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Neutron Scattering
and

Low Dimensional Antiferromagnets

Stephen E. Nagler
Oak Ridge National Laboratory
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Outline:
1. Magnetic Neutron scattering
Experimental methods, Cross sections, correlati

2. Quasi-one dimensional antiferromagnets
Ising-like chain, Heisenberg AF chain
(NENP, CsCoX,, CPC, KCuF,)

3. Interacting chains
Lengitudinal modes in ordered S=1/2 quasi- 1D HAF
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Elementary properties of the neutron

81.8

Energy E =,£ E(meV) = ——
2m [1dF

Wave vector

Neutron magnetic moment H=-191uy0

k=" k(A" =0.695,/E(meV)

o
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Neutrons as a probe of condensed Matter

Compared to x-rays:

esimilar wavelength: structure of materials

sweaker interactions: bulk probe

*nuclear scattering: ~ sensitive to both light and heavy elements
*magnetic moment:  sensitive to magnetic structure

“low (mme V) energy:  collective excitations - phonons, magnons
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Triple Axis Spectrometer

Reactor S—
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MARI chopper spectrometer (ISIS)
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Triple Axis Spectrometer
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Cross-section for magnetic scattering
intensity of an unpolarized neutron beam:

"(Q,) | (Qf X (67 - Q“¥)s? Q. w)
Pl a.p
/ /

{ componcats of spin B =xyz. | [ nnit vectoc in direction of @ |

0,0 (X))

Magnetic Structure Factor:

S¥(Q,w) = I (m“(0,0)m‘ (r,t))e‘(Q""”)drdt
m*=L"+28°
For magnons usually S(Q,0) « §(a-®y)
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Scattering from magnetically ordered crystals
000QPOOO0OOOO OO il pace

a
e 6 0 © © reciprocal lattice vectors Gy n(2n/a)
2n/a

Scattering measurements show Bragg peaks at Gyr

Perromagnetic crystals have extra scattering at the same G's.
i iprocal lattice vectors.

Antife gnets show new, magy
* U * 4 ‘ f * Antiferromagnetic crystal in real space
-

® © © © @ Antiferromagnetin reciprocal

[

|uucl¢xBnggpcaks I [ magnetic Bragg peaks l

Neutrons and Antiferromagnetic Structure
C.G. Shull, W.A. Strauser and E.O. Wollan, Phys. Rev. 83, 333 (1951).
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Example of form factor (Shull et al. Phys. Rev. 83, 333 (1951))

The imtensity of a magnetic bragg peak is proportional to the square of
the sublattice magnetization.
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The magne ti lations in the disordered state give i about short range order

($HO)S*(r) ) ~ exp(-xx) 5 (Gg) ~ (>

The size of an ordered region is characterized by a correlation Jength E=x~?
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Inelastic neutron scattering -~ magnetic or non-magnetic scattering??
phonon ™agnoR
Lype of scaltecing nuclear moagnetic
Q dependence of intensity leQ? ibcreases with Q) QN7 (decreases with Q)
(low T)
T dependence of intensity (a©+1) (increases with T) disappears for T >T¢
polarization ustally non-spin flip usually spin flip
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Further Reading:
GL. Squires, 1978,

Calwndgc University Press, NY, ISBN 0.521-21884-5.
Theory of Newtron Scattering from Condensed Marier, S.W. Lovesey, 1984, Clarendon
Press, Oxford, ISBN 0-19-852015-8 (vol. 1), 0-19-852017-4 (vol.2) - volume 2 is on
rmagpetic scattering.

MEF. Collins, 1989, Oxford University Press, NY,
ISBN 0-19-504600-5,

Methods of Experimensal Physics, Yolume 23, Neutron Scatering, K. Skold and D.L.
Price, ed., 1987, Academic Press, NY, ISBN 0-12-475965-3 (pact A), 0-12-475969-6
(part B), 0-12-475968-8 (part C) - chaplers 19 and 20 (part C) ate specialized to noagnetic
scattering
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Magnetic Exchange interactions: JS;-S

Example: o o

J > 0, strong antiferromagnetic

J <0, weak ferromagnetic

Or-axrreie




Inelastic Scattering - magnons in (VO),P,0,

Effective Hamiltonian:

H=3 1,30 3()

Determine J; from &(Q)

YOMP.O, E-termes
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le simple spin di terial VODPO,-1/2D,0 d
Simple Example: Antiferromagnetic Spin Dimer, S=1/2 example siiple Spin dimer materia 4 20 (powder)

wa _{4_sin(OR) _
5“0, w)=|1 ok (@-J)

Hamiltonian: JS,S, “R>
1 .
AR £ —s0h ]
t Lo £ J=1.86meV
J Sw@,w)= sin? QéR (@-7) £t ]
{ H .
— Lty goof )
¥ ) (for T=0) 2o
1 2 o (A“) 2 4
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*Quasi - 1D systems have sheets in reciprocal space
(VO),P,0, powder

R. Bockeston ef ol

PRL 73.2625 (1994)

ISIS - HET

~excitations vary only along directions parallel to chains

TMMC $=5/2 HAC

Trmsy Parsim e,

AW. Gurett ef al
PRB 53, 3631 (1997)
HFIR - HBIA

o EXer, Macesmc rvby
Cet) et

Caution: Beware of data on
powders, and of pretty color
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M.T. Hutchingt etal PRB 3, 1999 (1972)
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Examples of quasi-one dimensional magnetic materials

hexagonal ABX, salts

almost cubic: KCuF,
e.g. RbCoCly, CsMnBr3, efc.
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Real world effective Hamiltonians:

Co?* is S=3/2, with effective L=11in
lowest cubic manifold. Projecting S+S
into lowest Iying Kramer's doublet
gives an effective spin Hamiltonian
with $=1/2, and anisotropic (nearly
Ising) exchange.

CsCoCl; and CsCoBr, are examples of
nearly Tsing (Im g-Like)
chains with $ = 1/2
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Ising Antiferromagnetic Chain
H= 2123‘ 2

HIHHHHH fn>  PYPYPITIY Neel State Sh =0

tetiiterititfinea> TEREtBIEt vo1 5% -0
Petitifitetithnsa> PRItV o2 5% -0

Pititstifitithinesy PHRHEAELAL o3 S5 an

localized excitation with @ = 2J
: SY(Q,®) ~ d(w-21)
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Ising-like antiferromagnetic chain
ﬁ = 2]2 {Srz : rz+! + E[Sx ot Sy ryﬂ]}

Examples: RCoX;, R=Cs,Rb X=CLBr ¢£-~0.1

CsCoBr,, S.B Nagher «t oL, PRL 1982, PRB 198
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Heisenberg Antiferromagnetic Chain

H=27Y5,-§,,
r
1
+ground state has S;= 0
o
LSW: @ = 4JSlsinQl ¢
8
*$=1/2: ® = wJIsinQl
1]
[+ 1 2 3 4
Q(w/a)
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Historically: Main quantum
effect was thought tobe a
renormalization of the spin
wave dispersion by a factor of
2.
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CuC1,+2N(CDy) or CPC

S=1/2 chain
Y. Endoh et al. PRL 32. 170 (1974)

Dhdpacetsn. of the dretiationa in CPLwE 7
th enargy; in utdtp 6 =13:F K.,
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Quick facts about the antiferromagnetic 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=1

«for $=1,2,3, ... spinons are bound - result is an energy gap (Haldane gap)
«for S=1/2, 3/2, 5/2, ... spinons are “free” - S(Q,®) bas a continuum

S= S=1/2

D184 Rus058 Naes
U. S Dsp2xssieses O

One way to picture a spinon pair:

rel

recall: S35, +8782, = 1(svs, +5087,)
2

r+l

NN
DUSATTEAE

Caution; Experimental
resolution affects lineshapes|t

turned,  Solid Snar. Culeut
Ftrime cmlvatlacm. Dretat ihve

Magnons in S=1 material NENP

S. Ma eral. PRL 69, 3571 (1992)
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COUNTHS 20 MINOTES.

A R R e i |

CuCl,»2N(C,D) or CPC - §=1/2 chain
Y. Bdoh et al PRL 32, 170 (1974), L U. Hellman «t oL PRB 18
3530 (1578)
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Afaiy Cul, 9
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Caution: Know the difference
between signal and background!!
3. Deszetal. PRE 42, 4869 (1990).

