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Composition and Structure

Structure at room temperature

The formula for this set of
compounds is: A My Xg

A is a trivalent atom like
Ga, Al

M is a transition metal like
V, Mo.

X is a chalcogenide like S,
Se.

crystal structure of AM{Xs (A = Ga,
). The M, tetrahedral clusters are

v

The key characterstic of the structure is that M 1ons form tetrahederal
clusters. The M-M distance within cluster is about 30 percent shorter
than the distance from the neighboring cluster.

This gives them the name Cluster Compounds @
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Structure

The structure is most
convenienty thought of as being
composed from two kinds of
units: (M;X,)°" cubanes and
(AX4)°" tetrahedra. These are
arranged in NaCl structure.
Tetrahedra of metal are in
cubane units ( My X4)5+ Figure 1. Crystal structure of GaViSs. The ViSs™ cubes and GaSs™

tetrahedra are emphasized.
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Magnetic, thermal and transport properties of these solids have been
studied thoroughly. A.K. Rastogi and collaborators have made
extensive measurements on GaMoySs, GaMoySeg, GaMoySes Tey
G’aV4Sg, GCLV4S€8, AlV4Sg

Remarkably these exhibit common characterstics, which can be
attibuted to the clustering of transition metal ions.

They are insulators.

At high temperatures the solids have cubic symmetry and are
paramagnetic. They undergo two transitions as the temperature is
lowered. First is a first-order structural transition from cubic to
rhombohederal phase at temperatures of order 50K.

Second is a transition from paramagnetic to a ferromagnetic phase at
temperatures of order 20K.
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Magnetic Properties

Points to note are:

1. At high temperatures plot x ! vs
temperature show that Curie-Weiss
law xy = TLW is obeyed.

Curie constant corresponds to a
moment of spin half per formula unit
i.e. the tetrahederal cluster.

2. Weiss temperature 6 is of order 15
K, which means that at high
Jtemperatures moments have a weak

antiferromagnetic interaction.
3. As the temperature is lowered, the susceptibility shows a rather

large jump at a sharp temperature.

This slide shows magnetic
measurements on GaMoySeg

¢ }(emu/mole)
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Structural Transition

3. The X-ray analysis shows that compounds undergo a structural
transition at a temperature 7 of the order of 50K. Through a weak
distortion the symmetry of the crystal is lowered from cubic to
rhombohederal.

4. The susceptibility jump seen above occurs at 1. Below the
structural transition. y shows a large departure from Curie-Weiss
behavior. In particular a marked 7T2-temperature dependence is seen

in plots of x .
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Magnetic Transition

5.Compound undergo another
transition at a temperature 7. of the
order of 20K, to a ferromagnetic phase.
The saturation moment again
corresponds to spin half, which implies

T T T
M (emu/mole) GaMo, Sy “HebkOe"

that the structural transition affects 2000
magnetic interaction strongly, but not |
the moments. -

6. Another interesting feature is the
effect of pressure. The hydrostatic
pressure has little influence on
susceptibility, but the uniaxial pressure
wipes out the structural transition.
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Magnetic Properties

7. The ferromagnetism does not occur

if the structural transition is prevented, IR S

say, by introduction of impurities. T T ]

8. Another unusual feature of the H ;‘_;'-;'—’;—
paramagnetic state below structural “r 77/. — T
transition is rather slow saturation of a Do -
magnetization with the field. This is 4 7 e

seen in relatively smaller slopes of M l // .

vs H curves. These are quite unlike a g b

magnet with local moments. e e )
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The specific heat data shown here
confirms the existence of two

transitions. | O
There is a large peak at the structural
transition characteristic of a 1st order

Gav,s,

transition. S
FAn ,.‘»’ — —H=3T

The second peak occurs at the Mhﬂ b

ferromagnetic transition and is much T * LR

smaller than the structural peak.

The temperature of the structural transition shifts with magnetic field.
Quite remarkably, above T, specific heat has a large electronic
contribution apparently linear in temperature till 75.
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Entropy

In terms of entropy, an entropy of kplog?2 is recovered at the magnetic
transition, consistent with spin-half moments.

An additional entropy of order kplog4 is recovered at the structural
transition, whose origin is not obvious.

L6 8 0T
T T

S tml /mdle+D)
5L Entropyfdimole-K) ST

Bavs,

H
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Band Structure Results

The nominal ionic configuration is A3+ (My)'3*(Xg)'6~, showing that
the cluster has odd number of electrons. Thus Moy (Vy) cluster has 11
(7) d-electrons which produce a moment of half.

