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Short range + long range interactions 
From multi-domain to single-domain objects (macro to nano)

Some effects of isolation

Long range interactions only
Ensemble of magnetic nanoparticles

Quantum spin reversal in the presence or the absence of a barrier

Near equilibrium and far from equilibrium

Magnetic dipolar interactions, isolated systems
and microcanonical ensemble



Main energy terms in magnetism

Exchange energy:          EH = JijSiSj ,                     

Magnetic order

Dipolar energy:               ED= m im j/rij
3   -3(m ir ij)(m jr ij)/rij

5

Domains of spins

Anisotropy energy:          EA= DSiz
2

Ising-like systems, domain walls

Hysteresis

ERKKY µ
2krij cos(2krij) – sin(2krij)

rij
4



Everywhere ! 

l << L/n  (SR interactions)
(microcanonical ~ canonical)

dE/dM = 0                        M=H/N                      
--------------------------------

++++++++++++++++++

M

H
1/N   (shape)0

Ms

T=Tc

l >> L/n (LR interactions)
M =H/N   Independent of T ( <Tc)

E/V = -H2/2N = Cte (due to entropy changes)
(Microcanonical ensemble)

+++++-------++++++-------+++++

--------+++++--------+++++------

Conventional ferromagnets: Bloch walls and Weiss domains
Long-range dipolar interactions 

T = 0

E= ED/n + gn

n=� (ED/g)

E/V = (1/2)NM2 - MH

ED = NMs
2/2



Macroscopic canonical order parameter
and microcanonical entropy

M1(T, D1)

(1) (2)

M2(T,D2)

S( l >> lc)  =    Entropy of domain walls configurations
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?

S(l<< l c) > 0
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SmCo3.5Cu1.5: Hard ferromagnet with chemical disorder
Domains walls come from nucleation (not from dipolar interactions)

%Co /Cu
kBT

kBT

R

E

EN= g2/MsH (D=2)

RN

T

H dM/dt = CV dT/dt – C(T-TB)/t

M 

M 

Avalanches

T Exp (-Barriers /kBT)

~ Isolated



Magnetization measurements: 
Staircase hysteresis loop of a single crystal of SmCu3.5Cu1.5

B. Barbara, M. Uehara, Physica, 86-88B, 1481-1482 (1977)
M. Uehara, B. Barbara, B. Dieny, P. Stamp, Phys. Lett, 114 A, 23 (1986).

B. Barbara et al, J. Appl. Phys. 73,  6703 (1993) (37th Annual MMM Conf.)



Reducing the coupling to the cryostat (bath):
Precursory avalanches of dM/dt and T

B. Barbara et al., Phys. Scr. (Sweden) T 49 (1993) 268 (1993)
M. Uehara, B. Barbara, B. Dieny, P. Stamp, Phys. Lett, 114 A, 23 (1986).

dM(r, t)/dt = Gt  exp [- D(r, t)[kT] 

dT(r, t)/dt = K(T(r, t))V2T(r, t) +[H/Cv,(T(r, t))] dM(r, t)/dt

H (kOe)



Initial flat distribution n(E) 

Powerlaw distribution 

Isolated system       Heating       Avalanches in  M(H)

Simulations of a RF Ising model wit energy transfer from 
reversed spins to their neighbourgs

N
(E

)

R. Ferre and B. Barbara, J. Magn. Magn. Mater. 140 -144 (1995) ICM-94

Avalanches

dM/dlnt



100 nm Co particle (electron beam lithography)
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- W. Wernsdorfer, D. Mailly, A. Benoit,  B. Barbara et al, JMMM, 145, 33 (1995).
- B. Barbara,  Solid State Sciences 7, 668–681 (2005)

(Special issue at the memory of E. Levy-Bertaut)

« Stretched » exponentialsDW nucleation

Reducing the size of the samples

Low T: b b b b < 1 
D. walls creep

High T: bbbb > 1
avalanches 0
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Large particles (100 nm)
Low T excess of switching field width: 

« topological » noise due to AF bonds (oxidation)
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Evidence of the 2-D Stoner-Wohlfarth astroid
of a single-domain particle
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W. Wernsforfer, E. Bonnet, B. Barbara,
N. Demoncy, H. Pascard, A. Loiseau, 

JAP, 81, 5543 (1997).
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activation thermique

Relaxation (waiting experiments )

1/t = 1/t 0 e-E0(1-H/H0)3/2/kT

M ~ (Min- Meq)e-t/t+ Meq

Sweeping field experiments

H ~ H0 [1 – (kT/E0)
2/3.(ln(s0 / t 0vH))2/3]

s ~ (2H0/3)(kT/E0)2/3.(ln(s0T/ vH))
-1/3

- J.Kurkijärvi, PRB 6,,832 (1972)
- L. Gunther and B. Barbara, PRB 49, 3926 (1994)
- B. Barbara Solid State Sciences 7, 668–681 (2005), 

(Special issue  at the memory of E. Levy-Bertaut).

