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Motivaciones y objetivos

Motivaciones
Satisfacer intereses comunes con otros grupos MALTA

Cumplir con los objetivos marcados en el proyecto

Obijetivos
Proporcionar EOS de iones en cristales

Determinar pardmetros estructurales (radios idnicos)
utilizando criterios no ambiguos

Interpretacién resultados experimentales (perovkitas
UCAN) y apoyo a modelos de ecuaciones de estado
(spinodal UCM)
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Metodologia y Detalles Computacionales
_

o Estructura cristalina
Grupo espacial: Pm-3m
K*=1(1/2,1/2,1/2)
M2* (Mg, Mn, Fe, Co, Ni, Zn) = (0, 0, 0)
F-=(1/2,0,0)
Inidices de coordinacion:

MF,

KF,,

- Ferro/antiferro /no magnético

Antiferromagnético Ferromagnético No magnético
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Metodologia y Detalles Computacionales

CRYSTALOS

Estructura electréonica de sistemas periddicos: HF, DFT
Funciones de Bloch: combinacion lineal de orbitales atémicos
Cdlculos all-electron o valence only + pseudopotenciales

Gibbs: EOS (M.A. Blanco et al. Computer Physics Communications 158 (2004) 57)

Ecuaciones de estado analiticas (Vinet, Birch-Murnaghan, spinodal) y
numéricas se obtienen a partir de una coleccién de puntos (E-V)

Diversas propiedades termodindmicas se evalian haciendo uso de la
aproximacién quasi-harmoénica de Debye... and beyond

Critic (A. Otero de la Roza et al. Computer Physics Communications 180 (2009) 157)

Analiza la topologia de la densidad electrénica de sistemas cristalinos
dentro del marco de la Teoria de Atomos en Moléculas

Necesita las funciones de onda all electron del cristal

Localiza puntos criticos de la densidad electrénica, determina cuencas
atémicas e integra propiedades atémicas (V;, q,)
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Resultados: E-V

Bases

AOs 13

-2278.50
227860 +
-2278.70 et

-2278.80 -

E(hartree)
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V(bohr®)
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La polarizacion de spin parece tener un

importante efecto sobre el comportamiento

bajo presién del cristal:

aumento de volumen hasta 14%
B, decrece hasta un 20%

27

* La fase NM es notablemente superior en energia
* La fase AFM es siempre menor en energia que la FM

¢ AE crece con el tamano del ion

KMgF,
KMnF,
KFeF,

KCoF,
KNiF,
KZnF,

Antiferromagnético No magnético

V (bohr®) B, (GPa) | V (bohr®) B, (GPa)
437.03 75.57

524.56 67.25 450.95 81.38
500.01 76.92 451.24 76.81
479.34 79.08 445.71 82.24
461.67 80.47 438.40 90.34
467.56 76.87
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Resultados: EOS

V (bohr®) B, (GPa) B,’ 1.00 ¢ " KCoF, AFM
KMgF,  437.03 75.57 472 IR
433.84¢ 71.24° 0.95 KMnF3 AFM
77.01¢
0.90 “ ]
KMnFy  524.56 67.25 4.57 = TN
> I
496.41° 65b 0.85 - IR 1
KFeF;  500.01 76.92 3.86 080 |
471.94¢
0_75 1 I 1 I 1
0 5 10 15 20 25 30
KCoF,  479.34 79.08 413 P (GPa)
453.84P * razonable buen acuerdo con los datos experimentales
* B, aumenta con el nimero atémico para los metales
KNiF, 461.67 80.47 4.38 d .
e capa abierta
435.35 85k

[a] G. Vaitheeswaran, et al. Phys. Rev. B 76 (2008) 014107
[blinPovesi gpplsbaradayAdigpss, 106 §16§57) 173
[c] . Aguqd04g'r]fﬂ.6(l;llgh Pregﬂfécce Research@B (2008) 539
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Resultados: Contribuciones atdmicas

AlM: division del cristal en N dtomos con V.

V — Ei V
Compresibilidades locales
1 dV; oy
K, = _EE B; = Hd%

Compresibilidad total

Vi
K = Zvﬁi ZB

Suma ponderadd de las con’rrlbuaones atémicas

Factor de ponderacion es la ocupacion fraccional y su
primera derivada
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Resultados: Contribuciones atdmicas
I

1.00 - T T T T Emﬁﬁi — 1.00:\\ - - - . EmﬁE —
KFeky - N KEeks =

095 |- @:FE ] 0.95 \'\ @‘AE’E
§° o §° 0.85 [

0.75 | ﬁxhx:“\xh 1 T

S -
_ PIGPal Fluar o 10 mp{@pa] . a0 40 50
"1 KMgF 85.05 5.45 9590 677 71.28 4.27
3

T KMnF, 76.53 507 88.80 5.45 6217 4.10
z

oss | KFeF, 87.23 4.28 98.56 5.03 69.40 3.57

KCoF, 88.42 478 1053 522 7224 3.78
| | KNiF, 9300 475 9406 619 7475 3.89
07 0 1I0 2|0 alu 4|0 50 KZHF3 8900 574 90.25 593 7232 49]

P{GPa) Metal divalente
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Resultados: EOS atdmicas
I

KZnF cfs ez .

3 Cuantificacién de comportamiento esperado:
KNiF, * Comportamiento familia de compuestos
KCoF, «r. *F es el mascompresible y el que mas contribuye

"M*2 e Potasio (monovalente) actua casi como un anion
KFeF3 K+ ., . .
* Catiéon M (divalente) menos compresible
KMnF, Transferibilidad de EOS atomicas
KMgF,
0] 20 40 60 80
% contribucién a la compresibilidad »
550 D
o
i [2] 500 *
500 [ ® o -
N ﬁ;UQ@ 450 ’_j:‘r *
450 :-;; cq)a" - ++ < o . *
Lo - & S 400 o *
g \“ @g}ﬂ S | ,D :
g 400 - i ar " 6“"” B N -\j "
e M,.,s 350 | : .
Fa §§ .
350 _590' 300 o
onJ (F;) ;
™ 70 80 a0 100 110 120 130 140 a0 30 40 50 60 70
v, (o) V; (bohr®)
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A. Otero de la Roza y Victor Luaina Malta

Thermodynamic properties and EOS of MgO.

e MgO: component of the Earth's mantle—elastic properties at high p and T'.

e Pressure scale. A very accurate V(p,T) is needed.

e Starting point: DFT (PW, LDA and GGA) on a grid of volumes. With linear
response theory, phonon DOS at every volume.

e Other examples: diamond, fcc Al.
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A. Otero de la Roza y Victor Luaina Malta

Step 1: the equation of state.

e Non-polynomial EOS. Non-linear fit. For instance, AP2.
E = Ey+ 9B0V0{ D(=2, con) — T(—2, co)] c2e
+ [['(=1,com) —I'(—1,co)] co(c2 — 1)e™

o [F<07 6077) o F(Oa CO)] 262660 + 6_2 |:€CO(1_77) — 1} }
Co

1—
= 3Bo——1e® L + can(1 — )],
n°

n

e Polynomial EOS. Taylor expansion of the strain energy, £ = chfk. Impose
k=0
conditions on the expression above. Polynomial fits. For instance, Eulerian strain

(Birch—Murnaghan series). The BM4 is:

f= vy -],

E = Ey + gvoBon{(QH — 63B) 4 143)f* + 12(B — 4) f + 12},

p= 5 Bo(2f +1)"*{(9H — 63Bf + 143)f* + 9(Bf — 4)f + 6},

(3)



A. Otero de la Roza y Victor Luaina Malta

Step 1: the equation of state.

Eo (Ry) Vo (bohr3) By (GPa) B By (GPa—1)
BM3  —73.6401830 129.6757 158.70 3.9457 —0.0242
BM4  —73.6398599 130.0741 151.23 4.1001 —0.0279
Vinet  —73.6390622 130.7726 132.25 4.8306 —0.0584
AP2  —73.6397102 130.0648 147.98 4.3026 —0.0367

BM average —73.6398334(69) 130.0792(50) 150.49(26) 4.1284(91) —0.0266(22)

1.0e-03

=
T 50e04 | -
o
S 0.0e+00
>
o
Lcllcj -5.0e-04 + BM4
AP2
-1.0e-03 ' ' ' '
40 60 80 100 120 140 160

V (bohr®)
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A. Otero de la Roza y Victor Luaina Malta

Step 1: the equation of state.

1 We propose a strain polynomial average to

O high degrees. Properties:

e Robust linear fit.

Relative Apy, (%)

e Detection of noise and bad quality of
data.

e Statistics with polynomials allow estab-
lishing an error bar for calculated prop-

erties.

e Good quality derivatives of the (free) en-

ergy. Can not extrapolate, but it is pos-

sible to generate V, By for lower order

EOS.

Relative AB1 (%)
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A. Otero de la Roza y Victor Luaina Malta

Empirical energy corrections.
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A. Otero de la Roza y Victor Luaina Malta

Empirical energy corrections.

The systematic deviations in the exchange-correlation functionals can be corrected by
using one or two accurate experimental results: ambient conditions volume (V) and bulk
modulus (Bg,). The non-equilibrium Gibbs free energy:

G (x,V;p,T) = Esta(, V) + pV + Fyp(x, V;T)

Static energy corrections using the observation: p/By vs. V/Vj transferable with V and

By the static equilibrium volume and bulk modulus.

Bra(v) B (VeE) _ Bep V. Vo
2 = = ; Bsta = Fsta —b_=F Ets — Fsta
Boo Bo  Baa(V) = Ba(V0) + =5 T [ t (V Vexp) t (VO)]

The experimental Vi and Besp extrapolated to static conditions are missing. To obtain

them, impose:

oG* 3
Sy (Vip,T) =0 = psta — p + Prn

O°F* Bex
ngp — (V 8‘/2 ) (‘/egpa TO) — Bop Bsta (fVO) + BT(‘/e?(pa TO) - Bsta(‘/;)(p>

(7)



A. Otero de la Roza y Victor Luaina

Empirical energy corrections.

Definition of the static energy cor-

[sp]
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A. Otero de la Roza y Victor Luaina Malta

The gibbs2 code.

e Fortran code for the treatment of first principles data for thermodynamic

calculations under the quasiharmonic approximation.

e Careful treatment of (free) energy fits. A good number of EQS are implemented,

using linear and non-linear fits.
e Empirical energy corrections.

e Several temperature models, depending on how much information about the

system is known.

e Soon to be published under open license.

(9)



A. Otero de la Roza y Victor Luafia Malta
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A. Otero de la Roza y Victor Luafia Malta
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A. Otero de la Roza y Victor Luafia Malta

140-0 | | | | | | |

120.0

100.0

80.0

60.0

S (J/K/mol)

40.0

20.0

OO | | | | | | |
0 250 500 750 1000 1250 1500 1750 2000

T (K)

(12)



A. Otero de la Roza y Victor Luaina

B+, Bg(GPa)
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A. Otero de la Roza y Victor Luafia
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A. Otero de la Roza y Victor Luaina

Cv,p (J/K/mol)
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A. Otero de la Roza y Victor Luafia
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A. Otero de la Roza y Victor Luafia Malta
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A. Otero de la Roza y Victor Luaina Malta

Conclusions.
Accurate and systematic treatment of first principles data for quasiharmonic
thermodynamics of solids can be achieved by:

e Careful use of equations of state for interpolation and calculation of derivatives.
e Correction of DFT systematic deviations regarding the static energy.

e These techniques have been implemented in the GIBBS2 code.

(18)
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MOTIVACION

e Estudio computacional de compuestos oxifluorados de metales de transicion (M3+OF): propiedades
eléctricas; electrodos baterias de litio; TiOF.

Rutilo Anatasa Columbita
Fase G. Espacial Z  Pardmetros de celda (A) p (g/cm3)
Rutilo Pdy/mam 5 1=4.59;c=2.96 4.13
(tetragonal)
Anatasa 14,/amd 4  a=3.79;c=9.51 3.79
(tetragonal)
. Pbca a=4.55; b=5.46;
Columbita (ortorémbico) 4 c=9.51 4.33 J. Haines, and ]. M. Leger,
Physica B 192, 233 (1993).
OBJETIVOS

e Estudio de las propiedades estructurales, electronicas, asi como estabilidad relativa de fases en los tres
polimorfos de TiO, ( anatasa, rutilo y columbita) que permita llegar a una situacion de compromiso en

el valor de U, P —
e Emplear la metodologia de cdlculo GGA + U en el estudio tedrico del compuesto TiOF. (1e en (;rbital t,)
g
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Metodologia de calculo: Teoria del Funcional de la Densidad (DFT).

Composicion y estructura

Leyes basicas de la Fisica: Mecanica Cuantica

26 de Enero de 2011

XC Funcional

Predecir y entender las DFT: Density

DFT

LDA

/\

PW92

Functional Theory

LDA: Local Density Approximation

~

propiedades de IOS mater"ales GGA: Generalized Gradient Approximation

Funcionales en DFT
Tratan el intercambio y la correlacidn \

CA: Ceperley-Alder

PZ: Perdew-Zunger

PW92: Perdew-Wang-92
PBE: Perdew-Berke-Ernzerhof

J

Generalized Gradient Approximation (GGA)

Angel Morales Garcia



DFT: resolucion ec. Schrédinger

()= Do (1) =2, (1)

2m,
-
GGA 413 413
EX = [ p(r)" g (x)dr Xx=Vpp
oE g(x):a:—i im > EGGA _ ELDA
Eyc = F[p(r)] V.. [p]:M < 2[4,,j X X
op
El potencial de intercambio y correlacion E. =E +EX*+EY Parte no columbica
es desconocido: LDA, GGA,..

| ) R ML R S

{ La calidad de los resultados DFT I mms . mems
| depende de cémo se defina el término V. | donde N, esel ggtdo de ocupacion de los electrones d
________________ — con numero magnetico m y spin s.
Limitacion DFT: band gap— DFT+U U—J
E = Eoont—5— 2 (Nms — M)
Repulsion Culdmbica descrita hamiltoniano de Hubbard CeATU ceA 2 S e e
¢GGA+U? ¢Valor del parametro U?
\\\
TiOF; Ti3+ (1e en orbital t,,) Comparacion con datos
l experimentales
Perebeinos y Vogt, PRB 69, 115102 (2004) Q‘
estudian la transicion Jahn-Teller en TiF; .
empleando la metodologia LDA +U lntervd!ooeztlllcgaed\? pard
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ﬁ{esultados: \

1. Analisis de la estructura cristalina
2. Anadlisis de la estructura electronica
3. Estabilidad relativa de polimorfos
4. Curvas E-V. Ecuacion de estado

\5. Presion de transicion /

26 de Enero de 2011 Angel Morales Garcia



1. Anadlisis de la estructura cristalina.

Relacion c/a en TiO,

012345678910 Polvmorph Method U (eV) a(d) h(4) c (&) (c/a)
2550 1 ANATASA
2.541 J GGA 3.807 (0.59) 9.693 (1.88)  2.545(1.23)
053 GGA+U 3 3853(18D) 9.742(239) 2529 (0.60)
) ' ‘\ GGA+U 5 3.881(2.55) 9.774 (2.73) 2518 (0.16)
) 2.52¢ E ] tal GGALU g 3.922 (3.63) 9.830 (3.32) 2506 (-0.32)
2.51 xperimenta GGA+U 10 3.947(4.29) 9871 (3.75) 2501 (-0.52)
’ A
) o 2.50¢+ A Experiment 3.7845 9.5143 2514
-8 0.6607 —
- u RUTILO
> I ]
) O 0.655 l/ GGA 4.650(1.23) 2.968 (0.31)  0.638 (-0.93)
T 0650/ / Rutilo] | GGA+U 3 4671(168) 3.012(1.80) 0,645 (0.16)
© /' _ GGA+U 5 4.687(2.03) 3.042 (2.82)  (.649 (0.78)
S 0.645; m Experimental | GGA+U g 4709(251) 3081 (413) (654 (1.55)
(@) GGA+U 10 4725(2.86) 3.108(3.03)  0.658 (2.17)
= 0.640¢
&U ' ‘ Experiment 45937 29587 0.644
o
1.100} o s COLUMBITA
T 1.095! | GGA 4579 (0.84) 5576 (1.51) 4.936 (0.61) 1078 (-0.19)
o itanio ’ GGA+U 3 4.607(1.45) 5.585(1.67) 5.008 (2.08) 1087 (0.65)
1.090} /. Columbita | GGALU 5 4629(194) 5.603(200) 5.053(3.00) 1092 (1.11)
Anatasa 1.085! ® | GGALU I 4.658(2.58) 5.635(2.59) 5.115(4.26) 1098 (1.67)
Experimental GGA+U 10 4674(293) 5.664(3.11) 5.151(4.99) 1102 (2.04)
1.080
1075 . L Experiment 4541 5.493 4.906 1.080
' 0123456738910
U (eV) [T~ T

GGA + U mejoralos | Intervalo apropiado: |
resultados de GGA | 1eV <U<7eV ]I
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2. Anadlisis de la estructura electronica.

Electron energy

rutilo anatasa
. -6 4 =2 0 2 4 6 } ; }
Densidad de N 6§ 4 2 0 2 4 6 38
estados (DOS) U=10ev
calculada en TiO, M\M |
—— GGA + U
& U=5ev i mejora los
Conduction band " Q resultados de
Q | i ) GGA
U=3eVv
6 4 2 0 2 4 6 8
Energia (eV) Energia (eV) = ———————
3.6 ———— B | Intervalo apropiado:
§ 3.4: —A— Anatase A ] A . 3eV<U<5eV
L 3] | —=—Rutile Anatase 1 34 Bptyp=32eV S e
o ] —  Experimental Rutile el DU A
DQ]"IS“Y Of States 8 30_ / '_ ? « EXP’T,.U‘: 3.0 eV
] 1 &
g 2.8 1 A ] I o 26
S 26 Y4 / 1 g
o i A 1 a2
> 2.4 [ 5
© ’ / -~ @
= 22 | ) 1.8
S 0] 7 1
Ol's_F..........' 01234567 89101112
0 2 4 6 8 10 Ugss (V)
U (eV) N. Aaron Deskins, and Michel Dupuis

PRB 75, 195212 (2007). 0,
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3. Estabilidad relativa de polimorfos.

Diferencia de energia total, AE = E_; - Epoﬁmorfo

1 77— SiAE > O el polimorfo es mas
5 009188 —®— Rutile- Anatase { estable que el rutilo-TiO,
= : —&A— Rutile-Columbite - _A—
%’; ] — Rutile- Anatase Exp. T + ’
~  0.064 - A
Q ] .
S - HSEOQO6 L] .
o 0.03- i
= ] .
> #( \ ]
S 0.00- . Estabilidad
GCJ 1 \ Rao 1961 Levchenko 2006 7 Rel ativa
% 20.03 - A\A Ranade 2002 i
c_"-B' 1 \ -
3 0.06] ——A
w ~0-001 JANAF 1973 pul I
A ‘ =
'009 1 v 1 ' | ! | ! I v 1 v 1 v I ' I ! I v !
o 1 2 3 4 5 6 7 8 9 10
U (eV) in GGA+U
GGA 3 5 10 r— .___'I
Orden en la | Intervalo apropiado: |
o ANATASA ANATASA ANATASA RUTILO
estabilidad | 5eV<U<8eV I
T=0K COLUMBITA RUTILO RUTILO COLUMBITA - _ |
RUTILO COLUMBITA COLUMBITA ANATASA
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4. Curvas E-V. Ecuacion de estado.

Ajustes a la ecuacion de
estado de Birch-Murnaghan

Energia-Volumen

calculada

L> Bo Bo'» Vor Eo

Energia calculada (eV/f.u.)

Polimorfo Método u Vo B, By
(eV) (A3/f.u.) (GPa)
| - |  ANATASA GGA 35.272 169.9  2.27
GGA 1 sl oAy ] GGA+U 3 36.239 1649  2.53
240, ] GGA+U 5 36.902 162.3  2.61
2421 ] GGA+U 10 38.572 157.6  2.67
2441 1 Exp(@ 34.06 179+2 4.5
e RUTILO GGA 32.186 200.4  4.98
A I I GGA+U 3 32.946 199.5  4.77
ou] GGA+U 5 33.458 198.7  4.62
106 GGA+U 10 34.740 195.3  4.40
-19.8 Exp(®) 31.22 211+7 6.76
200 COLUMBITA GGA 31.651 195.9  4.22
2021 GGA+U 3 32.334 206.8  3.62
e e I GGA+U 5 32.866 202.3  3.69
26 28 30 32 34 36 38 40 42 26 28 30 32 34 36 38 40 42
Vo|umen (Aalfu) GGA+U 10 34.179 193.9 3.75
r————————————— | Exp(@ 30.59 258+8 4.1
| Intervalo apropiado: 3 eV < U < 5 eV | @ ,
), — e T T a aT. Arlt et al. PRB 61, 14414 (2000). ®D. G. Isaak et al. Phys. Chem. Miner. 26, 31 (1998).

