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[Los Alamos Science, number 26, 2000]

Comparison with experiments at room temperature.
Low melting points.

Dynamical instability of the bcc structure at 0 K.
Elastic constants of uranium at low T.

CDW in uranium

Thermal conductivity of nuclear fuels

Thermal dilation (uranium, plutonium)

Softening of the bulk modulus of Pu

Phase transitions (low symmetry vs high symmetry)
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C2A ATOMIC MOTIONS AND PHONON SPECTRA IN DET

Density functional perturbation theory (DFPT) T=0 K
Harmonic approximation : no thermal expansion, no phase transitions (melting)
Quasi harmonic approximation : phonon frequencies are volume dependent
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URANIUM : FAILURE OF THE QHA

The uranium metal shows a charge density wave at zero pressure, directly
relied upon the presence of a soft mode in the [100] direction. Thus, the
structure is twofold in this direction at very low temperature.
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Uranium -Phonon spectrum with DFPT
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URANIUM : FAILURE OF THE QHA

This mode increases experimentally with

T e 77 temperature whereas with the QHA it
L o | .
o e This work, DFT 1 decreases when the volume increases.
feeea, & Soderdind, 1998, DFT .
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‘ The phonon spectrum has to depend explicitly
on the temperature.

A. Dewaele, J. Bouchet, F. Occelli, M. Hanfland, and G. Garbarino, Phys. Rev. B 88, 134202 (2013)
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Cea THE INTERATOMIC FORCES CONSTANTS

‘Series expansion of the total energy wrt the atomic displacements:

H:UGJFZ (

1.0

if.af3

Around equilibrium: (F2), = — (%)0 — 0

B
dugu;

At the second order, the relation between a _ Z
total forces and atomic displacements becomes: ~ ¢

2
The second order IFCs are defined by: <I>§*j’3 = ( i )
0

B, B
(I)?j u

7.5

Then, we can compute the dynamical matrix : > D¢ (q) X/ (q) = Mw

J
B.J
And also the vDOS and Free Energy:

FWV.T) = Uy(Vo)+ Foin(V,T) avec

hw

Foa(V,T) = L/T gﬁp){kg]ﬂh1<l——exp_F§T) +—§§{‘dw
0

O. Hellman et al., PRB 84, 180301(R) (2011), O. Hellman et al., PRB 87, 104111 (2013).
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QHA AND TDEP APPROXIMATIONS

The QHA gives good results except when the phonon
spectrum depends EXPLICITLY on the temperature.
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are only taken into into account IMPLICITLY phonon spectrum.
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Bose-Einstein statistic. expansion. The phonon
The phonon spectrum spectrum is function of AIMD simulations
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Static ab initio calculations
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C2A  THE 2NP AND 3RP ORDER IFCS MATRICES

The number of coefficients in the 2" and 3" order IFCs matrices could be very
huge. For 100 atoms, (3*100)2 at the 2"d order and (3*100)2 at the 39 order.

These number could be strongly reduced using symmetries; up to 10-20 at the 2nd
order and around 100 at the 3 order.

1. The IFCs are symmetric: <I) af _ (I)Ba

l j& jki ki) ikj jek kji
2. The acoustic sum rule :
a3 o d g BY _ ( e 2 A
Z ¢, =0 Vi&(a,jb) | Z qu.& =0 Vi.7j& (o, B,%)
3
3. The symmetries of the crystal (I) : from ef(g) — to ij(k)
oY ']‘ YCYfL BV w afy __ Y CufL Bv ~vy€ €
Z SE}L—i-EJSPf—i'U if | qij”’t‘ o Z ‘Sfffgﬁ'f.iﬁ*Se.fgﬁ'i.ﬁ-‘bt’-.fg—%fjﬁ Dﬁ“ftj
My j.HJ{;'

4. The symmetries of the crystal (ll) : if the interaction is kept invariant or reversed
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C2A PROCEDURE

Forces and displacements (MD, MC...)

Define structure : Compare average positions and ideal ones

Define the bonds and the shells of NN (Rcut)

Find the symmetries which keep invariant or

reversed the bonds : number of coefficients

Build the matrix relating forces and coefficients

Moore Penrose Inverse

Build the IFC matrix with a reference bond and the symmetries

Dynamical matrix, DOS...

