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Condensed Matter Science and Neutron Scattering

     Why neutron scattering is a powerful tool in CMS?



What Is Condensed Matter Science about?

! Study Emergent phenomena
     that are collective effects of a huge number of particles
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! Introduction: 

     1. Collective phenomena in Condensed Matter Physics

     2. Magnetism and Neutron Scattering

! Example: Neutron scattering studies on geometrically                      

frustrated magnets ACr2O4 (A=Zn, Cd)

     1. Composite spin degrees of freedom

     2. Spin-Peierls-like phase transitions

! Summary

Outline



!" Unpaired electrons of ions in solids have 

! ! 1) electronic spin µS

! ! 2) orbital momentum µL

Origin of Magnetism
µ
S

µ
L

Transition metals: 

 unfilled d shells

Quenched orbital 
moments 

Small moments

Rare earth metals: unfilled f shells

Strong spin-orbit coupling J=S+L

Large magnetic moments

!" Exchange interactions arise from the overlap of electronic orbitals of 
neighboring sites and the Pauli exclusion principle 

!" Direct exchange arising from direct overlap of neighboring electron 
orbitals

!" Superexchange is mediated by a 

    diamagnetic anion such as O-2 or F-1

!" Indirect exchange mediated by 

    conduction electrons, RKKY interaction

Spin interactions of localized moments

H = "ij Jij Si Sj

s-orbital dxy-orbitalpx-orbital dz
2-orbital

+ -+ -

Crystal fields lead to spatially 
oriented electron orbitals



Phase Diagram for a Three-Dimensional Ordinary Magnet

T (K)

         #CW

= JzS(S+1)/3kB
AFM or FM

Paramagnet

! The Ground State is a Long range (anti)ferromagnetically ordered state.

! Low Energy Excitations can be explained by Long range linear spin waves.

F = Hmag – TS = - " J Si Sj  - TS

TS > | Hmag |

| Hmag | > TS

Magnetic Neutron Scattering

Neutron:  
! Wavelength comparable to interatomic spacing
! Penetrating # bulk properties are measured
! has spin s = " and interacts with atomic moments

Scattering by atomic 
  magnetic moments: I = (0.54)2 S (S+1)

Magnetic scattering intensities can be comparable to nuclear scattering !!



     Magnetic Neutron 
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    Cross Section

Paramagnetic phase: 
What kind of magnetic scattering signal in Q and % space would you 

expect?

(2) Any Inelastic signal? 

(1) Any Elastic signal? 

If any, what kind of shape in the %- and Q-space?

Neel phase: 
What kind of magnetic scattering signal in Q and % space would you expect?



Do all magnetic systems order at low temperatures?

Quantum fluctuations are important in low dimensions, 
systems with frustrated interactions or dimerization

Novel quantum-coherent ground states

with non-conventional spin correlations

Frustration 
JJ

J
?

Dimerization
J JJ

singlet

Low dimensional spin systems 

Systems with Quantum Fluctuations at T=0K



Low dimensionality suppresses magnetic long range order

Spin wave in an XY spin system

L

H = "ij Jij Si Sj

 * = 2+/L

Energy cost to create such a spin wave

a. In three-dimensions: 
     presence of LRO

b. In two-dimensions:
    
    borderline case: Kosterlitz-Thouless transition

c. In one-dimension: 
             Absence of LRO

Geometrical Frustration

A simplest example: a Triangle of three antiferromagnetic Ising 
spins

H = -J " Si 
. Sj

All exchange interactions can not be 
satisfied.

A
F
M

AFM

A
F
M

Geometrical frustration leads to a large degeneracy in the ground state

A tetrahedron with four isotropic spins

" Si=0

Zero energy modes 

in the ground state manifold

E=-|J|?



T (K)

#CW= JzS(S+1)/3kB

Paramagnet

?

Phase Diagram for Geometrical Frustration

What is the nature of the ground state ?
How are the spins correlated with each other ?

Geometrically

frustrated

H = -J " Si 
. Sj

Outstanding Issues

• What is the nature of spin liquid phase?

