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OUTLINE

1. Structure of very small defects
2. Defects in Fe; defects in other bcc metals
3. Dynamics of small defects

• Iron
• Non-magnetic bcc metals

4. Larger defects: 
• Magnetic potentials
• Magnetism in alloys
• Phase stability at high temperature

5. The structure of large defects
• Isotropic vs anisotropic elasticity effects
• Implications for the structure of defects

6. Dynamics of large defects
• Problem of long timescales
• Interaction between defects
• Realistic simulations not involving kMC

References to original publications are given in individual slides.
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Elementary classification of self-interstitial defect sites
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Distance between atoms in 
the (110) direction is greater 
than in the (100) and 
especially the (111) directions.

Naturally one assumes that a 
self-interstitial atom 
embedded in a bcc lattice 
would produce a locally 
distorted configuration with the 
compression axis along a 
<110> direction.

This assumption agrees with 
results of early atomistic 
simulations performed using 
semi-empirical interatomic 
potentials. Surprisingly, it does 
not agree with ab initio results.  
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110 110 dumbbell 111 111 crowdion 100 100 crowdion

octahedraltetrahedral

The structure of a defect is 
closely related to its 
thermally activated 

mobility.

Possible configurations of self-interstitial radiation defects
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molybdenum
S. Han et al., Phys. Rev. 66 (2002) 220101
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V: T<6K

Nb: T<6K

Ta: T<6K

The structure of radiation defects from DFT

D. Nguyen-Manh et al., Phys. Rev. B73 (2006) 220101

T of recovery stage I: 
onset of mobility for 
self-interstitials
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V: T<6K

Nb: T<6K

Ta: T<6K

Cr: T=40K

Mo: T=35K

W: T=27K

The structure of radiation defects from DFT
T of recovery stage I: 
onset of mobility for 
self-interstitials

D. Nguyen-Manh et al., Phys. Rev. B73 (2006) 220101
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V: T<6K

Nb: T<6K

Ta: T<6K

Cr: T=40K

Mo: T=35K

W: T=27K

Fe: T=120K

T of recovery stage I: 
onset of mobility for 
self-interstitials

Magnetic effect

The structure of radiation defects from DFT

D. Nguyen-Manh et al., Phys. Rev. B73 (2006) 220101
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2.64 eV + 0.91 eV =3.55 eV. Experiment: 3.51±0.13 eV

The structure of radiation defects from DFT

110 111

magnetic effect

DFT modelling involves finding the electron charge density distribution corresponding to 
the minimum of the total energy for a given set of positions for atomic nuclei.

P.M. Derlet et al., Phys. Rev. 76 (2007) 054107
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There is direct evidence for that strong deformations in the core of a defect 
affect its local electronic structure. This effect is non-linear, and cannot be 
described in the linear elasticity approximation. “Interatomic potentials”.

P.M. Derlet et al., Phys. Rev. 76 (2007) 054107

The structure of radiation defects from DFT
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Thermally activated migration of defects

Examples illustrating the mode of migration of linear (crowdion) defects in a bcc 
metal. There examples show migration of a defect in tungsten. These examples 
show how difficult it is to observe the motion of an individual defect in a crystal.



F4E-IAEA meeting, October 5th-9th, 2009, Barcelona

Radiation defects in α-iron: structure and dynamics

Dudarev, Gilbert, Fitzgerald, Lavrentiev, Nguyen-Manh, Yao, Jenkins, Arakawa, Mori

Thermally activated migration of defects

Migration of a crowdion defect in bcc lattice. Left: migration of a crowdion defect 
at a very low temperature (100K). The visibly discrete character of motion is due 
to the “Peierls potential” associated with the discreteness of the crystal lattice. 
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The Frenkel-Kontorova model for a crowdion defect

For the case of a linear defect, it is possible to rationalize the structure of a defect and 
explain features characterising its thermally activated mobility, using an exactly solvable 
non-linear model for a defect. This model, similar to the model proposed by Frenkel and 
Kontorova in the 1920s, but parameterized using ab initio calculations, was investigated 
by Fitzgerald and Nguyen-Manh in 2008.

