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introduction to spinels and t2g orbital physics

controversy on orbital ordering in ZnV2O4

• different models for spin/orbital order in ZnV2O4: 
relative importance of Kugel-Khomskii superexchange, 
Jahn-Teller and relativistic spin-orbit couplings

• symmetry analysis: lesson from experiments in MnV2O4

self-organized 7-site cluster (heptamer) in AlV2O4

• heptamer scenario: ‘molecule’ of bonding states with 
anisotropic t2g orbitals

• implication to heavy-fermion compound LiV2O4
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B spinels: A-site cations 
are nonmagnetic

3D network of edge-
sharing BO6 octahedra

3D network of corner-
sharing B4 tetrahedra → 
pyrochlore lattice: strong 
geometrical frustration

pyrochlore lattice

Lattice Structure of Spinels AB2O4



B Spinels with t2g Electrons

d1  MgTi2O4 d2   AV2O4 (A=Zn,Mg) d3   ACr2O4 (A=Cd,Hg,Zn)

• metal-insulator transition
• spin-singlet ground state
• helical dimerization
• orbital-Peierls scenario

• two successive transitions
• complicated AF ordering
• dimensionality reduction
• competition between spin 

and orbital degrees of 
freedom

• single transition
• half-magnetization plateau
• spin-lattice coupling (spin 

Jahn-Teller mechanism)
• self-organized ‘hexamer’ in 

high-T para phase

d0.5  LiTi2O4 d1.5  LiV2O4 d2.5  AlV2O4

• superconductivity below 
12.4 K (BCS mechanism)

• metallic down to 300 mK
• absence of any transition
• heavy-fermion behavior
• metal-insulator transition 

by applying pressure

• structural transition with 
spin-singlet formation

• self-organized 7-site cluster 
‘heptamer’ ?
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Three main questions related to the physics of orbital degrees of freedom came to the fore in the discussion of

Wednesday (biased view --JvdB).

We know that orbitals can order and that they couple to the lattice, but the questions are:

1. is there any material in which the quantum character of orbital degrees of freedom become relevant?

2. are there any cases where orbital fluctuations, either quantum or classical are relevent?

3. does orbital ordering have interesting textures, symmetries  and/or excitations?

Also 15 more or less detailed discussion topics came up:

1. What is the role of vibronic coupling in cooperative Jahn-Teller  systems

2. The importance of relativistic spin orbit coupling in eg and t2g systems

3. Orbital and frustration: frustration due to orbital degrees of freedom --- orbitals in frustrated lattices

4. Relative importance of electron-lattice effects (Jahn Teller) versus electronic effects (superexchange).

5. Role of geometry: differences for the situation of 180 degree O-TM-O bonds, 90 degree O-TM-O bonds and

edge sharing octahedra

6. Reduced dimensionality due to orbitals

7. Importance of direct d-d electronic hopping versus d-oxygen-d hopping, especially in t2g spinels

8. Orbitals in charge transfer insulators

9. Role of orbital degrees of freedom at metal-insulator transitions

10. Orbital liquids -- quantum effects

11. Orbital waves -- orbitons

12. Importance of long-range interactions in short-range orbital (cooperative Jahn Teller) models

13. Multiplets en Mottiplets

14. Orbital textures, orbital domains and their effect on electronic degrees of freedom

15. What happens to orbital order when going to metallic states --orbital melting
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Two Transitions and 

Controversy on Orbital Ordering

in ZnV2O4

in collaboration with Hirokazu Tsunetsugu



cubic to tetragonal transition at Tc1~50K (1st order)
antiferromagnetic transition at Tc2~40K (2nd order)

Two Transitions in ZnV2O4

Ueda et al., 1997
Lee et al., 2004

phase. On the other hand, in the tetragonal phase ZnV2O4
becomes an excellent model system for one-dimensional
spin chains. This favors the antiferro-orbital model that
yields straight chains in the ab planes with weak inter-
chain interactions. We argue that our findings provide a
unified picture of the physics of vanadates, both insulat-
ing and metallic.

A 30 g polycrystalline sample of ZnV2O4 was used for
the neutron scattering experiments. The elastic measure-
ments were performed using the cold neutron triple-axis
spectrometer SPINS at the National Institute of Standards
and Technology Center for Neutron Research with a fixed
incident and scattered neutron energy of Ei ! 3:1 meV.
The inelastic measurements were carried out on the time-
of-flight spectrometer LRMECS with a detector arrange-
ment covering scattering angles from 7:5" to 118", at the
Intense Pulsed Neutron Source of Argonne National
Laboratory and with an incident energy, Ei ! 30 meV.

Figure 2 is an overview of the inelastic neutron scat-
tering data in the form of color images of intensity,
I#Q; !h!$, as a function of Q and energy transfer, !h!, in
three different phases. Data were collected up to Q !
6:5 "A%1 but shown only up to 2:5 "A%1 in Fig. 2. In the
cubic phase I (T > 50 K), strong low energy magnetic
excitations are present in the form of a broad peak cen-
tered at Qcub

c ! 1:35#4$ "A%1 shown in Fig. 2(a). In phase
II (40 K< T < 50 K) with the tetragonal distortion but

no magnetic long-range order, a similar broad peak is
present at low energies. However, the broad peak is strik-
ingly asymmetric in Q and shifts to a lower characteristic
wave vector, Qtet

c ! 1:10#2$ "A%1 [Fig. 2(b)]. In the te-
tragonal Néel phase III (T < 40 K), the asymmetry of
the broad feature in Q remains but spectral weight in
the inelastic scattering cross section shifts in energy to
have a broad feature peaked at around 11 meV [Fig. 2(c)].
The change from symmetric to asymmetric Q depen-
dence of the spin excitations between 100 and 45 K in-
dicates that there is a crossover in the nature of the
magnetic correlations from three dimensions to a lower
dimension [20] between phases I and II.

The energy integrated inelastic magnetic neutron scat-
tering intensity as a function of Q is shown at several
temperatures in Fig. 3. The phonon contribution was
determined first at 100 K by fitting the data to a Q2

term for Q> 5 "A%1, was multiplied by the thermal popu-
lation factor to estimate the contribution at lower tem-
peratures, and was subtracted from the data. In phase I of
the 60 and 100 K data, the broad peak centered around
1.35(4) "A%1 can be attributed to cooperative paramag-
netic spin fluctuations induced by geometrical frustration
intrinsic to the magnetic lattice. Since magnetism in both
ZnCr2O4 #3d3$ and ZnV2O4 #3d2$ involves t2g electrons,
one may think that their magnetic fluctuations should
have the same fundamental spin degrees of freedom. If
that is the case, antiferromagnetic hexagonal spin loops
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FIG. 2 (color). Neutron scattering intensity as a function of
energy ( !h!) and wave vector (Q) transfer obtained from a
powder sample of ZnV2O4 at three different phases. (a) At
100 K, in the cubic and cooperative paramagnetic phase. (b) At
45 K, in the tetragonal phase without magnetic long-range
order. (c) At 10 K, in the tetragonal and Néel phase.

