnons
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Neutron Scattering

Momentum transfer

Energy transfer
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Triple Axis Spectrometer Triple Axis Spectrometer
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MARI chopper spectrometer (ISIS) Cross-section for magnetic scattering

intensity of an unpolarized neutron beam:

^
I magnetic form factor1/ /

X
magnetic structure factor

I components of spin a,ft = x,yz. \ \ anit vector in direction of Q |

Magnetic Structure Factor:

Q, fi?) = | (

(0.0) (r,t)

For magnons usually S(Q,G>) <« 8(CD-G)Q)
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Scattering from magnetically ordered crystals

© © © ©_© © © © © © © O 0 © crystal in real space

a

O ©̂  O 0 © reciprocal lattice vectors Gn»n(2rc/a)

Scattering measurements show Bragg peaks at G^j.

Ferromagnetic crystals have extra scattering at the same G's.

Antiferromagnets show new, magnetic reciprocal lattice vectors.

• t i f 4 • M Antiferromagnetic crystal in real space

Antiferromagnetin reciprocal
space

| nuclear Bragg pcata | j magnetic Bragg peats |
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Neutrons and Antiferromagnetic Structure
C.G. Shull, W.A. Strauser andE.O. Wolkn, Phys. Rev. 83, 333 (1951).
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Example of form factor (Shull et aL Phys. Rev. 83, 333 (1951))

it obtained fr«m pwanugnetic dtfu** Ktttcnne with
estisultd etrof » shown. The pointt repnatat values of the form
Uctor obuiaad from ti« low tcmp«nture »iittferro«rup>rtic re-
flection* of MflO.
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The intensity of a magnetic bragg peak is proportional to the square of

the subJattice magnetization.
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The jnagnetic correlations in the disordered state give information about short range order

<Stt(O)S« (r)) - exp(-xr) S4" (G+q) - (

The size of an ordered region is characterized by a correlation length £

Inelastic neutron scattering — magnetic or non-magnetic scattering??

type of scattering

Q dependence of intensity
(lowT)
T dependence of intensity

polarization

phonon

nuclear

le-QI* increases with Q)

(nfiH-1) (increases with T)

usually non-spin flip

magnon

magnetic

I/(Q)I * (decreases with Q)

disappears for T > T C

usually spin flip

•

Further Reading:
Introduction to the Thee ofThermalNeutron Scattering. GJL. Squires, 1978,
Cambridge University Press, NY, ISBN 0-521-21884-5.

77u»rv of Neutron Sqaftermf from CondensedMatter.S^N. Lovesey, 1984, Clarendon
Press, Oxford, ISBN 0-19-852015-8 (vol. 1), 0-19-852017-4 (vol. 2) - volume 2is on
magnetic scattering.

Magnetic Critical Scattering. MP. Collins, 1989, Oxford University Press, NY,
ISBN 0-19-504600-5.

Methods of Experimental Pkvsics. Volume 23. Neu nScc £Ofl£,K.SlcoldandD.L.
Price, ed., 1987, Academic Press, NY, ISBN 0-12-475965-3 (part A), 0-12-475969-6
(partB), 0-12-475968-8 (part C) - chapters 19 and 20 (part C) are specialized to magnetic
scattering
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Magnetic Exchange interactions: JS^

Example: ft Cu @ O

J > 0, strong antiferromagnetic J < 0, weak ferromagnetic
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Inelastic Scattering - magnons in (VO)2P2O7

Effective Hamiltonian:

Determme J^ from co(Q)

O A K J<:I>OK N;>>; IC-KA PRL 7*. 499« (1997) I PRL 19.745 (1997) .^^ -<'*"

Simple Example: Antiferromagnetic Spin Dimer, S=l/2

Hamiltonian: J S j ^

O/.S KZlG'i \A31ONAl f.

H

2

(for T=0)

example simple spin dimer material VODPO41/2D2O (powder)

(VO)2P207powder
K. Eocfcston <f <zZ.

