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Introduction
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Crystal structure and Hamiltonian

e Inverse spinel structure, Fe3*
occupy both half octahedral
sites and all tetrahedral sites.

e Assume Fe and Ni have
Verwey order.

H=-YJS,-S,-h-) S,

<i,j> /)

e S;Classical Heisenberg spins
of length 5/2 or 1.

e J,;exchange constants.

[Fe3+, S = 5/2
Or Niz*, S = 1
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Bulk material
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Surface disorder and anisotropy
of nanoparticles

e Surface disorder: [Kodama et. al. P. R. L. 77 394 (1996)]
— Caused by missing Oxygen bonds and pinned spins.
— Removing 15% surface spins randomly.

e Surface anisotropy:
— Strong uniaxial anisotropy:

— vector 11 is roughly normal to the surface.
U =—k, (Si .ni)ZSi—Z

n; x;Gi_rj)

e No quantitative theory is available.
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Joint density of states and free
energy (H32.3)

e Joint density of states:

gM,E)=[8(E-E®)BM -MS)[]ds, E>0: ignored

M»
S=1{5..5,} M(S):;’ZSZ., E(S)z%H(S) PM
e Free energy
F(h,T)=-TIn j g(M,E)e VEMIT gpday
e Bragg-Williams Free energy E
F(M,T)=-TIn j g(M,E)e ™' dE Ferrimagnetic :
dlng/oM =0
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Paramagnetic phase and the
ferrimagnetic crossover regime

Ferrimagnetic

- crossover
500

2504 .-

In g(M,E)

500
E/K -1000 ° 1 M

e A nanoparticle of 387 spins, 2.6nm in diameter

e Aflat(dIng/0M =0) area appears below a crossover energy.
e Indicating ferrimagnetic order and spontaneous magnetization.
e Crossover temperature ~ 650K < T, of bulk material.
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Ferrimagnetic phase

E/K 1300 -1

e k =500K, 387 spins, with surface =~ * Same nanoparticle, k, = 0
disorder.

e I8OK<T<250K

e Valleys along constant magnetization 30K <T <100K
appear, leading to meta-stable states
and coercivity.

 Rotational symmetry is intact.

* Flat density of states: superparamagnetism
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Translated into Free energy
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e Free energy barrier separates
spontaneous magnetization.

e Leading to magnetic hysteresis.

e No hysteresis, if either surface
disorder or anisotropy is absent.
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* Energy of ferrimagnetic configuration
as a function of rotation around
different axes.

 Amplitude is comparable with free
energy barrier.
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Conclusions

e Nanoparticles show a smooth crossover to
ferrimagnetic state.

e Reduced transition temperature and magentization.

e Strong surface anisotropy and disorder are
necessary to induce free energy barrier and
magnetic hysteresis.

e Otherwise, superparamagnetism is observed.

This research is sponsored by the Office of Basic Energy Science, U.S.
Department of Energy. The Oak Ridge National Laboratory is managed by UT-
Battelle, LLC under Contract No. De-AC05-000R22725.

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY UT-BATTHLLE

10



Nanoparticle in zero field
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