ATy
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5. Presion de transicion.

-8.90 aT=0K

— ' G=H=E+ PV 0.1

% -8.92¢ Energia Gibbs: G ° S

+— [ 3. o 1. a —

S 894/ Entalpia: H____ ik S e

® ' o 00§ ]

g 8961 H - H ) 0.03 GPa 10.2 GPa

> 1 = N

2899 a la presion de [ NN ol
-9.00— transicion O 4 8 12 16 20

10 11 12
Volumen (A’ /atomo)

Presion (GPa)

GGA + U Presion de transicion calculada en GPa
U/eV Anatasa — Columbita Rutilo — Columbita Anatasa — Rutilo
0 3.3 - 4.8
3 2.5 6.1 1.8
5 1.5 10.1 0.03
10 -- 16 -~
oo | 26-70 10Gha R .

26 de Enero de 2011

Intervalo apropiado: |

| 3eV<U<7eV |

e e c—— e————— — — —
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Conclusiones.

La metodologia GGA + U mejora los resultados obtenidos \
GGA por lo que se puede considerar apropiada para
estudiar los diversos polimorfos del TiO,.

Y 1
Andlisis de la estructura cristalina. :,men,a,o aproplado para u::

Andlisis de la estructura electrdnica. l A’ e
I 1 8 ;
e o 3eV<U<8eVl f W
Andlisis de la estabilidad. > 'L_e_<_l_<_°_J { \

° v

Energia-Volumen. Ecuacion de Estado. IF ______ [ | A

u 5eV ' '
|

Analisis de las presiones de transicion.

J Materiales MnO FeO CoO NiO
- U (a) 4.7 4.8 5.1 5.2
Valor del mismo orden que el
encontrado para (b) 6.9 6.8 7.8 8.0
otros 0xidos de metales de transicion (c) 3.6 46 50 5 1
(a)  Jiang etal. PRB 82, 045108 (2010). (d) 4.3 4.6

(b) Anisimov et al. PRB 44, 943 (1991).
(c) Pickett et al. PRB 58, 1201 (1998).
(d) Cococcioni et al. PRB 71, 035105 (2005).

26 de Enero de 2011 Angel Morales Garcia ‘!‘



GRACIAS POR SU ATENCION

Angel Morales Garcia

Universidad Complutense de Madrid

Agradecimientos:
Mercedes Taravillo Corralo
M? Elena Arroyo de Dompablo
Valentin Garcia Baonza

www.malta-consolider.com [EErarare
r- 1 CONSOLIDER

Matter at High Pressure

QUIM4PRES

Miraflores de la Sierra (Madrid)
2011



26 de Enero de 2011 Angel Morales Garcia '



Rutilo-TiOF

Polimorfos estudiados en TiOF

Columbita-TiOF

Polimorfo todavia no descrito

- Flior - 2= <g @ Oigeno
@ Oxigeno @ Fltor
Egen= 0.026V  Eggu= OeV
Eoony =0.07€V  Egopy =06V

Egea= 0.58 eV
Egopy = 0.94 eV

Egen= 0.58 eV
Egopy = 0.94 eV

@ Oxigeno Fldior

Egen= 0.7 6V
Ecopey = 0.2 8V
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Estudios previos

Experimental Teoria
Material de partida
Tamario de particula e NEEn Método  AE=Erg By
osesal :%TL/(\)S‘\ —5— ANATASA — —
Transicién Po. Material de Referencia 199666} ) " — COUETA — aost — — LCAO TVAE
GPa partida it 3 A
199668 Vo 2 " LDA -0.32
o \ “‘ T - A,
2.6 Policristalino Ohs]a g‘;;t al. g’ 1996707 3\ . £ e A GGA 5.46
& 199672 u g
~7 Policristalino Haines et al. 1993 1996741 g a0l
£ PW E,=340 eV
Anatasa - 4.5.7 Monocristal Lagarec et al. 178 e
Columbita : 1995 o oo 1 1 1 LDA 3.31
. P 0 H O N 0 0 20 ©0 @ 80
4.5 Monocristal Arlt et al. 2000 Vel Presen (o) GGA 7.17
5 Policristalino Hea;g%i‘ al. Muscat et al. PRB 65, 224112 (2000). LCAO-HF
Rutilo - 10 Arashi 1992
Columbita rashl LDA- GGA- GGA- GGA-PBE GGA-PBE  Experimental
PP PP PBE U=3eV U=5eV ")
ANATASA
A”“\t"s" V (A3) 33.66  35.34 35.16 36.27 36.92 34.173
. . EX: : v r .
: 'ﬁ b J 1 (VarVee)/ Ve, (%) -1.5 3.4 2.9 6.1 8.0
B e, TIO,(Anatmsé) O, (Rue) | E (eV/itomo) 9.821  -8.955  -8.968 -8.238 -7.791
Rutilo - | Bulk | ] RUTILO
E Al A m (P} - V (A3) 30.60  32.25 30.90 32.96 33.46 31.20
E- o ”"':"h_um B R N - 1
R sy 2 3 {American Mineralogist 94, 236-243 (20b9). (Vca"VeXP)/VeXP (%) 1.9 3.4 -1.0 5.6 7.2
Figure 4. Varistion of emihalpies of anatase, beookite, and rutile with Stacey ]. Smith et al. .
- " PSP E (eV/itomo) -9.813  -8.928  -8.937 -8.230 -7.790
a 200 400 600 200 1000 12000 1400
Hengzhong Zhang* and Jillian F. Banfield. T(K) COLUMBITA
J. Phys. Chem. B, Vol. 104, No. 15, 2000
V (A3) 30.03  31.62 31.53 32.62 32.87 30.594
(VeiVe)Veyy (%) -1.8 3.4 3.1 6.6 7.4
Bulk la fase rutilo es mds estable que la anatasa E (eV/4itomo) -9.82 -8.931 -8.942 -8.22 -7.768

nanoparticula la fase anatasa es mds estable.

26 de Enero de 2011

(**)L. Gerward, and ]. S. Olsen, Jj. Appl. Crystallogr. 30, 259 (1997).
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Diagrama de Fases del TiO,

THE AMERICAN MINERALOGIST, VOL. 53, NOVEMBER-DECEMBER, 1968
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Presion / GPa
O -~ NWDHAOOWO N OO OO

PRESSURE-TEMPERATURE STUDIES OF ANATASE, [ Tipo oc-PbO2 i
BROOKITE, RUTILE AND TiO,-II ;

Frank DacHILLE, P. Y. Stmons! anp Rustum Roy,

aoo[—
100 (=
s '[ 20 : E ]
r' | COLUMBITA ]
gol- o B H ]
,' ; RUTILO _
7o~ o | ol * o !
| RUTILE i i
o o Tios I . ool . i
¢ ¢ - ]
Jsf- o N O ANATASA ]
Q X RUTILE 1 1 1 1 1 1 1 L 1 L
L] L[]
a0~ % g0 * 0 200 400 600 800 1000 1200
L ]
= [ ] ] L
° > o ¥ Temperatura / °C
EO:""'-..__‘_‘_ QQ 20 e 9 @ T T T T T T T T T T T T T T T ?3_|_
0o o '
o 10 1200 | . L i
! ANATASE —_— - TiO H
BROOKITE - 2 | I
L1 LN I N T 7e b o !
w00 200 300 <400 500 600 700 o0 200 300{_96 500 600 7FOO , h
L56 10 ‘ 1000 | fooe '
{ |}
' . o I
. 4 Rutile a-PbO, type "
]1 800 (tetragonal) \\ . (orthorhombic) H
L ] I
Q Wk \Em I
g " !
&% N 600 . |
£ ¢ H
0 H I
. . ;
E . 400 | i } :
6 rutile H H
< - fe i
B This study i :
5 © | & Akaogictal (1992) A0 . Baddeleyite type ||
o @ 4 Olsenetal. (1999) (monoclinic) 11
® Tangand Endo (1994) ¢ i
0 w0t 1200 glts o wre peee e ee 00, N B SUS /X 5
. 0 2 4 6 8 10 12 14 16 58 '
26 de Enero de 2011 Temperature ('C) PiGPa _



VASP-Relajacion de la estructura

ISIF-tag
ISIF = 0]1|2|3]|4|5]6

ISIF controls whether the stress tensor is calculated. The calculation of the stress tensor is relatively
time-consuming, and therefore by default switched off for ab initio MD’s. Forces are always calculated.

In addition ISIF determines which degrees of freedom (ions, cell volume, cell shape) are allowed to change.
The following table shows the meaning of ISIF. At the moment cell changes are only supported for
relaxations and nor fot molecular dynamics simulations.

ISIF | calculate calculate relax change change
force stress tensor  1ons  cell shape cell volume

0 yes no yes no no

| yes trace only *  vyes 1o no

2 yes yes yes no 1o

3 yes yes yes yes yes

4 yes yes yes yes 1o

5 yes yes 1o yes 1no

6 yes yes no yes yes

7 yes yes no 1no yes
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Analisis de la estructura electronica

Densidad de estados del rutilo-TiO,

TiOg (rutile)
Er

T T T T T T [

——TOTAL t2g g
—Ti(d) — 4
—0O(p) B

@) e T | AN

4 A|.c:

1 A 1 A A 1 A 1 . 1 \ £

6 4 2 0 2 4 6 8
Energia (eV)

) -5 Q -3 10 15 20
RELATIVE ENERGY lev)

Densidad de estados obtenida con VASP D. W. Fisher, Phys. Rev. B 5, 4219 (1972)
TiO,-rutilo
DFT: GGA PAW-PBE
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Ajuste de las curvas E-V a la ec. de Murnaghan

26 de Enero de 2011

U (eV) Polimorfo B, (GPa) B, V, (A%)
ANATASA  179+2 45 34.06
EXP RUTILO 211 +7 6.76 31.22
COLUMBITA  258+8  41+3 3059
ANATASA 170.6 2.14 35.258
0 RUTILO 212.6 4.14 32.151
COLUMBITA  205.4 353 31.624
ANATASA 169.6 1.95 36.223
3 RUTILO 202.9 4.30 32.941
COLUMBITA 2155 2,89 32.313
ANATASA 163.8 2.30 36.902
5 RUTILO 198.8 4.47 33.453
COLUMBITA  206.3 3.27 32.855
ANATASA 163.2 2.00 38.542
10 RUTILO 200.7 3.90 34.730
COLUMBITA 1976 3.35 34.168

Angel Morales Garcia



Otros polimorfos de alta presion del TiO,

M H -
A7 © 2001 Macmillan Magazines Ltd NATURE | VOL 410| 5 APRIL 2001 | www.nature.com

Materials science Table 1 Hardness of polycrystalline materials
Mareual Bu!k modulus (GPa) Hardness® (GPa) Ref.
k g BAC 200 30 (30) 3 .
nown OXIde SiC 248 29 29)

3
8
3

Q4 SlOQ stlshov:te 091 32 |

\NC 421 30 (30)
140 Cul:nc BN 369 (32)
Cotunmte type T\O ;T 431 38
Sntered d|amond 444 (50) 8

therature [Iata are gwen in parent heses The un certamty in mmsured
hardness is less than 3 GPa.
tMeasurements were made at 157 £2 K,

130 Baddeleyite Y/,

Anatase

-44 ——Rutile
— TiOoll Columbita

100 Cotunnita

Ol .
ol Cotunnita

-61 —MI Baddeleyite e
9 0 - ‘:-:“i:»;:« -

0 20 40 60 80 100 o 1 20 40 80 80
Pressure (GPa) : & Pressure (GPa)

Volume (A3 per unit cell)

Difference in Gibbs free energy (kJ mol_1)



ECUACION

TABLE 1V. Experimental bulk moduli of the TiO; polymorphs.

Polymorph By (GPa) By poleem®  py/ pomite

Anatase 179(2) 450100 3.8941(2) 09166(1)
Rutile" 211(10)  6.5(7)  4.2485(2)  1.0000
a-Pb0, type 258(8) 4.1(3) 4.336(12) 1.021(1)
Baddeleyite type  290(10) 4.0 472815 1.113(1)
"Data from Gerward and Olsen (Ref. 11).
"Assumed value.
“Extrapolated value.
1.00¢ PP\ TERRERE RERURLIERSRRY RAITIL T 1
..
.-ﬂ‘_
L1 .
o £40
| -
il A e S =00 ol

Columbita

092} il
S
sedf A Baddeleyita
0.88|- i il
I i i |
084} il
. T=300K I
0.80 1 | 1 | 1 | | 1
0 4 8 12 16 20

P/GPa

Fig. 3. Pressure—volume data for the Ti0, phases at room tempera-
ture. The volumes have been normalized with respect to the specific
zero-pressure volume of rutile. Circles denote rutile; squares denote
the a-PbO,-type phase; triangles denote the baddeleyite-type phase.
Crosses denote the rutile data of Mingh and Manghnani [22]. The
zero-pressure volume of the baddeleyite-type phase has been extra-
polated.

DE ESTADO DEL TiO,

1,004 “ T T y T T T T T T T y m
] ‘\.‘. Anatase ]
0.95 1 A, Ti02 -
0.90 I .
[ om0, COlUMDItA
>° 0851 -
= A
0.80 oo ' .
1 - Ay Baddeleyite type
0.75 iy -
A
LYY ‘é &
0.70 A At aad
T I T T T T .
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P (GPa)

FIG. 3. Experimental pressure-volume data for the polycrystal-
line TiO, polymorphs investigated in the present work. The notation
is the same as in Fig. 2. The unit-cell volumes have been normal-
ized by dividing with ¥ jnanse -

1.00 T T T T T T g T v T T
< Anatase
0.98 1 7
20
= .
0.96 - -
L] L]
L
L]
0.94 7
0.92 L T T T T e
1] 2 4 L] 8 10 12 14
P (GPa)

FIG. 4. Relative volume of anatase TiO,. Circles and squares
denote two experimental runs with polycrystalline anatase, triangles
denote single-crystal data, and the solid curve is the result of the
theoretical calculation using the ab initio perturbed ion model.
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FIG. 3 (color online). The pressure-dependent variations of the
relative unit cell constants. (a) a/a,, for Au (squa and a/a,

and ¢/c, for anatase (diamonds: single crystal data from
Ref. [18]; plus: microparticle data from Ref. [23]; and circles:
6-nm anatase of this study). (b) V/V,, versus pressure for Au and

anatase. Symbols as in (a). A clear break in the pressure
evolution of the nc-anatase unit cell constants is discernible at
10-12 GPa.
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Analisis de la estabilidad Anatasa-Rutilo

American Mineralogist, Volume 94, pages 236-243, 2009

Heat capacities and thermodynamic functions of TiO, anatase and rutile: Analysis of

phase stability
STACEY J. SMITH,' REBECCA STEVENS,' SHENGFENG LIU,' GUANGSHE L1, Difer'encia de
ALEXANDRA NAVROTSKY,® JULIANA BOERIO-GOATES,' AND BRIAN F. WOODFIELD"* ener ng(
16 Eancn‘asa - Er'uﬁlo
B DR (kJ/mol)
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i . . AF Gm . _ ] O 1
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e -19F . ] i
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E 20F ., . 10 7.99
v I E
[ . ]
'\DE 21¢ B a
T I J
< B b 1
_22 C L] 7
[ . ]
[ ¢ ]
-2.4:""'"""""----ln- 1 |

0 200 400 600 800 1000 1200 1400

T( K) Angel Morales Garcia "'



E vs tamaio de particula del TiO,

Hengzhong Zhang* and Jillian F. Banfield. J. Phys. Chem. B, Vol. 104, No. 15, 2000

HR o H(mtﬂE, oo Size) — 217.76
D
_- | | JH;‘& o H(mtile, co SiZE) =326 + 165.01
. D
Brookita H, — H(rutile, o size) = 0.71 + 1%;3
R
A °
Rutilo
B R .
K'—————— A /B
11 nm B N . |
. 16 pm . 35 nlm | R I
10 20 30 20 - -

Particle size (nm)

Figure 4. Variation of enthalpies of anatase, brookite, and rutile with |
particle size. Angel Morales Garcia



E vs tamaio de particula del TiO,

Chem. Mater. 2006, 18, 6324—6332

TiO; Stability Landscape: Polymorphism, Surface Energy, and
Bound Water Energetics

Enthalpy relative to bulk rutile,

kJ/mol

20

15

Surface area, m/g

0 20 40 60 80 100 120 140
/.~ anatase
0 02 04 06 08 10 12

4 2
Surface area, x10°'m“/mol

La fase rutilo es energéticamente estable a
temperatura ambiente para dreas superficiales
menores de 7 m?/gq.

La fase anatasa es estable para dreas
superficiales 50 m?/g).

La region de estabilidad de la fase brookita estad
entre 7-50 m?/g.

Anatasa es la nanofase estable del TiO, debido a
su baja energia superficial.

Energia superficial (rutilo) = 2.22 + 0.07 J/m?
Energia superficial (anatasa) = 0.74 + 0.07 J/m?

La energia superficial de la anatasa es casi de un
66% mas alta que el rutilo. |
Angel Morales Garcia - @



En la naturaleza ..

An Ultradense Polymorph of Rutile with
Seven-Coordinated Titanium from the Ries Crater
Ahmed El Goresy, ef al.

Science 293, 1467 (2001);

DOI: 10.1126/science.1062342

American Mineralogist, Volunre 90, pages 1438-1461, 2005

LETTER
a-PbO,-type nanophase of TiO, from coesite-bearing eclogite in the Dabie Mountains, China

Explicacion para tener la fase columbita en una
muestra natural:

* Formacion en el interior de la Tierra a muy
alta presion.

» Formacidn debido a un impacto de meteorito.

26 de Enero de 2011

Angel Morales Garcia "



Variacion de B, con tamaio de particula

PRL 96, 035509 (2006) PHYSICAL REVIEW LETTERS

week ending
27 JANUARY 2006

Ultrastability and Enhanced Stiffness of ~6 nm Ti0Q, Nanoanatase
and Eventual Pressure-Induced Disorder on the Nanometer Scale

V. Pischedda, G.R. Hearne, A.M. Dawe, and J. E. Lowther

0.98 -

o

>" 0.96 -

\"

0.94

B =180 GPa
0.92 - :

‘ b .
0 2 4 6 8 10 12 14 16 18
P(GPa)

FIG. 5. Relative volume of 6 nm nanoanatase TiO, as a
function of pressure. The dashed line through the data points
is to guide the eye. The lower curve is the extrapolated EOS of
bulk anatase with By = 180 GPa and B} = 4.

26 de Enero de 2011

A 300 K nanoanatasa de tamafno
nanomeétrico (6 nm) ultrafinos ultrafinos
retiene su integridad estructural hasta 18
GPa. Hay un progresivo desorden
estructural a un estado altamente
distorsionado a P > 18 GPa. Las senales
de orden a corto alcance persiste bien mas
alla de 18 GPa en los de Rayos-X y de
Raman. Simulaciones de dinamica
molecular sugieren que el desorden se
inicié en la capa superficial de un
nanograno con la cristalinidad retenida en
el core. Un Modulo de compresion B, =
237 GPa para la nanoanatasa (un 30%
mas alato que el valor del bulk) se deriva
de los datos presion-volumen.

Angel Morales Garcia - @



PRL 96, 135702 (2006)

PHYSICAL REVIEW LETTERS

Nanoescala

week ending
7 APRIL 2006

Size-Dependent Pressure-Induced Amorphization in Nanoscale Ti0,

Varghese Swamy,"" Alexei Kuznetsov,” Leonid S. Dubrovinsky,? Paul F. McMillan,>" Vitali B. Prakapenka*

Guoyin Shen,* and Barry C. Muddle'

PRL 103, 075505 (2009)

PHYSICAL

REVIEW LETTERS

week ending
14 AUGUST 2009

Unusual Compression Behavior of Anatase Ti0, Nanocrystals

e H ; 1 H : 3 3 T T 4
Varghese Swamy," Alexei Y. Kuznetsov,” Leonid S. Dubrovinsky,” Alexander Kumosov,” and Vitali B, Prakapenka
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FIG. 1 (color online). (a) Size-dependent pressure stability of & :;; ¥
. e b : . 1 1 —i
ne-t-TiO, (modified after Ref. [7]). The average transition :":E”W?' i ! 4 nm anatase
pressures of the three phase transition regimes are shown. 160 i
Nanocrystals of size <10 nm undergo PIA and remain amor- w0 L
phous (a-TiO,) upon further compression and decompression. 150 §
Approximately 12-50 nm crystallites transform to m-TiO, upon e . . v 1w w u
compression, which then transforms to ¢-TiO, on decompres- Pressure (GPa)

sion. Coarser crystallites transform directly to 0-TiO,. The
compression-decompression paths of the two samples of this
study are indicated. (b) Known stable P-T relations [9,19-21] in

26 de the bulk TiO, system.