PRL 73.2626 (1994)

ISIS-HOT

5 100

A.W. Gaireo et d.

PRB 55.3631 (1997)

K H R - H B 1 A

C a u t i o n : Beware of data on
powders, and of pretty color
pictures!!

•Quasi - ID systems have sheets in reciprocal space

•excitations vary only along directions parallel to chains

TMMCS=5/2HAC

l PRB 5.199? (W2)
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Examples of quasi-one dimensional magnetic materials

hexagonal ABX3 salts

e.g. RbCoC^, CsMnBr3, etc.

O.v: R«>r;«: NATION

almost cubic: KCuF3

A A Cu
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Real world effective Hamiltcmians:

Co2* is S=3/2, with effective L=l in
lowest cubic manifold. Projecting S*S
into lowest lying Kramer's doublet
gives an effective spin HamHtonian
with S=l/2, and aniso tropic (nearly
Ising) exchange.

CsCoC^ and CsCoBr3 are examples of
nearly Ising (Ising-Like)
antiferromagnetic chains with S = 1/2

Ising Antiferromagnetic Chain

t*I*t it m ti t
t it ill t it it 11
t 4 t 4 t i l l t I t 4 t
t I t 4 t 4 t i l l t I t

l n >
l n + 2 >

ln+ 6>

State S V O

localized excitation with co = 2J

: S^CQ,©) - 8((0-2J)

Ising-like antiferromagnetic chain

Examples: RC0X3 , R=Cs,Rb X=Cl,Br e~0.1
Br^ SS. Nagjn: et <tU PRL 198Z PKB 1983

X AJ
WAVE VECTOR
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Heisenberg Antiferromagnetic Chain

•ground state has ^ =

•LSW: Q = 4JSIsinQI

H K'OGZ Cv/UIONAI. EjiiiO
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Historically: Main quantum
effect was thought to be a
renormalization of the spin
wave dispersion by a factor of

CuCl2-2N(C5D5) or CPC

S=l/2 chain
Y. Ehdoh tt al. PEL 32. 170 (1974),



Quick facts about the antiferroroagnetic Heisenberg chain:
• Ground state is a singlet

•The natural excitations are "spinons" and carry spin 1/2 relative to the ground state
unlike "magnons" or "spin-waves" which have spin 1 relative to the ground state

• spinons are created only in pairs (or even numbers)

•physically observed states have S.j=l

•for S=l,2,3,.. . spinons are bound - result is an energy gap (Haldane gap)

•for S=l/2, 3/2, 5/2, . . . spinons are "free" - S(Q,CD) has a continuum

S=l S=l/2

O&x R&cs NATIONS.

One way to picture a spinon pair:

recall: S'rS>nl + S?S^ =|(5;5; t l +S;S;J

M k f i l M M M

+
M k •
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C a u t i o n : Experimental
resolution affectslineshapesM
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Magnons in S=l material NENP
S. M> *t*l PRL if. 3571 (1?92)

CuCV2N(C5D5) or CPC - S=l/2 chain

/ .i^TTS.L.

C a u t i o n : Know the difference
between signal and background!!
J. Dehz«t«l PRB 42.4««9 (1990).
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KCuF3

A Cu
I )

v
S.E N««fer <f at. PHB 44. 123«1 (1991).
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•The temperature dependence of
the scattering is in excellent
agreement with predictions of
field theory (HJ. sehute. PRB 34.6372.
(1986)).

•Class ical theory (KULKretzen * ai.,

2. Phyt. 271.269 (1974))

underestimates the linewidth at
T=0 and overestimates the
thermal broadening.

KCuF,. DA. 1>nnut et aU PRL 70. 4003 (1993).