• GF vs the third law of thermodynamics, 

entropy -> 0 at T -> 0? 
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spinel oxides: AB2O4

octahedra are edge-sharing
-> JNN is dominant 

if the B ion has t2g electrons only

H = -J " Si 
. Sj

Bulk Susceptibility: <M>/H = <" Si >/H

#CW = -390 K

TN = 12.5 K

ZnCr2O4 (3d3)

#CW = -88 K

TN = 7.8 K

W. Ratcliff, S-W. Cheong (2000)

FIG. 1: Color image of inelast ic neut ron scat tering intensit ies
from single crystals of CdCr2O4 at T = 15 K > TN with h̄ω
= 0.6 meV. The data were taken at SPINS using eleven 2.1
cm x 15 cm PG(002) analyzer blades with Ef = 5meV.

spin structure is discussed along with the dispersion of
its spin wave excitations.

Most neutron scattering data shown in this paper were
collected at the SPINS cold neutron triple-axis spectrom-
eter of NIST Center for Neutron Research while some
initial measurements were performed at the TAS2 ther-
mal triple-axis spectrometer of Japan Atomic Energy Re-
search Institute (JAERI). A small thin piece of a single
crystal (∼ 100 mg) was used for elastic measurements,
while three of those were co-mounted within 1o mosaic for
inelastic measurements. For all measurements, the crys-
tals were mounted in the (hk0) scattering plane, which
allowed us to investigate three equivalent planes, (hk0),
(0kl), and (h0l) planes due to the crystallographic do-
mains.

Fig. 1 shows the Q-dependence of the spin fluctuations
in the spin liquid phase of CdCr2O4 measured above TN .
The ring-shaped intensity around (2,2,0) is essentially
identical to what has been observed in ZnCr2O4, and
it is due to the collective low energy excitations of an-
tiferromagnetic hexagon spin clusters in the pyrochlore
lattice [14]. This tells that the cubic phase of CdCr2O4

can be well represented by H1 as in ZnCr2O4. J can be
determined from the Curie-Weiss temperature |ΘCW | =
88.97 K (see Fig. 2(a)), to be J = −1.02 meV. Despite
having the same fundamental spin degrees of freedom in
the cubic phase as in ZnCr2O4, CdCr2O4 exhibits strik-
ingly different behaviors in the tetragonal phase below
TN = 7.8 K. It undergoes an elongation along the c axis
(Fig. 2(b) and (d)) and the magnetic long range order
has an incommensurate characteristic wave vector (see
Fig. 2(c)).

FIG. 2: (a) Bulk suscept ibility, χ, as a funct ion of T . The in-
set shows a linear fit to 1/χ. (b) T -dependenceof the normal-
ized integrated neut ron scat tering intensity at the magnet ic
peaks and that of the lat t ice st rains. The data were obtained
from fit t ing the data in (c) and (d) to gaussians. (c), (d)
Elast ic neut ron scat tering data (c) through magnet ic (1,δ,0)
IC points and (d) through a nuclear (400) Bragg reflect ion
below and above TN .

Positions of the magnetic Bragg reflections found in the
scattering plane are shown in Fig. 3(a). Possible charac-
teristic incommensurate wave vectors are QM = (0,δ,1)
or (0,1,δ) or (1,δ,0) with δ = 0.0894(3). (h and k are
interchangeable.) However, since c > a, the three pos-
sible QM would produce the magnetic Bragg reflections
at slightly different positions in the scattering plane. We
performed elastic scans with a high Q-resolution over a
set of three IC positions to distinguish the different sce-
narios. Fig. 3(b) shows the results. The black solid, blue
dotted and red dashed lines represent the expected peak
positions for QM = (0, δ, 1), (1, δ, 0), and (0, 1, δ), respec-
tively. All three of the experimental peak positions are
consistent with QM = (0,δ,1), which tells that the in-
commensurability occurs either along the a- or the b-axis
perpendicular to the elongated c-axis. Furthermore, we
have performed polarized neutron diffraction at TAS1 of
JAERI (the details and results of the experiment will be
reported in Ref. [15]), and found that the spins are lying
on the plane that is perpendicular to the incommensu-
rability direction. For convenience, we choose QM =
(0,δ,1) over (δ,0,1), and the spins lying on the ac-plane.
The resulting breakouts of the magnetic Bragg reflections
into three crystallographic and two magnetic domains are
shown as different symbols in Fig. 3 (a).

Group theoretically, the magnetic lattice with the char-
acteristic wave vector of QM consists of four independent
sublattices as shown by spheres with different colors in
Fig. 3(c) and 3(d). Each sublattice connects all third

FIG. 1: Color image of inelastic neutron scattering intensities
from single crystals of CdCr2O4 at T = 15 K > TN with h̄ω
= 0.6 meV. The data were taken at SPINS using eleven 2.1
cm x 15 cm PG(002) analyzer blades with Ef = 5meV.

spin structure is discussed along with the dispersion of
its spin wave excitations.