FIGi. 5 {color online). The pressure shifts of the most intense
E, Raman hand measured for the two nanoorystalline samples.
Subtle breaks are seen at 1012 and 14-16 GPa, more clear for
the 11 nm anatase.

082

(T
(b)
o g i 18 20 25
Pressure |GPa)

FIi. 3 {color omline).  The pres sune-depen demt vana@ions of the
relafive it cell comsiants. () afa, for Ao (squares) and a/a,
and ofc, for anssse (dinmonds: single cryil data from
Ref. [12]; plus: mxmopanicle data from Rel [23]; and carcles:
fi-mm anatese af this study ). (b) ¥V /', versus pressure for An and
anamse. Symbals 25 in (2l A clear break I the pressure
evaludan of the nc-anatse mit cell constants & discermble at
1012 (GPa.



Free energy [ eV /TiO;]

Thermodynamic properties of rutile TiO2 derived from phonon properties: a

Efecto temperatura.

PHYSICAL REVIEW B 81, 134108 (2010)

Polarizable interatomic force field for TiO, parametrized using density functional theory

X. J. Han."? L. Berggvist."? P. H. Dederichs,! H. Miiller-Krumbhaar,! I. K. Christie,*” S. Scandolo,*® and P. Tangney™*
HFF-Theory I, Forschungszentrum Jiilich, D-52425 Jiilich, Germany
I8chool of Materials Science and Engineering, Shanghai Jiao Tong University, 200240 Shanghai, People’s Republic of China

*Department of Physics and Material Science, Uppsala University, PO. Box 530, SE-75] 21 Uppsala, Sweden
*Department of Chemistry, University College London, 20 Gordon Street, London WCIH 0AJ, United Kingdom

IThe Abdus Salam International Centre for Theoretical Physics (ICTP), Strada Costiera 11, I-34014 Trieste, Italy
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Polimorfos TiO,

Rutilo Anatasa

Fase G. Espacial Z Parimetros de celda (A) / p (g/cm3)
Rutilo P4,/mnm 2 a=4.59;c=2.96 /4.13
(tetragonal)
Anatasa 14,/amd 4 a=3.79;c=9.51 /3.79
(tetragonal)
. Pbca
Columbita L 4 a=4.55;b=5.46; c=9.51/4.33
(ortorombico)

J. Haines, and J. M. Leger, PhysicaB 192, 233 (1993).
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The American Mineralogist 53, 1968
“P-T studies of anatase, brookite, rutile and TiO,-11”
8t F. Dachille et al.
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6
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Estudios previos

Experimentalmente debemos tener en cuenta:
emonocristal o policristalino,
eTamano de particula

-1.6g---|-‘--lll"|'l"|"l'|"-'|"'-_
P . 17 Bulk -
Transicion . Maten:ll de Referencia . ; f,, ]
GPa partida 18F *. TiO, (Anatase) ~TiO, (Rutile)
2.6 Policristalino Ohsaka et al. 1979 E 1.9 F LI .
N -
~7 Policristalino Haines et al. 1993 2 20¢ . E
E -4E ° 3
. 4.5" . (] Ll ™ ]
Anatasa - Columbita 7 Monocristal Lagarec et al. 1995 5 ; N
22 F o ]
4.5 Monocristal Arlt et al. 2000 23 _ American Mineralogist 94, 236-243 (2009). . 3
e - St . Smith et al. * ]
Policristalino Hearne et al. 2004 P acey.] m e.ta . . . \ ]
R R . 0 200 400 600 800 1000 1200 1400
Rutilo - Columbita 10 Arashi 1992
T(K)
La diferencia en energia libre entre anatasa y rutilo es muy pequeiia,
2.3 KJ/mol o menor en un amplio rango de temperatura.
Surface area, m¥g Levchenko et al. (2006) determinan la energia de superficie del rutilo
o0 20 40 60 80 100 120 140 Anatasa y anatasa, siendo 2.22+0.07 J/m?2y 0.74+0.07 J/mZ2.
= Chem. Mater. 18, 6324-6332 (2006).
= Levchenko et al. R 435
2 15} . Z 40[R
$s : | el
5310 rutile - prookite . g Bulk Ia fase rutilo es mds estable que la anatasa
£ 2 BrA nanoparticula la fase anatasa es mds estable.
g anatase £ 20 K Rutilo
£ st s B R
c
s 2, A J. Phys. Chem. B 104, 15 (2000).
£ s 1 Efkf_‘ - | Zhangetal
; , , , ) . E 0 16 nm 35 nm R
0 02 04 06 08 10 12 - 10 20 30 40 50 60

Surface area, x10'm%mol
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Punto de vista tedrico

Muscat et al. PRB 65, 224112 (2000). LCAO-HF

----------- Q10 T T
-19%6462 . ——RUTLO
—8— ANATASA —a— ANATASA ]
196o4 \ —¢-RUILO 4~ COLMVETA —
¢ —A— COLUVETTA — Qo5k g
199666 |\ 3 [005)
¢ 5
| n =
-19%468 “. ‘\\ o
o Ly a
o -19%70 0 | S aof
] \ @
G 19672 o
2
- g
199674 $ oo
19967 S
1978}
Q10 L L
K¢ 0 0 Q0 o) &
Preson(@P)
MOTIVACION

Método AE=E 5B
LCAO TVAE
LDA -0.32
GGA 5.46
PW Eo, =340 eV
LDA 3.31
GGA 7.17

e La mayoria de los calculos computacionales predicen que la fase estable
a T=0 K es la fase anatasa.

e EI TiO, es un semiconductor de band gap amplio ( ~ 3 eV) cuyo valor
no es reproducido, en general, por los calculos computacionales.
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Polimorfos TiO,

[] []
Rutilo Anatasa Columbita
10 T T :
Fase G. Espacial yA Parimetros de celda (A) / p (g/cm3) e e, e and TIO 1"
8t F. Dachille et al. . B
. P4,/mnm _ L ;
Rutilo (tetragonal) 2 a=4.59;c=2.96 /4.13 o
G 6l 5 ]
14,/amd = /
4 =3.79; c=9.51 /3.79 S [
Anatasa (tetragonal) ’ ‘ g4t COLUMBITA .
Pbca & RUTILO
Columbita L 4 a=4.55;b=5.46; c=9.51/4.33 2
(ortorémbico) ANATASA
o ! 1 \A
0 200 400 600 800

J. Haines, and ]. M. Leger, Physica B 192, 233 (1993).

Temperatura / °C

MOTIVACION

e La mayoria de los calculos computacionales predicen que la fase estable a T=0 K es la fase anatasa.

e EITiO, es un semiconductor de band gap amplio (~ 3 eV) cuyo valor no es reproducido, en general,
por los calculos computacionales.
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PHYSICAL REVIEW B 69. 115102 (2004)

Jahn-Teller transition in|TiF;|investigated using density-functional theory

Vasili Perebeinos™ and Tom Vogt
Department of Physics, Brookhaven National Laboratory, Upton, New York 1973-5000, USA

(Received 28 April 2003; revised manuscript received 9 September 2003: published 8 March 2004)

We use first-principles density-functional theory to calculate the electronic and magnetic properties of TiF;
using the full-potential-linearized augmented-plane-wave method. The local density approximation (LDA)
predicts a fully saturated ferromagnetic metal and finds degenerate energy minima for high- and low-symmetry
structures. The experimentally observed Jahn-Teller phase transition at T.=370 K cannot be driven by the
electron-phonon interaction alone. which is usually described accurately by the LDA. Electron correlations
beyond the LDA are essential to lift the degeneracy of the singly occupied Ti 7, orbital. Although the on-site
Coulomb correlations are important, the direction of the 7, -level splitting is determined by dipole-dipole
interactions. The LDA+U functional predicts an aniferromagnetic insulator with an orbitally ordered ground
state. The input parameters U=28.1 eV and J=0.9 eV for the Ti 3d orbital were found by varying the total
charge on the TJ'_E52 ~ ion using the molecular NRIMOL code. We estimate the Heisenberg exchange constant for
spin 1/2 on a cubic lattice to be approximately 24 K. The symmetry lowering energy in LDA+U is about 900
K per TiF; formula unit.

DOI: 10.1103/PhysRevB.69.115102 PACS number(s): 71.15.Mb. 62.20.—x. 71.30.+h. 64.60.—1
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PHYSICAL REVIEW B 75, 195212 (2007)

Electron transport via polaron hopping in bulk TiO,: A density functional theory characterization IIL. COMPUTATIONAL METHODOLOGY
N. Aaron Deskins and Michel Dupuis : : P TS -
Chemical Sciences Division, Pacific Northwest National Laboratory, Battelle Boulevard, KI-83, Richland, Washington 99354, USA Spm'p[)lanzed dem‘“}’ funLnDndl [heor}’ (DFTJ W Hh d
(Received 20 October 2006; revised manuscript received 22 March 2007; published 22 May 2007) p[ane-wave basis set. as implen]en[ed in the Vienna ab initio
This work focuses on the intrinsic electron transport in stoichiometric TiO,. Electron hopping is described software package (VASP _38_41 allowed the accurate modeline
by a polaron model, whereby a negative polaron is localized at a Ti** site and hops to an adjacent Ti** sile. , . ; L " "’
Polaron hopping is described via Marcus theory formulated for polaronic systems and quasiequivalent to the Of pD]d]’OI].‘: mn bU]k TIOZ- We deS‘Lnbed the core BIECTFOI].‘:
Emin-Holstein-Austin-Mott theory. We obtain the relevant paramelers in the theory (namely, the activation usine the projec[or auemented-wave ]ne[hod")‘*2 Two valence
energy AG", the reorganization energy A, and the electronic coupling matrix elements V,z) for selected l = ‘11 f ..F . d d 4 2,% 2 l‘
crystallographic directions in rutile and anatase, using periodic density functional theory (DFT)+U and electron schemes tor 11 were considered: 4s-. d ( ‘lrge COI'E)
Hartree-Fock cluster calculations. The DFT+ U method was required to correct the well-known electron self- and 3p64523¢{2 (S[nal] COFE). Pre]i[ninary calculations deter-
interaction error in DFT for the calculation of polaronic wave functions. Our results give nonadiabatic activa- . e ..
tion energies of similar magnitude in rutile and anatase, all near ~0.3 eV. The electronic coupling matrix IIl]I]Ed Ihat [he fO]'IIleI' (lﬂrge CO]’E) SCheme was lﬂthﬁCIEHI
element V45 was determined (o be largest for polaron hopping parallel to the ¢ direction in rutile and indicative for Ob[aimng the correct band gap, but tests showed that this
of adiabatic transfer (thermal hopping mechanism) with a value of 0.20 eV, while the other directions inves- PP ) TS , =0 o e
tigated in both rutile and anatase gave V,; values of about one order of magnitude smaller and indicative of SCheme dld gl\fe Sl[ﬂl]dr pO]‘erI] trdnsfer rates (o the Slllﬂll
diabatic transfer (1unneling mechanism) in anatase. core model. Nonetheless, we used the 3p®45?34* scheme for
DO 10.1103/PhysRevB.75.195212 PACS number(s): 71.38.Ht, 72.20.Ee, 71.20.Nr, 72.80.Ga our calculations to ensure proper description of valence elec-

trons. The oxygen atoms had valence configurations of
25%2p*. The exchange-correlation functional for this work
was the functional of Perdew et al.***

3.4 - Exp't, = 3.2 eV [t is important to ensure convergence of simulation pa-
"""""""""""""""""""" rameters. We therefore tested our k-point meshes (2X2 X2
B0 frorarrm s for rutile and 2 X2 X 1 for anatase) and cutoff energies and

g BXPy= 306V found them to be sufficiently converged. We also used
o 261 Gaussian smearing to describe the electronic occupation. The
§ cells that we considered were the rutile (3 X3 X 3) and ana-
= 2.2 tase (3X3X2) supercells. These cells have 162 and 216
@ atoms, respectively, and are shown in Fig. 3. Our calcula-

1.8

tions gave lattice parameters of 4.65 and 2.97 A for rutile
and 3.81 and 9.73 A for anatase, all in good agreement with
0 1 2 3456 7 8 9 10 11 12 experi111ent.45 This leads to simulation box lengths of

Uggg (€V) 1401 A and 891 A for the rutile cell and 11.46 A and
10.42 A for the anatase cell. We also tested a (4 X4 X4)
rutile cell and found little effect on the results (for example,
Ti-O distance, E,.. etc.).

FIG. 5. Band gap versus U, Closed diamonds represent results
for rutile, while open diamonds represent results for anatase.
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Polimorfo Método U (eV) , Vo B, By’
(A3/f.u.) (GPa)

ANATASA GGA 35.272 169.9 2.27
GGA+U 3 36.239 164.9 2.53

GGA+U 36.902 162.3 2.61
GGA+U 10 38.572 157.6 2.67

Exp 34.06 179+2 4.5
RUTILO GGA 32.186 200.4 4.98
GGA+U 3 32.946 199.5 4.77
GGA+U 33.458 198.7 4.62
GGA+U 10 34.740 195.3 4.40
Exp 31.22 2117  6.76
COLUMBITA GGA 31.651 195.9 4.22
GGA+U 3 32.334 206.8 3.62
GGA+U 32.866 202.3 3.69
GGA+U 10 34.179 193.9 3.75

Exp 30.59 258+8 4.1
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ntroduccic VNIVERSITAT
ntroduccion IDGVALENCIA

Familia wolframitas: AWO, con A = Mg, Mn, Fe, Co, Ni, Zny Cd

MgWO Grupo Laue: 2/m
4
SG: P2/c (13)

a=4,688A b=5676A c=4,927A
B =90,72°
V=131,09 A3, Z=2

Grupo Laue: -1
SG: P-1(2)
a=4,703A,b=5839A c=4,878A
a=91,68° b=9247° g=8281°
V=13273A3,2=2

CuWwo,

a

[

Estudio de la transicion de fase del CuWwO, bajo presion mediante SXRD Javier Ruiz Fuertes




ntroduccic VNIVERSITAT
ntroduccion BGVALENCIA

_ ! . P (GPa
¢ Qué hace al CuwWO, diferente? s[ . i (GP2)
! — T 188
e P I .,
2,450 A 19788 ~ [~ - f s 187
‘T S -+ i A - T e S e
/0 ) & ~y /___.-__I,,\ :' N
2 075 A 1 997 A A i:":u 4 L | -.X_-'::ZF\-\_\\ . ../// | A . l‘ T 1 14.1
f y D - . B — ___/":.' Ir “ S . --,___\ \h f
Mg 1961A % |~ o N ]
Z - N o
11967 A E : f,-r"h-,\\ - _.-/ \-._‘ R 12’0
g 3F . ~ / / N ‘n\
— . - I ‘-\
2340 A E ; \x | . ——] 10,9
c 2} A I 76
e v i '
= \ PR
Efecto Jahn-Teller o N\
g0 0 4,8
< N SO\ S~ ]
e (_},x""" \\\\\x 1,9
. _ 7 \M
I I I I I L 4102

06 08 10 12 14 16 18 20
Energy (eV)

Ruiz-Fuertes, et. al. J. Phys.: Conf. Ser. 215, 012048 (2010)
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Introduccion

VNIVERSITAT

DFVALENCIA
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Raman shift (cm' )

Espectroscopia Raman

36 modos Raman a 12 GPa:

18 P-1 + 18 P2/c
Ruiz-Fuertes, et. al. PRB 81, 224115 (2010)

26 (degrees)

Difracciéon de rayos X con polvo

Ajuste Le Bail a 16 GPa
P-1+ P2/c

Estudio de la transicion de fase del CuWO, bajo presion mediante SXRD
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Difraccion de Rayos X con monocristal bajo presion DGVALENCIA

¢, Estructura de la Fase I1?
¢.Distorsion Jahn-Teller?

PXRD SXRD

1D 3D

Obtencion EOS bajo P Precision intensidades

Estudio de la transicion de fase del CuWwO, bajo presion mediante SXRD Javier Ruiz Fuertes



. - . . g VNIVERSITAT
Difraccion de Rayos X con monocristal bajo presion DG VALENCIA

Estrategia del experimento: acceso limitado al espacio reciproco en DAC

d
° @ ’ Grupo Laue -1: 30%

reflexiones
. . . accesibles

Toroide de acceso
Esfera de Ewald al espacio

reciproco en DAC
(s-Sp) /A = Hpy

Katrusiak et al. Acta Cryst. A64, 135 (2008) Miletich et al. Am. Revs. Min. Geochem, 41, 445 (2000)

Estudio de la transiciéon de fase del CuWO, bajo presion mediante SXRD Javier Ruiz Fuertes
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Difraccion de Rayos X con monocristal bajo presion DG VALENCIA

Estrategia del experimento: La mejor configuracion del difractometro

Cosiw COsysing + sinwcosg
COsw sin ¥

(cnsm Cos ¥ cos¢ — sin w sin :i:-)
1=

Una reflexion permanece en condicion de Bragg si o, ¢y
x cambian de forma que el cristal rote sobre el vector H,,

Busing and Levy. Acta Cryst. 22, 457 (1967)

$ =0

¥, + ¥, =260
Disminuye el recorrido
en la DAC
40% reflexiones observadas

Finger and King. Am. Mineral. 63, 337 (1978)
Estudio estructural de la distorsion Jahn-Teller del CuWO, bajo presion Javier Ruiz Fuertes
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Difraccion de Rayos X con monocristal bajo presion DGVALENCIA

Experimentos para el CuWO,a 7,0y 13,4 GPa

Estimacion Matriz de
= _ d-~2/u~30um
1=04A H H orientacion: UB

Imposible plano (111) —— (010)

(=] 4]

xyz = UB hkl
58 reflexiones
Metanol-etanol Neon a = 4,564 A a = 89,7°
7.0 GPa 13.4 GPa b=5,510A B =93,0°
c = 4,967 A y = 90,0°

Javier Ruiz Fuertes
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VNIVERSITAT

Difraccion de Rayos X con monocristal bajo presion DG VALENCIA

Medidas en el difractémetro Huber con detector puntual

1. Centrado: 8 reflexiones para
varios valores de los angulos 4000 - ' - -
0. ~1-000.00 %,(I)O |
|
FWHM = 0 !
b 3000 - [ -
2. Generacion de capas hkl de Fola
|
menor a mayor 260 -% 2500 |- I| || -
o] II ||
‘0 2000 | |' 1 .
CIC) |I \
= 1500 | i \Y .
3. Seleccion hkl no sombreadas d ||' \
1000 - -l '.jr -
| I
{ |
500 7 I| 4
M k
1 1 I 1 I WWW
. b 0
4. Medidas de referencia por o 10 20 3 4 5 60 70
@

variaciones intensidad

Javier Ruiz Fuertes
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Difraccion de Rayos X con monocristal bajo presion

VNIVERSITAT
DGVALENCIA

Andlisis datos a 13,4 GPa

Extinciones sistematicas
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Las posiciones atOmicas especiales

en la P2,/c

P2/c
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Difraccion de Rayos X con monocristal bajo presion

VNIVERSITAT
DGVALENCIA

Analisis datos

Archivo hkl
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Correccion absorcion Programa ABSORB
Ross Angel

-Diametro y grosor del gasket
-Coordenadas xyz de cada punto
de la muestra

-Grosor de los diamantes

http://www.crystal.vt.edu/crystal/software.html

Archivo hkl = SHELX

Estudio de la transicion de fase del CuWO, bajo presion mediante SXRD

Javier Ruiz Fuertes



Resultados de SXRD

VNIVERSITAT
DGVALENCIA

1,954 A
’ 1,693A 2.359A

P2/c
13,4 GPa
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b
(023
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DI

!
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. 1
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L e

W.