FIG. 1 (color). Temperature dependence of bulk susceptibili-
ty, elastic magnetic intensity, and lattice strain. (a) Zero field
cooled bulk susceptibility !. (b) Elastic magnetic intensity
(triangles) at Q ! 1:67 "A%1 that corresponds to the magnetic
(2; 0; 1) reflection with a saturation moment of hMi ! ghSi !
0:61#3$"B per V ion (g-gyromagnetic ratio), and lattice strain
(squares) along a and c measured by synchrotron x-ray dif-
fraction on a single crystal with dimensions of 10%3 mm3

(6 "g). The x-ray measurements were carried out at the
33BM-C beam line at the Advanced Photon Source of
Argonne National Laboratory.
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lattice symmetry: I41/amd
(powder sample)

orbital order: undetermined

spin order: antiferromagnetic 
↑-↓-↑-↓-... in the xy chains
↑-↑-↓-↓-... in the yz/zx chains

moment at T=0 ~ 0.6µB
Niziol, 1973

x

y

z

a

b

c

Lattice symmetry and 
Magnetic Order



Questions

What is the microscopic mechanism of two transitions? 
Who is the main player? Kugel-Khomskii superexchanges, 
Jahn-Teller or relativistic spin-orbit coupling?

How is the complex AF ordering stabilized?  Why is the 
moment at T=0 reduced so largely?

What is the role of orbital degree of freedom? Is there 
orbital ordering ? If yes, what type of ordering sets in?



Model

Kugel-Khomskii type model derived from 3-fold multi-orbital 
Hubbard model + tetragonal Jahn-Teller coupling

• assumptions: σ-type transfer integrals only, classical phonon, 
neglecting spin-orbit coupling and trigonal distortion

Tsunetsugu and Motome (2003, 2004, 2005)

t
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σ
t
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σ
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3rd
σ

dxy

dyz

x
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z

tσnn = ~ -0.32eV
tσ3rd = ~ -0.045eV
(Matsuno et al., 1999: for LiV2O4)
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• sudden drop at T=TO
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Monte Carlo Results
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• 1st order at T=TO, 
2nd order at T=TN

• consistent estimates 
of entropy changes
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Orbital and Spin Structure

orbital: alternative stacking of (dxy, dzx) and (dxy, dyz) states
spin: ↑-↓-↑-↓- in the xy chains and ↑-↑-↓-↓- in the yz/zx chains

x

y

z (dxy,dzx)

(dxy,dyz)

(dxy,dzx)

(dxy,dyz)
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Why the orbital ordering 
takes place first?

instability in the high-T (para) phase

assuming orbital para: niα → 〈niα〉 = 2/3

spin correlations hardly develop
by themselves alone

isotropic Heisenberg model with AF 
nearest- and third-neighbor exchanges
no long-range order at T=0 (Reimers et al., 1991)
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eff
spin = J̃S

∑

〈ij〉
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Why the orbital ordering 
takes place first?

instability in the high-T (para) phase

assuming spin para: !Si · !Sj → 〈!Si · !Sj〉 = 0

yz,zx
xy ΔJT

tetragonal Jahn-Teller distortion assists
to stabilize this orbital configuration

(dxy, dyz)

(dxy, dyz)

3-state Potts model with AF interactions which depend 
on both the bond direction and the orbital states
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Effective Spin Exchanges
under the Orbital Order

• dxy is singly occupied at all 
the sites → strong AF 
exchange in the xy chains J

• n.n. exchange couplings in 
the yz/zx chains J’ are 
ferromagnetic and about 10 
times weaker than the AF 
exchange in the xy chains J

• 3rd-neighbor exchange J3 is 
~0.02J → AF order at TN

J

J’~-0.1J
J3~0.02J

weakly-coupled 1D spin chains (dimensionality reduction)



Quasi-1D Quantum Fluctuation:
Large Reduction of AF Moment

• linear spin-wave analysis for the spin 
and orbital ordered ground state

• moment reduction ΔS diverges 
logarithmically at J3=0 due to the 
zero modes

• ΔS is large in the small J3 region: 

MS~1μB at J3~0.02J 

consistent with the experimental 
result ~0.6μB (Lee et al., 2004)
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Short Summary...

Kugel-Khomskii spin-orbital exchange + tetragonal Jahn-Teller

classical Monte Carlo simulation and mean-field type analysis

linear spin-wave analysis of effective spin model

two transitions with reasonable estimates of trasition 
temperatures as well as entropy changes

T-dep of magnetic susceptibility consistent with experiment

magnetic order consistent with the neutron scattering result

reduced magnetic moment at T=0

A-type antiferro orbital order with tetragonal distortion
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domain structure behaves under magnetic field, the (840)
peak in the cubic setting was monitored below the struc-
tural transition temperature (56 K< TN , Ts ! 57 K) with
increasing magnetic field. When the cubic crystal is dis-
torted into a tetragonal structure, there appear three do-
mains depending on the direction of the c axis, as shown in
Fig. 3(b). Thus, the cubic (840) peak should be split into
the (620), (444), and (228) peaks in the tetragonal phase,
arising from domain 1, 2, and 3, respectively, as shown in
Fig. 3(b). As seen in Fig. 3(a), the (444) and (228) peaks
arising from domain 2 and 3 can be observed in the absence
of magnetic field. However, these peaks disappear and only
the (620) peak arising from domain 1, where the c axis is
oriented to the magnetic-field direction, appears under
magnetic field. This clearly indicates that the sample be-
comes a single-domain structure with the c axis parallel to
the applied magnetic field.

Such a domain alignment with magnetic field leads to
large magnetostriction. As shown in Fig. 3(c), there ap-
pears large positive magnetostriction when magnetic field
is applied perpendicular to the plane of the strain gauge.
This can be explained by the following two-step scenario:
(1) the short axis (c axis) is preferably oriented along the
plane of the strain gauge without magnetic field, but
(2) when the magnetic field is applied perpendicular to
the plane, the short c axis is flipped to that direction, and
longer axes are left along the plane in its consequence.
However, the behavior of magnetostriction is not quantita-
tively consistent with the result of x-ray diffraction; the
change of !L=L with magnetic field is smaller than that
expected for the untwined tetragonal structure under mag-
netic field ( " 6# 10$3), particularly at high temperatures.
This discrepancy can also be attributed to the compressive
stress applied to the bonding plane with the strain gauge,
which disturbs the flip of the c axis with magnetic field.

Since the tetragonal domain is perfectly aligned with mag-
netic field even immediately below the transition tempera-
ture (56 K) in the x-ray diffraction measurement, which
was done free from strong stress, the temperature depen-
dence of magnetostriction shown in Fig. 3(c) is dominated
by the competition between the compressive stress on the
bonding plane and the energy gain by aligning the c axis
along the magnetic field, which increases with the evolu-
tion of M.