11




DE LA RECHERCHE A L'INDUSTRIE

Cea

Analysis of intaratomic force constants

colum 1 is related bo tha displacemant
of tha ganeric atom along X,

colum 2 is related bo tha displacemant
of tha ganeric atom along y,

colum 3 is related bo tha displacemant
of tha ganeric atom along =,

HOTE: Opan flla lfcinfo.ocukbt, for tha ocutput of imtaratom

force conatants. This 1g bacauwsa pri_ifce==1.

generic atom oumber 1
with cartasian coordinatos
0. 00000000E+00

Third atom dafining local coordinates
ib = 1 irpt = 54

1 intarsctiom with atom
with coordinatasn 0.000000ELDD
0. 000000E+00
and distanca

1 call 105
0. 000000E+ 00

0. 000 00DE+ DD

d.08028 0.00000 O.00000

Q0.00000 O.0BO0ZE 0.00000

0.00000 O0.00000 O.10Z484
Traca O.ZE300

Transfomation to local coordinatas

First local wactor - 0.o0o0on 0., 0aopan
1.a000an
Sacond local wactor - -0.TOTLOT -0, 707107
L Lo T [ i)
Third local wactor - -0.TOTLOT 0.70T71QT
L Lo T [ i)

0.10Z44 0.00000 O. 00000

Q.00000 O0.0BODZE O.00000

o.00000 0.00000 O.0S02E

2 iotarsctiom with atom 1 call =2

with coordinatas -2.EET435E+00
2. EETAZEESDD
and distanca 4.820116E+00

-0.0075€ -0.013Z0 0.01Z4&

-2 . EET4IEELDD

-0.01320 -0.00756 O.01Z4E
a.01348& O0.01246 -0.0011Z
Traca -0 01625

Transfomation to local coordinatas

First local wactor - -0.577350 -0, 577350
D.STTISD
Sacond local wactor - D.402Z48 0. R0EI4E
0. 816497
Third local wactor : -0.TOTLOT 0.70T71aT
L Lo T [ i)

-0.03083 0.0033% 0O.00000
Q0.00339 O0.00B9E 0.00000
Q.00000 0.00000 O.005E4
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0.00000000E+00  O.00000000ESD

IN THE ABINIT PACKAGE

3 intaraction with atom 1 call 10w
with coordinatas 2. EET425E+0D 2.6ET4ISE+DD -
2. EET4ZEE4DD
and distanca 4. EI0116E-DD
-0.007TE& -0.013Z0 ©O.01Z4&

-0.013320 -0.00756 O.01Z4&

0.01Z4& O0.01246 -0.0011Z2

Traca -0.01&6325
Tranoformation to local cocordinatas
First 1local wactor - 0.577350 0. 577350
0.57T350
Sacond local wactor - -0.4028248 -0 J0E24E
0.S16497
Third local wactor - -0.TOTLO? 0. 727107
0. 000000

-0.02082 0.0032% O.00000

0.0033% O0.0089E ©.00000

0.00000 O.00000 O.D0SE4

4 intaractiom with atom 1 call

L

with coocrdinatas -2 . 6ET425E+00 -
3.8536TOE+DD

and distanca E.ID2ESEE+DD

-0.0075& -0.013Z0 -0, 0124&

-0.013320 -0.00756 -0.01Z4&

-0.0124& -0.01346 -0.00112

Traca -0.01&6325

Tranosformation to local cocordinatas

-2 . EET4ZEE+DD

First 1local wactor : -0.494637 -0, 493637
0. 714610
Sacond local wactor - 0.505306 0. 505306
0.E95523
Third local wactor - O.7TOTLO? -0, 7aT7107
0. 000000

-0.02E35 0.010Z20 O.00000

0.01033d O0.00647 O.04000

0.00000 O.00000 O.D0SE4

5 intaractiom with atom 1 call 10E

with coordinatas 2 EET4ZEE4DD 2. EET425E+00
31.853E£TOE+D0D
and distanca E.3G2EREELDD
-0.0075& -0.01320 -0.01Z4E
-0.01320 -0.00756 -0.012Z4&
-0.01Z24& -0.01246 -0.00L1Z
Traca -0.01&635
Tranosformation to local cocordinatas

First local wactor - O.494637 0. A4E2T
0.7T14610
Eacond local wactor : -0.5053 06 -0, 505306
0.69%523
Tnird local wactor - O.7TOTLO? -0 707107
0. 000000

-0.0ZE3S5 0.010Z0 O.00000
0.01030 O0O.00DE4T O.00000
0.00000 O.00000 O.D0SE4
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& intaractiom with atom 1 call 63
with coordinatas -3 . 26054 EE+ D0 3 . 2E0S4EE400 -
3. 2E054EE+DD

and distanca E.EAT4AZ4E+DD

-0.0075& D.013Z20 -0.01Z4&

0.01330 -0.00756 O.01Z4€

-0 01Z4& O.01246 -0.0011Z

Traca -0.01625
Transformation to local cocordinatas
First 1local wactor - -0.577350 0. 5TTIS0
0.5T7TT3I50
Sacond locial wactor - 0.408248 -0 Q0BE24E
D B1649T
Third local vactor : -0.707107 -0. 707107
0. 000000