Most neutron scattering data shown in this paper were
collected at the SPINS cold neutron triple-axis spectrom-
eter of NIST Center for Neutron Research while some
initial measurements were performed at the TAS2 ther-
mal triple-axis spectrometer of Japan Atomic Energy Re-
search Institute (JAERI). A small thin piece of a single
crystal (∼ 100 mg) was used for elastic measurements,
while three of those were co-mounted within 1o mosaic for
inelastic measurements. For all measurements, the crys-
tals were mounted in the (hk0) scattering plane, which
allowed us to investigate three equivalent planes, (hk0),
(0kl), and (h0l) planes due to the crystallographic do-
mains.

Fig. 1 shows the Q-dependence of the spin fluctuations
in the spin liquid phase of CdCr2O4 measured above TN .
The ring-shaped intensity around (2,2,0) is essentially
identical to what has been observed in ZnCr2O4, and
it is due to the collective low energy excitations of an-
tiferromagnetic hexagon spin clusters in the pyrochlore
lattice [14]. This tells that the cubic phase of CdCr2O4

can be well represented by H1 as in ZnCr2O4. J can be
determined from the Curie-Weiss temperature |ΘCW | =
88.97 K (see Fig. 2(a)), to be J = −1.02 meV. Despite
having the same fundamental spin degrees of freedom in
the cubic phase as in ZnCr2O4, CdCr2O4 exhibits strik-
ingly different behaviors in the tetragonal phase below
TN = 7.8 K. It undergoes an elongation along the c axis
(Fig. 2(b) and (d)) and the magnetic long range order
has an incommensurate characteristic wave vector (see
Fig. 2(c)).

FIG. 2: (a) Bulk susceptibility, χ, as a function of T . The in-
set shows a linear fit to 1/χ. (b) T -dependence of the normal-
ized integrated neutron scattering intensity at the magnetic
peaks and that of the lattice strains. The data were obtained
from fitting the data in (c) and (d) to gaussians. (c), (d)
Elastic neutron scattering data (c) through magnetic (1,δ,0)
IC points and (d) through a nuclear (400) Bragg reflection
below and above TN .

Positions of the magnetic Bragg reflections found in the
scattering plane are shown in Fig. 3(a). Possible charac-
teristic incommensurate wave vectors are QM = (0,δ,1)
or (0,1,δ) or (1,δ,0) with δ = 0.0894(3). (h and k are
interchangeable.) However, since c > a, the three pos-
sible QM would produce the magnetic Bragg reflections
at slightly different positions in the scattering plane. We
performed elastic scans with a high Q-resolution over a
set of three IC positions to distinguish the different sce-
narios. Fig. 3(b) shows the results. The black solid, blue
dotted and red dashed lines represent the expected peak
positions for QM = (0, δ, 1), (1, δ, 0), and (0, 1, δ), respec-
tively. All three of the experimental peak positions are
consistent with QM = (0,δ,1), which tells that the in-
commensurability occurs either along the a- or the b-axis
perpendicular to the elongated c-axis. Furthermore, we
have performed polarized neutron diffraction at TAS1 of
JAERI (the details and results of the experiment will be
reported in Ref. [15]), and found that the spins are lying
on the plane that is perpendicular to the incommensu-
rability direction. For convenience, we choose QM =
(0,δ,1) over (δ,0,1), and the spins lying on the ac-plane.
The resulting breakouts of the magnetic Bragg reflections
into three crystallographic and two magnetic domains are
shown as different symbols in Fig. 3 (a).

Group theoretically, the magnetic lattice with the char-
acteristic wave vector of QM consists of four independent
sublattices as shown by spheres with different colors in
Fig. 3(c) and 3(d). Each sublattice connects all third

M.T. Rovers (2002); H. Ueda (2005)

CdCr2O4 (3d3)

1. Both systems have strong frustration: TN/#CW << 1

2. Do they have the same physics?



Nature of the Spin Liquid State in GF magnets

    Emergence of Composite Spin Excitations

FIG. 1: Color image of inelastic neutron scattering intensities
from single crystals of CdCr2O4 at T = 15 K > TN with h̄ω
= 0.6 meV. The data were taken at SPINS using eleven 2.1
cm x 15 cm PG(002) analyzer blades with Ef = 5meV.

spin structure is discussed along with the dispersion of
its spin wave excitations.