The structural phase transition observed in the present
MnV2O4 is the same as that of ZnV2O4 in that the c axis is
shorter than the a, b axis. As has been pointed out already,
this distortion splits the triply degenerate t2g orbitals of
vanadium ions into a nondegenerate xy orbital at lower
energy and doubly degenerate yz and zx orbitals at higher
energy, and thus, degeneracy is not lifted when two elec-
trons are accommodated in these t2g orbitals. To lift the
degeneracy of the second electron in the degenerate yz and
zx orbitals, Tsunetsugu and Motome proposed a model of
‘‘antiferro-orbital’’ ordering for ZnV2O4 [12], in which the
yz and the zx orbitals are alternately occupied along the c
axis (Fig. 4). This orbital ordering breaks the mirror sym-
metries at the center of two V sites in the same xy plane as
well as the diamond-glide symmetries (space group
I41=a). Khomskii and Mizokawa proposed an ‘‘orbital-
Peierls’’ model [13], in which the yz and zx orbital are
aligned as yz-yz-zx-zx chains along the [101] or [011]
direction (in the cubic setting). In this structure, not only

 

FIG. 3 (color online). (a) Magnetic-field dependence of x-ray
diffraction of the MnV2O4 single crystal at 56 K ( < TN) around
the (840) peak in the cubic setting, split as the (620), (444), and
(228) peaks in the tetragonal setting. (b) Schematic picture of
three tetragonal domains and the (804) planes. (c) Magnetic-field
dependence of striction at various temperatures.

 

FIG. 4 (color online). Upper panel: three theoretical models of
orbital ordering in spinel vanadate. Lower panel: temperature
dependence of x-ray diffraction of the MnV2O4 single crystal
around (a) the (802) peak in the cubic setting, and (b) the (421)
peak in the cubic setting, and (c) the temperature dependence of
their intensities. (d) Schematic picture of t2g orbitals in one
tetrahedron. V1 and V3 are on the same layer, which is above
the layer containing V2 and V4.
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domain structure behaves under magnetic field, the (840)
peak in the cubic setting was monitored below the struc-
tural transition temperature (56 K< TN , Ts ! 57 K) with
increasing magnetic field. When the cubic crystal is dis-
torted into a tetragonal structure, there appear three do-
mains depending on the direction of the c axis, as shown in
Fig. 3(b). Thus, the cubic (840) peak should be split into
the (620), (444), and (228) peaks in the tetragonal phase,
arising from domain 1, 2, and 3, respectively, as shown in
Fig. 3(b). As seen in Fig. 3(a), the (444) and (228) peaks
arising from domain 2 and 3 can be observed in the absence
of magnetic field. However, these peaks disappear and only
the (620) peak arising from domain 1, where the c axis is
oriented to the magnetic-field direction, appears under
magnetic field. This clearly indicates that the sample be-
comes a single-domain structure with the c axis parallel to
the applied magnetic field.

Such a domain alignment with magnetic field leads to
large magnetostriction. As shown in Fig. 3(c), there ap-
pears large positive magnetostriction when magnetic field
is applied perpendicular to the plane of the strain gauge.
This can be explained by the following two-step scenario:
(1) the short axis (c axis) is preferably oriented along the
plane of the strain gauge without magnetic field, but
(2) when the magnetic field is applied perpendicular to
the plane, the short c axis is flipped to that direction, and
longer axes are left along the plane in its consequence.
However, the behavior of magnetostriction is not quantita-
tively consistent with the result of x-ray diffraction; the
change of !L=L with magnetic field is smaller than that
expected for the untwined tetragonal structure under mag-
netic field ( " 6# 10$3), particularly at high temperatures.
This discrepancy can also be attributed to the compressive
stress applied to the bonding plane with the strain gauge,
which disturbs the flip of the c axis with magnetic field.

Since the tetragonal domain is perfectly aligned with mag-
netic field even immediately below the transition tempera-
ture (56 K) in the x-ray diffraction measurement, which
was done free from strong stress, the temperature depen-
dence of magnetostriction shown in Fig. 3(c) is dominated
by the competition between the compressive stress on the
bonding plane and the energy gain by aligning the c axis
along the magnetic field, which increases with the evolu-
tion of M.

The structural phase transition observed in the present
MnV2O4 is the same as that of ZnV2O4 in that the c axis is
shorter than the a, b axis. As has been pointed out already,
this distortion splits the triply degenerate t2g orbitals of
vanadium ions into a nondegenerate xy orbital at lower
energy and doubly degenerate yz and zx orbitals at higher
energy, and thus, degeneracy is not lifted when two elec-
trons are accommodated in these t2g orbitals. To lift the
degeneracy of the second electron in the degenerate yz and
zx orbitals, Tsunetsugu and Motome proposed a model of
‘‘antiferro-orbital’’ ordering for ZnV2O4 [12], in which the
yz and the zx orbitals are alternately occupied along the c
axis (Fig. 4). This orbital ordering breaks the mirror sym-
metries at the center of two V sites in the same xy plane as
well as the diamond-glide symmetries (space group
I41=a). Khomskii and Mizokawa proposed an ‘‘orbital-
Peierls’’ model [13], in which the yz and zx orbital are
aligned as yz-yz-zx-zx chains along the [101] or [011]
direction (in the cubic setting). In this structure, not only
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(228) peaks in the tetragonal setting. (b) Schematic picture of
three tetragonal domains and the (804) planes. (c) Magnetic-field
dependence of striction at various temperatures.
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their intensities. (d) Schematic picture of t2g orbitals in one
tetrahedron. V1 and V3 are on the same layer, which is above
the layer containing V2 and V4.
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domain structure behaves under magnetic field, the (840)
peak in the cubic setting was monitored below the struc-
tural transition temperature (56 K< TN , Ts ! 57 K) with
increasing magnetic field. When the cubic crystal is dis-
torted into a tetragonal structure, there appear three do-
mains depending on the direction of the c axis, as shown in
Fig. 3(b). Thus, the cubic (840) peak should be split into
the (620), (444), and (228) peaks in the tetragonal phase,
arising from domain 1, 2, and 3, respectively, as shown in
Fig. 3(b). As seen in Fig. 3(a), the (444) and (228) peaks
arising from domain 2 and 3 can be observed in the absence
of magnetic field. However, these peaks disappear and only
the (620) peak arising from domain 1, where the c axis is
oriented to the magnetic-field direction, appears under
magnetic field. This clearly indicates that the sample be-
comes a single-domain structure with the c axis parallel to
the applied magnetic field.

Such a domain alignment with magnetic field leads to
large magnetostriction. As shown in Fig. 3(c), there ap-
pears large positive magnetostriction when magnetic field
is applied perpendicular to the plane of the strain gauge.
This can be explained by the following two-step scenario:
(1) the short axis (c axis) is preferably oriented along the
plane of the strain gauge without magnetic field, but
(2) when the magnetic field is applied perpendicular to
the plane, the short c axis is flipped to that direction, and
longer axes are left along the plane in its consequence.
However, the behavior of magnetostriction is not quantita-
tively consistent with the result of x-ray diffraction; the
change of !L=L with magnetic field is smaller than that
expected for the untwined tetragonal structure under mag-
netic field ( " 6# 10$3), particularly at high temperatures.
This discrepancy can also be attributed to the compressive
stress applied to the bonding plane with the strain gauge,
which disturbs the flip of the c axis with magnetic field.

Since the tetragonal domain is perfectly aligned with mag-
netic field even immediately below the transition tempera-
ture (56 K) in the x-ray diffraction measurement, which
was done free from strong stress, the temperature depen-
dence of magnetostriction shown in Fig. 3(c) is dominated
by the competition between the compressive stress on the
bonding plane and the energy gain by aligning the c axis
along the magnetic field, which increases with the evolu-
tion of M.