-0.0208% 0.0033% ©.00000

0.00339 0.00E95 O.00000

Q.00000  0.00000 O.00SE4

T intaractiomn with atom 1 call &5

with coordinatasn
31.Z2E054EE+00
and distanca E.E4T434EsDD
-0.007T5& D.013Z20 O.01Z4&
0.01330 -0.00756 -0.01Z4E
0. 0134& -0.01246 -0.0011Z
Traca -0.016325
Transformation to local cocordinatas

-3 . 26054 EE+ DD 3. 26054 3E+00

First local wactor - -0.5773E0 0, 57TT350
0.5T7TT3I50
Sacond local vactor - 0.408248 -0, 40BE24E
D B1649T
Third 1local wactor - 0.T07L07? 0. TaT10T
0. 000000

-0.0Z08 O0.003Z% O.00000

0.00339 0.00E95 O.00000

a.0000d 0.00000 O.005E4

@ ilotaractiom with atom 1 camll 35

with coordinatasn
1. ZE054EESDD
and distanca E.E4T434EsDD
-0_00T7T5& O.013Z20 O.01Z4&
0.01330 -0.00756 -0.01Z4E
0.01Z46 -0.01246 -0.0011Z
Traca -0.016325
Transformation to local coordinatas

3.26054EE=+00 -3.2E0C48E+00 -

First local wactor 0.E772E0 -0, 5TTIE0
0.5TTIS0
Sacond local vactor - -0.405248 0. A0E24E
0.21649T
Third local wvactor 0.7O0TLOY 0.707107
0. 000000

-0.0308% O0.0033% O.00000
09.00339 0.00825 O.00000
Q.00000 0.00000 O.0D0SE4
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C2A  TEST CASE: Al
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C2A  URANIUM : AVERAGE POSITIONS AT 300 AND 50 K
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No change in the [011] plane, the

atoms stay in the ideal positions At 50 K, the atoms adopt new equilibrium positions

with a small displacement in the x direction



URANIUM : FAILURE OF THE QHA
Comparison AIMD-Exp at 300 K Comparison AIMD-DFPT
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URANIUM : PHASE DIAGRAM

« alpha » phase « gamma » phase
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URANIUM : PHASE DIAGRAM

« alpha » phase « gamma » phase
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PLUTONIUM: & & € PHASES STABILIZATION

« delta » phase « epsilon » phase
14 | 0 [111] [100] [011]
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121 400 K N i -
i 650 K : 3L |
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Calculated transition temperature = 1000K (exp=750K)

B. Dorado, J. Bouchet & F. Bottin., Phys. Rev. B 95, 104303 (2017)
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IRON : ELASTIC CTS & SOUND VELOCITIES

Phonon Density of Sates

100

Energy (me'V)

FIG. 3. (Color online) Room temperature phonon density of
states of hep Fe at different pressures. Straight lines : our
work at 51 (black), 87 (red), 158 (blue), 245 (green) and 323
(orange) GPa. Open circles : NRIXS measurements®** at
51 (black), 85 (red) and 151 (blue) GPa.

Very good agreement between simulations and experiments.

Entropy and Specific Heat
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— 5_ =
E
=
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density ( gﬁ:m}}

FIG. 5. (Color online) Vibrational entropy (squares) and vi-
brational heat capacity (circles) as a function of density for
hep Fe on isotherms T'=300 K (filled symbols) and 1000 K
LIXS measurements of
1 green, red and blue.

The temperature effects are very well reproduced.

J. Bouchet & F. Bottin., in preparation
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C2A BEYOND THE 2\° ORDER

Beyond the 2"d order (in progress) :

Fi(t) = — Z ‘I’%B'f-"»-?(ﬂ o Z 11’327 -g(f)u.Z(f) + 0(u?)
7,13 ;Am
‘Transport the ionic thermal conductivity

- hj"" i 2
RKaa = I"r E Cqs u (_}_-quﬂ:{[S f [3 5 \p ?? :,], qq.rqu X
5 s’
1 T [(??.-qrsr + Tigr gt + 1)5{';4..'.515 — Wygrs? — l'..u'q-'.rsr.r;]
S — <
qu 4 +‘2{n-q-'5-’ — qufrsﬂ JE";"{L"-‘II:;S — "-’-"q"s’ — ':"'-'Iq'”s” :I] qud(I”

Equations of states : the Grlneisen parameters
V Owge 1 € G385

T g OV 62, I_j;ﬁh /T !

.‘I‘u ‘:I"} zq r;

Workshop CECAM : « Anharmonicity and thermal properties of materials »
with O. Hellmann (CalTech) and M. Verstraete (Univ. Liege), January 2018
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