S.P. Fitzgerald and D. Nguyen-Manh, Phys. Rev. Lett. 

101 (2008) 115504
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The Frenkel-Kontorova model for a crowdion defect

.sin
2

)(
22

2

2

22

02

1

2

∑∑∑
∞

−∞=

∞

−∞=
+

∞

−∞=








−−−−=
n

n

n

nn

n

n

a

zam
azz

zm
L

π
π

ωα&

nn uanz +=

















+−

−
= )(

)/1(
exparctan

2
),( 02/122

0 Vtzz
cVc

a
tzu

ω
π

Assuming that un is a slowly varying function of n, it can be taken as a function of zn, 
and then found in an explicit form using a set of non-linear equations of motion derived 
from the above classical Lagrangian. A soliton gliding through the lattice with velocity V: 

Here c is the speed of sound that is equal to                   . The Frenkel-Kontorova
model can be solved exactly for an arbitrary periodic potential describing the 
interaction between a string of atoms and the surrounding (rigid) lattice. 

ma /2α

S.L. Dudarev, Phil. Mag. 83 (2003) 3577
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The part played by the core energy of the defect

S.L. Dudarev, Philos. Mag. 83 (2003) 3577; P.M. Derlet et al., Phys. Rev. 76 (2007) 054107

Initially the Princeton group (S. Han et al., Phys. Rev. 66 (2002) 220101) attempted to 
explain the trends exhibited by the energies of defects using the elastic self-energy 
argument. This did not work: it appears that the strong (~20% strain) deformation in the 
core of a defect gives a large contribution to its formation energy.
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Other examples of the Frenkel-Kontorova solutions

S.L. Dudarev, Phil. Mag. 83 (2003) 3577

A triple crowdion An edge dislocationA single crowdion
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If we now ask whether the energy associated with this solution is really independent of 
z0, we find that in fact there is a small term that varies periodically with period a. 

This term shows that in fact u(z,t) does not vary smoothly as a function of z. There is a 
(small) component of the solution, not shown above, that has the same period as the 
potential of the surrounding lattice. This effect is known as the “Peierls potential”. 
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S.L. Dudarev, Phys. Rev. B65 (2002) 224105

The Peierls potential for a crowdion defect

The Peierls potential results from the fact that the discrete FK model is non-integrable. 
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The Peierls potential for a crowdion defect

Peierls potential is responsible for why 
crowdion defects in chromium, 
molybdenum and tungsten do not 
migrate at very low temperatures. 
In V, Nb and Ta the Peierls potential is 
very small, and thermally activated 
migration of defects occurs at ~0K.

S.P. Fitzgerald and D. Nguyen-Manh, Phys. Rev. Lett. 101 

(2008) 115504
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Thermally activated migration of defects

In iron the structure of self-interstitial defects is different, and the mode of 
migration is different from that of a crowdion.  The movies show the dynamics of 
a single self-interstitial defect in iron at 250K (left) and at 400K (right). 
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Thermally activated migration of defects

In the case of iron the mode of migration is effectively three-dimensional and the 
defect explores every site in the crystal lattice. The example shown in the movie 
illustrates how a defect migrates at T=800K.
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The two principal notions required for rationalizing the structure 
of large defects in iron:

•Magnetism (including thermal magnetic excitations)
•Strong elastic anisotropy (on the scale of individual crystal 
grains)

The structure of large defects
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A “common sense” perspective:

Magnetism: “Magnetic forces are quite weak, why do 
they have anything to do with the structure of defects, 
and mechanical properties in general?”