The structural phase transition observed in the present
MnV2O4 is the same as that of ZnV2O4 in that the c axis is
shorter than the a, b axis. As has been pointed out already,
this distortion splits the triply degenerate t2g orbitals of
vanadium ions into a nondegenerate xy orbital at lower
energy and doubly degenerate yz and zx orbitals at higher
energy, and thus, degeneracy is not lifted when two elec-
trons are accommodated in these t2g orbitals. To lift the
degeneracy of the second electron in the degenerate yz and
zx orbitals, Tsunetsugu and Motome proposed a model of
‘‘antiferro-orbital’’ ordering for ZnV2O4 [12], in which the
yz and the zx orbitals are alternately occupied along the c
axis (Fig. 4). This orbital ordering breaks the mirror sym-
metries at the center of two V sites in the same xy plane as
well as the diamond-glide symmetries (space group
I41=a). Khomskii and Mizokawa proposed an ‘‘orbital-
Peierls’’ model [13], in which the yz and zx orbital are
aligned as yz-yz-zx-zx chains along the [101] or [011]
direction (in the cubic setting). In this structure, not only

 

FIG. 3 (color online). (a) Magnetic-field dependence of x-ray
diffraction of the MnV2O4 single crystal at 56 K ( < TN) around
the (840) peak in the cubic setting, split as the (620), (444), and
(228) peaks in the tetragonal setting. (b) Schematic picture of
three tetragonal domains and the (804) planes. (c) Magnetic-field
dependence of striction at various temperatures.

 

FIG. 4 (color online). Upper panel: three theoretical models of
orbital ordering in spinel vanadate. Lower panel: temperature
dependence of x-ray diffraction of the MnV2O4 single crystal
around (a) the (802) peak in the cubic setting, and (b) the (421)
peak in the cubic setting, and (c) the temperature dependence of
their intensities. (d) Schematic picture of t2g orbitals in one
tetrahedron. V1 and V3 are on the same layer, which is above
the layer containing V2 and V4.
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domain structure behaves under magnetic field, the (840)
peak in the cubic setting was monitored below the struc-
tural transition temperature (56 K< TN , Ts ! 57 K) with
increasing magnetic field. When the cubic crystal is dis-
torted into a tetragonal structure, there appear three do-
mains depending on the direction of the c axis, as shown in
Fig. 3(b). Thus, the cubic (840) peak should be split into
the (620), (444), and (228) peaks in the tetragonal phase,
arising from domain 1, 2, and 3, respectively, as shown in
Fig. 3(b). As seen in Fig. 3(a), the (444) and (228) peaks
arising from domain 2 and 3 can be observed in the absence
of magnetic field. However, these peaks disappear and only
the (620) peak arising from domain 1, where the c axis is
oriented to the magnetic-field direction, appears under
magnetic field. This clearly indicates that the sample be-
comes a single-domain structure with the c axis parallel to
the applied magnetic field.

Such a domain alignment with magnetic field leads to
large magnetostriction. As shown in Fig. 3(c), there ap-
pears large positive magnetostriction when magnetic field
is applied perpendicular to the plane of the strain gauge.
This can be explained by the following two-step scenario:
(1) the short axis (c axis) is preferably oriented along the
plane of the strain gauge without magnetic field, but
(2) when the magnetic field is applied perpendicular to
the plane, the short c axis is flipped to that direction, and
longer axes are left along the plane in its consequence.
However, the behavior of magnetostriction is not quantita-
tively consistent with the result of x-ray diffraction; the
change of !L=L with magnetic field is smaller than that
expected for the untwined tetragonal structure under mag-
netic field ( " 6# 10$3), particularly at high temperatures.
This discrepancy can also be attributed to the compressive
stress applied to the bonding plane with the strain gauge,
which disturbs the flip of the c axis with magnetic field.

Since the tetragonal domain is perfectly aligned with mag-
netic field even immediately below the transition tempera-
ture (56 K) in the x-ray diffraction measurement, which
was done free from strong stress, the temperature depen-
dence of magnetostriction shown in Fig. 3(c) is dominated
by the competition between the compressive stress on the
bonding plane and the energy gain by aligning the c axis
along the magnetic field, which increases with the evolu-
tion of M.

The structural phase transition observed in the present
MnV2O4 is the same as that of ZnV2O4 in that the c axis is
shorter than the a, b axis. As has been pointed out already,
this distortion splits the triply degenerate t2g orbitals of
vanadium ions into a nondegenerate xy orbital at lower
energy and doubly degenerate yz and zx orbitals at higher
energy, and thus, degeneracy is not lifted when two elec-
trons are accommodated in these t2g orbitals. To lift the
degeneracy of the second electron in the degenerate yz and
zx orbitals, Tsunetsugu and Motome proposed a model of
‘‘antiferro-orbital’’ ordering for ZnV2O4 [12], in which the
yz and the zx orbitals are alternately occupied along the c
axis (Fig. 4). This orbital ordering breaks the mirror sym-
metries at the center of two V sites in the same xy plane as
well as the diamond-glide symmetries (space group
I41=a). Khomskii and Mizokawa proposed an ‘‘orbital-
Peierls’’ model [13], in which the yz and zx orbital are
aligned as yz-yz-zx-zx chains along the [101] or [011]
direction (in the cubic setting). In this structure, not only

 

FIG. 3 (color online). (a) Magnetic-field dependence of x-ray
diffraction of the MnV2O4 single crystal at 56 K ( < TN) around
the (840) peak in the cubic setting, split as the (620), (444), and
(228) peaks in the tetragonal setting. (b) Schematic picture of
three tetragonal domains and the (804) planes. (c) Magnetic-field
dependence of striction at various temperatures.

 

FIG. 4 (color online). Upper panel: three theoretical models of
orbital ordering in spinel vanadate. Lower panel: temperature
dependence of x-ray diffraction of the MnV2O4 single crystal
around (a) the (802) peak in the cubic setting, and (b) the (421)
peak in the cubic setting, and (c) the temperature dependence of
their intensities. (d) Schematic picture of t2g orbitals in one
tetrahedron. V1 and V3 are on the same layer, which is above
the layer containing V2 and V4.
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domain structure behaves under magnetic field, the (840)
peak in the cubic setting was monitored below the struc-
tural transition temperature (56 K< TN , Ts ! 57 K) with
increasing magnetic field. When the cubic crystal is dis-
torted into a tetragonal structure, there appear three do-
mains depending on the direction of the c axis, as shown in
Fig. 3(b). Thus, the cubic (840) peak should be split into
the (620), (444), and (228) peaks in the tetragonal phase,
arising from domain 1, 2, and 3, respectively, as shown in
Fig. 3(b). As seen in Fig. 3(a), the (444) and (228) peaks
arising from domain 2 and 3 can be observed in the absence
of magnetic field. However, these peaks disappear and only
the (620) peak arising from domain 1, where the c axis is
oriented to the magnetic-field direction, appears under
magnetic field. This clearly indicates that the sample be-
comes a single-domain structure with the c axis parallel to
the applied magnetic field.