MAPS chopper spectrometer (ISIS)
= 6K

:7 i 'J <•: i>

The spectrum of a weakly alternating
chain is overall very similar to that of
a pure Heisenberg chain.

e.g. CuGeO3 (spin Peierls)

M. Arai et al., PRL77,3649-3652 (1996)

O/.X KTZGK

CtCoC%. J.P. Gofl rt at. PRB 52. 159J2 (1995)
Modified spinon states can also

1 account for the spectrum of the
I Isdng-like AF.

Pure ID S=l/2 chain is relatively well understood.

•"free" spinon pair (even multiplet) excitations

•continuum of S=l states - triply degenerate

Ordered 3 dimensional systems also well understood.

•doubfy degenerate raagnons with poles 5(©-a>(q)) in ST(Q,co) (transverse)

•Golds tone modes when system has broken continuous symmetry

•two-magnon scattering appears in S^Q.co) (longitudinal)

What about "quasi -ID": coupled chains in 3 dimensions ??

•Large energy scale dynamics must look ID like

•Low energy scales must show Goldstone modes

KCuF3 at Temperatures above the Neel Temperature

The ID characteristics of KCuF,
should dominate at temperatures
above the Neel temperature
where there is no long-range
order.

There is a continuum of
excitation

The scattering weight is
concentrated around the lower
edge of the continuum but does
not appear to be well-defined.



KCuF3 at Temperatures above the Nee] Temperature

The non-magnetic
: background has

been subtracted

KCuF3 at Temperatures below the Neel Temperature
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• 3D characteristics should
emerge at temperatures below
the Neel temperature where
KCuF3 develops long-range
antiferromagnetic order.

• We still see a continuum!

• The scattering at the lower
edge of the continuum is
sharpened.

Hamiltonian: (?., •?».,,)+ •>, X & , •*.•„..)

Bosoiiization (field theory) + RPA predicts:

•non-zero staggered magnetization n^

Poles in S(Q,G>) near ordering wave vector comprising:
•gapless transverse modes (spin waves / Goldstone modes)
•novel gapped longitudinal mode (zero point fluctuations)

Free spinon continuum resumes at high energies
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V Continuum of
A Magnetic

/ Scattering

. b V \ Longitudinal / /
T < T N \ \ Mode / /

vJ
Transverse \

Modes ̂ A "7
-1.65 -1.60 -1.55 -1.50 -1.45 -1.40 -1.35

Wavevector Parallel to Chain [0,0J]

The extra longitudinal mode violates the common "folklore"
concerning excitations in spin systems. It is a quantum effect.

From A. Bunker and D.P. Landau, Longitudinal Magnetic
Excitations in Classical Spin Systems, PRL 85,2601 (2000):

"... for all classical Heisenberg models the longitudinal
propagative excitations are entirely multiple spin wave in nature.'

How do we understand this intuitively??

Consider S=l/2 spin dimer with staggered field:

JSrS2 +Bt{Sl*S2*)



Hamiltonian: H = / £ & , • SB+

Bosonization (field theory) + RPA leads to:

fv 1/

•staggered magnetization mo=l .02 J-i!

•Mass gap M = ©foO.rc) = 6.2 \7L |

This gives poles in S(Q,G>) near Qz=

+v J

2 (•Transverse (02~ —

•Longitudinal -2

Continuum resumes for energies © > 2M
O A K Rs>r;s NATIONAL X.
U. S. r»£TAKl*c£r-rr a t ENER

cos J^+cosATy

Dispersion of magnetic
excitations in KCuF3 showe<
that the ratio JJJC = 0.01.

We also have M = 10 meV

S.K. Satya et aU PSB 21. 2001 (l?80)

KCuF3
chains in c direction

•intra-chain coupling is antiferromagnetic
•inter-chain coupling is ferromagnetic

ordered structure below TN ~ 38K
•moments lie in a-b plane - anisotropy from DM interaction

Magnetic scattering intensity for unpolarized neutrons:

Zero Field: equal populations of a and 6 domains

for Q making an angle <J> with the c (chain) direction:

•I ~ [1-COS24>1S* + [l-sin^KS'S-S*6)

Scc is transverse (T), S"and S"3 are '/2 T, Vi bngitudinal (L)

•I~F+(COS2(»IL

For Q along the chain direction:

•I ~ F + IL (equal contributions)

. L.VXW.TOXY

(a) Expected continuum scattering in
disordered (one dimensional) phase.