Y

Yoo g,

S Nagler of al, PRB 44, 12361 (1991).
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+The temperature dependence of
the scattering is in excellent
agreement with predictions of
field theory (31, Schutz, PRB 34. 6372,
1936)).

«Classical theory (LK Krewen es o,
Z Bhys. 271, 269 (1974))
underestimates the linewidth at
T=0 and overestimates the
thennal broadening.

KCuF,, DA, Tersarx o al, PRL 70, 4003 (1993).
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KCuF; on MAPS E,=150meV T=6K

Energy (meV)

-2 -1.5 -1 -05 0 05 1 1.5
[o.0.1] in15m A7

- LARDRATONY
LAY

B

;

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

:' e.g. CuGe O, (spin Peierls)

]

* -
Seduned tdorwnnms (ranster

M. Arai et al., PRL 77, 3649-3652 (1996)
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ooy 1B Golleral. PRD 2. 15952 (1939) Modified spinon states can also

account for the spectrum of the
Ising-like AF.

u

Energy transfer (meV)
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Pure 1D S=1/2 chain is relatively well understood.
*“free” spinon pair (even multiplet) excitations
scontinuum of S=1 states — triply degencrate

Ordered 3 dimensional systems also well understood.
edoubly degenerate magnons with poles 3(0—(q)) in S Q,0) (transverse)
*Goldstone modes when system has broken continuous symmetry
*two-magnon scattering appears n S1(Q,®) (longitudinal)

What about “quasi -1D”': coupled chains in 3 dimensions ??
*Large energy scale dynamics must look 1D ke
sLow energy scales must show Goldstone modes

OAas REOGE KA
. 3. DWARTMINT
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KCuF, at Temperatures above the Néel Temperature

oA L T + The 1D characteristics of KCuF,
oo smds. zamz,d ¢ .
should dominate at temperatures
above the Néel temperature
where there is no long-range
order.

eEmo

+ There is a continuum of
excitation

+ The scattering weightis
““concentrated around the lower
edge of the continunm but does
not appear to be well-defined.
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KCuF, at Temperatures above the Néel Temperature

The non-magnetic

background has
been subtracted
<05 o e
T, st
A7 RG68 NN, FABDRATGRY P .
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KCuF, at Temperatures below the Néel Temperature

AP SCARDS 4 ATOVEPE, ¢ proge b, T B 50w %km, G £50

ot 00) w10 MaLH

an B 3D characteristics should
emerge at temperatures below

100 the Néel temperature where
KCuF, develops long-range

o] antiferromagnetic order.

+  We still see acontinnum!

+ The scattering at the Jower
edge of the contingum is

sharpened.
o
o5
100,41 n 3901 A7
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Hamiltonian: ﬁ =J 2 (S'n.r "i»u)"' J, (S'n.r 'S'nu.ra)
nF

nF.a
Bosonization (field theory) + RPA predicts:

*non-zero staggered magnetization m

Poles in S(Q,®) near ordering wavevector comprising:
*gapless transverse modes (spin waves / Goldstone modes)
*novel gapped longitudinal mode (zero point fluctuations)

Free spinon continaum resumes at high energies
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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.”
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How do we understand this intuitively??
Consider S=1/2 spin dimer with staggered field:
JS,S, +B(S,>S,%

/(|+ R ) A

5 o 43, 1) B>0

[ T GRS —
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Hamiltovian:  H = JE(S'n} . 5...1;)"‘ I, Z(S‘..J 'S',.’x.;.a)
»

B

LY

Bosonization (field theory) + RPA leads to:
staggered magnetization my=1 .02(@)‘/2
+Mass gap M = &(n,0,m) = 6.2/, |

This gives poles in $(Q,®) near Q,=r (q=Q,-%)

b cosk, +cosk
<Transverse © =(T))92 +M2[1"—"—2“""1)

“Longitudinal @ = [—';l].q’ + M’[E)-%(cosk, + cosk,))
¥=0.49
Continuum resumes for energies ® = 2M
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Dispersion of magnetic
excitations in KCuF, showed
that the ratio J/J_ = 0.01.
We alsohave M = 10 meV
At Laysonaveuy T
v Day TSI TEAR