Such a domain alignment with magnetic field leads to
large magnetostriction. As shown in Fig. 3(c), there ap-
pears large positive magnetostriction when magnetic field
is applied perpendicular to the plane of the strain gauge.
This can be explained by the following two-step scenario:
(1) the short axis (c axis) is preferably oriented along the
plane of the strain gauge without magnetic field, but
(2) when the magnetic field is applied perpendicular to
the plane, the short c axis is flipped to that direction, and
longer axes are left along the plane in its consequence.
However, the behavior of magnetostriction is not quantita-
tively consistent with the result of x-ray diffraction; the
change of !L=L with magnetic field is smaller than that
expected for the untwined tetragonal structure under mag-
netic field ( " 6# 10$3), particularly at high temperatures.
This discrepancy can also be attributed to the compressive
stress applied to the bonding plane with the strain gauge,
which disturbs the flip of the c axis with magnetic field.

Since the tetragonal domain is perfectly aligned with mag-
netic field even immediately below the transition tempera-
ture (56 K) in the x-ray diffraction measurement, which
was done free from strong stress, the temperature depen-
dence of magnetostriction shown in Fig. 3(c) is dominated
by the competition between the compressive stress on the
bonding plane and the energy gain by aligning the c axis
along the magnetic field, which increases with the evolu-
tion of M.

The structural phase transition observed in the present
MnV2O4 is the same as that of ZnV2O4 in that the c axis is
shorter than the a, b axis. As has been pointed out already,
this distortion splits the triply degenerate t2g orbitals of
vanadium ions into a nondegenerate xy orbital at lower
energy and doubly degenerate yz and zx orbitals at higher
energy, and thus, degeneracy is not lifted when two elec-
trons are accommodated in these t2g orbitals. To lift the
degeneracy of the second electron in the degenerate yz and
zx orbitals, Tsunetsugu and Motome proposed a model of
‘‘antiferro-orbital’’ ordering for ZnV2O4 [12], in which the
yz and the zx orbitals are alternately occupied along the c
axis (Fig. 4). This orbital ordering breaks the mirror sym-
metries at the center of two V sites in the same xy plane as
well as the diamond-glide symmetries (space group
I41=a). Khomskii and Mizokawa proposed an ‘‘orbital-
Peierls’’ model [13], in which the yz and zx orbital are
aligned as yz-yz-zx-zx chains along the [101] or [011]
direction (in the cubic setting). In this structure, not only

 

FIG. 3 (color online). (a) Magnetic-field dependence of x-ray
diffraction of the MnV2O4 single crystal at 56 K ( < TN) around
the (840) peak in the cubic setting, split as the (620), (444), and
(228) peaks in the tetragonal setting. (b) Schematic picture of
three tetragonal domains and the (804) planes. (c) Magnetic-field
dependence of striction at various temperatures.
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orbital ordering in spinel vanadate. Lower panel: temperature
dependence of x-ray diffraction of the MnV2O4 single crystal
around (a) the (802) peak in the cubic setting, and (b) the (421)
peak in the cubic setting, and (c) the temperature dependence of
their intensities. (d) Schematic picture of t2g orbitals in one
tetrahedron. V1 and V3 are on the same layer, which is above
the layer containing V2 and V4.
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domain structure behaves under magnetic field, the (840)
peak in the cubic setting was monitored below the struc-
tural transition temperature (56 K< TN , Ts ! 57 K) with
increasing magnetic field. When the cubic crystal is dis-
torted into a tetragonal structure, there appear three do-
mains depending on the direction of the c axis, as shown in
Fig. 3(b). Thus, the cubic (840) peak should be split into
the (620), (444), and (228) peaks in the tetragonal phase,
arising from domain 1, 2, and 3, respectively, as shown in
Fig. 3(b). As seen in Fig. 3(a), the (444) and (228) peaks
arising from domain 2 and 3 can be observed in the absence
of magnetic field. However, these peaks disappear and only
the (620) peak arising from domain 1, where the c axis is
oriented to the magnetic-field direction, appears under
magnetic field. This clearly indicates that the sample be-
comes a single-domain structure with the c axis parallel to
the applied magnetic field.

Such a domain alignment with magnetic field leads to
large magnetostriction. As shown in Fig. 3(c), there ap-
pears large positive magnetostriction when magnetic field
is applied perpendicular to the plane of the strain gauge.
This can be explained by the following two-step scenario:
(1) the short axis (c axis) is preferably oriented along the
plane of the strain gauge without magnetic field, but
(2) when the magnetic field is applied perpendicular to
the plane, the short c axis is flipped to that direction, and
longer axes are left along the plane in its consequence.
However, the behavior of magnetostriction is not quantita-
tively consistent with the result of x-ray diffraction; the
change of !L=L with magnetic field is smaller than that
expected for the untwined tetragonal structure under mag-
netic field ( " 6# 10$3), particularly at high temperatures.
This discrepancy can also be attributed to the compressive
stress applied to the bonding plane with the strain gauge,
which disturbs the flip of the c axis with magnetic field.

Since the tetragonal domain is perfectly aligned with mag-
netic field even immediately below the transition tempera-
ture (56 K) in the x-ray diffraction measurement, which
was done free from strong stress, the temperature depen-
dence of magnetostriction shown in Fig. 3(c) is dominated
by the competition between the compressive stress on the
bonding plane and the energy gain by aligning the c axis
along the magnetic field, which increases with the evolu-
tion of M.

The structural phase transition observed in the present
MnV2O4 is the same as that of ZnV2O4 in that the c axis is
shorter than the a, b axis. As has been pointed out already,
this distortion splits the triply degenerate t2g orbitals of
vanadium ions into a nondegenerate xy orbital at lower
energy and doubly degenerate yz and zx orbitals at higher
energy, and thus, degeneracy is not lifted when two elec-
trons are accommodated in these t2g orbitals. To lift the
degeneracy of the second electron in the degenerate yz and
zx orbitals, Tsunetsugu and Motome proposed a model of
‘‘antiferro-orbital’’ ordering for ZnV2O4 [12], in which the
yz and the zx orbitals are alternately occupied along the c
axis (Fig. 4). This orbital ordering breaks the mirror sym-
metries at the center of two V sites in the same xy plane as
well as the diamond-glide symmetries (space group
I41=a). Khomskii and Mizokawa proposed an ‘‘orbital-
Peierls’’ model [13], in which the yz and zx orbital are
aligned as yz-yz-zx-zx chains along the [101] or [011]
direction (in the cubic setting). In this structure, not only

 

FIG. 3 (color online). (a) Magnetic-field dependence of x-ray
diffraction of the MnV2O4 single crystal at 56 K ( < TN) around
the (840) peak in the cubic setting, split as the (620), (444), and
(228) peaks in the tetragonal setting. (b) Schematic picture of
three tetragonal domains and the (804) planes. (c) Magnetic-field
dependence of striction at various temperatures.

 

FIG. 4 (color online). Upper panel: three theoretical models of
orbital ordering in spinel vanadate. Lower panel: temperature
dependence of x-ray diffraction of the MnV2O4 single crystal
around (a) the (802) peak in the cubic setting, and (b) the (421)
peak in the cubic setting, and (c) the temperature dependence of
their intensities. (d) Schematic picture of t2g orbitals in one
tetrahedron. V1 and V3 are on the same layer, which is above
the layer containing V2 and V4.
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role of relativistic spin-orbit interaction

• orbital ordering at T=0: mean-field analysis and first-
principle calculation suggest the relevant role

• thermodynamics: single or two transitions? In general, 
systems with dominant spin-orbit coupling shows a single 
transition with concomitant ordering of spin and orbital.

• reduced AF moment: due to dimensionality reduction 
and/or L-S coupling?