1,965 A

1,933 A
2,220 A

1,962 A

La estructura de alta presion
es idéntica a una wolframita

La distorsion Jahn-Teller,
aunque reducida, se mantiene

Distorsiones Jahn-Teller

MgWO,: 0,032 A
MnWO,: 0,088 A
CdwO,: 0,095 A
Cuwo, (P-1,1atm): 0,21 A
Cuwo, (P-1,7 GPa): 0,16 A
Cuwo, (P2/c,13 GPa): 0,14 A

Estudio de la transicion de fase del CuWO, bajo presion mediante SXRD

Javier Ruiz Fuertes



Conclus: VNIVERSITAT
onclusiones DGVALENCIA

Se ha explicado el procedimiento para hacer una medida de
SXRD bajo alta presion con detector puntual

Mediantes SXRD hemos resuelto que la estructura de altas
presiones del CuWO, a 13,4 GPa el una tipo wolframita

Hemos obtenido que la estructura que la distorsion Jahn-Teller
persiste en la estructura de alta presion

Estudio de la transiciéon de fase del CuWO, bajo presion mediante SXRD Javier Ruiz Fuertes



VNIVERSITAT

Resultados EXAFS CuWQO, en polvo DEFVALENCIA
24 ': 022 | ! 1 'i | ! | ! I
i . . P-1 | P2/ic
< 23 020 ° .
g 72 ;y]=6.5:»4110’3 GPa' i E
g . E —_ 0.18 - . E . 7
3 i < Te 1o
ER - 5 A
S I | 0.16 - - . 7
Q soLz-t 1x10” GPa' | z,=13x10°GPa” | i i T
3 [ | '
;H’TL‘}';\‘F«}\{ 0.14 | : : -
1.9 O ! ! . ! g . | \ !
0 5 10 15 20
Pressure (GPa) Pressure (GPa)

Estudio de la transiciéon de fase del CuWO, bajo presion mediante SXRD Javier Ruiz Fuertes



VNIVERSITAT

Difraccion de Rayos X con monocristal bajo presion DEVALENCIA
i P1 P1 P2/c
R esu l tad 0S AJ us t e Kilhborg (this work) (this work) akr;)i%i/t%:o
293K 203K 203K 0K
1 am 7.0 GPa 13.4 GPa 10.3 GPa
a 4.7026 4.6200 4.5423 4.5527
b 5.8389 5.7469 5.4607 5.6479
PT P2/c c 4.8784 4.8568 4.9802 4.9002
a 91.677 91.344 9 90
p (GPe) 7.0 134 B 92.469 91.482 93.197 90.06
T (K) 203 203 v 82.805 84.685 90 90
2i 2i of of
VA9 12833 1 Custe | X=049533  x=0.49768 x=05 Xx=05
h 8:7 77 y=065976 y=066208 y=067014  y=0.6641
. o 2=024481  z=0.24576 z2=0.25 =025
k 3;3 3;2 i i 2e 2e
| 7.7 7.7 Wete  X=002106  x=0.01607 x=0 x=0
_ y=017348  y=0.17694 y=018674  y=0.1802
Observed reflections 1024 681 2=025429  z=0.25208 2=0.25 2=0.25
Unique reflections 487 196 2i 2i 4g 4g
O gte  X=0249L  x=025261 x=025341  x=02598
1 y=03535  y=035796 y=039652  y=0.3817
Parameters 26 16 z=04245  z=042316 z=038516  z=0.4080
R 0.0518 0.0603 2i 2i 49 49
R 0.0490 010354 O.gte  X=02145  x=021779  x=022508  x=0.2251
o 2 y=08812 y=088773 y=089666  y=0.8940
R1 0.0382 0.0309 z=04309  z=043064 z=042627  z=0.4302
wR2 0.0934 0.0667 2i 2i
O.gte X073 x=073879
3 y=03803  y=0.38683
z=00981  z=0.09408
2i 2i
O §te  X=07826  x=077633
4 y=09079  y=0.90434
2=00533  7z=0.6128

Estudio de la transicion de fase del CuWO, bajo presion mediante SXRD

Javier Ruiz Fuertes



Mas alla del modelo de Debye

Nuevo modulo de calculo de efectos térmicos
en cristales

David Abbasi Pérez
Miraflores, 26 de Enero de 2011
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OBJETIVOS

e Desarrollar una herramienta de calculo para describir los
efectos térmicos en cristales

De manera sencilla
A un bajo coste computacional

* Implementacion del meétodo GIBBS-Fleche en el codigo
GIBBS

Modelo de Debye-Einstein
Modelo de Debye-Einstein Extendido

 Examen y comprobacion del nuevo codigo

EOS y propiedades termodinamicas en
MgO, B-C,N,, BaWO -II

3' V47



FUNDAMENTOS

* Cristalografia
- Descripcion de los sistemas cristalinos

 Estructura electronica
- Calculos bajo el formalismo de Hartree-Fock y DFT

e Paquetes estandar de calculo en el estado solido
- CRYSTAL ,VASP, Quantum Espresso.

* Programacion y métodos numeéricos
- Desarrollo del cédigo en FORTRAN

e Termodinamica estadistica
- Obtencion de propiedades termodinamicas a partir de la descripcion
microscopica (estructura electronica y vibraciones cristalinas)



MODELOS TERMICOS

Energia libre de Gibbs de no equilibrio
G*(Vip, T) = Eg(V) +pV + Au(V; T)

donde £, (V) se obtiene calculando las energias electrénicas a
cada volumen de celda del cristal.

11
Ay = fo {ihV + kg1 In (1 — e_h”/kBT) }g(u)du

donde 9(v) es la densidad de estados vibracionales
(tanto acusticos como opticos)



MODELO ESTATICO

- T'=0 y no se tienen en cuenta las vibraciones del punto cero
Ga(Vip, T) = Hy = E(V) +pV °

- Datos de input : Conjunto de puntos (E, V). 530

/', P=10

- La G* , se minimiza con respecto a V
y se obtiene

-la EOS V(p)=V,  (p)
- el potencial quimico G(p) = G*_(V__(p))

o pt

~ P=0




MODELO DE DEBYE

G*(Vip,T)=Eg(V)+pV + Ay (V; T)

En el modelo de Debye A ., es

96 5
Avib(©:; T) = nkT [g — +3In(1 - e O/ — D(@/T)]

La integral de Debye La temperatura caracterisitica de Debye
[ 0 = L1622V 2] £ (o), 28
— = — |07 n (0} -
b= [ Gy k Vi
0

B_: Bulk modulus adiabatico

2 170
B¢ ~ Bst(V) =V (d Eel(v)) M: Masa molecular por formula unidad
0. Poisson ratio (aproximamos a una constante)




MODELO DEBYE

Propiedades termodinamicas que podemos obtener

9

Cy it :3nk[4D(@/T) _ 9/ }

e®/T — 1]
Syib = nk[4D(@/T) —31n(1 — e_@/T)]

din® (V)
dlnV

o — VCV,Vib
-~ BrV '’
Cp,vib = CV,Vib(1 +ayT),

Bs=Br(1+ayT).




METODO DE FLECHE

Separacion en contribuciones estatica, acustica y optica.

A= Ast + A’Uiba Avib — Aa,c + Aop

Se aproxima las ramas de frecuencias acusticas para k+#0 con el
modelo de Debye
v (R)=@/2a)IkIl, 1=123

ac,i

donde v. €s la velocidad de fase de las vibraciones acusticas.

Cada una de las ramas de frecuencias opticas se aproxima con el
modelo de Einstein.

v (R)=v() i=4,3n

op,1
donde v(I') son las frecuencias de vibracion en el punto I', k = 0.



METODO DE FLECHE

Parte estatica Parte acustica

Age = NkpT F@ +3In(1 — e ®/7) — D(@/T)]

A, = EY
8 T

el

Parte optica 3,
T . B
Aop:NkBTZ[EJHH(l—e 9)}’ Lj =

J=4

V 1/6 BS 1/2 9 . 1/2
V@(F)— 10(1—\) st 1 — p.t
Vst,O Bst,O BBst

Otras magnitudes termodinamicas

th
kgl

S = Sac -+ Sop C’U — C’U,CLC =+ Ctu,op

Sue = Nkp [AD(O/T) =3 (1 == %)} ¢, — 3Nk {4D(@/T) - S’/(?/i]

X o 2:16J
S, :N/cBZL%j_l—ln(l—e J)] wp_NkBZL i ]
4 Y —




METODO GIBBS-Fleche

« Combinacion del método de Fleche con la estrategia computacional
de GIBBS

e Descripcion de la contribucion vibracional como propone Fleche
» Separacion de contribuciones vibracioneles en parta acustica y
parte optica
 Dependencia de las frecuencias opticas en I' con V

e Si usamos todas las frecuencias en I' para la descripcion de la

contribucion 6ptica hablaremos del modelo de Debye-Einstein
Extendido (DEE)

 Si simplificamos el tratamiento de todas las ramas opticas a una
unica frecuencia (la frecuencia media) hablaremos del modelo de
Debye-Einstein (DE)
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DISTRIBUCION DE FRECUENCIAS

0] 200 400 600 800 1000 1200 1400

O Il L 1 L L L
100 200 300 400 500 600 700 800 900

vo(cm'q)

Frecuencias 6pticas en I' en la geometria de equilibrio estatica a presion
cero para el B-C.N, (arriba) y el BaWO,-Il.En rojo, la frecuencia media (v



V,,B,y B,'EN CONDICIONES
ESTATICAS, 0 KY 300 K

Valores obtenidos con el método GIBBS-Fleche

3-C3N, BaWO,—II
Param Stat Ok J00K Stat Ok 300K

Vo(bohr?) | 284.86 288.56 288.81 | 574.06 586.46 594.84
Bo(GPa) | 441.91 433.92 431.69 | 83.63  77.37  69.36
B 3.8314  3.7080 3.7169 | 5.7881 5.7460 6.0333

Distinguimos dos factores: vibraciones del punto cero y efecto de la temperatura.
Existe variacion del volumen debido a la naturaleza cuasi-armonica del modelo.
El factor mas importante en general es la inclusion de las vibraciones de punto cero.

V, aumenta y B, disminuye al aumentar la temperatura.



Bo(GPa)
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COMPORTAMIENTO DE B,

Muestra patrones de
variacion similares en
todos los cristales.

A alta temperatura se
obtienen valores mayores
con el método de GIBBS-
Fleche que con el modelo
de Debye.

0 50 100 150 200 250 300 350 400 450
T(K)
Representacion del bulk modulus isotermo a p = 0 para el BaWO,-ll

En azul, el modelo de Debye, en verde el modelo de Debye-Einstein y en rojo el de
Debye-Einstein Extendido



COMPORTAMIENTO DE C_

(K)
140 L 160
140
120 -
120
< 100 ¢ —~
v, L 100}
— 80} i
o L
£ g
% 60 3 60;
40 + 40 +
20 | 20
0 - 0 X oot 1 I 1 I 1 I 1 1
0 0 50 100 150 200 250 300 350 400 450

T(K)

La representacion de C, ha de seguir laley T° de Debye a baja temperatura
y la de Dulong y Petit a alta temperatura. El nuevo metodo se comporta bien.



G(KJ mol™)
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U(KJ mol™)
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Representacion de las
funciones termodinamicas
obtenidas por tres mode-
los.

En los materiales mas
blandos las curvas de los
difrentes modelos se se-
paran mas en que los
materiales mas duros.



Materiales de alta presion
como electrodo para baterias de litio.

M.E. Arroyo y de Dompablo

Facultad de Ciencias Quimicas,
Universidad Complutense de Madrid, SPAIN

Matter at High Pressure




Indice

Baterias recargables de litio
* Materiales de alta presién como electrodo

- Materiales estudiados

Detalles experimentales
- Ejemplos

V,05
Silicatos-Li,MSiO,
- Agradecimientos



Lithium ion batteries

.................................................................................

e e "
- @ _5 Positive Electrode
Ne ‘;trive Electrolyte ° H Alto poder oxidante
EIe%:trode N V. >3V vs Li*/Li
s VZO5, LiMn204, LiCOOZ, L|F€PO4
%

Negative Electrode
Alto poder reductor
V_<1.2 V vs Li+/Li

Li.Cq. Lisg.,Coo4N, SNO

Li+ Bﬂlrg:.-':fle [ LT;TMM 02

Yy Discharge of the cell: AG<0
3.5

- Energy = Voltage x Capacity
3.00
e Output Voltage = V, - V.

: Capacity: humber of transferred electrons
%o 02  o0s4 o6 o8 10X



TiO, POLYMORPHS

Ana‘rase Rutile Brookite

\ G .‘ B € .-‘. \ C ‘. O N , 4 :

) 100 150 200 250 300 35
Capacity (mAh/g)

GJOHW'E?H@E[ 1. beinarouak, and K. Amine, Cl _ Baddéleyrr



High pressure polymorphs

Searching for novel electrode materials

HP / HT treatment
known elecTr'ode MODIFICATION OF CRYSTAL
g AND ELECTRONIC STRUCTURES

transformation better electronic conductivity

=

=

Olivine-LiCoXO, (X = P, As)
03-LiMO, (M = Co, Ni/Mn)
Li,VXOs (X = Si, Ge)

V205

FePO, High Pressure Polymorphs:

Li,MSiO,(M = Co, Mn) Novel Electrode Materials

LiMn,O, for Lithium batteries ?
TiO,

| FIRST PRINCIPLES CALCULATIONS GUIDANCE

Review DFT lithium batteries: Y.S. Meng and M.E. Arroyo y de Dompablo, Environmental and Energy Science, 2009



High Pressure/ High temperature Experiments

HP / HT
AP-pO'Yﬂ'\Ol“ph ||~ HP-polymor‘ph

Belt-type press

Belt-type press: 1400 °C, 80 kbar
Conac press: 1400 °C, 100 kbar
Rockland press: 1200 °C, 35 kbar

Quenching experiments:.
1) P and T are applied for 1-2 h
2) the sample is quenched to ambient conditions

LABORATORIO COMPLUTENSE DE ALTAS PRESIONES
http://www.ucm.es/info/labocoap/index.htm
Directores: Dr. M.A. Alario, Dr. E. Moran
Responsable: Dr. J.M. Gallardo

3/46
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V. P. Filonenko, et d,
ActaCryst B, 2004

g -80 :
® —APVO

Compound | B,(GPa) | B, | V,(A% | E,(eV) > ——HPV.O
()

AP-V,O, 18.828 9.961 13.99 -8.382 g

HP-V,0, | 29.867 5986 | 12.53 | -8.357 2 Y Trangtion |
D Pressure |
3

DFT (GGA) transition pressure 3 gl
3.3 GPa § b5 —1¢

Pressure (GPa)

J.M. Gallardo—Amores, N. Biskup, ,U. Amador, K. Persson, G. Ceder E. Moran, and M.E. Arroyo y de Dompablo, Chem Mat, 2007



Synthesis and Characterization of HP-V,05
3-8 GPa

DFT transition pr‘essur‘e Comepcial v205 II‘ HP'Vzo5

of the order of 3.3 GPa

41000

36000 |
31000 |

26000 |

Intensity (arb. units)

4000 |-

9000

21000 |
16000 |
11000 |

600 F &

800°C/90 min

4GPa | == || 3GPa - E |
. oo | i ¥ .
E 12000 ;
% 7000 ;
e g s E 2000 F it i ¢
00 E | o : omn
SR ST /A A LA SRR 8000 S e
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
28 (%) 26 (%)
4 GPa - 8 GPa crystalline HP-V,05 3 GPa secondary amorphous phase

Good agreement experiments-computations



E/V

HP-V,O5 Cycling Properties

4 Specific Capacity retention
~, 30—+ .
351 O, e |
3 1 E > X
I 15 5
25 | | g 200 L | -
S 150, CI7 C/35 C/7] ><I
T E 7
15 cycles 27 - 52 - Z w0 * ”c<>
10 C/3.5 | g 59| |——charge 705 o
e Q - |——discharge ’
O 04 08 12 16 @) O: ! ! ! ! ! ! ! 0
X in HP_LiXV205 0 10 20 30 40 50 60 70 80

cycle number
High Specific Capacity and good retention with cycling.
Comparable to AP-V, 0O,

M.E. Arroyo, J.M. Gallardo—-Amores, ,U. Amador and E. Moran Electrochem. Comm., 2007

M.E. Arroyo y de Dompablo, N. Biskup, J.M. Gallardo—Amores, C. Baethz, U. Amador,
and M.E. Arroyo y de Dompablo, Journal of Physics; Conference Series, 2008



The advantage of the HP-form

10° E™ | | | |
108 L J
V,0. — | Ea=0.232 eV
RT Resistivity 10° "
10 KQ = ]
oKbem e 00| Ea = 0.068 eV 1
10 | F |- HP-V,0;
i RT ReS|st|V|ty
10° F 3 0.4 KQcm
102 P S AR SR S T N ST S S S [T S S S (S S S T S
2 4 6 8 10 12 14

1000/T (1000/K)

HP polymorph has better electrochemical properties than AP polymorph

J.M. Gallardo—Amores, N. Biskup, ,U. Amador, K. Persson, G. Ceder, E. Moran, and M.E. Arroyo y de Dompablo, Chem Mat, 2007



U [v vs. LilLi']
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Calculated Li insertion voltage (V)

Co Ni

M in Li,MSiO,

Motivation for high pressure investigation:

==p Several polymorphs exist which are difficult to isolate.

What is the relative stability of polymorphs?. Role of Pressure?

==p Instability of Li, ,MSiO, delithiated phases.
New polymorphs based on MO, units?




Cdcaulaed Energy (eV /f.u.)

-54.7 _
a5
-54.9—5
-55.0—?
-55.1 —

-55.2]

DFT ‘LizMnSiO4

B

LI LI B N R |

80 8 9 95 100
Volume (A f.u))

B =83 GPafor Pmnb
B = 85 GPafor Pmn2,;

Olivine-Fe,SIO, B = 113 GPa,
Phenakite-Be,SiO, B = 201.8 GPa,
Garnet-Ca;Fe,Si;O,, B = 159 GPa

Enthalpy Difference (eV/f.u.)

DFT+U (U=4¢eV)

000>
-0.011
0024 | — Fﬁ”rr|21
|| ——Pmmb
083 t+———rr————

Pressure (GPa)

» Difficult to isolate Pmn2,and Pmnb
only by thermal freatments.

* Pressure favors the denser Pmn2,

* Moderate Bulk modulus.
New polymorph at HP?

M.E. Arroyo y de Dompablo, R. Dominko, J.M. Gallardo-
Amores, H. Ehrenberg, L. Dupont, G. Mali , J. Jamnik
and E. Moran, Chem. Mat, 2008



Imgensigy (arb. wmnis)

14000
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10000
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Intensiiy (arb. nnits)
e
g
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-2000

<00 L
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6000 - Li,SiO; 8.2 %

i MnO 9.8 %

i Li,MnSiO,-P2,/n 19%
4500 - . Li,MnSiO,-Pmnb 63%

3000 | l
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L

Lol CEPITLLT IHIHHIN TN
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20 @
Initial sample Mixture of S.G

l HP / HT

_ Li,MnSiO,-Pmn2; 86. 7%
Li,SiO5 3.3%
Mn,SiO, 10%

s bl '.‘ulu"lh‘l‘.lL‘”'Ml\lh'mh'H'n'\‘u.NlAﬂw’l‘l.‘ﬁ'.'eh‘ﬂ'nll‘l.J"'HWML’ hibhl

6 11 16 21 26 31 36 41 46 51 5€
28 (%)

intensity [a.u.]

By HP/HT treatment the denser

polymorph can be isolated
Confirmed by XRD, SAED, NMR

v Mn2804
* L, S0,
¢ MnO

20[CuK ]
Transformation at higher pressures?

M.E. Arroyo y de Dompablo, R. Dominko, J.M. Gallardo-Amores, H.
Ehrenberg, L. Dupont, G. Mali , J. Jamnik and E. Moran, Chem. Mat, 2008



Intensity (arD. nnits)

LiZCOSiO4

21000
s ———T——r— T T T -
000 F 3
19000 C ]
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20 (9 15 20 25 0 35 40 45 a0 55 50
20 ()
LINO; + Co(NO,), + SiO Li.CoSiO,.- Pmn2

Combustion (urea)
950°C for 48 hours

guenching

Li,C0SiO,- P2./n

40 kbar, 900 °C

(0]
/ 60 kbar, 900 C, Decomposition of the material

M.E. Arroyo y de Dompablo, U. Amador, J.M. Gallardo-Amores, E. Moran, L.
Dupont, H. Ehrenberg and R. Dominko, J. Power Sources 2008
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Materiales de alta presion
como electrodo para baterias de litio.

M.E. Arroyo y de Dompablo

Facultad de Ciencias Quimicas,
Universidad Complutense de Madrid, SPAIN

Matter at High Pressure
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Lithium ion batteries

.................................................................................

e e "
- @ _5 Positive Electrode
Ne ‘;trive Electrolyte ° H Alto poder oxidante
EIe%:trode N V. >3V vs Li*/Li
s VZO5, LiMn204, LiCOOZ, L|F€PO4
%

Negative Electrode
Alto poder reductor
V_<1.2 V vs Li+/Li

Li.Cq. Lisg.,Coo4N, SNO

Li+ Bﬂlrg:.-':fle [ LT;TMM 02

Yy Discharge of the cell: AG<0
3.5

- Energy = Voltage x Capacity
3.00
e Output Voltage = V, - V.