Elastic anisotropy: “Theory of elasticity is centuries 
old, and the isotropic elasticity formulae involving the 
Young modulus and the Poisson ratio were 
successfully applied to the treatment of dislocations, 
why bother looking for anything else?”
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A “common sense” perspective:

Magnetism: “Magnetic forces are quite weak, why do 
they have anything to do with the structure of defects, 
and mechanical properties in general?”

Elastic anisotropy: “Theory of elasticity is centuries 
old, and the isotropic elasticity formulae involving the 
Young modulus and the Poisson ratio were 
successfully applied to the treatment of dislocations, 
why bother looking for anything else?”

Effects or irradiation and temperature occur on the  
microscale. The above “common sense” objections 
are macroscopic. Conventional wisdom fails.
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The lowest energy: 
ferromagnetic

body-centred cubic

G.Y. Guo and H.H. Wang, Chinese Journ. Phys. 38, 949 (2000);

H.C. Herper, E. Hoffmann, P. Entel, Phys. Rev. B60, 3839 (1999)

~10 mRy =1579K

~10 mRy =1579K

BCC α-iron transforms 
into the FCC γ-phase at 
1185K=912°C

ab-initio data

ab-initio data
Fcc, hcp

Fcc, hcp

I. The role of magnetism:
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I. The role of magnetism:

The quantum-mechanical solutions describing chemical bonding in a magnetic alloy are 
fundamentally different from those of a non-magnetic metal. 

P. Olsson et al., Phys. Rev. B73 (2006) 104416

The Stoner term

D. Nguyen-Manh et al., Phys. Rev. B80 (2009) 104440
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Discrete configurational (transposition of atoms) and continuous magnetic 
(direction and magnitude) moment  variables. Excitations: phonons, plus 
transverse and longitudinal magnons. 
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Parameters of this Magnetic Cluster Expansion (MCE) model are fitted to ab 

initio energies for various magnetic configurations realized on bcc and fcc 
lattices for pure iron and Fe-Cr alloys.

I. The role of magnetism:

M.Y. Lavrentiev et al. (2009) submitted for publication
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Magnetic fluctuations + phonons are responsible for the α-γ phase transition, which in pure iron 
occurs at T=1185K. Detailed analysis makes it possible to model the full γ-loop for Fe-Cr alloys.
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I. The role of magnetism:

Curie temperature

Spin correlations

Specific heat

0.00 0.02 0.04 0.06 0.08 0.10
-2

-1

0

1

2

3

4

5

6

7

0.00 0.02 0.04 0.06 0.08 0.10
1200

1400

1600

1800

2000

αααα

γγγγ

T
 (
K
)

X
Cr

∆
F

 (
m

e
V

/a
to

m
)

X
Cr

 T=1400 K
 T=1600 K
 T=1800 K
 T=2000 K

0 300 600 900 1200 1500 1800
-40

-20

0

20

40

60

80

100

120

∆
E

 (
m

eV
/a

to
m

)

T (K)

 ∆E
mag

 -T∆S
mag

 ∆F
mag

 ∆F
vibr

 ∆F
tot

M.Y. Lavrentiev et al.,  J. Nucl. Mater. 386-388 (2009) 22

M.Y. Lavrentiev et al. (2009) submitted for publication
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Magnetism can now be modelled at the level of semi-empirical 
interatomic potentials, which in turn can be used for simulating
collision cascades generated by fission/fusion neutrons.

Magnetic moments: 
ab initio

Magnetic moments: 
empirical potentials

S.L. Dudarev and P.M. Derlet, J. Phys. Cond. Matt. 17, 7097 (2005); 

P.M. Derlet and S.L. Dudarev, Prog. Mater. Sci. 52, 299 (2007)

I. The role of magnetism:

P.W. Ma et al., J. Appl. Phys. 

101 (2007) 073908
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Observed variation of c’ as a function 
of temperature below the α-γ transition

Anisotropic elastic constants of iron, iron-
based alloys, and steels vary gradually as 
a function of temperature and composition. 
The variation of elastic constant c’ is fully 

consistent with the phase diagram.