Issue...

role of relativistic spin-orbit interaction

• orbital ordering at T=0: mean-field analysis and first-
principle calculation suggest the relevant role

• thermodynamics: single or two transitions? In general, 
systems with dominant spin-orbit coupling shows a single 
transition with concomitant ordering of spin and orbital.

• reduced AF moment: due to dimensionality reduction 
and/or L-S coupling?

Remark: X-ray diffraction has been done only for 
powder samples...



Lesson from Related Spinel 
MnV2O4

Mn2+ = (3d)5, V3+ = (3d)2

single transition at 57K

• cubic → tetragonal

• non-collinear ferri

low-T phase: I41/a (large single crystal)

• diamond-glide symmetry is broken, 
but face-center symmetry is hold

‣ peak intensity is ~10-4 times smaller 
compared to the fundamental peaks, 
difficult to observe in powder samples

domain structure behaves under magnetic field, the (840)
peak in the cubic setting was monitored below the struc-
tural transition temperature (56 K< TN , Ts ! 57 K) with
increasing magnetic field. When the cubic crystal is dis-
torted into a tetragonal structure, there appear three do-
mains depending on the direction of the c axis, as shown in
Fig. 3(b). Thus, the cubic (840) peak should be split into
the (620), (444), and (228) peaks in the tetragonal phase,
arising from domain 1, 2, and 3, respectively, as shown in
Fig. 3(b). As seen in Fig. 3(a), the (444) and (228) peaks
arising from domain 2 and 3 can be observed in the absence
of magnetic field. However, these peaks disappear and only
the (620) peak arising from domain 1, where the c axis is
oriented to the magnetic-field direction, appears under
magnetic field. This clearly indicates that the sample be-
comes a single-domain structure with the c axis parallel to
the applied magnetic field.

Such a domain alignment with magnetic field leads to
large magnetostriction. As shown in Fig. 3(c), there ap-
pears large positive magnetostriction when magnetic field
is applied perpendicular to the plane of the strain gauge.
This can be explained by the following two-step scenario:
(1) the short axis (c axis) is preferably oriented along the
plane of the strain gauge without magnetic field, but
(2) when the magnetic field is applied perpendicular to
the plane, the short c axis is flipped to that direction, and
longer axes are left along the plane in its consequence.
However, the behavior of magnetostriction is not quantita-
tively consistent with the result of x-ray diffraction; the
change of !L=L with magnetic field is smaller than that
expected for the untwined tetragonal structure under mag-
netic field ( " 6# 10$3), particularly at high temperatures.
This discrepancy can also be attributed to the compressive
stress applied to the bonding plane with the strain gauge,
which disturbs the flip of the c axis with magnetic field.

Since the tetragonal domain is perfectly aligned with mag-
netic field even immediately below the transition tempera-
ture (56 K) in the x-ray diffraction measurement, which
was done free from strong stress, the temperature depen-
dence of magnetostriction shown in Fig. 3(c) is dominated
by the competition between the compressive stress on the
bonding plane and the energy gain by aligning the c axis
along the magnetic field, which increases with the evolu-
tion of M.

The structural phase transition observed in the present
MnV2O4 is the same as that of ZnV2O4 in that the c axis is
shorter than the a, b axis. As has been pointed out already,
this distortion splits the triply degenerate t2g orbitals of
vanadium ions into a nondegenerate xy orbital at lower
energy and doubly degenerate yz and zx orbitals at higher
energy, and thus, degeneracy is not lifted when two elec-
trons are accommodated in these t2g orbitals. To lift the
degeneracy of the second electron in the degenerate yz and
zx orbitals, Tsunetsugu and Motome proposed a model of
‘‘antiferro-orbital’’ ordering for ZnV2O4 [12], in which the
yz and the zx orbitals are alternately occupied along the c
axis (Fig. 4). This orbital ordering breaks the mirror sym-
metries at the center of two V sites in the same xy plane as
well as the diamond-glide symmetries (space group
I41=a). Khomskii and Mizokawa proposed an ‘‘orbital-
Peierls’’ model [13], in which the yz and zx orbital are
aligned as yz-yz-zx-zx chains along the [101] or [011]
direction (in the cubic setting). In this structure, not only

 

FIG. 3 (color online). (a) Magnetic-field dependence of x-ray
diffraction of the MnV2O4 single crystal at 56 K ( < TN) around
the (840) peak in the cubic setting, split as the (620), (444), and
(228) peaks in the tetragonal setting. (b) Schematic picture of
three tetragonal domains and the (804) planes. (c) Magnetic-field
dependence of striction at various temperatures.

 

FIG. 4 (color online). Upper panel: three theoretical models of
orbital ordering in spinel vanadate. Lower panel: temperature
dependence of x-ray diffraction of the MnV2O4 single crystal
around (a) the (802) peak in the cubic setting, and (b) the (421)
peak in the cubic setting, and (c) the temperature dependence of
their intensities. (d) Schematic picture of t2g orbitals in one
tetrahedron. V1 and V3 are on the same layer, which is above
the layer containing V2 and V4.
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OBSERVATION OF A FIRST-ORDER TRANSITION AT T < T, IN MnV,O, 

R. PLUMIER and M. SOUGI 
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High field isotherm and isofield magnetization curves performed on both sides of T, = 56 K display hysteresis effects 

revealing a first-order transition at T < TL between the triangular and NCel magnetic configurations of MnVZ04. The 

unusual (H, 7’) phase diagram is discussed in terms of strong spin-orbit coupling in VZt. 

1. Introduction 

Neutron diffraction experiments recently [l] 

performed at the ILL high flux reactor at various 

temperatures and zero magnetic field on a pow- 

dered specimen have shown that the normal 

ferrimagnetic spine1 [2, 31 MnV,O, is tetragonal 

up to T * =53 K and cubic at all T > T*. We 

observed [l] that the transition to the cubic cell 

at T* takes place without sizable volume change. 

On the other hand, up to T* the magnetic 

structure is a triangular one with a canting of the 

V”+ magnetic moments (fig. l(a)). On the octa- 

hedral B sites, the V’+ moments are ferromag- 

netically aligned in successive (hO0) sheets made 

of moments B, or B,. The V3+ magnetic mo- 

ment is found to be [l] at an angle 8 = 63” to the 

[OOl] tetragonal axis which is also the direction 

of the Mn” moments located on the tetrahedral 

A sites and of the resultant magnetization M’ 

(fig. l(a)). At T = 2 K, we observed a V’+ mo- 

(a) 

BI  

t  t  

B2 

I 

i M’ 

A 

Fig. 1. (a) Basic magnetic cell in the case of the triangular 

magnetic structure; the moments on the A sites and the 

resultant magnetization M’ are along [OOl]; (b) the NCel 

ferrimagnetic configuration of MnV20,. 

ment value of 1.34 pB indicating a strong spin- 

orbit coupling for this d2 (S = 1) magnetic ion. 

At T = T*, we observed a change of the mag- 

netic structure which goes from the triangular 

one (fig. l(a)) to the N&e1 ferrimagnetic configu- 

ration (fig. l(b)) up to the Curie temperature 

T, = 56.25 K. In addition, at T* we also ob- 

served a reduction of both the V’+ and Mn2+ 

moment lengths which become 20% smaller in 

the N&e1 phase. This set of neutron diffraction 

results [l] suggests that the transition taking 

place at T* and H = 0 is a first-order one. 