: Capacity: humber of transferred electrons
%o 02  o0s4 o6 o8 10X



TiO, POLYMORPHS

Ana‘rase Rutile Brookite

\ G .‘ B € .-‘. \ C ‘. O N , 4 :

) 100 150 200 250 300 35
Capacity (mAh/g)

GJOHW'E?H@E[ 1. beinarouak, and K. Amine, Cl _ Baddéleyrr



High pressure polymorphs

Searching for novel electrode materials

HP / HT treatment
known elecTr'ode MODIFICATION OF CRYSTAL
g AND ELECTRONIC STRUCTURES

transformation better electronic conductivity

=

=

Olivine-LiCoXO, (X = P, As)
03-LiMO, (M = Co, Ni/Mn)
Li,VXOs (X = Si, Ge)

V205

FePO, High Pressure Polymorphs:

Li,MSiO,(M = Co, Mn) Novel Electrode Materials

LiMn,O, for Lithium batteries ?
TiO,

| FIRST PRINCIPLES CALCULATIONS GUIDANCE

Review DFT lithium batteries: Y.S. Meng and M.E. Arroyo y de Dompablo, Environmental and Energy Science, 2009



High Pressure/ High temperature Experiments

HP / HT
AP-pO'Yﬂ'\Ol“ph ||~ HP-polymor‘ph

Belt-type press

Belt-type press: 1400 °C, 80 kbar
Conac press: 1400 °C, 100 kbar
Rockland press: 1200 °C, 35 kbar

Quenching experiments:.
1) P and T are applied for 1-2 h
2) the sample is quenched to ambient conditions

LABORATORIO COMPLUTENSE DE ALTAS PRESIONES
http://www.ucm.es/info/labocoap/index.htm
Directores: Dr. M.A. Alario, Dr. E. Moran
Responsable: Dr. J.M. Gallardo

3/46


http://www.ucm.es/info/labocoap/index.htm�

tuerca de
acero

separador

Lithium batteries-experimental

muelle

I

0

L

I

il

= * Electrodo negativo (Li)
[ * Electrolito

- pistén
M s e Electrodo positivo (composite)
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V. P. Filonenko, et d,
ActaCryst B, 2004

g -80 :
® —APVO

Compound | B,(GPa) | B, | V,(A% | E,(eV) > ——HPV.O
()

AP-V,O, 18.828 9.961 13.99 -8.382 g

HP-V,0, | 29.867 5986 | 12.53 | -8.357 2 Y Trangtion |
D Pressure |
3

DFT (GGA) transition pressure 3 gl
3.3 GPa § b5 —1¢

Pressure (GPa)

J.M. Gallardo—Amores, N. Biskup, ,U. Amador, K. Persson, G. Ceder E. Moran, and M.E. Arroyo y de Dompablo, Chem Mat, 2007



Synthesis and Characterization of HP-V,05
3-8 GPa

DFT transition pr‘essur‘e Comepcial v205 II‘ HP'Vzo5

of the order of 3.3 GPa

41000

36000 |
31000 |

26000 |

Intensity (arb. units)

4000 |-

9000

21000 |
16000 |
11000 |

600 F &

800°C/90 min

4GPa | == || 3GPa - E |
. oo | i ¥ .
E 12000 ;
% 7000 ;
e g s E 2000 F it i ¢
00 E | o : omn
SR ST /A A LA SRR 8000 S e
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
28 (%) 26 (%)
4 GPa - 8 GPa crystalline HP-V,05 3 GPa secondary amorphous phase

Good agreement experiments-computations



E/V

HP-V,O5 Cycling Properties

4 Specific Capacity retention
~, 30—+ .
351 O, e |
3 1 E > X
I 15 5
25 | | g 200 L | -
S 150, CI7 C/35 C/7] ><I
T E 7
15 cycles 27 - 52 - Z w0 * ”c<>
10 C/3.5 | g 59| |——charge 705 o
e Q - |——discharge ’
O 04 08 12 16 @) O: ! ! ! ! ! ! ! 0
X in HP_LiXV205 0 10 20 30 40 50 60 70 80

cycle number
High Specific Capacity and good retention with cycling.
Comparable to AP-V, 0O,

M.E. Arroyo, J.M. Gallardo—-Amores, ,U. Amador and E. Moran Electrochem. Comm., 2007

M.E. Arroyo y de Dompablo, N. Biskup, J.M. Gallardo—Amores, C. Baethz, U. Amador,
and M.E. Arroyo y de Dompablo, Journal of Physics; Conference Series, 2008



The advantage of the HP-form

10° E™ | | | |
108 L J
V,0. — | Ea=0.232 eV
RT Resistivity 10° "
10 KQ = ]
oKbem e 00| Ea = 0.068 eV 1
10 | F |- HP-V,0;
i RT ReS|st|V|ty
10° F 3 0.4 KQcm
102 P S AR SR S T N ST S S S [T S S S (S S S T S
2 4 6 8 10 12 14

1000/T (1000/K)

HP polymorph has better electrochemical properties than AP polymorph

J.M. Gallardo—Amores, N. Biskup, ,U. Amador, K. Persson, G. Ceder, E. Moran, and M.E. Arroyo y de Dompablo, Chem Mat, 2007



U [v vs. LilLi']

44 ' r g 5] |
s2| ; . . o = E.Arroyoetal., & ______ @
Li,MSiO § 43| Eleor Cgpm:z0
o - : 2 4 S 48] 40citas =
A o = < .r ’,-"'
34 3" cycle . ; .g 4.41 f.
sz R g 4'2__ ! /
o[ R.Dominkoet al., £ 4.04 N y
B ' i . . . — 3.8 N #
“I Electr. Comm. 2 lithium ions per TM 2 5¢] AR
[ DoCtas | /i 2 3.4- o M3 /M*
221 ' 3 3.2] ‘w
2'00;:1 o1 02 03 Iul4 ' olsiﬁ ols”f 07 08 0o 10 14 % 3.0- ’ . :
. l l l l x[Lith.SiO‘]l l . . l o Mn Fe Co Ni
M in Li,MSiO,

Motivation for high pressure investigation:

==p Several polymorphs exist which are difficult to isolate.

What is the relative stability of polymorphs?. Role of Pressure?

==p Instability of Li, ,MSiO, delithiated phases.
New polymorphs based on MO, units?




Cdcaulaed Energy (eV /f.u.)

-54.7 _
a5
-54.9—5
-55.0—?
-55.1 —

-55.2]

DFT ‘LizMnSiO4

B

LI LI B N R |

80 8 9 95 100
Volume (A f.u))

B =83 GPafor Pmnb
B = 85 GPafor Pmn2,;

Olivine-Fe,SIO, B = 113 GPa,
Phenakite-Be,SiO, B = 201.8 GPa,
Garnet-Ca;Fe,Si;O,, B = 159 GPa

Enthalpy Difference (eV/f.u.)

DFT+U (U=4¢eV)

000>
-0.011
0024 | — Fﬁ”rr|21
|| ——Pmmb
083+

Pressure (GPa)

» Difficult to isolate Pmn2,and Pmnb
only by thermal freatments.

* Pressure favors the denser Pmn2,

* Moderate Bulk modulus.
New polymorph at HP?

M.E. Arroyo y de Dompablo, R. Dominko, J.M. Gallardo-
Amores, H. Ehrenberg, L. Dupont, G. Mali , J. Jamnik
and E. Moran, Chem. Mat, 2008



Imgensigy (arb. wmnis)

14000

12000

10000

3000

6000

Intensiiy (arb. nnits)
e
g
=1

2000

-2000

<00 L

7500 P

6000 - Li,SiO; 8.2 %

i MnO 9.8 %

i Li,MnSiO,-P2,/n 19%
4500 - . Li,MnSiO,-Pmnb 63%

3000 | l
1500 |

L

Lol CEPITLLT IHIHHIN TN

‘ ‘H 1 11 W O A

S 10 15 20 25 30 35 40 45 S0

20 @
Initial sample Mixture of S.G

l HP / HT

_ Li,MnSiO,-Pmn2; 86. 7%
Li,SiO5 3.3%
Mn,SiO, 10%

s bl '.‘ulu"lh‘l‘.lL‘”'Ml\lh'mh'H'n'\‘u.NlAﬂw’l‘l.‘ﬁ'.'eh‘ﬂ'nll‘l.J"'HWML’ hibhl

6 11 16 21 26 31 36 41 46 51 5€
28 (%)

intensity [a.u.]

By HP/HT treatment the denser

polymorph can be isolated
Confirmed by XRD, SAED, NMR

v Mn2804
* L, S0,
¢ MnO

20[CuK ]
Transformation at higher pressures?

M.E. Arroyo y de Dompablo, R. Dominko, J.M. Gallardo-Amores, H.
Ehrenberg, L. Dupont, G. Mali , J. Jamnik and E. Moran, Chem. Mat, 2008



Intensity (arD. nnits)

LiZCOSiO4

21000
s ———T——r— T T T -
000 F 3
19000 C ]
3100 f
17000 w200 |
- -
'E 6300 F
- -
15000 = E
E os00 |
£ 4500
13000 = L ]
3600 F .
oo o0 F 1 g
1800 |o
oop0 e v ooy
500
15 20 25 30 35 40 45 50 55 60
20 (9 15 20 25 0 35 40 45 a0 55 50
20 ()
LINO; + Co(NO,), + SiO Li.CoSiO,.- Pmn2

Combustion (urea)
950°C for 48 hours

guenching

Li,C0SiO,- P2./n

40 kbar, 900 °C

(0]
/ 60 kbar, 900 C, Decomposition of the material

M.E. Arroyo y de Dompablo, U. Amador, J.M. Gallardo-Amores, E. Moran, L.
Dupont, H. Ehrenberg and R. Dominko, J. Power Sources 2008
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Introduccion

Calcopirita defectuosa
Estructura tetragonal 1-4 (SG 82)
Z=2

Posiciones atomicas:

\ Mn 2a (000)

Gal 2b (00%)

;s ;Ball 2c (0% %)
- e 8g(xyz)

Vac 2d (0% 34)

MnGa,Se,

Antiferromagnético



Introduccion

"

A
A

MnGa,Se,

Calcopirita defectuosa
Estructura tetragonal 1-4 (SG 82)
Z=2

Posiciones atomicas:

/’\ Mn 2a (000)

Gal 2b (00%)

L ,1 % Gall 2c (0% % )
‘\i | Se 89 (xyz)

Vac 2d (0% 34)

Antiferromagnético



Introduccion

* Propiedades estudiadas experimentalmente

- Estructurales

- Magnéticas

- Opticas

- Vibracionales
« Técnicas utilizadas

- Difraccion de neutrones
- Rayos X
- Espectroscopia Raman
» ¢ Estudios tedricos? Ninguno (que sepamos...)



Introduccion

MOTIVACION

- Estudio teorico-experimental de las propiedades bajo presion
de la familia de calcopiritas defectuosas, XGa,Se, y XGa,S,

(X=Mn, Hg, Cd, Zn)

- Entre la familia de las calcopiritas defectuosas, presenta
ordenamiento antiferromagnetico

- Medidas experimentales recientes del grupo de Cantabria de
MALTA Consolider (Jesus Gonzalez)

- Altamente resistente y buen fotoconductor segun medidas
experimentales previas

- Pocos (ninguno?) estudios teodricos sobre el MnGa,Se, en
condiciones normales o bajo presion



Método de calculo

Codigo VASP (pseudopotenciales y ondas planas)
Pseudopotenciales PAW (Projector-Augmented Wave)

Canje y correlacion GGA tipo PBESol (PBE optimizado para solidos)
Cut-off en la base de ondas planas: 375 eV

Grid denso para la integracion en espacio reciproco

Convergencia con el cutoff y el nimero de puntos de integracion
Calculos a temperatura nula (movimiento del punto cero no incluido)
Estructura en configuracion antiferromagnética

Calculo de fonones en Gamma: meétodo directo (Calculo de las
constantes de fuerza aplicando pequenos desplazamientos)

Construccion de la matriz dinamica y analisis de la simetria de los
modos efectuada con el codigo PHONON.



Energia de la fase

A volumenes

Enerpfa (eV)

seleccionados, hemos

" At BitMurnaghan| | relajado completamente
los grados de libertad
estructurales (parametros
de celda e internos). Asi
- obtenemos esta curva de
energia-volumen.

- El ajuste con una
ecuacion de estado de
Birch-Murnaghan de 4°

N orden permite obtener
parametros estructurales
o en el equilibrio (volumen,

260 280 300 320 340 360 380 modulo de bulk, .r)

Volumen [,3;3)



Parametros estructurales de la fase

Este trabajo | Ref [1] | Ref [2] | Ref [3]

V, (A% 336.51 | 347.38| 346.81 | 347.64
a, (A) 5.582 5.678 | 5.677 | 5.687
co (A) 10.800 10.775 | 10.761 | 10.749
cla 1.935 1.8975 | 1.8955 | 1.894

B, (GPa) 38.63 - - 45
B, 4.45 - - 3.7

[1] M. Quintero et al. Phys. Stat. Sol. (a), 146, 587 (1994)
[2] M. Cannas et al. Cryst. Res. Technol. 33, 417 (1998)
[3] Tesis doctoral de Jesus R. Marquina C. Mérida, Venezuela (2003)

Diferencias con los resultados experimentales dentro del
margen tipico de este tipo de calculos.



Evolucion estructural bajo presion

Strucrural pararneters {ﬁ]

12

|
]
cfa ratio

6 8 10 12 14 16 18 207
Presaure (GPa)

Nuestros calculos
muestran que la celda es
mas compresible en el
plano perpendicular al eje
principal.

La variacion de c/a con la
presion esta en excelente
acuerdo con el resultado
experimental de
Marquina:

dcla
dp

—0.06 kbar™"



Evolucion estructural bajo presion

0,30

0.28

0.26

Internal parameters
o 2 2
P i i2
S 13 £

=
f—
oo

0.16

0.14

0,12

0,10

8 10 12
Pressure (GPa)

Los cationes Mn y Ga
estan en posiciones
especiales (sin
parametros libres).

Nuestros calculos
muestran la evolucion
de los parametros
Internos asociados a
los sitios 8g del anion
Se.

No hay resultados
experimentales con los
gue comparar.



Modos normales de vibracion en I

Este trabajo Datos experimentales [1]
modo W, dw/dP % W, dw/dP \%
E(RI) 69.8 -0.01 -1.25 76.6 0.2 0.19
B(RI) 87.1 0.6 0.33 91.8 0.83 0.67
E(RI) 95.1 -0.6 -0.38 104.8 -0.1 0.04
B(RI) 113.5 0.1 0.02 122.7 0.6 0.20
A(R) 131.7 4.9 1.72 134.2 5.3 1.86
A(R) 174.0 2.9 0.74 181.7 3.2 0.89
A(R) 192.9 2.6 0.76 207.0 2.2 0.76
B(RI) 214.4 2.2 0.70 214.0 6.2 1.33
E(RI) 217.6 5.3 1.00 239.3 4.1 0.85
E(RI) 230.9 4.2 0.80 244.9 4.6 1.10
B(RI) 234.9 5.9 1.07 227.0 3.3 0.71
E(RI) 241.8 3.1 0.80 253.5 4.6 0.92
B(RI) 245.9 6.2 1.21 277.9 3.5 0.65

[1] Tesis doctoral de Jesus R. Marquina C. Mérida, Venezuela (2003)



Modos normales de vibracion en I

Este trabajo Datos experimentales [1]
modo [0 dw/dP ) dw/dP
A(R) 131.7 4.9 1.7 134.2 5.3 .86
loehncdoainasibaoslsonil : ﬂI el 2 05
relativamente inser{sibles a la presion 2079 - 076
214.0 6.2 1.33
E(RI) 217.6 5.3 1.00 239.3 4.1 0.85
E(RI) 230.9 4.2 0.80 244.9 4.6 1.10
B(RI) 234.9 5.9 1.07 227.0 3.3 0.71
E(RI) 241.8 3.1 0.80 253.5 4.6 0.92
B(RI) 245.9 6.2 1.21 277.9 3.5 0.65

[1] Tesis doctoral de Jesus R. Marquina C. Mérida, Venezuela (2003)



Modos normales de vibracion en I

Este trabajo

Datos experimentales [1]

modo W dw/dP % W dw/dP \%
L d e I"" ° oo ’ I”" 76.6 0.2 0.19
oS !TIIO 0S mas altos aumentan con la 918 0.83 0.67
presion
104.8 -0.1 0.04
B(RI) 113.5 -0.1 0.02 122.7 0.6 0.20

[1] Tesis doctoral de Jesus R. Marquina C. Mérida, Venezuela (2003)




Evolucion de los modos normales con la presion

350

. 1
Frecuencia (cm )

100

50

8 10 12

Presion (GPa)

El aspecto cualitativo
general de las curvas de
evolucion de las frecuencias
con la presion es el mismo
gue el obtenido
experimentalmente por
Marquina (con algunas
diferencias cuantitativas).

En los experimentos se
observan también unos
modos con un fuerte
decrecimiento con la
presion, gue no parecen
corresponder a esta fase de
acuerdo con nuestros
calculos.



Evolucion de los modos normales con la presion

. 1
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En los experimentos se
observan también unos
modos con un fuerte
decrecimiento con la
presion, que no parecen

corresponder a esta fase de

acuerdo con nuestros
calculos.



Conclusiones

» Estudio tedrico del efecto de la presion sobre la calcopirita
defectuosa MnGa,Se,

» Los parametros estructurales teoricos estan de acuerdo con los
experimentales

* Bajo presion, el comportamiento calculado de los modos de vibracion
es cualitativamente igual al observado experimentalmente



Conclusiones

Estudio tedrico del efecto de la presion sobre la calcopirita
defectuosa MnGa,Se,

Los parametros estructurales teoricos estan de acuerdo con los
experimentales

Bajo presion, el comportamiento calculado de los modos de vibracion
es cualitativamente igual al observado experimentalmente

Trabajo futuro

Estructura de bandas y el gap fundamental bajo presion
Fases de alta presion
Otros compuestos de la misma familia

Efecto de la temperatura
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Momento magnético

Momento magnético {uﬂ]
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Modos normales de vibracion en I

Este trabajo

Datos experimentales [1]

modo [0 dw/dP ) dw/dP
70.282 | 0.26118
87.0603 | 0.53415
95.1 -0.6

112.978 | -0.14467
A(R) 131.124 | 5.0427 1.49 134.2 5.3 36
Los modos rnnla?l\s bajos son : MI el > i
relativamente inselisibles a la presion 2079 - 076
214.0 6.2 1.33
E(R) | 215.483 | 5.6737 1.02 239.3 4.1 0.85
B(R) | 230.326 | 5.4503 0.91 227.0 3.3 0.71
E(RI) 231.66 45013 0.75 244.9 4.6 1.10
E(R) | 243.102 | 3.3287 0.53 253.5 4.6 0.92
B(RI) 244.436 6.1907 0.98 277.9 3.5 0.65

[1] Tesis doctoral de Jesus R. Marquina C. Mérida, Venezuela (2003)




Modos normales de vibracion en I

Este trabajo Datos experimentales [1]
modo W dw/dP % W dw/dP \%
d e 'i" con coconn o i' “ 76.6 0.2 0.19
Los !I‘IIO 0S mas altos aumentan con la 918 0.83 0.67
presion
104.8 -0.1 0.04
B(RI) 112.978 -0.14467 -0.05 122.7 0.6 0.20

131.124
173.22
192.9
214.115
215.483
230.326
231.66

243.102
244.436

[1] Tesis doctoral de Jesus R. Marquina C. Mérida, Venezuela (2003)
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I 1 Introduction I

Among the members of the ABO, family, HJWO, is one of the

less studied compounds.

< 03p
Hﬂ
| -
IV,
0.2 -
-
71810, ch}f
- zircon O
'frﬂ;lﬁp% 25 . T
0.1 (0-275.0.133) TbPO,  cepo,

stU0

BaMnF,

However, it's a fairly
interesting compound,
since it does not

crystallize in the scheelite
(SG no. 88, I2/a, Z=4) nor
in the wolframite (SG no.
12, P2/c, Z=2) structures,
which the two most usual
in tungstates.




I 1 Introduction I

The HgWO,-type (SG no. 15, C2/c, Z=4) structure has some

similarities with the wolframite, but in particular the cationic
environments are very different. This is reflected by the
different coordinations - [6,6] for wolframite and [6+2,6] for
HgWO,-type.

Thus, we can expect HgWO, to have a behaviour under

pressure rather different from that of the better-studied
scheelite and wolframite compounds, which respectively
feature BaWO,-II-type ([8-6] coordination) and Cmca ([9-6])

structures under high pressure.




All the calculations have been performed with the VASP ab
initio code, using PAW PBEsol pseudopotentials.

An energy cutoff of 530 eV and dense Monkhorst-Pack grids
ensure an energy convergence of 1 mev pfu. All the crystal
structures considered were fully optimized.

To include temperature effects we have used the GIBBS code,
which allows to calculate the Gibbs free energy within the
quasi-harmonic Debye model.

Phonon frequencies at the I' point were calculated using the
direct force constant method as implemented in the PHONON
code.




I 3 Ambient pressure [N

-38.5

The HgWO,-type structure is

lowest-energy one among

hep | | the 11 considered.

-39.5
Experimental and theoretical

values of V,, B, and B', are

Energy (eV)
5

in reasonable agreement. In
particular, the PBESol
approximation produces a V,

41 which is very close to the

experimental value (81.61 A3
vs 81.01 A3)

-41.5
55

Volume {13&3}




B 3 Ambient pressure [

B, 87 89

A, 141 145

B, 200 204

A, 268 278

B, 491 508

A, 683 698

B, 827 842

The calculated and
experimental Raman
frequencies w (in cm)

are also in good
agreement.
Thus, the ambient

pressure phase is clearly
determined as HgWO,-

type




. 4 Transition to wolframite? _

38.5 . . . . . Upon compression, we
| | find that  wolframite
ol R . becomes lower in energy
| than the HgWO,-type

395 structure.