H

M

Hsw

Néel-Brown relaxation of a single domain particle

- L. Néel, Ann. Geophys. 5, 99 (1949)  and
C. R. Acad. Sci., Paris 241,  533 (1955)   and
Cahiers de Phys. 25,  21(1944).

- W.F. Brown, Phys. Rev. 130 (1963) 1677.

Thermal activation

No nucleation no DW,  just uniform rotation

~  spinodal transition               



Evidence of the Néel-Brown model
20nm Co particle embeeded in Carbone

-W. Wernsdorfer, E. Bonet, K. Hasselbach, A. Benoit,  B. Barbara et al, PRL, 78, 1791 (1997).
-B. Barbara, Solid State Sciences 7, 668–681 (2005, Special issue at the memory of E. Levy-Bertaut).
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Non-exponential single particle
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Propagation (surface) 

High T: b > 1     Nucleation-coalescence



Temperature dependence of the switching field
distribution
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Telegraph noise: effect of a large transverse field
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NanoparticleCluster

20 nm3 nm1 nm 2 nm

Magnetic ProteinSingle Molecule

50S   =    10 103 106

Mesoscopic spins         From twenty to  a few nanometers

Quantization of collective spin
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Mn12   acetate (very schematic)Mn12   acetate (very schematic)

T. Lis, Acta. Cryst. 1980

DH = 108



Single molecule magnets
The molecules are regularly arranged in the crystal

Long range diploar interactions between molecule spins



Single molecule magnets of Mn 12-ac 
The molecules are regularly arranged in the crystalMacroscopic quantum magnet

1 mm From Kunio Awaga, Nagoya university



Resonant Tunneling  of  Magnetization (in Mn12-ac)
Coexistence of tunneling and hysteresis

-1

-0,5

0

0,5

1

-3 -2 -1 0 1 2 3

1.5K
1.6K

1.9K
2.4K

M
/M

S

B
L
 (T)

…. Slow quantum dynamics of  mesoscopic spins ….

Barbara et al, JMMM (1995), Thomas et al, Nature (1996); Friedman et al, PRL (1996).
NATO ASI  workshop QTM’94 Grenoble , « QTM »

(B. B.  L.Gunther, N.Garcia, and A.J. Leggett). 

Hn=  nD/gmB

Magnetic relaxation Hysteresis loop
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(Quantum avalanches, if the coupling with the cryostat  is not good enough)



H  = - DSz
2 - BSz

4 - gmBSzHz

spin down spin up
D

|S,S-2> |S,-S+2> 

Ground state tunneling
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Classical barrier and tunnelling of a collective spin (S=10)

H � 0

Levels crossings at gmmmmBHn =  nD

H = 0

Resonances « under the barrier »
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Low Temperature regime
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Classical barrier E(m) = - Dm2 E(q)  with q = cos-1(m/S)    ;             m = <Sz>                    

Local fields small shifts of spin levels

Inhomogeneous distribution of states

Effect of long-range dipolar interactions
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From a single spin to an ensemble of spins
Effects of the magnetic environment (spin-bath) 

Long range dipolar interactions at T=0 Kelvin
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Allows observation of mesoscopic tunnelling
Strong decoherence

Spin-bath (Prokofiev & Stamp, 2000):

PSB ~ (D2/w0)e
-� x� /x0

n(ED)  >> PLZ

x0  =  hyperfine tunnel window >>> D>>> D>>> D>>> D

T < Tc

Non-equilibrium hole



Resonance width, tunnel window and square root relaxation 
as a result of long range interactions (electronic and hyperfine)

Chiorescu et al, PRL, 83, 947 (1999)

Thomas et al PRL  (1999)

Wernsdorfer et al, PRL (1999)
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From of molecules to ions (rare-earths) 