Fe-Cr phase diagram

Fe

T

I. The role of magnetism:

D.J. Dever, J. Appl. Phys. 43, 3293 (1972)

Volume-conserving bcc-fcc α-γ
transformation described by the 
stiffness constant c’ corresponds to 
changing the c/a ratio from 1 to √2.

bcc

fcc

bcc
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II. Anisotropic elasticity:

According to the theory of elasticity the stress tensor         is 
proportional to the strain tensor 
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In a cubic crystal there are three independent elastic constants 
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R.F. Greene, Phys. Rev. 111, 1505 (1958)
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II. Anisotropic elasticity:

In a conventional, isotropic, treatment of elasticity, instead of 
three independent parameters c11, c12, and c44, only two 
parameters are used: the Young modulus E and the Poisson 
ratio σ. In this approximation there is no α-γ transition.

In other words, isotropic elasticity never predicts a sound 
wave with near zero velocity.
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No zero-frequency 
mode is found.

S.L. Dudarev et al. J. Nucl. Mater. 

386-388, 45 (2009); S.P. Fitzgerald et 

al. J. Nucl. Mater. 386-388, 67 (2009)
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II. Anisotropic elasticity:

In a full anisotropic elasticity treatment involving three 
independent elastic constants c11,c12, and c44, the dispersion 
relations for the sound waves are very different:

Frequencies of 
sound waves in iron, 
25°C

Frequencies of 
sound waves in iron, 
900°C

S.P. Fitzgerald et al. J. Nucl. Mater. 386-388, 67 (2009)

ω(k)→0, precursor 
for the α-γ phase 
transition
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II. Anisotropic elasticity:

In anisotropic elasticity, and in particular in iron at high temperature  
•elastic interactions between defects and dislocations are very 
different from those predictited by isotropic elasticity 
•elastic self-energies of defects and dislocations are different from 
predictions based on isotropic elasticity

)111(
2

a
=b

)001(a=b
22 a=b

4

3 2
2 a

=b
½(111) loops are observed at low 
temperature, and (001) loops are 
observed at high temperature. But 
the (isotropic) self-energy for the 
½(111) loops is always 25% lower! B.C. Masters, Nature 200, 254 (1963)
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The ratio of free energies per unit length for the edge 001 and 111 dislocations 
as the dislocation lines rotate around their Burgers vectors. 
<001> dislocations become free-energetically favourable at high temperature.

Calculations use the 
experimental, T-dependent, 
values for c11,c12 and c44.

Iron at high 
temperatures: 
the ratio is <1.

Tungsten is 
elastically 
isotropic: the ratio 
is 4/3=1.3333...= 

II. Anisotropic elasticity:

S.L. Dudarev et al., J. Nucl. Mater. 386-388, 45 (2009)

2

111

2

001 /bb=
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The pre-logarithmic free-energy factors for the (001) and ½(111) pure 
edge dislocations shown as a function of temperature. The free energy 
of the <100>{001} edge dislocations is zero for c’=1/2(c11-c12)=0.
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This analytical solution 
matches exactly the 
numerical curve for the 
001[100] case shown 
in the figure.

II. Anisotropic elasticity:
S.L. Dudarev, R. Bullough, P.M. Derlet, 

Phys. Rev. Lett. 100, 135503 (2008)
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Simulations predict that the <100> loops adopt an unusual 
square shape with their sides parallel to the 001 directions

II. Anisotropic elasticity:

M.L. Jenkins, Z. Yao, M. Hernandes-Mayoral, M.A. Kirk, J. Nucl. Mater. 389, 197 (2009)

microstructure formed 
at 300°C is dominated 
by the 1/2<111> loops

microstructure formed 
in pure Fe at 500°C
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II. Anisotropic elasticity:

The loop shape problem can be formulated as a problem of  
constrained free energy minimization for curved dislocations:

∫∫ −−+= φ
λ

φλ dyxxydyxFFtot )(
2

)()( 22
&&&&t

The first term is the line energy of a curve, where t is the 
tangential unit vector. The second is the total area enclosed by a 
curve, and λ is a free parameter. By minimizing the functional for 
a given λ and then choosing the value of λ to match the total area 
enclosed by the curve, we find the shape of a dislocation loop.