However, we have good
quality experimental data
up to 16 GPa, and
wolframite was not
observed.

Energy (eV)
5

-41

-41.5
55

Volume {13&3}




. 4 Transition to wolframite? _
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The HgWO,-type and

wolframite structures
are very similar.
However, as Jeitschko
and Sleight noted in
their study on
HgMoO, , the packing
of oxygens is fairly
different. This results
in somewhat distorted
coordination polyhedra
for the cations of the
HgWO,-type structure.

9




. 4 Transition to wolframite? _

AG (eV)

BaWo I

Cmca

20 25 30

We suspected this difference
between theory and experiment
could be related to the lack of
temperature effects in our
calculations.

Using the GIBBS code, we
calculated the Gibbs free
energy of the HgWO,-type and

wolframite phases at 300K.

Temperature makes wolframite
more unfavourable with respect
to HJWO,-type - the transition

pressure increases from 2 to 11
GPa. 0




I 5 Further transitions [

At pressures above the
maximum reached in
experiments, first the
BaWO,-II-type and then the

Cmca become the most
stable structures.

Energy (eV)

The BaWO,-II-type structure

iIs a usual high pressure
structure of scheelite
compounds, while the Cmca
P N M S . has been found in

55 60 65 0 75 80 % wolframites.
Volume (A3)

11




B 6 conctusions [N

At ambien pressure, theory and experiment are in good
agreement.

Temperature plays an important role in the stability of the
HgWO,-type vs the wolframite structures.

The sequence of phases under pressure bears similarities
to the sequence of both scheelite and wolframite
tungstates.

Further experimental work would be necessary to confirm
the high pressure behaviour.

12
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Estudio bajo presion de oxidos
ternarios: Zircon, Monazite,
Scheelite y minerales

relacionados
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Introduction

v' Study of pressure effects on structural properties

v' Phase transitions induced by pressure (amorphization, decomposition?)
v' Scheelite-structured oxides (AWO,, AMoO,)

v Wolframite-structures oxides (CdWO,, MgWO,, ZnWQ,, ...

v' Zircon-structured oxides (AVO,, APO,, AGeOQ, ..)

v Monazite and other minerals (barite, anhydrite, AgClQO,...)

v' Other oxides (spinel, columbite, ...)

v’ Differential bond compressibility

v’ Systematic behavior?



Why we are interested in these oxides?

Many crystal structures of ABO, compounds consists AOg
bisdisphenoids and BO, tetrahedra. They include important
mineral structures, e.g. zircon (ZrSiQ,), anhydrite (CaSO,), silver
perchlorate (AgClO,), and scheelite (CaWO,).

zircon
scheelite

These oxides, because of their compositional diversity and
structural simplicity, played a key role in developing comparative

crystal chemistry.



Systematically Studied: P > 50 GPa (HP-HT)
Cawo,, srwo,, Bawo,, PbwoO,, EuWO,,
SrMoO,, PbMoO,, CdMoO,, EuMoO,

H

i CuwO,, CdWO,, MgWO,, ZnWO,, ....

g9

h YVO4, SCVO4, EUVO4, LuVO4, CeVO4, NdVO4, cee
YPO,, ScPO,, ErPO,, TbPO,, EuPO,, LaPO,, ...

P ThGeO,, YAsO,, YCrO,

r

e BGSO4, 60504, AgCIO4, HfTiO4

S

S ZnGa,0,, selenates, sulphates, nitrides, silicides

u v ADXRD

rov single-crystal diffraction v XANES & EXAFS

e

v’ Optical absorption v Raman spectroscopy
v' Ab initio total-energy & lattice dynamics calculations



ADXRD  ESRF(D27) — APS(HPCAT) — Diamond (I15) - MALTA

= =
= T J[ }_—'— Storage ring

Booster
synchrotron

o 100 200 F00 400 S00 E00 00 00 ang 1000

0 00 00 00 400 SO0 &0 00 00 00 1000
Columns

Pressure media: neon, argon, silicone-oil, methanol-ethanol, no-medium, etc.



scheelites

Structural sequence:

scheelite — fergusonite — monoclinic P2,/n — orthorhombic

Amorphous P > 40 GPa



scheelites

Intensity (arb. units)

ADXRD A =0.3738 A
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scheelites

No volume
discontinuity at the

transition pressure

Intensity (arb. units)

fergusonite structure:
I2/a[#15]-Z =4

a=5.069(2) A, b =10.851(5) A,
c =5.081(7) A, p = 90.091(9)°

Lowering point-group symmetry from 4/m to 2/m

Cawo, 11.3GPa

- i —
i [ ([ e N I A N \.IIIII MECEE I T wimnerrn m ey IIIIII_
10 15 20
2 theta (deg.)

Second-order ferroelastic transition

4/m

|

|

1 1




Volume (A®%)

SCheell*es 225'_I“III”'IHI”II.”I“.I”III“II”II“_:
oo
Rt Ao © ]
wog o
bia © ©
340
320 3
bic
o ¢
R S 30
300 © ]
o ]
bfa < -
“!Ia...1?||...1lzm1:1'“1I5m1lam2ﬂ R
280 Pressure (GPa) u$
£ 25
2
)
|
1o | N IR I W B B B BTN R R 'g
0O 2 4 6 8 10 12 14 16 18 20 o
Pressure (GPa) =
v W tetrahedra are rigid structural elements that +
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v' Bulk modulus determined by A-O bond compression Pressure (GPa)



scheelites

EOS Parameters

Vo Bo By | P; (GPa)
Cawo, 312 A3 74 GPa 5.6 11
SrwO, | 347.4 A3 63 GPa 5.2 12
EuwO, | 348.9A% | 65 GPa 4.6 9
PbWO, | 357.8 A3 66 GPa 5.6 7
BawO, | 402.8 A% | 52 GPa 5 5

Bulk modulus correlated with A-O distance at ambient pressure



scheelites

BaWo,

E“ - -
g 2/a J 7.3 GPa
Second a ) NI T N IR RN R T O R
E y— e -/ o
fransition = | fergusonite -
i)
C r -
9
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N
5 10 15 20

26 (deg)



PbWO,-BaWO,

o

j\./ "

1/ }.\-

Second-order transition

scheelite (14,/a) — 1 bar - W-O coordination = 4

2000 |
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fergusonite (12/a) — 7.9 GPa

W-O coordination = 4

fergusonite (12/a) — 9.5 GPa

W-0O coordination = 4+2

AV/V = 8%

PbWO,-I11 (P2,/n) — 12 GPa

W-0O coordination = 6



Scheelites (tungstates and molybdates)

v WO, (MoO,) tetrahedra — rigid structural units (undergo little
change with P)

v' Bulk modulus determined by A-O bond compression

v' Transition pressure increases as the packing ratio of the anionic
WO, (MoO,) units around the A cations increases

High-pressure phases

v' The nine compounds undergo a scheelite — fergusonite transition
v' Fergusonite: W environment distorted (4 — 4+2 coordination)

v More compact monoclinic structures found in BaWO, & PbWO,

v Orthorhombic structures at higher P?

Nanocrystals
v Transition pressure and compressibility increases

CdMoO, (first study in EuMoO,)

v’ Contradict previous studies scheelite to fergusonite (not to wolframite)



Zircon-type oxides

Vanadates, phosphates, arsenates, chromates, silicates, germanates

zircon (/4 /amd)

scheelite (/4,/3)

Symmetry reduction (group-subgroup relatioship)



Phosphates
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Mechanism of fransition?: Single-crystal diffraction



Phosphates

ADXRD A =0.3746 A
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Phosphates EOS Parameters

Bulk modulus
Compound Structure  Unit-cell volume Experiments Theory Empirical model
ScPOy Zircon 252.1 203(7)2 175.1-1832 169
ScPOy Scheelite 376(8)® 334°
LuPO, Zircon 2739 184(4)P—166° 152.8° 150
LuPO, Scheelite 226(3)P
YhPOy Zircon 276.5 150(5) 150° 147
YbPO, Scheelite 218(2)°
TmPO, Zircon 278.9 147.2° 146
ErPO, Zircon 281.5 168(4)° 146.1° 145
ErPO, Monazite 208(6)°
YPO, Zircon 286.5 1329-149(2)%—186(5 14447 165° 143
YPO, Monazite 206(4)2-2608 1902
YPO, Scheelite 21377
HoPO, Zircon 284.6 143.47 142
DyPOy, Zircon 287.9 141.5 141
ThPO, Zircon 201.4 138.80128" 139
GdPOy Monazite 279.1 160(2)° 149f 120
EuPO, Monazite 281.6 159(2)® 147.1F 118
SmPO;, Monazite 284.4 146f 117
NdPOy Monazite 291.4 170(2)® 142,31 114
PrPO, Monazite 295.3 130.7° 112
CePO, Monazite 299.5 137.2¢ 110
LaPO, Monazite 305.7 144(2)° 13471002 107
LaPO, Barite 296.2 143(4)°

Bulk modulus correlated with A-O distance at ambient pressure
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Compounds with large trivalent cation (NdVO,, CdVO,) transform to monazite

and subsequently to denser phases with VO, octahedra.



Vanadates EOS Parameters

0 B, [GPa] B, [GPa] B, |GPa] B [GPa]
Compound Structure [A] This work Experiments Ab muno Empirical model
EuV0O, Zircon 3334 149(6) 134(26)
DyVO, Zircon 3259 40(5)* 135(26)
TeVO, Zircon 322.2 I 2‘?[5]“ 137(26)
HoVO, Zircon 319.1 142(9) 138(26)
YVO, Zircon 318.7 130(3)" 138(26)
ErvO, Zircon 3159 136(9) 1401(27)
LuVO, Zircon 307.7 166(7) 147° 166° 145(28)
ScVO, Zircon 282.2 178(9) 162(30)
BiVO, Scheelite 311.2 150(5)4 142(27)
EuVO, Scheelite 299.4 199(9) 158(29)
YVO, Scheelite 284.5 138(9)" 160(29)
LuVO, Scheelite 271.4 195(9) 194° 173¢ 166(30)
ScVO, Scheelite 256.9 210(12) 185(35)

Bulk modulus correlated with A-O distance at ambient pressure



Vanadates Other zircons
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YAsO,: zircon — scheelite — fergusonite?

YCrO,: zircon — scheelite — fergusonite?

ThGeO,: zircon — scheelite — fergusonite
ZrSi0, & HfSiO,: zircon — scheelite

TbPO,: zircon —» monazite — scheelite — orthorhombic (six coordinated P)



Crystal chemistry
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Crystal chemistry
Support to phase diagram

AgClO, transforms to barite structure

CaSO,: anhydrite —» monazite — barite

CrVO, transforms to wolframite

Wolframites (MgWO,, CdWO,, ZnWQO,) follows same systematic

CuWQO, transforms to wolframite

HfTiO, & ZrTiO,: columbite-cottunite

HgWO, to orthorhombic structure?



Compressibility
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D. Errandonea & F. J. Manjon, Progress in Materials Science 53 (2008) 711-773
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Space

Mean A—O bond distance

ABOQy Cation formal By Reference
compound group (A) charge (GPa)

HiGeO4 H4,la 2.196 4 242(6) [135]
ZrGeO, H,la 2.203 4 238(6) [135]
Z1Si0, H,la 2.243 4 230(18)  [144]
Z1Si0, 4, lamd 2.198 4 215(15)  [136,144.201,202]
LaNbO, H,la 2.505 3 111(3)  [154]
YVO4 H4,la 2.387 3 138(9) [139]
ThVO, 4, lamd 2.369 3 149(5)  [203]
BiVO, H,la 2.350 3 150(5) [205]
DyVO, H,lamd 2.354 3 160(5) [204]
YCrO, 4, lamd 2.391 3 135(5) [116]
YVO4 4 lamd 2.348 3 130(3) [139]
ErVO, 4, lamd 2.341 3 136(9) [206]
LuPO, 4, lamd 2.306 3 166(9)  [207]
YLiF, H,la 3.044 3 81(6)  [80]
BaSO, Pnma 2.879 2 58(5)  [208,209]
BaWOQ, H4,la 2.678 2 5714)  [15,19]
BaMoO, H,la 2.679 2 59(6)  [20]
PbWO, H,la 2.579 2 64(2)  [19.21.60]
PbMoO, H,la 2.576 2 64(2)  [60]
SrWO, H,la 2.557 2 63(7) [17]
EuWO, H,la 2.557 2 71(6)  [32]

SrM o0y H4,la 2.556 2 T3(5) [134,210]
NaY(WO,), H,la 2.478 2 77(8)  [211]
CaMoO, H,la 2.458 2 82(7)  [16.60]
CaWo, H,la 2.457 2 75(7)  [14.17.60.68.209]
SrS0O, Pnma 2.452 2 82(5)  [210]
CdMoOs H,la 2.419 2 104(2)  [60]
ZnWO, P2/c 2.112 2 140 [70]
CdWO, P2/c 2.197 2 120(8)  [62]
KReO, H,la 2.791 1 18(6) [212]
TIReO, Pnma 2.765 1 26(4)  [57]
AgReO, H,la 2.524 1 31(6)  [147]
NaAlH, H,la 2.850 1 27(4)  [180]




Concluding remarks

v Recent HP studies on structural properties of ABO, oxides.

v The occurrence of pressure-induced phase transitions in scheelites,

zircons and related materials have been discussed in detail.
v' Discover new phases.

v’ Comparative analysis of crystal chemistry of ABO, compounds under
HP in order to present the whole body of structural studies available in

the literature in a consistent fashion (opportunities for future work).
v’ Related axial and bulk compressibility with bonds strength.

v’ Results have implications for technological applications and in
geophysics.

v 2008 -2010: 20 articles involving XRD (10 PRB) - 6 using MALTA XRD.
v Many collaborations (within MALTA and abroad).



Post-spinel transformations in zinc gallate (ZnGa,0,)
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AByO4spinel The red cubes are also contained in the

back half of the unit cell

ADXRD up to 65 GPa — 161DB HPCAT — A = 0.3682 A (Silicone

Two phase transitions:

SG:

Fd3m (227)

u=0.26

Zn at 8a (1/8,1/8,1/8); Ga at 16¢ (1/2,1/2,1/2); O at 32e (u,u,u) u =~ 1/4

g

Oxygen

B-atoms
octahedral sites

A-atoms
tetrahedral sites

31.2 GPa tetragonal spinel (14,/amd)
55 GPa orthorhombic CaMn,O,-type (Pbcm)

EOS: V, = 580.1 A3, B,= 233 (8) GPa, B, = 8.3(4)

Least compressible spinel?

Octahedral compressibility: 265(9) GPa
Tetrahedral Compressibility 155(9) GPa

Future: MgGa,0, - Raman: spinel (5 modes);
Tetragonal (10); Orthorhombic (24 —24 — 18)

Discontinuidad sismica 400 — 900 Km. (30 GPa) manto superior
Olivine (Mg,Fe),SiO, — Spinel —Post-spinel or
Perovskite MgSiO5 + Periclase MgO

Volume (A%)

Hardness?

MgAl,O, — Orthorhombic post-spinel at 35 GPa
ZnAl,O, spinel stable up to 50 GPa
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PHYSICAL REVIEW B 82, 174105 (2010)

3
High-pressure x-ray diffraction and ab initio study of Ni,Mo;N, Pd,Mo;N, Pt,Mo;N, Co;Mo;N,
and Fe;Mo;N: Two families of ultra-incompressible bimetallic interstitial nitrides

L T L L L S L I | NiEMO-'iN_
L O Ni;Mo,N |] - ! 1
M0 b O CoMoN[] |©056Pa JL_JMJ\_ ]
:&n— & Fe,Mo N _ | | 1
320_ _ - WEGEPa f J||LJ i
] £
B : £ |szeea tJ |
o : LS
E | z
= _ - w0 L
2 Emf g |mscea | JL_ S
280 |- . = I
: AT
o ]
250 ; 1 1 1 1 1 1 I 0.8GPa | 1 L
] 10 20 30 40 50 N
Pressure (GPa) s o 15 20
260 (degrees)
Vo By By
Compound (A%) (GPa) B, (GPa™')
Ni;Mo;N Experiment 291.96(2) 330(8) 4.5(5) —0.014 2
Theory 2582.131 31753 4.54 —0.016
Pd Mo;N Experiment 316.89"
Theory 310.046 312.11 4.94 —0.028
Pt;Mo:N Experiment 31943
Theory 314.966 341.80 4.81 —0.020
Co;Mo;N Experiment 1340.8(6) 350(8) 4.7(6) —0.014 2
Theory 1265.24 333.26 4.74 —0.028
Fe;Mo;N Experiment 1362 .4(6) 368(9) 4.2(4) 0011 2

Theory 1273.79 351.35 ine2 —0.0006




nero 2011, Miraflores de la Sierra
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CONSOLIDER

9:30 | 15 Oxidos y Minerales | -Estructura y Reactividad 1: Alfredo Segura
Presentacion del Moderador Garcia del Rio
9:45 | 4x15’ | Ponencias Aplicacién de la absorcion de Julio Pellicer
Oxidos y rayos X al estudio de las Porres
Minerales | -1 | delafositas bajo presion
Estudio estructural de la Javier Ruiz
distorsion Jahn-Teller del CuWO, | Fuertes
bajo presion
Transiciones de fase en Rb,S a David
alta presion. Comparacion Santamaria
estructural de los sulfuros Pérez
alcalinos y sus oxidos
correspondientes
Estudio bajo altas presiones de Daniel
la estructura de minerales de la Errandonea
corteza y de la capa superior del
manto
10:45 | 45 Conferencia Difraccion de Neutrones en Javier Campo
Invitada Condiciones Extremas: Ruiz

XTREMED




lll. Structure, stability, and reactivity of minerals,

lll.a- PTC Diagrams / Specific Goals
AB,0O, (AO - B,0O,) oxides, with lightest A-B elements and, in particular, compounds
involving carbon.

- Influence of inclusions of transition metal ions like Co,Fe, Cr, Ni, upon the
structural and physical properties of these materials.

- Study of the influence of these oxides in geodynamics and prospects on
new materials applications

lll.b- Structure and reactivity / Specific Goals

- High pressure structure and properties of Ni, Fe, and their alloys, sulphides
and oxides (topic Ill. a)

- Catalytic properties of Ni, Fe, and their alloys, sulphides and oxides
- Kinetics and stability of methane clathrates (topic I.a.)

- High pressure reactivity of methane and other small hydrocarbons in
presence of oxides of metals (topic 11.b.)



lIl. Structure, stability, and reactivity of minerals,

lll.a- PTC Diagrams / Specific Goals

- Target systems: ABO; (AO - BO,; A,05- B,0O3), ABO, (AO, - BO,) and
AB,0O, (AO - B,0O,) oxides, with lightest A-B elements and, in particular, compounds
involving carbon.



lll. Structure, stability, and reactivity of minerals,

lll.a- PTC Diagrams / Specific Goals

- Target systems: ABO; (AO - BO,; A,05- B,0O3), ABO, (AO, - BO,) and
AB,0O, (AO - B,0O,) oxides, with lightest A-B elements and, in particular, compounds
involving carbon.




PTC Diagrams

- J. Pellicer: ABO, delafossites : XRD and XAS

- J. Ruiz-Fuertes: CuWO4, single crystal XRD y XAS
- D. Santamaria-Pérez: Rb,S, XRD

- D. Errandonea: ABO,, AB,O,, XRD

Resultados no presentados: materiales ultraduros (nitruros intersticiales y ReB,)



XtremeD: a new neutron diffractometer for
high pressures and magnetic fields

Javier Campo
José Alberto Rodriguez Velamazan
Pedro Noguera
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fmc.unizar.es/people/jcampo
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' Outline

Bicma o History and Motivation

@ Basic Concepts on Neutron Scattering

@ Overview of the Scientific Case

@ Benchmarking

® Requirements

e Implantation

e Budget

® Project Organization

® Administrative framework

® Project team and Scientific Advisory Committee




Motivation

e High H N
: ® Low/HighT
Science under ® Extreme chemical
extreme conditions environments
o ... j

Strong interest for these problems reflected in:

® Extreme conditions scientific programs in the major
large facilities (e.g. PECS at ESRF/ILL)

® New instruments in neutron scattering centres
® Number of proposed experiments

\0 High impact publications /
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/Strong high pressure

Motivation

community
(MALTA group)
Crystallography /

\geosciences area

- Spanish Magnetism
interest . .
/solid state sciences
on neutron
diffraction community
under (major part of Spanish
extreme
conditions neutron diffraction users)

@ Other major groups in Europe (Edinburgh, Paris, LLB, ...)
have shown their interest participating as scientific

advisors

® Also a number of groups proposing an European Science
Foundation (ESF) Research Networking Programme on
Magnetic Materials under Extreme Conditions (MAGMATEC)
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History

® 2008: After the Dracula project was discarded, new ideas for
instrumentation came up in the Diffraction Group and CRG’s

® 2008: A new MICINN-ILL contract was signed for the period
2009-13

® 2008: Contacts with the community of extrem conditions. The
Spanish CRG’s team shows its interest on leading the project.