Most neutron scattering data shown in this paper were
collected at the SPINS cold neutron triple-axis spectrom-
eter of NIST Center for Neutron Research while some
initial measurements were performed at the TAS2 ther-
mal triple-axis spectrometer of Japan Atomic Energy Re-
search Institute (JAERI). A small thin piece of a single
crystal (∼ 100 mg) was used for elastic measurements,
while three of those were co-mounted within 1o mosaic for
inelastic measurements. For all measurements, the crys-
tals were mounted in the (hk0) scattering plane, which
allowed us to investigate three equivalent planes, (hk0),
(0kl), and (h0l) planes due to the crystallographic do-
mains.

Fig. 1 shows the Q-dependence of the spin fluctuations
in the spin liquid phase of CdCr2O4 measured above TN .
The ring-shaped intensity around (2,2,0) is essentially
identical to what has been observed in ZnCr2O4, and
it is due to the collective low energy excitations of an-
tiferromagnetic hexagon spin clusters in the pyrochlore
lattice [14]. This tells that the cubic phase of CdCr2O4

can be well represented by H1 as in ZnCr2O4. J can be
determined from the Curie-Weiss temperature |ΘCW | =
88.97 K (see Fig. 2(a)), to be J = −1.02 meV. Despite
having the same fundamental spin degrees of freedom in
the cubic phase as in ZnCr2O4, CdCr2O4 exhibits strik-
ingly different behaviors in the tetragonal phase below
TN = 7.8 K. It undergoes an elongation along the c axis
(Fig. 2(b) and (d)) and the magnetic long range order
has an incommensurate characteristic wave vector (see
Fig. 2(c)).

FIG. 2: (a) Bulk susceptibility, χ, as a function of T . The in-
set shows a linear fit to 1/χ. (b) T -dependence of the normal-
ized integrated neutron scattering intensity at the magnetic
peaks and that of the lattice strains. The data were obtained
from fitting the data in (c) and (d) to gaussians. (c), (d)
Elastic neutron scattering data (c) through magnetic (1,δ,0)
IC points and (d) through a nuclear (400) Bragg reflection
below and above TN .

Positions of the magnetic Bragg reflections found in the
scattering plane are shown in Fig. 3(a). Possible charac-
teristic incommensurate wave vectors are QM = (0,δ,1)
or (0,1,δ) or (1,δ,0) with δ = 0.0894(3). (h and k are
interchangeable.) However, since c > a, the three pos-
sible QM would produce the magnetic Bragg reflections
at slightly different positions in the scattering plane. We
performed elastic scans with a high Q-resolution over a
set of three IC positions to distinguish the different sce-
narios. Fig. 3(b) shows the results. The black solid, blue
dotted and red dashed lines represent the expected peak
positions for QM = (0, δ, 1), (1, δ, 0), and (0, 1, δ), respec-
tively. All three of the experimental peak positions are
consistent with QM = (0,δ,1), which tells that the in-
commensurability occurs either along the a- or the b-axis
perpendicular to the elongated c-axis. Furthermore, we
have performed polarized neutron diffraction at TAS1 of
JAERI (the details and results of the experiment will be
reported in Ref. [15]), and found that the spins are lying
on the plane that is perpendicular to the incommensu-
rability direction. For convenience, we choose QM =
(0,δ,1) over (δ,0,1), and the spins lying on the ac-plane.
The resulting breakouts of the magnetic Bragg reflections
into three crystallographic and two magnetic domains are
shown as different symbols in Fig. 3 (a).

Group theoretically, the magnetic lattice with the char-
acteristic wave vector of QM consists of four independent
sublattices as shown by spheres with different colors in
Fig. 3(c) and 3(d). Each sublattice connects all third

Spin fluctuations in the Spin liquid phase (T > TN)

200mg

ZnCr2O4 (3d3) CdCr2O4 (3d3)

ZnCr2O4 and CdCr2O4 have the identical spin fluctuations in the spin liquid phase!

Monochromator

Multicrystal Analyzer

Sample

Single Detector



Spin liquid 
phase
     
     T > TN

Composite Spin Excitations in ACr2O4

SHL et al., Nature Vol 418, 856 (2002)

The fundamental spin degree of freedom is an
   Antiferromagnetic hexagonal spin loop !