Mesoscopic magnetism with paramagnets

R: LiYF 4 ,  R: CaWO4

Scheelite structure

Ho3+ J = L+S = 8

Er 3+ J = L+S = 15/2

Gd 3+ S = 7/2

···· Large  angular momentum 

(with or without L)  

···· With or without nuclear spin

···· Very easy to dilute

· Very  well known CF 

and HF parameters 



Mesoscopic tunnelling of  Ho 3+ ions 
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Hyperfine interactions 

Tunnelling of  S, in Mn12-ac  Molecules Tunnelling of  J+I, in Ho3+ ions

Single molecule magnet Single ion magnet



Single-ions magnets 0.2 % Ho:YLiF4                                     
Weak dipolar interactions, large hyperfine interactions
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H  =  HCF-Z +  A{JzIz + (J+ I- + J- I+ )/2}

Co-Tunneling of electronic and nuclear spins
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Varie avec 

Rabi oscillations on Er (0.001%):CaWO4, 
H=0.522 T //c, 0.15 mT //b, at 3.5 K

 W/2pW/2pW/2pW/2p~ ±±±±17 MHz                   
 (halfwidth ~2 MHz ~ pppp/tttt R)

The phase of the wave function                                  

is preserved at the  timescales of  ms

21 )()()( F+F=Y tbtat

½ f1 > =    a½-13/2> + d½ 11/2>  +  b½-5/2>  +  g½ 3/2>   

½ f2 > = - a½ 13/2>  - d½-11/2> - b½ 5/2>   - g½-3/2>

Bertaina et al., Nature nanotechnology, Jan. 2007

t R= 0.2 ms << t 2 ~ 7ms<Sz> = S0e
-t/t

R sin(Wt/2)                        



The damping rate scales with the Rabi frequency

1/t 2

1/t R = 1/t 2 g(WRt 2)

Decoherence in spin + electromagnetic baths

Stamp and Prokof’ev

Distribution of Rabi oscillations (weak CF disorder) + Dipolar interactions

Spin-bath

Stochastic noise,
interferences
Shakhmuratov et al, 
Phys. Rev. Lett. (1997)



Bertaina et al, Nature May 2008.   See also News & Views ( P. Stamp)

Doublets
Entanglement of 15 spins with photons

First Rabi Oscillations in a Molecular Magnet
V15
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V15 : a large molecule with collective spin ½
(DH=215)

Equilibrium : dM/dH > 0

Out of  equilibrium (weakly) : dM/dH ~ 0

0. 25

Müller et al,  Angew. Chem. Intl. Engl., (1988)                Chiorescu et al, PRL 84, 3454 (2000)

B(T)

Quantum dynamics without barrier
Single-molecule magnets with weak anisotropy

and LR dipolar interactions
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Strongly out of equilibrium: dM/dH >0
« Adiabatic » LZ transition, as if T = 0.

PRB (2003)

S, m S, -m

S, mS, -m

Equilibrium Equilibrium

Mequ = M0.tanh {(D2+H2)1/2/2kBT M(T=0) =M0= H/(D2 + H2)1/2DDDD
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Relaxation Experiments Outside and Within the Mixing Region
(~ 0.08 T)

0 2000 4000 6000 8000 10000
0,00

0,05

0,10

0,15

0,20

0,25

0,30

0 2000 4000 6000 8000 10000
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

M
/M

S

t (s)

B
0
=0.014 T

 0.15 K
 t

H
: fit=551s / th=1323s 

 0.05 K
 t

H
: fit=1507s / th=8716s

M
/M

S
t (s)

B
0
=0.07 T

 0.15 K
 t

H
: fit=970s / th=997s 

 0.05 K
 t

H
: fit=3883s / th=3675s

Barbara et al, Prog. Theo. Phys. Jpn, Supp. 145, 357 (2002).

Inside   DDDD :                                  Outside DDDD : 
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Spin-bath Phonon bath
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Cv < 0   ?



Conclusions

Conclusion

Magnetism offer a quasi-infinite variety of classical and quantum 
systems with short and long range dipolar interactions.

(Many of them being described from first principles).

The coupling with the thermostat can be modified 
and even cut off

(Suppression of exchange gas, insulating barriers, fast measurements, 
production of avalanches…).

Studies of  classical/quantum dipolar magnetic systems weakly coupled to the 
cryostat are possible

(experiments devoted to the possibility to observe Cv< 0  in a paramagnet,
dynamical quantum phase transition, decoherence….)
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