® May 2009: Creation of the Scientific Advisory Committee (1st
meeting 27t May in Grenoble)

® May-November 2009: Preparation of the Project Initiation
Document and the Scientific Case Document

® October 2009: Contract with AVS company for the development
of the technical project

® November 2009: Presentation to the Scientific Council and
Steering Committee of ILL



History
Conclusions of the Scientific Council

P

O ® The SciCo rated the proposal as “exciting, science driven

and challenging”

@ It was particularly appreciated that the low-Q part of the
structure factor will be covered by the thermal neutron
beam, which is important for magnetic structure
analysis.

® The site for the instrument is available.

® The SciCo endorses the science case of the XtremeD
instrument.

® At the same time the SciCo raises concerns with respect
to CRGs in general about financial commitments.

® Assuming that these concerns are ungrounded, the SciCo
recommends its installation




History

P
e

e @ 10/2009 =09/2010: Pre Construction Phase
Development in parallel of the Technical project with
distribution of tasks, timing and cost estimation.

@ 07/2010: Spanish Ministry of Science and Innovation
(MICINN) shown its interest at the SETN meeting in
Gijon

® 09/2010. MICINN requests ILL for a
decision on the change of the H24 guide
as a prior condition to going ahead with
the XtremeD instrument.

e 09/2010->02/2011. A feasibility study on H24 guide
should be completed.




Next steps

P
Biem

wive @ The decision to launch the execution phase for the
H24 guide project will be taken by the ILL
management in February 2011 (meeting 03/02/2011)

® 9/2010 - 3/2011 Negotiations with ILL
® Negotiations with other CRG partners (<30%)

[03/2011 - 08/2014: Construction Phase

[~09/2014: Commissioning and operation phases.




Basic Concepts
Accesible Length scales

|
Crystallography Micro-structure Structure
Proteins
Length scale Atomic Bacterias
structures / \
~ Granular
structures
Tyt Neutron AF %
SLEMIIELEEE diffraction
X Ray Optical microscopy
diffraction
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Basic Concepts
Accesible Energy range

d—d Valence Inner ©
f—f band shells © aca
2 5
Nuclear Electronic Molecular Molecular Electronic transitions E’* g
spin spin rotations vivrations o i
transition transition
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Basic concepts on neutron scattering

@lcma ® Neutrons have similar e Same energy range that the
wavelengths that the interatomic atomic and electronic
distances and therefore they can processes (meV a eV ) with the
diffract possibility to detect changes of

. peV
m Wide range of wavelengths s Tunneling,
(0.05 to 20 A) :
_ h m Rotations
m To olbserve different lengt = Vibrations
Scales = Electronic Transitions
m Diffusion.
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e The interaction neutron-matter is
via nucleai (strong interaction) and

not with the electronic cloud

m Scattering length for atoms does
not depend on the atomic
number Z

o Easy to see light atoms (H, Li) in
presence of heavy atoms

o Easy to distinguish next
neighbors atoms in the periodic
table (Cr, Mn, Fe Co, Ni, etc...)

e Isotopic substitution

Mendelalev

P\U I'Ne
15

13 14

Si| P Q(‘IAr

9 0
i ml B
Rb

Sr Y z'r rib Mol T"c RulRh|Pd|Aglc d In Sn $hfre|d
S6 ST 74 5 5 e T8 75 81 | 82 83 85 | 86
Cs Ba la Hf la VW Re|Os |Ir [Pt |Au Hg TI|Pb|Bi Po At | Rn|

Basic concepts on neutron scattering

® Neutrons carry magnetic moment
then they “see” (via the magnetic
dipolar interaction) the magnetism

present in the matter; unpaired
electrons, nuclei

m To study magnetic structures
m Magnetic excitations




Basic concepts on magnetic neutron scatt

e With neutrons we can measure simultaneously the
structure and the dynamics

Phonons Magnons




Scientific case

Boost extreme conditions in

[ A neutron science and
Some examples of what technology

have been recently done

.

e )
Open opportunities

for new scientific
breakthroughs

High interest on
the field!




' Scientific case

Study of

Understanding mechanisms ...
matter under 8
extreme 3 representative topics:
conditions @ Water-related systems
Necessary for progress ® Molecular chemistry
in Condensed Matter ® Magnetic materials under
Physics, Solid State extreme conditions

Chemistry and
Geosciences, and even
in Molecular Biology
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Scientific case

Water-related
systems

What would be the
XtremeD contribution?

The study of these systems implies
systematic studies of hydrogen
bonding and clustering, host-guest
interactions in clathrate hydrates
and the role of water in crystals.
Far ranging implications in physics,
chemistry, planetary sciences and
geochemistry

® Planetary ices (water,
methane, ammonia) and
clathrates

® Segregation and related
phenomena in water
solutions at extreme
conditions

® Mineral hydration:
implications for the
water cycle in Earth
crust and mantle



' Scientific case

O e® Simple molecular systems

Molecular ® Energetic materials
chemistry ® Production and

characterization of new
Exciting physical phases: pharmaceutical
phenomena and applications / molecular
problems with high materials

social contribution @ Extreme conditions studies
for an extreme on estgblisheq phgses:

. material applications, phase
cgndltlons transformations, chemical
diffractometer reactions (green chemistry)




Scientific case

Magnetism
under extreme
conditions

® Transition metal oxides

® Multiferroics and magneto
-electric materials

® Exotic magnetic states in
magnetically frustrated
materials

® Magnetic molecular
materials




Benchmarking

Internal Competition

D20

e Its extremely high flux opens up the
possibilities for experiments with very small

samples.
Technical solutions:
m Vertical focusing monochromators
m Paris-Edinburgh cell (25GPa)
m Continuous magnet (9T)
m PS 3He detector

D 9 ) Monitor Eulerion

Beam stop
e Often used to study single crystals "
under high pressure \ Sumple’
Technical solutions: \ ™ ~T
= No focusing: Collimation Nt i - 3

m Paris-Edinburgh cell (10GPa)
m Continuous magnet (9T)
|

S5 | Area defecor

(64 mm x 64 mm)

Small two dimensional detector Lennchmmmor Filters Collimator




Benchmarking

External Competition

Paul Scherrer Institut (SINQ)

© © © 0 ¢

DMC

Cold neutrons
Powder

Very flexible
Magnetic structures

FUTURE
UPGRADING

Technical solutions:

Vertical focusing
(HOPG and Ge)
CP 1.5 GPa

CM 4T

PS BF; detector

HRPT

@ High resolution
@ Powder diffraction
@ Small samples.

Technical solutions:

@ Vertical focusing
(Ge)

@ CP 1.5 GPa

e CMA4T

@ PS 3He detector

Trics

@ Single crystal

@ Magnetic
structures

Technical solutions:
@ NO FOCUSING

o CP 3 GPa
@ CM6T
@ PS 3He detector

= VS CP=Clamp pressure cell CM=Continuous Magnet PM= Pulsed Magnet




Benchmarking

External Competition

Hemholtz Zentrum Berlin (HZB) & SNS

of magnetic field

Technical solutions:

Qo

Ballistic elliptical
guide

CP 1.5 GPa

PM 30T

Four banks with PS
3He detector

Technical solutions:

@ Fan collimator +

Focusing HOPG
monochromator

@ CP 1.5 GPa
o CM 16T
@ PS detector

Hembholtz Zentrum Berlin (HZB) SNS
Exed E6 Snhap
@ High resolution @ Optimized for small @ Extreme
o Powder samples conditions of P
o Extreme conditions and T

@ Powder and
single crystal

Technical solutions:

@ Large volume
pressuring cells
(up to 50GPa)

@ PS detector




Benchmarking
External Competition

ISIS

Wish

Pearl

SXD

@ Main application is
powder diffraction

@ single crystal

Technical solutions:

@ Ballistic eliptical
guide +
Collimation

@ PE 25GPa

e CM 15T

@ ZnS scintillator
detectors

@ High pressure facility
@ Optimized for PE

Technical solutions:
o NO FOCUSING
@ PE 25GPa

@ 11 detector modules

— Scintillators with
photomultipliers

@ Single crystal

Technical solutions:

@ NO FOCUSING
o PE 10GPa
o 11 ZnS

scintillator
detectors

= vs PE=Paris-Edinburgh cell




Benchmarking

External Competition

LLB & ANSTO

LLB

ANSTO

G6-1

Wombat

@ High intensity powder
diffractometer

@ Long wavelengths

@ Magnetic structures and
high pressure

Technical solutions:

@ Focusing trumpet

@ Sapphire pressure cells
e CM 10T

@ PS BF3 detector

@ High flux powder
diffractometer

Collimator

. )} Sample Stage

120° area

detector for

high speed data
acquisition

Technical solutions:

@ Vertical focusing (Ge)
@ CM7.4T

@ Large solid-angle PSD




Benchmarking

Extracted Ideas

Focusing optics:
@ Focusing mosaic monochromators are the most common system
@ New instruments (SNAP...) are developing new systems

@ Collimation plays an important role due to the preservation of the
resolution

Sample environment:

@ Presently, the highest pressure is reached at the Paris-Edinburgh
pressure cell (-25GPa)

@ Most of the magnets for high magnetic field used in diffraction are
continuous field magnets.

Detector:
@ PSD are the most typical detection systems in continuous sources
9 3He is the most used of the detection gases

@ At ISIS, scintillators with photomultipliers are used for extreme
conditions.




Benchmarking
Comparative performance with other instruments

Dedicated to e
Facility Instrument Source Application extreme
.- (GPa)
conditions

XtremeD CON Both YES 50 17 CON
ILL D20 CON Powder 10 PE 9 CON
D9 CON Single crystal 10 PE 9 CON
DMC pmMc-2) CON Powder (soth) (YES) 1,5 ccC 4 (17) CON
SINQ HRPT CON Powder 10 PE - CON
TriCs CON Single crystal 3 cc 6 CON
H7B EXED CON Powder YES 1,5 cc | 30 PUL
E6 CON Both 1,5 cc | 16 COM

SNS SNAP PUL Both YES 50 LS -

LLB G6-1 CON Powder YES 10 sC -
WISH PUL Both 25 PE | 15 COonN

ISIS SXD PUL Single crystal 10 PE -

Pearl PUL Both YES 25 PE -
ANSTO Wombat CON Powder 10 7,4 CON

PE - PaRIS-EDINBURGH PRESSURE CELL
CON - conTinuous CC - CLAMPED CELL
PUL-FuLsED LS - LARGE SAMPLE CELL
SC - saPHIRE CELL




INSTITUTO DE CIENCIA
DE MATERIALES DE ARAGON

Benchmarking

Comparative performance with other instruments

H (Tesla)

30 -

25 -

20 -

10 -

XtremeD

B Magnetic Field
Bl Pressure

D20

D9

DMC

HRPT

TriCS

EXED

E6

SNAP

G6-1

WISH

SXD

Pearl

Wombat

50

40

30

20

10

P (GPa)




Benchmarking
Comparative performance with other instruments

Short Pulse Spallation source = Inaccessibility to low Q-reflections
VERY IMPORTANT FOR MAGNETISM

[DMC (omc-—2)
D9

D20
XtremeD

d-spacing




Benchmarking
Comparative performance with other instruments

Magnetism + High pressure + Single crystal

BETTER HANDLED WITH INTENSE CONTINUOUS

10 L | ! L L | ! L | L | ol ! | L | ! L L I =

Figure of merit combining
“(H+P)
- Q-range

e Sz S8 ¥ =325 8 8
o QI,:ﬁj & O = n.s



Requirements
General description
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wERECE: - B\
MAIN IDEA:

To combine a large solid-angle detector with an optional

highly-focused beam on the sample, thus providing high
flux while maintaining low background.

- Monochromator
@ Skeleton of a typical diffractometer =) - Sample
- Detector

@ Conceived in a modular way ==) High flexibility
OPERATION: switch between take-off angles
CONSTRUCTION: progressive installation
RECYCLING: decommissioned components of IN3, D1A...




Requirements

General description
Instrument Lay-out

Guide H24

@ Technical definition of
the guide (Feasibility
Phase)

@ Optimization of the
instrument will take it
into account the guide

@ A future refurbishment
project is foreseen

@ From the Feasibility
Phase on, the guide will
be managed in a
separate project




Requirements

General description
Instrument Lay-out

MONOCHROMATOR

Monochromator:

@ Two monochromators:
Si or Ge (BPC)
HOPG (mosaic)

@ A third Cu monochromator

optional
@ Aset of filters (to suppress
harmonics)
lambda 0.8 - 4.1
Q 0.1-15.6 A1
d-spacing 0.4 - 478
take-off 40 - 1200
angle




Requirements

General description
Instrument Lay-out

Sample environment
Work vol. (X-Y-Z) 200x200x100mm
Linear accuracy +0.05mm Q Sample size 1Tmm3
Angular accuracy +0.01° .
— : @ 17T continuous magnet
Admissible weight 1500kg
@ Set of pressure cells
(50GPa ?)
@ Other provisional
equipment:

High field pulsed

magnet (LNCMI
-Toulouse)

SAMPLE ENVIRONMENT Paris-Edinburgh
pressure cell

(25GPa)

@ Non-magnetic mechanics




Requirements

General description
Instrument Lay-out

Detector

@ “Banana” position
sensitive detector

@ Technology:

3He detector

@ Radial oscillating

collimator to suppress
background

2q (horizontally) 150°

DETECTOR 2q (vertically) +10°

Resolution (HxV) 0.1x0.2°
Counting rate ~ x5 D20




Requirements

General description
Instrument Lay-out

Optics

@ Adjustable focusing
capabilities:

Divergence

Size of the sample

@ Removable system

@ Strong implication

required
Sample size Tmm?3
Focal distance 2-3m

Resolution (Dd/d) 103




Requirements

General description
Instrument Lay-out

Shielding

@ Very important for the
background

@ Advantages of the well
prepared site of IN3
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Requirements

General description
Guide H24

@ XtremeD will be placed at the guide H24 at the position where
now the three-axis spectrometer IN3 stands

@ It will share the guide with another three-axis instrument,

IN13, and with the diffraction instruments D10, Cyclops and
OrientExpress

@ It will occupy the first position along the guide

s + iy -] o a ] 9=
%‘ e Top SALSA
D1B
— =— |

VIVALDI
2D — l

D1A
— D> T13A
’ : CT1

T13C

S20
IN3

IN13
(XtremeD) D10 CT2

ORIENTEXPRESS




Requirements

General description
Guide H24

@ First modules of the guide: renewed in 2006.
(however, this part of the guide is renewed every ten years)
- m=2
@ Main properties - straight guide

- a=45mm
@ Rest of the guide: without change since 1972.

- m=1
L3 L3
@ Main properties - R=14000 m
- a=30mm
Schématique de la ligne de guide H24 E ri\%i
: ? ? ?ﬂ@f
g s E w7 i 10 1M1 si o
= E suioe 3 Faces 5 g
g é E % § 2000x125x30 i gg
PARTIE ENPLE H cartErPIK & | 2 g s 3 5 g §3 3 Eg
(I L [ L N I I g 58 s
N = 4IS2T0NAE Isv X200XV/8r 808 I_ S00x200%45 X S000XZ00X30. S0000XZ00x30 srsxzoonal|| | ii TEVS A || ||—“ "_“" EESONIRSD ||| || R SORRST l” %th ! =
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Requirements
Optics
General view

HIGH PRESSURE [ ISR

—> SAMPLE SIZE: 1 mm3

—> DIMENSIONALITY: 2D Focusing

—— WAVELENGTHS: 0.8 to 4.1A

—> FOCAL LENGTH: 2 to 3m




Requirements
Optics
Alternatives

4 N )

MOSAIC MONOCHROMATORS: BENT PERFECT CRYSTAL MONOCHR.:
« Graphite HOPG monochromators| * Silicon monochromator.
- High efficiency * No limitation at the sample spot
- Limitation>10mm (Vg,mpe) . E?(cgllent ho!'izontal rf-:solution
- Quite expensive « Limited vertical focusing
« Vertical and horizontal focusing (degraded vert. resolution)

« Avoid 2° order contamination
» Transparent to non-diffracted

source sample

mono-
chromator

\_




Requirements

Optics 3
Alternatives £

» Combination of two focusing monochromators
* Double focalization

« Transparency of the first focusing monochrom
First

monochromator

Beam \/L»Beam

Virtual Source

Second

monochromator

Virtual Image
(Sample)




Requirements

Optics
Alternatives
ICIMA  FOCUSING GUIDES
S « It creates a “punctual” source for the focusing monochromator

\ ADIABATIC
ADIABATIC COMRRESSION
EXPANSION (focal image
% TRANSPORTATION (low divergence) J

——

ELLIPTICALLY BENT
MONOCHROMATOR
(focal source and image)

Ballistic guide: widening of the guide in order to reduce the divergence, minimize
the number of reflections and thus maximize the flux
 Before monochromator

TRUMPET:
« Focuses vertically the beam to reduce it to the

sample size
« Horizontally, only at expense of resolution: \'](
maintenance of the Q-space focusing effect. \\
« Very important: dist. exit-sample. \ : \\i\\‘
» Analysis of the interface sample environment - S
guide.
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Requirements

Sample Environment
Pressure cells

Performance:

XtremeD is going to have the option high magnetic field with high pressure up
to a limited pressure (~10GPa) at the first stages. For pressures higher than
this value, the experiments must be carried out without magnetic field

GEOMETRY NON-MAGNETIC PRESSURE CELL

v Non-magnetic materials
/ v’ Size: 40mm.
v’ Pressure: The objective is 10GPa.
v’ Sample size: Not smaller than 1mm3.

VERY HIGH PRESSURE CELL
\ v’ Pressure: Initial pressure limit will be
30GPa. After developments, the goal is to
v Following the typical setting  reach 50GPa.

at continuous neutrons sources: v’ Sample size: Not smaller than 1mm3.
transversal config.

-

.




Requirements

Sample Environment
Pressure cells

O Pressure cells will be developed in the frame of a collaborative partnership
between the most important institutions dedicated to high pressure research
Paris-Edinburgh cells MALTA group
«Spanish research network
«Toroid-type high pressure devices «Strongly linked to the development
«Large volume pressure cells (40mm3). of new pressure cells
ePressures up to 30GPa - 2
+One of this devices could be used at the @ Aproject is been initiated
first stages of XtremeD for the development of the

new generation very high

Goncharenko cells pressure cells (>50GPa)

-
\

«Sapphire cells (sample size 10mm3 ) o MALTA group also leads a
«Very focused beams project of design and

eHis kn0Wledge went lost with him fabrication of non
-magnetic pressure cells for
moderate pressure (10GPa)

@ XtremeD’s team is going to
collaborate at this project

Other potential partnerships

» Carnegie Institution of Science & SNS \_
«J PARC facility




Requirements
Sample Environment

Magnet

O %%%%% PERFORMANCE CONTINUOUS FIELD MAGNET
XtremeD is going to generate continuous v Fiald- )
magnetic fields of 17 T with a dedicated F'eld: Ge.nerates a continuous
continuous magnet. magnetic field up to 15T
The possibility of using a pulsed magnet is v’ Main problem = SPACE
going to be considered for the long term. v Objective: Development of a

magnet with an integrated

focusing guide
\ NN (Sl v’ Booster: a special sample
= bearer that increases the field
‘ in 2T

= Dysprosium

= Superconductor

OOOOOOO
EEEEEE

OOOOOOOOOOOOOO




Requirements

Detector
Specifications

=11 o Powder and monocrystal
@ Solid-angle:
150° in the horizontal plane

Low vertical degree: +10°. (It is a compromise
between the instability at bigger angles and
the needs at singlecrystal experimentation)

@ Definition:
0.1°in horizontal
0.2° in vertical (D19 has a resolution of 0.15°)

@ Sample environment: ~600 mm in diameter.
Magnetic field, pressure cell. This means a
detector of around 800 mm in radius.

@ Counting rate: 5 times higher than D20.
@ Radial Oscillating Collimator

@ 3He technology: Optimisation of the volume of
3He in the detector




Requirements
Mechanics

@ Non-magnetic materials

@ Air-cushion pads (tanzboden) Sample stage

@ Displacement: Work vol. (X-Y-2) 200x200x100mm
Translational: focusing optics Linear accuracy +0.05mm
Rotational (w) Angular accuracy +0.010°
Positioning: X-Y-Z Admissible weight 1500kg

Tilt (x20°)
@ Other mechanics: ROC, optical devices, monochromators...