2. Experimental results 

Detailed isotherm and isofield magnetization 

measurements have just been performed on the 

same MnV20, powdered specimen. They in- 

clude, in the temperature range 4.2 K< T < 

70 K, magnetization measurements performed 

up to H = 18 T at the SNCI in Grenoble as well 

as measurements performed in our laboratory 

using a superconducting coil up to H = 11 T (fig. 

2). We also had at our disposal a magnetization 

curve obtained at T = 4.2 K up to 40 T by pulsed 

fields technique. 

(a) Starting at T = 4.2 K, the isotherm mag- 

netization curves are obtained by 5 K steps, 

whereas in the range 50 K < T < 65 K, the ex- 

periments are performed by 0.5-K steps. In 

order to avoid thermal remanence effects, the 

sample is heated to T = 70 K between every ex- 

periment and then slowly cooled to the tempera- 

ture of the experiment. Comparing the magneti- 
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Other Issues...

role of trigonal distortion

• quantitative difference in Cd compound

d-d direct vs d-p-d (d-p-p-d) indirect transfers

orbital and spin ordering in MnV2O4

single crystal of ZnV2O4 !



Self-organized 7-site Cluster

(heptamer) in AlV2O4

in collaboration with Keisuke Matsuda and Nobuo Furukawa



(Atomic) Electronic Structure 
in AlV2O4

mixed valence:  V2.5+ = (3d)2.5

charge, spin and orbital degrees of freedom are all active

t2g

eg

V2.5+

(3d)2.5
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We have found that spinel AlV2O4 shows a phase transition at ∼700K with anomalies of
transport and magnetic properties. It is clarified that this corresponds to a charge-ordering
transition, where the V2.5+ ions are separated into three V2.5−δ ions and one V2.5+3δ ion. This
three-one type of charge ordering, which is coupled with rhombohedral distortion along the
(111) axis, reduces the high degeneracy of ground states inherent in this spinel structure, and
thus can be understood in terms of “charge frustration.”

KEYWORDS: spinel, charge ordering, geometrical frustration

A charge-ordering transition is a generic phenomenon
observed in oxides with mixed-valent transition-metal
ions. Typical examples of charge ordering in the cu-
bic/square lattice are observed in perovskite1,2) and two-
dimensional (2D) manganites3,4) and nickelates.5,6) In
these compounds, the mixed-valent transition-metal ions
periodically order and form “charge stripes” along a cer-
tain direction of the cubic/square lattice below a tran-
sition temperature (Tco). Such charge stripes can make
ordering incommensurate with the lattice period when
the ratio of the two different ions is continuously varied.
A different type of charge ordering is observed in
Fe3O4 (magnetite) due to its unique spinel structure,7,8)

known as the Verwey transition. The B site of the
spinel structure (which is surrounded by an O6 octa-
hedron) forms a network of corner-sharing tetrahedral,
as shown in Fig. 1, and it is not clear how the two dif-
ferent ions (Fe2+ and Fe3+) order periodically on this B
site given that their numbers are equivalent. To min-
imize the short-range Coulomb energy, four vertices of
each tetrahedon should be occupied by two Fe2+ ions
and two Fe3+ ions (the so-called Anderson condition,9))
but this condition is still underconstrained and allows
many possible ordering configurations. As a result, Tco
of Fe3O4 (∼ 125K) is significantly suppressed due to the
degeneracy of possible ground states. This situation is
analogous to that of the so-called geometrical frustration
in various spin systems,10) and indicates that the geom-
etry of the crystal structure can produce frustration of
the charge ordering, or “charge frustration.”
In this letter, we report a unique type of charge or-
dering in AlV2O4 with the spinel structure. It is found
that four V2.5+ ions on the vertices of each tetrahedron
are separated into three V2.5−δ ions and one V2.5+3δ ion
in this compound. This three-one type of charge order-

Fig. 1. Resistivity (left axis) and magnetic susceptibility at
10000Oe (right axis) vs temperature for AlV2O4. Both measure-
ments were performed on the cooling run. The inset shows the
low-temperature magnetic susceptibility of AlV2O4 at 100Oe
with field cooling (FC) and zero field cooling (ZFC).

ing can naturally be coupled with the rhombohedral dis-
tortion along the (111) axis, and can reduce the high
degeneracy of ground states in the spinel structure. Sev-
eral intriguing characteristics of charge frustration in this
spinel structure are discussed.
We made polycrystalline samples of AlV2O4 by react-
ing stoichiometric amounts of Al, V2O3, and V2O5 in
a sealed quartz tube at 1100◦C for 150 h. The sample
was checked by X-ray diffraction measurement using a
Cu target and was found to be almost of single phase ex-
cept for a slight trace of impurity phases (mainly Al2O3).
We checked for the possible inversion of Al and V by

1456

Phase Transition at T~700K

structural change: doubling 
of the unit cell along the 
[111] direction

shoulder in the resistivity

sudden drop in the 
magnetic susceptibility 
followed by Curie behavior 
at lower temperatures

valence-skipping-type 
charge ordering ? K. Matsuno et al., 2001
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Heptamer Scenario

new experimental finding: 
trimer formation in 
Kagome layers below Tc
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Heptamer Scenario

new experimental finding: 
trimer formation in 
Kagome layers below Tc

spin-singlet formation in 
trimers? → sharp drop of 
the magnetic susceptibility?
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Heptamer Scenario

new experimental finding: 
trimer formation in 
Kagome layers below Tc

spin-singlet formation in 
trimers? → sharp drop of 
the magnetic susceptibility?

We propose a singlet state 
emerging from the 7-site 
clusters (heptamers)
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What is the mechanism of the heptamer 
formation? How is the degeneracy in the 
frustrated pyrochlore system lifted?

Is the heptamer in a spin-singlet state? 
How does the singlet state emerge in 
each heptamer?

Questions



Multi-orbital Heptamer Model



S=1 (d2)

Multi-orbital Heptamer Model
assumption: S=1 localized moments 
at isolated V sites
(leading Curie behavior at low T)

→ 18 electrons per heptamer



Multi-orbital Heptamer Model
assumption: S=1 localized moments 
at isolated V sites
(leading Curie behavior at low T)

→ 18 electrons per heptamer

t2g multi-orbital Hubbard model 
for each heptamer

• σ and π transfer integrals
• trigonal lattice distortion at the 

central site
• Coulomb interactions



Multi-orbital Heptamer Model
assumption: S=1 localized moments 
at isolated V sites
(leading Curie behavior at low T)

→ 18 electrons per heptamer

t2g multi-orbital Hubbard model 
for each heptamer

• σ and π transfer integrals
• trigonal lattice distortion at the 

central site
• Coulomb interactions

assumption: σ-type bonding states 
for shortest V-V bonds

→ 6 electrons remaining
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Multi-orbital Heptamer Model
assumption: S=1 localized moments 
at isolated V sites
(leading Curie behavior at low T)

→ 18 electrons per heptamer

t2g multi-orbital Hubbard model 
for each heptamer

• σ and π transfer integrals
• trigonal lattice distortion at the 

central site
• Coulomb interactions

assumption: σ-type bonding states 
for shortest V-V bonds

→ 6 electrons remaining

bonding state:
2 electrons per bond



Multi-orbital Heptamer Model
assumption: S=1 localized moments 
at isolated V sites
(leading Curie behavior at low T)

→ 18 electrons per heptamer

t2g multi-orbital Hubbard model 
for each heptamer

• σ and π transfer integrals
• trigonal lattice distortion at the 

central site
• Coulomb interactions

assumption: σ-type bonding states 
for shortest V-V bonds

→ 6 electrons remaining
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Singlet State in Heptamer

singlet ground state for realistic 
parameters = σ-type

‘molecule’ of the bonding states 
with three t2g orbitals

estimate of the spin gap is larger 
than the experimental one: 
heptamer-heptamer coupling?

comprehensive understanding of 
the T-dependence of magnetic 
susceptibility

dxy
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Once the heptamers are assumed 
to be stable, experimental results 
at low-T phase are explained 
comprehensively.