(b) Predicted scattering in ordered phase
from rnulti spin wave theory. The
longitudinal scattering has a broad peak
near 23 meV.

(c) Predicted excitations in the ordered phase
from RPA/field theory (H. schutz. PRLI996. F.
Essfcr. A. Trvelfc and a Deffino. PRB 1997)

j«

a °
tmagne|ic"

\ b

C I W j

T-35K

T<11K I
T = 2 0 0 K ^

Wf]
phonons

T<11 K
&̂ _

Energy Translw (m«V)

constant Q = (0,0,1.5)

•200K: weak magnetic scattering may
persist and phonon modes are evident

•35K: the magnetic scattering decays
monotonicalry with energy transfer

• 1 IK: magnetic scattering has broad
decaying contribution plus a lump of
scattering near 16 meV. This mode is
significantly broader than resobtion.

B. Lake. DA. Tenmrt arrtS.E NagVo, Phys. Rev. Lett 85, 832 (2000).
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a &E = 10meV

b E = 16 maV

c E = 22 meV

Mi

d LongHucHnal 10 meV

e Longfludnal 16 meV

f longfludtoctf 22 moV

•Constant E scans show
that the extra scattering
is not an artifact of
resolution.

•The red lines are a
convolution of the
transverse cross-section
with instrumental

=• resolution.

-1.6 -1.S -1.4 -1.6 -1.5

[0.0,0 lo.o.d

-1.6 -15 -1.4
Wavcvtctor [0.0.1]

Low temperature data from
a large set of scans. The
upper panel shows the data,
lower panel is a simulated
intensity distribution
including the instrumental
resolution
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KCuF,
T=4.2K. H along b«xis
tced« »nd Hirakaw. JPSJ 1973
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0

• (0.0.1)

9 (2.0.1)

Applied field along the b
axis of magnitude 0.5 T
causes the spins to align
along the a axis.

0 5000 10000 15000 20000

Magnetic Reid Intensity (Oe)

Now: rccfcrocal lattice definition dlffcrs by bctoc of two torn our convertion

Magnetic field along ( direction:

spin flop phase with moments directed along a

•S" isL S*andS~areT

Unpolarized neutrons, Q along c, measure S " + Sbb

•I = F + I L

Polarized neutrons with axis of neutron polarization b:

•Saa is spin-flq), Sbb is non-spin-flip

Therefore, for Q along c:

•Longitudinal magnetic scattering is spin-flip

•Transverse magnetic scattering is non-spin-flip

L

FeSi

monochroraatcor

(h.0,1) scattering plane

Vertical field along & axis

| Cartoon of HB1 spectrometer at ORNL |

V. 3 . fi&AQTNM*.- OK f:''3

KCuF3 (0,0,1 5)
spin «lp (longKudinal) scattering
HB1 E| = 305 meV 481-80'-80*-240>

KCuF3 (0,0,1-5)
non-spin Ittp (transverse) scattering
HB1 E 3 0 5 meV 4«t-80<-80>-2401

Energy (meV)



Some Conclusions:
>Quasi - ID antiferromagnets exist in nature.

>The main theoretical predictions for Heisenberg AF chains (Haldane gap, free
spinons, etc.) are confirmed by inelastic neutron scattering experiments on model
materials.

> m the 3D ordered state of a quasi- ID HAFC:

• The low-energy transverse modes are sharp spin-waves. (Golds tone
modes).

• The longitudinal response contains a gapped mode, possibfy broadened by
collisions with spin waves.

• Polarized neutron experiments confirm the nature of the fluctuations.
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