KCuF,
chains in ¢ direction
*intra-chain coupling is antiferromag)
*inter-chain coupling is ferromagnetic
ordered structure below T,y ~ 38K
*moments lie in a-b plane - anisotropy from DM interaction

b domain a domain

AR LIDET AT LAROAKTORY -
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Magnetic scattering intensity for @poh&cd neutrons:
1-3h-@Fb=.a)
-

Zero Field: equal populations of ¢ and b domains
for Q making an angle ¢ with the ¢ (chain) direction:
oI ~ [1-cos?$1S* + [ 1-sin?d](S*+S5%%)
S js transverse (T), S and $*° are ¥4 T, ¥2 longitudinal (L)
oI~ IT+ (cos?p)It
For Q along the chain direction:

ol ~IT+ I (equal contributions)

LASORATORY
SRGY

»
28]
iy .
%:; (a) Expected continuum scattering in
" disordered (one dimensional) phase.
,: (b) Predicted scattering in ordered phase
§ from multi spin wave theory. The
; 18 longitadinal scattering has a broad peak
i

near 23 meV.

. (c) Predicted excitations in the ordered phase
Tae from RPA/field theory (i schatz, PRL 2996, F.
O Bssler, A. Tevelik and G. DeXfino, PRB 1997)

o

w3, Frony

ARTNING

constant Q = (0,0,1.5)

08

08
*200K: weak magnetic scattering may

04 persist and phonon modes are evident
E
H
5 o2 . .
é 02 *35K: the magnetic scattering decays
5 monotonically with energy transfer
2oa
&
s 0.0
]
£

+11K: magpetic scattering has broad
decaying contribution plus a hmp of
scattering near 16 meV. This mode is
significantly broader than resolution.

10 5 20 25
Energy Transter (meV) B. Lake, DA. Tenrmrt and S.B Nagles, Phys. Rev. Len 85, §32 (2000).
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E=10meV | d Longudina 10 mev] | g
02 g
3
00 i +Constant E scans show
= that the extra scattering
04 is not an artifact of
g resolution.
02 &
0.0 3
ﬁ *The red lines are a
convolution of the
* € transverse cross-section
;é with instrumental
§ resolution.
a3
k.,

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

20

5

5
g
8

3500 I

3000 N
g 2500
H KCuF, ® won Applied field along the b
8 2000 T=42K Halongbaxis o axis of magnitude 0.5 T
s Keods and Hirskawa JPSJ 1973 ® (o1 . .
8 causes the spins to align
g 500 along the a axis.
5
o
© 1000

500

o
o 5000 10000 15000 20000

Magnetic Field Intensity (Oo)
Note: recrocat bitke dsfukion difiers by factar of Wo Fom owr convertion
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Magnetic field along b divection:

spin flop phase with moments directed along
«S*isL S*®andS¥are T

Unpolarized neutrons, Q along ¢, measure S* + $**
I=T+1

Polarized neutrons with axis of neutron polarization b:

+S% is spin-flip, S** is non-spin-flip

I

Therefore, for Q along c:
*Longitudinal magnetic scattering is spin-flip

Transverse maguetic scattering is non-spin-flip

JSIVE N

DOS HATIONAL. fLABORATERY
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FeSi
monochromator

detector
neutrons (.0,1) scattering plane
Vettical field along b axis

Cartoon of HB1 spectrometer at ORNL
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KCuF3 (0,0,15)
spin tlip longiudinal} scattedng
HB1 Ef =305 moV 48-80"-80-240"

KCuFg {0,0,15)
non-spin Mip (transverse) scattening
HB1 E{=80.5meV 48-80°-80-240"

0 O T=6K
v T=200K

g 2w
2 g
£ 3
5 5

20

s 10 *% 20 26 a0 13 10 1% 20 286 a0
Energy (meV) Enorgy (meV)
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Some Conclusions:
>Quasi - 1D 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
materiaks.

>In the 3D ordered state of a quasi-1D HAFC:

+ The low-energy transverse modes are sharp spin-waves. (Goldstone
modes).

+ The longitudinal resp
collisions with spin waves.

a gapped mode, possibly broadened by

« Polarized neutron experiments confirm the nature of the fluctuations.

T RG50S NATIONAS, LABORNIORY
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