The band structure studies using Spin-Density Functional Theory with
local density approximation (LDA) find the system to be a metal with
rather narrow bands near the Fermi level.

States around the Fermi level come largely from d-levels of the
transition metal.

Prediction of the metallic nature is wrong, so LDA+U calculations
have been performed.

This calculation finds the system to be an insulator, i.e. Mott
insulator. A correct moment of 1 up is also obtained for both cubic
and rhombohederal structures.
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Toward Theory: Electronic Levels of Cluster

To understand the physics of the problem and build a model, it is
essential to look at physics at the cluster scale, in particular, the
electronic levels of the cluster around the Fermi level.

These come from (MyX,)™®
cubane unit. In cubic phase

GaV,S, Ga Mo, S,

there are three levels made up + — e i it

of d-orbitals: a1, ¢ and &y with T —|+—|+—H_ —1'{—_{_{_"'{‘
degeneracies 1, 2 and 3 as =60

shown here. ‘_'7
Vy-cluster has 7 d-electrons, so i | . b
to-level has one electron, while | a i
Moy-cluster has 11 d-electrons, . H+ H+ - HH

so to-level has one hole. Y +H -
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Jahn-Teller Distortion

When electronic levels are degenerate, the interaction between ionic
motion and electrons becomes very strong and there is a breakdown of
Born-Oppenheimer adiabatic approximation.

In this event the ionic configuration distorts so as to remove the
degeneracy of the electronic levels. Distortion lowers the electronic
energy, but leads to increase in the elastic energy of the ionic
configuration.

The magnitude of the distortion is determined by minimizing these two
energies.

R. Pocha, D. Johrhendt and R. P6ttgen, Chem. Mater. 12, 2882 (2000)
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Jahn-Teller Distortion

In our situation, distortion
causes a splitting of #s-level into
ey and a1 levels.

This leads to distortions of —+ —
different signs for V4 and Moy ; H H - HH
compounds ’ +H- " -+
For V4 one axis is stretched to
lower a;-level occupied by the
electron, whereas for Mo4 one 7251 I e
axis is compressed so as to raise —+-

a1-level occupied by the hole. c H H o HH
This is exactly what is N + * +
observed.

GaV,Sg Ga Mo, S
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Structural Transition

For us the key point to note is that an isolated tetrahedron can suffer
the above distortion in 4 ways, corresponding to any one of the four
vertices moving in or out.

Energy gained in JT distortion is of the order of 0.1 to 0.2 eV, much
larger than the thermal energy at temperatures of interest.

Due to relative isolation of tetrahedra in this structure, the distortion
energy is larger than the interaction energy between tetrahedra.

So we surmise that the distortions of tetrahedra occurs at some
temperature higher than room temperature and the system is in a para
state of distortions with each tetrahedron flipping between four
equivalent distortion states with zero net distortion.

Distortion axes get aligned cooperatively at T due to elastic as well as
orbital interactions. This mechanism gives an additional high
temperature entropy to be kplog4 per cluster.
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Structural Transition

This is a novel mechanism for the structural transition in these solids.
We model this transition by a 4-state Potts model.
The four axes of distortion in a tetrahedron are described by vectors
which are unit vectors that join the center of a tetrahedron to its
vertices, with 7 = 1 to 4, corresponding to the vertex that has been
pushed in (out).
Unit vectors @, are: (1,1,1)/v/3), (1,—1,—1)/v3), (—=1,1,-1)//3),
(—1,—1,1)/4/3), with the property ¥, .0, = (467 — 1)/3.
Due to interactions, the strains produced by distortions interact. The
strain energy favours alignment of distortions, so we may write this
energy as,

Hg ==Y K(i,§), - ¥,

(2:4)
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For K(i,j) > 0 same distortion on neighbouring tetrahedra have lower
energy compared to dissimilar distortions. So this Hamiltonian favours
a ferro distorted state at lower temperatures. It gives rise to a
first-order transition from para to ferro state.

Now we consider magnetic interaction between spins.

The magnetic interaction between neighbouring cells arise due to
kinetic exchange. This interaction is strongly affected by distortions, as
it is very sensitive to the degeneracy of the levels and overlap integrals.
One adds to the Hamiltonian the magnetic exchange term.