What is the mechanism of the 
heptamer formation? How is the 
degeneracy in the frustrated 
pyrochlore system lifted?

Is similar phenomenon seen in 
other mixed-valence compounds?

Open Issues...



Another Mixed-Valence Compound 
LiV2O4 : Heavy-Fermion Behavior

mixed valence: V3.5+ = (3d)1.5

heavy mass (Kondo et al., 1997)

cubic, metallic, no magnetic ordering 
(Rogers et al., 1967; Chmaissem et al., 1997; 
Mahajan et al., 1997; Merrin et al., 1998)

only t2g electrons: new mechanism 
for heavy fermion behavior?
• Kondo scenario
• geometrical frustration + 

correlation
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FIG. 1. T dependence of various physical properties of
LiV2O4 single crystal. (a) Resistivity r, (b) specific heat
C divided by T , (c) magnetic susceptibility x, and (d) Hall
coefficient RH. C!T and x data for polycrystalline LiV2O4 are
shown for comparison in (b) and (c), respectively. In the inset
of (a), r of LiV2O4 below 2 K is plotted against T 2.

marked contrast with the polycrystalline results [11,12].
Nevertheless, in C"T #!T and x"T #, shown in Figs. 1(b)
and 1(c), the polycrystalline results by Kondo et al. were
essentially reproduced. C"T #!T shows a noticeable in-
crease below around 30 K and an extrapolation to T ! 0
yields g $ 350 mJ!mol K2. Although this is about 15%
smaller than observed in polycrystalline samples, most
likely due to a subtle difference in the sample quality, it
is still true that the observed g is extraordinarily large.
x"T # [15] shows Curie-Weiss behavior at high T , with a
shallow and broad peak around 16 K. The Curie-Weiss
fitting of x"T # in the T range 100 # T # 300 K gives
a Curie constant CCurie ! 0.34 cm3 K!V mol, which cor-
responds to a S ! 1!2 moment per V ion, and a Curie-
Weiss constant QCW ! 237 K (AF). Combining the g
and x"0# ! 0.88 3 1022 cm3!mol at the T ! 0 limit, a
reasonable Wilson ratio of RW ! 1.8 was obtained, in
agreement with Refs. [6–8].

A further crucial test for the appearance of a heavy-mass
Fermi liquid ground state is the observation of a T2

behavior in r"T #, which is closely linked with the v2 de-
pendence of the inverse quasiparticle lifetime. In the inset
of Fig. 1(a), we show clearly that r"T # indeed follows T2

behavior below 2 K, indicative of a Fermi liquid ground
state. Other possible power laws, such as T1.5 expected
for the AF critical point, were also examined. However, it
turned out that T2 best describes the T dependence below
2 K. The coefficient of the T2 term A ! 2.0 mV cm!K2

is extremely large, consistent with the extraordinary large
g. Indeed, the observed g and A roughly satisfy the
Kadowaki-Woods relation [16], A!g2 $ 1025 mV cm!
K2!"mJ!mol K22#2, which is known to hold for a variety
of strongly correlated Fermi liquids.

As pointed out in previous polycrystalline studies [6–8],
an increase of C"T #!T and a deviation of x"T # from the
Curie-Weiss behavior upon lowering T become apparent
around 20–30 K. In accord with these changes in C"T #!T
and x"T #, the transport properties also show a noticeable
change around the same T range, supporting the existence
of a coherence temperature, T!, below which the coher-
ent heavy-mass quasiparticle states are formed, analogous
with the dense Kondo systems. In r"T # shown in Fig. 1(a),
a pronounced kneelike structure is clearly observed around
30 K, below which r"T # shows a rapid decrease towards
the low temperature T2 behavior with decreasing T . The
Hall coefficient RH"T #, measured under 1.4 T and shown
in Fig. 1(d), is negative in sign and almost T independent
at high T . On decreasing T , however, RH"T # changes sign
around 50 K and develops a strong T dependence with a
pronounced peak below about 30 K. It is noted that this
behavior is surprisingly similar to that typically observed
in heavy fermion intermetallics below their coherence tem-
perature [17].

It is now clear from these results that a heavy-mass
Fermi liquid ground state, with a coherence temperature
T! of 20–30 K, is realized in LiV2O4. The low-T prop-
erties (i.e., below T!) are strikingly similar to those of
intermetallic dense Kondo systems. Unlike dense Kondo
systems, however, it is not obvious to identify two distinct
subsystems, conduction electrons and localized moments
in these spinel compounds. Recent local density approxi-
mation (LDA) band calculations indeed indicate that the
conduction bands, with width 2 eV, are made up almost
entirely of V t2g character. In this context it was pointed
out that the observed heavy quasiparticle mass should be
attributed to some non-Kondo mechanism, for example,
strong AF spin fluctuations due to geometrical frustration
[18,19]. Anisimov et al., in contrast, argued that this sys-
tem can be mapped onto a dense Kondo system [20]. Be-
cause of a small trigonal distortion of the VO6 octahedron,
the V t2g orbitals split into an A1g orbital and doubly de-
generate Eg orbitals, which are more itinerant in character
than the A1g orbital. In their scenario based on LDA 1 U
calculation, among the 1.5 electrons in V t2g orbital, 0.5

1053
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Implication of AlV2O4 ?

metal-to-insulator transition 
by applying pressure: opposite 
to usual pressure effect

short and long V-V bonds in 
the insulating state (EXAFS by 
Niitaka et al., unpublished)

possibility: some cluster 
formation similar to AlV2O4

Spin and Charge Frustration in Spinel Oxides

Hidenori Takagi, University of Tokyo (KITP Exotic Order Conference 6/10/04) 14

C.Urano, H.T et al PRL 85, 1052 (00)
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Switching from HF metal to Charge Ordered Switching from HF metal to Charge Ordered 

Insulator Insulator –– HF is a melted COIHF is a melted COI
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Summary

introduction to spinels and t2g orbital physics

controversy on orbital ordering in ZnV2O4

• different models for spin/orbital order in ZnV2O4: 
relative importance of Kugel-Khomskii superexchange, 
Jahn-Teller and relativistic spin-orbit couplings

• symmetry analysis: lesson from experiments in MnV2O4

self-organized 7-site cluster (heptamer) in AlV2O4

• heptamer scenario: ‘molecule’ of bonding states with 
anisotropic t2g orbitals

• implication to heavy-fermion compound LiV2O4