Nature of the Phase Transitions in GF magnets

                    Spin-Lattice Couplings

Phase Transitions

#CW = -390 K

TN = 12.5 K

ZnCr2O4 (3d3)

#CW = -88 K

TN = 7.8 K

W. Ratcliff, S-W. Cheong (2000)

FIG. 1: Color image of inelast ic neut ron scat tering intensit ies
from single crystals of CdCr2O4 at T = 15 K > TN with h̄ω
= 0.6 meV. The data were taken at SPINS using eleven 2.1
cm x 15 cm PG(002) analyzer blades with Ef = 5meV.

spin structure is discussed along with the dispersion of
its spin wave excitations.

Most neutron scattering data shown in this paper were
collected at the SPINS cold neutron triple-axis spectrom-
eter of NIST Center for Neutron Research while some
initial measurements were performed at the TAS2 ther-
mal triple-axis spectrometer of Japan Atomic Energy Re-
search Institute (JAERI). A small thin piece of a single
crystal (∼ 100 mg) was used for elastic measurements,
while three of those were co-mounted within 1o mosaic for
inelastic measurements. For all measurements, the crys-
tals were mounted in the (hk0) scattering plane, which
allowed us to investigate three equivalent planes, (hk0),
(0kl), and (h0l) planes due to the crystallographic do-
mains.

Fig. 1 shows the Q-dependence of the spin fluctuations
in the spin liquid phase of CdCr2O4 measured above TN .
The ring-shaped intensity around (2,2,0) is essentially
identical to what has been observed in ZnCr2O4, and
it is due to the collective low energy excitations of an-
tiferromagnetic hexagon spin clusters in the pyrochlore
lattice [14]. This tells that the cubic phase of CdCr2O4

can be well represented by H1 as in ZnCr2O4. J can be
determined from the Curie-Weiss temperature |ΘCW | =
88.97 K (see Fig. 2(a)), to be J = −1.02 meV. Despite
having the same fundamental spin degrees of freedom in
the cubic phase as in ZnCr2O4, CdCr2O4 exhibits strik-
ingly different behaviors in the tetragonal phase below
TN = 7.8 K. It undergoes an elongation along the c axis
(Fig. 2(b) and (d)) and the magnetic long range order
has an incommensurate characteristic wave vector (see
Fig. 2(c)).

FIG. 2: (a) Bulk suscept ibility, χ, as a funct ion of T . The in-
set shows a linear fit to 1/χ. (b) T -dependenceof the normal-
ized integrated neut ron scat tering intensity at the magnet ic
peaks and that of the lat t ice st rains. The data were obtained
from fit t ing the data in (c) and (d) to gaussians. (c), (d)
Elast ic neut ron scat tering data (c) through magnet ic (1,δ,0)
IC points and (d) through a nuclear (400) Bragg reflect ion
below and above TN .

Positions of the magnetic Bragg reflections found in the
scattering plane are shown in Fig. 3(a). Possible charac-
teristic incommensurate wave vectors are QM = (0,δ,1)
or (0,1,δ) or (1,δ,0) with δ = 0.0894(3). (h and k are
interchangeable.) However, since c > a, the three pos-
sible QM would produce the magnetic Bragg reflections
at slightly different positions in the scattering plane. We
performed elastic scans with a high Q-resolution over a
set of three IC positions to distinguish the different sce-
narios. Fig. 3(b) shows the results. The black solid, blue
dotted and red dashed lines represent the expected peak
positions for QM = (0, δ, 1), (1, δ, 0), and (0, 1, δ), respec-
tively. All three of the experimental peak positions are
consistent with QM = (0,δ,1), which tells that the in-
commensurability occurs either along the a- or the b-axis
perpendicular to the elongated c-axis. Furthermore, we
have performed polarized neutron diffraction at TAS1 of
JAERI (the details and results of the experiment will be
reported in Ref. [15]), and found that the spins are lying
on the plane that is perpendicular to the incommensu-
rability direction. For convenience, we choose QM =
(0,δ,1) over (δ,0,1), and the spins lying on the ac-plane.
The resulting breakouts of the magnetic Bragg reflections
into three crystallographic and two magnetic domains are
shown as different symbols in Fig. 3 (a).