H=—- Z Jii(7i, )8 - S
(i.7)
The exchange interactions depends on the distortion axes of the
tetrahedra.
For nondegenerate levels the kinetic exchange is antiferromagnetic and
is given by —4t2/U. .
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Magnetic Interactions

With degeneracy there are
several intermediate states and
a more complicated interaction.
Using the notation: t,, and 4 4+
hopping amplitudes between a 4 .
to a and a to e. A denotes the K +H -
energy difference between a; )
and e, levels. Uy, Coulomb " ve
interation for two electrons on | . -
a-level, U,. and J,. are direct TE TR TR T
and exchange Coulomb O H «
interaction between a and e

levels.
2J4et2, 12

aaq

J=4 —
(Uae+A)2_JaQe Usa
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The key quantities which are affected by distortions are the hopping
amplitudes t’s as they depend on the overlap of wavefunctions between
clusters. So we assume

taa(RijvTi,Tj) = tla(Rij)‘S‘n,‘rj + t2a(Rij)(1 - 671'77']')
tae(Riijinj) = tl@(Rij)(STi,Tj + tZE(Rij)(l - 57'2',77)

Using these one finally arrives at a Hamiltonian of the form

—

H==> " [K(i,§)¥, ¥ + Ju(i,§)Si - & + J(i,§)(Si - §), - )]
(i:1)
Here Jy < 0, so basic spin-spin interaction is antiferromagnetic.
Je > 0 and this ultimately leads to the ferromagnetic transition

depending on the distortion state. Interactions are taken only between
nearest neighbours. Bl
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Mean Field Approximation

We have analysed this model using mean-field approximation. We

introduce two order parameters: () = ¥ and (5;) = 2. This leads
to the free energy

F/N = —z(Ky*+ J*m? + Jgm?)/2

+ KT [1 +43¢log <1 +43¢> + 3(1;¢)log (1;1/})]

1+m 14+m 1—m 1—m
KgT l l
e T[St ()« S5 (5
z denotes the number of nearest neighbours. For our choice of
parameters, this model gives rise to two transitions. One first-order

corresponding to structural transition at T and second, a continuous
transtion to ferromagnetic state at T..
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Monte-Carlo Simulations

Mean-field approximation is not adequate to understand the
experimental data, especially for properties like specific heat, for which
One needs to account for short-ranged correlations. However, it gives a
qualitative account of the behaviour which acts as a useful guide to
understand the better theory.

So we have performed Monte-Carlo simulation, on a lattice of 20x20x20
sites. The main simplification made is to use Ising instead of
Heisenberg interaction, which gives us 8 states for each site.
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Monte-Carlo Simulation Results

Dependence of order parameters with

temperature. Structural order S ol .

parameter ¥, Magnetization m

Order Paramets

Behaviour of Inverse Susceptibility ) -
with temperature. The jump in )
susceptibility arises as the effective
interaction changes from Jy < 0 to

Ji + Je? > 0 and v is discontinuous
at Ts. The departure from Curie-Weiss
behavior arises partly due to
temperature variation of 1.

20 30 40 50 60
T(K)

g
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Monte-Carlo Simulation Results

Zero Field

—Data

= Simulation

p Gimolek)

Electronic Specific Heat with
Temperature. line: experiment; dots:
MC simulation.

Ce (J/mole-K)

0 TK) 60
Specific Heat in Magnetic field and ol
Entropy. High temperature entropy R - | R
log 8. £ :
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Cluster compounds present a set of rather puzzling magnetic and
thermodynamic properties.

Basic features of these properties are common to a number of
compositions and are attributable to the presence of tetrahederal
clusters of transition metal ions.

Key to understanding their behavior lies in examining the local
electronic levels in a cluster.

This leads us to bring under consideration the orbital degrees of
freedom.

Due to clustering local distortions can occur in a degenerate way,
which is not usually possible in other structures, like perovskites.

Deepak Kumar (SPS, JNU) Magnetism of Cluster Compounds JNU Frustrated Magnetism 44 / 46



A quantitative explanation is obtained for the following observed
features.

1. Mechanism of Structural transition and the origin of the
high-temperature entropy.

2. Discontinuous jump in the magnetic susceptibility at the structural
transition and its departure from Curie-Weiss behavior above T..

3. Change of magnetic interaction from weakly antiferromagnetic to
ferromagnetic.

4. Difference in the specific heat peaks at the two transitions and the
origin of its large non-phononic contribution.

5. Behavior of susceptibility under uniaxial pressure and shift of
structural transition by magnetic field.
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The End

Thank you

Ref: Euro. Phys. Lett. 101,67008 (2013)
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