S.P. Fitzgerald and Z.Yao, Philos. Mag. 

Letters 89 (2009) 581

<001> loop
<111> loop
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This is not an anisotropic elasticity effect.
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Summary: structure of dislocation loops in Fe.

•Magnetism (including thermal magnetic excitations). 
Magnetism is responsible for the α-γ phase transition in iron 
and iron-based alloys, and for the strong variation of 
anisotropic elastic constans as  functions of temperature 

•Strong elastic anisotropy (on the scale of individual grains).   
It is essential to use full anisotropic elasticity approximation to 
describe interactions between dislocations in iron at elevated 
temperatures. The isotropic elasticity formulation does not 
describe any of the anomalies in mechanical properties that 
are associated with the α-γ phase transition.
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The problem of long timescales and interactions.

In-situ electron microscope observation of dislocation loops migrating in 
high purity iron at 675K (K. Arakawa, Osaka University, Japan).
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•Nine orders of magnitude mismatch between in-situ

observations (~10 seconds) and molecular dynamics 
simulations (~10 nanoseconds).

•The visible significance of interaction between 
defects. The “standard” algorithm for treating long 
time scales, kinetic Monte Carlo, encounters 
difficulties if applied to the treatment of interacting 
particles. 

•Ion irradiation as a substitute for neutron irradiation: 
higher dose rates imply higher density of defects →
interaction between defects is significant in the first 
case and is not so significant in the second.

The problem of long timescales and interactions.
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Kinetic Monte Carlo for interacting particles.

T.S. Hudson et al., Proceedings of the Royal 

Society of London  A460 (2004) 2457;

T.S. Hudson et al., Philos. Mag. 85 (2005) 661

There are very few exact solutions 
describing diffusion of interacting 
particles. One of them is a case 
where interaction depends only on 
the distance between particles.
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Langevin dynamics of interacting particles.

The diffusion equation for an ensemble of particles diffusing in
external field: 
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f(t) is random force.   Langevin equations simulate trajectories.

S.L. Dudarev, Compres Rendus Physique 9 (2008) 409
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Brownian motion of interacting defects.

A striking feature characterising trajectories of migrating defects is the 
lack of characteristic timescale. One of the trajectories here was 
simulated using molecular dynamics, and the other using the Langevin 
dynamics. It is difficult to tell them apart.
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Brownian motion of interacting defects.

The Langevin trajectory is on the left, the molecular dynamics trajectory 
is on the right. The timescales are different by 4 orders of magnitude. 
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Brownian motion of interacting defects.

M.L. Jenkins et al., see e.g. Philos. Mag. 88 (2008) 2851

Top: a simulated trajectory 
of thermally activated 
migration of a dislocation 
loop in ion-irradiated iron.
Right: representative 
examples of trajectories 
observed experimentally.
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Brownian motion of interacting defects.

An example showing a real-time simulation of thermally activated migration 
of interacting loops in pure iron. Left: experiment, right: a matching real-time 
simulation. Loop sizes match those observed experimentally. 
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Summary: 

Clarity of concepts and the accuracy/reliability of numerical 
algorithms for simulating radiation defects have improved 
significantly, and entirely new knowledge has been acquired.

Interpreting microstructures formed by ion irradiation requires 
solving the problem of Brownian dynamics of interacting 
defects.This appears possible.

Advances in modelling and simulation promise to make a 
genuine, and necessary, contribution to the development of 
fusion/fission materials. 