Group theoretically, the magnetic lattice with the char-
acteristic wave vector of QM consists of four independent
sublattices as shown by spheres with different colors in
Fig. 3(c) and 3(d). Each sublattice connects all third

FIG. 1: Color image of inelastic neutron scattering intensities
from single crystals of CdCr2O4 at T = 15 K > TN with h̄ω
= 0.6 meV. The data were taken at SPINS using eleven 2.1
cm x 15 cm PG(002) analyzer blades with Ef = 5meV.

spin structure is discussed along with the dispersion of
its spin wave excitations.

Most neutron scattering data shown in this paper were
collected at the SPINS cold neutron triple-axis spectrom-
eter of NIST Center for Neutron Research while some
initial measurements were performed at the TAS2 ther-
mal triple-axis spectrometer of Japan Atomic Energy Re-
search Institute (JAERI). A small thin piece of a single
crystal (∼ 100 mg) was used for elastic measurements,
while three of those were co-mounted within 1o mosaic for
inelastic measurements. For all measurements, the crys-
tals were mounted in the (hk0) scattering plane, which
allowed us to investigate three equivalent planes, (hk0),
(0kl), and (h0l) planes due to the crystallographic do-
mains.

Fig. 1 shows the Q-dependence of the spin fluctuations
in the spin liquid phase of CdCr2O4 measured above TN .
The ring-shaped intensity around (2,2,0) is essentially
identical to what has been observed in ZnCr2O4, and
it is due to the collective low energy excitations of an-
tiferromagnetic hexagon spin clusters in the pyrochlore
lattice [14]. This tells that the cubic phase of CdCr2O4

can be well represented by H1 as in ZnCr2O4. J can be
determined from the Curie-Weiss temperature |ΘCW | =
88.97 K (see Fig. 2(a)), to be J = −1.02 meV. Despite
having the same fundamental spin degrees of freedom in
the cubic phase as in ZnCr2O4, CdCr2O4 exhibits strik-
ingly different behaviors in the tetragonal phase below
TN = 7.8 K. It undergoes an elongation along the c axis
(Fig. 2(b) and (d)) and the magnetic long range order
has an incommensurate characteristic wave vector (see
Fig. 2(c)).

FIG. 2: (a) Bulk susceptibility, χ, as a function of T . The in-
set shows a linear fit to 1/χ. (b) T -dependence of the normal-
ized integrated neutron scattering intensity at the magnetic
peaks and that of the lattice strains. The data were obtained
from fitting the data in (c) and (d) to gaussians. (c), (d)
Elastic neutron scattering data (c) through magnetic (1,δ,0)
IC points and (d) through a nuclear (400) Bragg reflection
below and above TN .

Positions of the magnetic Bragg reflections found in the
scattering plane are shown in Fig. 3(a). Possible charac-
teristic incommensurate wave vectors are QM = (0,δ,1)
or (0,1,δ) or (1,δ,0) with δ = 0.0894(3). (h and k are
interchangeable.) However, since c > a, the three pos-
sible QM would produce the magnetic Bragg reflections
at slightly different positions in the scattering plane. We
performed elastic scans with a high Q-resolution over a
set of three IC positions to distinguish the different sce-
narios. Fig. 3(b) shows the results. The black solid, blue
dotted and red dashed lines represent the expected peak
positions for QM = (0, δ, 1), (1, δ, 0), and (0, 1, δ), respec-
tively. All three of the experimental peak positions are
consistent with QM = (0,δ,1), which tells that the in-
commensurability occurs either along the a- or the b-axis
perpendicular to the elongated c-axis. Furthermore, we
have performed polarized neutron diffraction at TAS1 of
JAERI (the details and results of the experiment will be
reported in Ref. [15]), and found that the spins are lying
on the plane that is perpendicular to the incommensu-
rability direction. For convenience, we choose QM =
(0,δ,1) over (δ,0,1), and the spins lying on the ac-plane.
The resulting breakouts of the magnetic Bragg reflections
into three crystallographic and two magnetic domains are
shown as different symbols in Fig. 3 (a).

Group theoretically, the magnetic lattice with the char-
acteristic wave vector of QM consists of four independent
sublattices as shown by spheres with different colors in
Fig. 3(c) and 3(d). Each sublattice connects all third

M.T. Rovers (2002); H. Ueda (2005)

CdCr2O4 (3d3)

1. Both systems have strong frustration: TN/#CW << 1

2. Do they have the same physics?



Phase Transition due to Spin-Lattice coupling

#CW = -390 K

TN = 12.5 K

ZnCr2O4 (3d3)

W. Ratcliff, S-W. Cheong (2000)

Spin-Peierls-like (spin-lattice) transition

SHL et al., PRL (2000)

Contraction along the c-axis (c < a)

Commensurate spin structure below TN

Edge sharing n-n exchange in ZnCr2O4 depends strongly on Cr-Cr distance, r :

Cr3+

O2-

From series of Cr-

compounds:

r

The effects on a single tetrahedron is to make 4 bonds more AFM and two bonds

less AFM. This relieves frustration!

Tetragonal dist.

Why does tetragonal strain 

    encourage Néel order ?

,J=0 ,J-0



Lattice distortions in CdCr
2
O

4
 at T < T

N

Ef = 2.35 (!4) meV, 10”-10”-20” collimation

Single crystal diffraction

(4 0 0)cubic

longer 

axis

shorter

axis

Lattice distortions in CdCr2O4 at T < TNLattice distortions in CdCr
2
O

4
 at T < T

N

Ef = 2.35 (!4) meV, 10”-10”-20” collimation

Single crystal diffraction

(4 0 0)cubic

longer 

axis

shorter

axis

Elongation along the c-axis (c > a)

J.-H. Chung et al., submitted to PRL
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Spin Structure  in the Tetragonal Phase of CdCr2O4 

1. Incommensurate spin ordering with Q=(0,d,1)
2. Spins are lying on the ac-plane
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FIG. 3: (a) The observed pat tern of the magnet ic reflect ions
on the scat tering plane. The quadruplets consist of two dou-
blets at QN ± (0,δ,1) and QN ± (δ,0,1), respect ively. The cen-
t ral peaks of the t riplets are tails of the doublets that are
present above and below the scat tering plane. The colored
symbols dist inguish the crystallographic domains. (b) Elast ic
Q -scans centered at the three peaks under a grey shadow in
(a). The black solid, blue dot ted and red dashed lines are
the expected peak posit ions for QM = (0,δ,1), (1,δ,0), and
(0,1,δ), respect ively. (c),(d) two possible spin st ructures de-
duced from QM = (0,δ,1). Spins are rotat ing on the ac plane.
The double and single lines represent the nearest neighbor
bonds in the basal ab plane with Jab and in the out -of-plane
with Jc , respect ively. In (c) the NN spin orientat ions along
Jc are close to perpendicular while in (d) they are close to
collinear.

nearest neighboring Cr3+ ions that are separated by the
symmetrically equivalent distances of 〈1

2
, 1
2
,0〉. They are

the second nearest neighbors along the chains represented
by lines in Fig. 3(c) and 3(d). Within a sublattice,
spins are aligned according to Sj = Soe2πiQ

M
·(r j −r 0 )

and therefore the neighboring spins rotate by 2α, π, and
2α + π in the ab-, ac- and bc-plane, respectively, where
2α = δ · π = 16.2o. Now, in order to construct the
relative orientation between the different sublattices, let
us consider the magnetic interactions in the tetragonal
phase of CdCr2O4. Analysis of a series of chromium ox-
ides indicates that dJ/dr ≈ 40 meV/Å [16]. This implies
that the tetragonal distortion (c > a = b) yields stronger
AFM interactions in the basal plane with Jab = −1.19
meV (double lines in Fig. 3 (c) and (d)) and weaker AFM
interactions between all other spin pairs with Jc = −0.95
meV (single lines). For each chain in the basal plane, the
nearest neighboring spins that belong to two different

FIG. 4: Constant -h̄ω ((a)-(c)) and constant -Q ((d)-(e)) scans
of the spin wave excitat ions in CdCr2O4 . The solid lines are
guide to eyes.

sublattices would favor to align to have a phase differ-
ence of π± α to minimize the exchange energy due to the
strong AFM Jab. The out-of-plane Jc is frustrating and
so there is a freedom to stack the < 110 > chains along
the c axis. Fig. 3(c) and (d) show two high symmetric
spin structures that have the same mean-field exchange
energy; one where the chains are stacked almost orthog-
onally along the c axis (Fig. 3(c)) and the other where
the chains are stacked almost collinearly (Fig. 3(d)).

Now we turn to the elementary excitations of the IC
N’eel state. Fig. 4 shows the results of constant-h̄ω and
contant-Q scans. The constant-Q scan at an IC zone
center (Fig. 4(d)) shows that there is a gap, ∆, of 0.65
meV and exist at least two additional excitation peaks
around 2.3 and 4.7 meV. When Q goes away from the
zone center, the lowest energy peak shifts considerably
in energy while the two higher energy peaks shift a little
(Fig. 4 (e)-(f)). Fig. 4 (a)-(c) show the dispersiveness at
low energies. More similar scans were performed to map
out the dispersion relation of the magnetic fluctuations
along the (1,k,0) direction (the long arrow in Fig. 3(a)),
and they are summarized in Fig. 5(e).

What kind of spin Hamiltonian would select the ob-
served IC N’eel state as the ground state of CdCr2O4 in
the tetragonal phase? The exchange anisotropy of the
NN couplings, Jc %= Jab, alone would favor a commensu-
rate spin structure rather than the IC one, which means
that additional perturbations to H 1 are present. How-
ever, ∆ & 0.6 meV being small compared to the entire
energy band width of the dispersion, ∼ 5 meV, suggests
that the additional perturbations are small. So let us
first discuss the effect of Jc %= Jab on the dispersion of
the two model spin structures shown in Fig. 3 (c) and

FIG. 5: (a), (b), (c), (d) The spin wave calculations with
the orthogonal (solid lines) and the collinear (dashed lines)
commensurate models with different ratios of Jc/Jab. In (a),
(b), and (c) the energy is in unit of JabS while in (d) the
energy is calculated in meV with Jab = −1.19 meV and Jc =
−0.95 meV. Since the overlap between the (1,k,0) and (0,k,1)
domains is considered, the k = 1 point corresponds to the
AFM zone center in the former case while it corresponds to
the zone boundary for the latter. (e) The dispersion relations
determined from the constant-Q and contant-h̄ω scans, some
of which are shown in Fig. 4. The data were taken along the
direction in the Q space shown as an arrow in Fig. 3(a). The
open and closed symbols are the data obtained with focusing
and flat analyzers, respectively.

(d). For the ideal isotropic case, Jc = Jab, there are a
four-fold (six-fold) degenerate flat zero energy mode and
another four-fold (two-fold) degenerate dispersive mode
that extends up to higher energies for the orthogonal
(collinear) model (Fig. 5(a)). As the anisotropy is in-
troduced, the zero-energy modes become dispersive. For
the collinear structure, the six-fold zero-energy modes
split into a two-fold and a four-fold weakly dispersive
modes, whereas they remain four-fold degenerate for the
orthogonal structure [17]. The dispersions are not af-
fected by the exchange anisotropy at high energies as
much as at low energies. Indeed, other anisotropy such
as single anisotropy and DM interactions also modify the
dispersion at low energies considerably but not at high
energies. Fig. 5(d) shows the dispersion relations ob-
tained by simply putting the experimentally determined
Jab = −1.19 meV and Jc = −0.95 meV for CdCr2O4 into

the calculations. It shows that the orthogonal spin struc-
ture fits the dispersion at high energies better than the
collinear structure. So we conclude that the N’eel state of
CdCr2O4 is likely to be the incommensurate spin struc-
ture with the orthogonal stacking shown in Fig. 3(c).
Of course, the actual incommensurability is caused by
other perturbative terms, such as further nearest inter-
actions and/or DM interactions. We have considered the
exchange interactions between further neighbor interac-
tions upto the third ones, and have extensively examined
the phase space as a function of the Js. We have found
a region where an incommensurate spin structure can be
selected as a ground state but the incommensurability
was along the < 110 > direction rather than the observed
< 010 > direction. Further theoretical and experimental
studies are necessary to reach a full understanding of the
physics.

In summary, we have identified a spin-lattice coupling
mechanism to lift magnetic frustration in CdCr2O4 that
is distinct from that occurs in ZnCr2O4. The tetragonal
distortion involves an elongation along the c-axis and the
N’eel state has a helical spin structure with the character-
istic wave vector of Q = (0,δ,1). Our findings pose as a
challenge in understanding the nature of the frustration-
lifting mechanism in the pyrochlore lattice. Synchrotron
x-ray measurements are under way for a detailed struc-
tural determination of the tetragonal phase of CdCr2O4.
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! Neutron scattering is the most powerful tool in magnetism

! Example: Neutron scattering studies on geometrically 

! frustrated magnets ACr2O4 (A=Zn, Cd)

     1. Composite spin degrees of freedom

     2. Spin-Peierls-like phase transitions different in nature

!Modern neutron spectroscopy allows new science

Summary