1 - GROUND MODULES

2 - TRANSLATIONAL MODULES

3 - ROTATIONAL MODULES

4 - COUPLING ARMS

5 - STAGE

6 - ADJUSTMENT DEVICES

7 - COMPONENTS FOR BEAM
OPTICS

R IIN]wW]Wn

8 - INTERCONNECTIONS




Siting: Implantation Study

TTTTTTTTTTTTTTTTTT
EEEEEEEEEEEEEEEEEEEE

@ The installation of XtremeD can
start in 2011 (before that date, IN3
will be operational)

@ XtremeD will have access to the site

@ No technical support for tests
RECYCLING OF IN3

@ Sequential installation of XtremeD:
recycling of decommissioned
components:

Non-magnetic omega table with
displacement X-Y-Z

Guide, monochromator and
casemate

Possible problems with the
monochromator shielding at the
first stages




Siting: Implantation Study




Projected Budget

Expenditure per lot

Icma BASE BUDGET (k€) 3,318 '
(upgraded version)

DE MATERIALES DE ARAGON

5% 159

+Optional equipment

Units per element Specific cost TOTAL

Expenditure per type
(upgraded version)
100% 36%
(o)
N% |
80% |- . B Guide
70% ) B Casemate
60% | O spectroneter
50% |~ - Doptors @ Sanple environment
0% |~ DUpge S Conteot
o BBase budge O Experimental facilties
30% B Engineering services
20% O PM services
10% [
0% =~
] Manpower
0
‘ . Comp.onents 2,010 2011 2012 2013 2014
B VS B Materials -




Project organisation

gwsmum DE CIEN

EMATLRIALES DE ARAGON 2010 | 2011 2012 | 2013

|
S[O[N[D|E[F[M[A[M[J[J[A[S]O[N]D A[M[J[J[A[S[O[N[D|E[F[M[A[M[J[J[A[S[O]N FIM[A[M[J]J
= = Pm ECT GENERAL TASKS :

AL LLL LSS EEES S S S s LSS

'
FILITIII IS IS IEI TSI I IS AT SIS LIS IS

XD-S01 - FEASIBILITY

XD/S02 - REALI

SIS ALLLLLLLLLSEEEEEEESESSESSE SIS s LIS LSS LSS LSS LSS ESSS

2.02 - Dev

Design

502.04 - Proci

Assumptions:

v" Main works during the long reactor shut down
(August 2013 - June 2014)

v New guide will be operational after the long
shut down.




Breakdown structure

AR — A Rodriguez
PN — P Noguera

CA — Cyril Amrouni
New Instrument Project MT — Main technician
xlremen EL-E Leliévre~B.ema

PC — P Courtois

BG - B Guérard

BJ -B Jarry
FR — F Rodriguez (MALTA)

INSTITUTO DE CIENCIA
DE MATERIALES DE ARAGON

. Sample Experimental Engineering -
Guide Casemate Spectrometer environment Control system facilities services PM services
[0] (PN) [11(PC) [2] (AR) 131 (EL) [4] (PN) 151 (BJ) 71 (PN) [8] (PN/AR)
Shielding - Shielding - Primary slit - Sample stage - High level control Biological protect.§ |__| Design & Drafting Technical manag.
[01] (PN) [11] (PN) [21] (CA) [31] (CA) [41] (PN) [51] (PN) [61] (CA) [71] (PN)
Housing HOPG monochr. Secondary slit - Sub system - Control cabin - Installation - Scientific manag.
[02] (CA) ™ [12] (PC) ™ [22] (CA) [42] (PN) [52] (BJ) [62] (MT) [72] (AR)
| Supermirror guide |1 silicon monochr. | ROC I Data treatment |l instrument crane | || Civil engineering | |__| Missions
(03] (PN) [13] (PC) [23] (AR) [43] (PN) 53] (BJ) 163] (BJ) [73] (PN)
1 Supports Mechanics Detector Motion control Zone floor Transport
[04] (CA) | [141(CA) | [241(8G) | ‘4PN 1 B4 B) | 4PN
- Shutter Exit beam monitor, Cabling Zone access
[05] (CA) [15] (BG) u [45] (PN) | [55] (CA)
Filters 1 Security systems
[16] (PC) [46] (BJ)
Cryo-magnet ”
[32] (EL) I
Focusing guide 1|
[25] (AR) o High pressure cell I'
[33] (FR) II
a Copper monochr. Non-magnetic cell |I
[171(PC) [34] (FR) ”
Misc [09] — Misc [19] — Misc [29] =

Misc [39] = Misc [49] — Misc [59] = Misc [69] — Misc [79] I Pa




Project organisation
Risk Analysis

I Smgle Delays in Schedule, Identify alternative  Identify alternative

- supplier manufacturing,  budget suppliers and split ~ suppliers and split
| magnet high prices procurement procurement i
€

. Delays inthe Delays in the schedule 60 H24 project should  Re-Schedule |
- H24 guide installation and priorize all the task .
 project tull efficiency related with XtremD i
It

[ Cancellation  Deep performance 54 Give special i
L of the H24 degradation of attention to this i
¢ guide project the instrument point during

N negotiations |
C

| Resolution/  Degradation of  performance 54 Simulate the Adapt the objectives |
. background  the instrumet’s instrument as soon  in terms of flux/

- worse than performance as possible resolution/ 7
" expected background ]
E)eem’s s pedtifications can nct be E;g:gm;e of the instruments E—— - Lsunch fess ibility study over the different %;Rﬁy;x mﬁﬁ i;:f di;%rsﬁtr:m Re
el . . HOE e theinskument as scon s pessitie [A0SPLhe abjecives intarms o




Administrative framework
A CRG instrument

m CRGs help to establish strong and durable relationships
with other national or international research
organisations.

m CRGs increase and complement ILL’s facilities and
instruments, overcoming the limitation of public
instruments.

CRGs offer more opportunities for exploring

new techniques and for carrying out
adventurous or difficult experiments.
m No cost for ILL in human resources. External teams can

operate, expanding the human and material scientific
resources that contribute to the reputation of the ILL.




Administrative framework
A CRG instrument

\\\\\\\\\\\\\\\\\\
EEEEEEEEEEEEEEEEEEEE

property of the ILL (30%-70%)
® The new contract MICINN-ILL & MICINN - partners (<30% CRG-Beam Time):

-y

NEUTRONS
Y FOR SCIENCE
CHSHCZ

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

INSTITUTO DE CIENCIA 49 %
DE MATERIALES DE ARAGON

70% CRG-Beam time

|30 %

Partners 21 %

30% CRG-Beam Time




SpINS management

+CSIC

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

]
LS'pINS INSTITUTO DE CIENCIA )
DE MATERIALES DE ARAGON

Scientific Scientific

& &
Technical Administration
(Grenoble) (Zaragoza)

Proposals
Selection
Committee




Project team and Scientific Advisory Committee

O QQQQQ Project team: Scientific advisory committee:
e J. Rodriguez-Carvajal (ILL) Chair

E. Leliévre-Berna (ILL)

L.R. Falvello (U. Zaragoza, Spain)

V. Garcia Baonza (MALTA group, U.
Complutense de Madrid, Spain)

General Project Leader

e J. Campo (ICMA)
Scientific

® J.A. Rodriguez Velamazan

(ICMA) Scientific Project Leader o J.L. Ga.rcia-Muﬁf)z (ICMAI? -CSIC, Spain)
) ® P Gorria (U. Oviedo, Spain)
® H. Fischer (ILL) ® S. Klotz (CNRS, France)
e T. Hansen (ILL) e J.E. Lorenzo (CNRS, France)
e C. Ritter (ILL) ® R. Nelmes (U. Edinburgh)
Engineering ® |. Mirebeau (LLB)
® L-P. Regnault (CEA, France)
® P. Noguera (AVS) e F. Rodriguez (MALTA group, U. Cantabria,
Technical Project Leader Spain)

MICINN, ILL and All of them are acknowledged for their contributions
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Oxidos y Minerales I- Estructura y Reactividad (3/4)

* Moderador: J. Manuel Recio (UOVI)

|| Ponentes:

1. Alberto Otero de la Roza (UOVI)
Rigorous treatment of first principles data for
guasiharmonic thermodynamics of solids

2. David Abbasi Pérez (UOVI)
r 1 CONSOLIDEH Mas alla del modelo de Debye. Nuevo médulo
de calculo de efectos térmicos en cristales
3. Joseé Manuel Menéndez (UOVI)
Estudio sistematico de las ecuaciones de
estado de las perovskitas KMF,

4. Angel Morales (UCM)
Estudio de polimorfos de TiO,. DFT+U

. Miriam Marqués Arias (CSEC)
Metales alcalinos a altas presiones




OBJETIVOS lIl.A DEL PROGRAMA CIENTIFICO

lli. STRUCTURE, STABILITY AND REACTIVITY OF MINERALS
a. Pressure-Temperature-Composition (PTx) diagrams and physical properties of:
ABO3 (AD-BO3. A;03- B303), ABO4 (AO2-BO;) and AB;04 (AO-B;03) oxides

Work Plan lll. a. SCIENTIFIC SCOPE Example

Field Coordinators | Scientific Questions

AVegas/FJ Manjon | - Further understanding the structure and stability of
crystal phases at high pressure

- Exploring new phases in materials which can only be
stabilized under given conditions of pressure and
femperature

- Deeper understanding of C-Si analogies and its influence
of the carbon cycle

- Synthesis of new materials with tailored properties of
technological interest

- In situ determination of the physico-chemical properties
of new phases

Leading Groups
IQFR - UPV
UCAN - UV

Supporting Groups | Specific Goals
All - Target systems: ABO3 (AO-BO2 A203- B203), ABO4 (AO2-

BO2) and AB204 (AO-B203) oxides, with lightest A-B
elements and, in particular, compounds involving carbon.

- Influence of inclusions of transition metal ions like Co,
Fe, Cr, Ni, upon the structural and physical properties of
these materials: structure and phase stability, transport
properties (electrical and thermal), optical and magnetic
properties (spin fransition phenomena and electronic
structure  modification) and mechanical properties
(hardness and elasticity)

- Study of the influence of these oxides in geodynamics
and prospects on new materials applications

Simposio MALTA-Consolider Miiraflores, Enero-2011

Related Fields
Molecular systems
P-T sensors




OBJETIVOS IIl.B DEL PROGRAMA CIENTIFICO

lll. STRUCTURE, STABILITY AND REACTIVITY OF MINERALS

b. Catalytical properties of minerals on abiotic organic synthesis

Work Plan lll. B. SCIENTIFIC SCOPE

Field Coordinators

A Mufioz / J Andrés Scientific Questions
Leading Groups |- Pressure-induced chemical reactivity in minerals
ULLZ — UJI - High pressure properties of the catalysts
- Formation of methane clathrates at deep sea _
v ¥
Supporting Groups Specific Goals
All - High pressure structure and properties of Ni, Fe, and

their alloys, sulphides and oxides (topic lll. a)
- Catalytic properties of Ni, Fe, and their alloys,

Related Fields : .
sulphides and oxides
Clathrates - . :
Oxides - Kinetics and stability of methane clathrates (topic l.a.)

- High pressure reactivity of methane and other small

hydrocarbons in presence of oxides of metals (topic
llb.)

Simposio MALTA-Consolider Miiraflores, Enero-2011



OBJETIVOS GENERALES DE LOS GRUPOS TEORICOS EN EL PROGRAMA CIENTIFICO

2.4. SCIENTIFIC PROGRAM

SUPPORTING THEORETICAL AND COMPUTATIONAL SCIENTIFIC PROGRAM FOR MALTA

| 1. FUNDAMENTALS |

a) Chemical bonding. Topological analysis of the electron density and ELF.

b) Thermal effects and dynamics. Vibrations in crystals.

¢) Transition mechanisms. Semi-empirical, martensitic, and nucleation and growth models.
d) Developments in DFT calculations.

e} Development of interpretative models for the analysis of high pressure phenomena.

2. METHODOLOGICAL DEVELOPMENTS

a) Development of a new code for the analysis of ELF in crystals.

b) Extension of the GIBES code in order to improve the evaluation of thermodynamic properties of crystals at finite temperatures. The Fleche model.
c) Analysis of schemes of different complexity to the calculation of energetic profiles in solid-solid phase transitions.

d) Analysis of different exchange and correlation functionals in DFT calculations: equations of state of simple molecular solids.

| 3. APPLICATIONS - INTERPRETATIVE MODELS OF HIGH PRESSURE PHENOMENA

a) Chemical decomposition of the compressibility.

b) Determination of the phase diagrams for simple NOCH molecular crystals with multiple bonds.

¢) Determination of phase diagrams in silver halides and silicates.

d) Molecular fo polymeric transformations in CO2, dimethyl-acetylene, and other NOCH compounds.

e) Mechanisms of pressure induced phase transitions in simple NOCH compounds.

f)  Mechanisms of the pressure induced transformations in silver halides and silicates. The zircon to reidite transformation in ABO4 compounds (including
ZrSi04as a model). Post-reidite phases.

g) Theoretical interpretation of the model of anions in metallic matrices. Topological analysis of the ELF in metals, inter-metallic compounds, and inorganic
crystals containing metallic elements.

h) Rare gas solids as test materials for the testing of the exchange and correlation functionals.

i} Computer simulation of aqueous solutions of proteins.

Simposio MALTA-Consolider Miiraflores, Enero-2011



1. Rigorous treatment of first principles data for quaiharmonic thermodynamics of solids Alberto Otero-de-la-Roza-UOVI

0.05
0.04 | PBE at V,,

0.04 -
0.04 -
0.03
0.03
0.02 ¢
0.01
0.01

0.01 | / | "

0.00 ' i ' ' S
100 0 100 200 300 400 500 600 700 800

Frequency (cm™)

DOS (1/ecm™)

Simposio MALTA-Consolider Miiraflores, Enero-2011



2. Mas allad del modelo de Debye. Nuevo modulo de calculo de efectos térmicos en cristales David Abbasi-UOVI

B-C,N, y BaWO,-II

‘]ED T T T T T T T T T
140 ¢
140
120
120
o100 | -
v v 100}
— 80} T
s —
2 5 80|
- L
55. 60 § 60 |
10 ¢ a0 +
20 1 20 |
n\ D ""T' 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450
T(K)

Simposio MALTA-Consolider Miiraflores, Enero-2011



3. Estudio sistematico de las EOS de las perovskitas KMF3

550

500

450

400

V (bohr®)

350

300

250

Simposio MALTA-Consolider Miiraflores, Enero-2011

J. Manuel Menéndez-UOVI
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4. Estudio de polimorfos de TiO2. DFT+U

Calculated Energy (eV/f.u.)

Simposio MALTA-Consolider Miiraflores, Enero-2011

Angel Morales-UCM
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5. Metales alcalinos a altas presiones Miriam Marqués-CSEC

K—Alkali chalcogenide

(ELF = 0.95)
hP4 phase of K.

(ELF = 0.95)
oP8 phase of K.

Simposio MALTA-Consolider Miiraflores, Enero-2011



EOS y mecanismo de la transicion de fase B3-B1 en el BeO

Mecanismo ortorrombico para la transicion B3-B1 en BeO

0,020
4-fold 1.32  6-fold
9.82
0.95 - 0,016
8.21
@, 095 $
8.21 E
ol
O
Be(nn) .
r_:'b-.——.——-.——l i
mﬂﬂo — % E
- = ¢L=* g i e e e 3 "'5
Be(n) 2 ©
i . i = = = = = - - o 1
(0] I :
0,25 0,20 0,15 25, 010 0,05 0,00

Simposio MALTA-Consolider

Miiraflores, Enero-2011



1.00 p=

EOS y mecanismo de la transicion de fase zircon-scheelita en ZrSiO4

098
096
094
092 |

VIV,

090 |

oss |l
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0.84 r
0.82

:---'_"--'.'_'--;.*_ *

+ +
+ oy,

10
p (GPa)

15

25

ZrSiO, es un material de mucho interés
tecnoldgico que sufre una transicion de
fase inducida por presion entre dos
estructuras tetragonales (zircon y reidita)
gue tienen una relacion grupo-subgrupo

Los entornos locales de ambas
estructuras son muy similares. Zr esta
rodeado por 8 oxigenos: dos tetraedros
O,, con dos distancias Zr-O distintas. Si
esta rodeado por 4 oxigenos: un
tetraedro O,, una distancia Si-O

Los calculos generan resultados en buen
acuerdo con los experimentos para la
estructura, la EOS, el colapso del
volumen y la presion de transicion.

La transicion muestra histéresis grande

Simposio MALTA-Consolider

Miiraflores, Enero-2011



Camino triclinico (P-1) o monoclinico (C2/m

EOS y mecanismo de la transicion de fase zircon-scheelita en ZrSiO4

3 coordenada de transformacion

Barrera de activacion en torno a 80 kJ/mol

Los desplazamientos atbmicos muestran

que los atomos O1 sufren mayores
desplazamientos que los atomos O2

Se rompen dos enlaces Zr-O y se crean dos

enlances Zr-O

Transicion no displaciva, es reconstructiva

I4,/a Pl

Reidite B=102° TS Reidite
M1 —0.2426 0.0012 —0.0804 —0.0601
722 —0.2426 0.0038 0.1177 0.1271
733 1.0162 0.0012 —-0.0804 —0.0601
73 0 —0.1042 —0.1015 —0.1825
A} 0.3575 0.0491 0.0726 0.1000
a2 0 0.0001 0.0419 0
:50[51 51} 0 0.0008 0.0906 0
dp(0-0y) 1.2866 0.0309 1.2370 1.3246
dp(05-05) 0.0307 0.3654 0.4381

atomic displacement

Zr-O distance

4.0

3.0
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Simposio MALTA-Consolider Miraflores, Enero-2011



EOS y mecanismo de la transicion de fase zircon-scheelita en ZrSiO4

Mecanismos tetragonal y monoclinico para la transicion zircon-scheelita

Seguimiento del proceso de reconstruccion de enlaces en torno al Zr. El camino
con menor reconstruccion es el mas favorable energéticamente. Tiene menor
strain y menos desplazamientos atomicos.

0,12
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E-E eiqite (€V)
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0,02

0,00

0,0 0,1 0,2 0,3 04 0.5 0,6 0,7 0,8 09 1,0

.

Simposio MALTA-Consolider Miraflores, Enero-2011




EOS y mecanismo de la transicion de fase en el SiO2

SO, a-cristobalite — stishovite

, stishovite . a-cristobalite
cristobalite
space group
(P4,2,2)is a
W S 10 L subgroup of

Stishovite stishovite space
15 20 25 30 35 40 45 50 55 60 00 02 04 06 08 10 group

"LI."

+
.'_
+
+

Crystal Energy
Crystal Energy

Figure . Calculated total energy (+1.15x10%, kJ fmol) versus volume curves for a-cristobalite and

stishovite phases (left), and calculated energy profile (relative to the cristobalite structure) across the
transition (right). Energy in kJ/mol, volume in A%,

Tetragonal unit cell: normalized Oxygen lone pairs play an important

c/a ratio appropriate role in the creation of new bonds across the
transformation coordinate. transition path.

Change in coordination: Si from Attractors of Si L-shell point toward vertices
four to six, O from two to three. of a tetrahedra and a cube, respectively, in

a-cristobalite and stishovite.
O-Si-O angle closes to 90.

Small increase of Si-O distance. LOCCC should be revisited.

Simposio MALTA-Consolider Miraflores, Enero-2011
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High Pressure experiments: Diamond Anv. Cell

Vol. <0.002 mm3

DRX

Neutrons

Vol.30-60 mm?3

Paris-Edimburg (PE) 20T LN EES..

Laser heating



Simulacion ab Initio

La simulacién de materiales a escala atémica basada en “first
principles quantum mechanics”, tiene ya un importante papel
en el estudio de la materiales bajo condiciones extremas.
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“An expert Is a person who
has made all the mistakes that

can be made In a very narrow
fleld”.

“Prediction 1Is very difficult,
especlally about the future”.

Niels Borhr




RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 44, NUMBER 18 1 NOVEMBER 1991-1I

High-pressure phase of gallium nitride

A. Mufoz
Departamento de Fisica Fundamental y Experimental, Universidad de la Laguna, La Laguna,
IR204 Tenerife, Islas Canarias, Spain

K. Kunc
Laboratoire de Physigue des Solides, Lniversité Pierre et Marie Curie,
Tour 13, 4 place Jussien, 75252 Paris CEDEX 015, France
{Received 13 May 1991; revised manuseript received 22 July 1991)

The recently found high-pressure phase of GaN is studied theoretically, using the density-functional
theory. The E(V) phase diagram set up from the calculated total energies shows that the erystal
siructurc of this phase is rocksalt or MiAs, and the calculated energy bands indicate that both
modifications are semiconducting.

RAFPID COMMUNICATIONS

44 HIGH-PRESSURE PHASE OF GALLIUM NITRIDE 10373
; 15.__1(:._—_.—..—.—.—.—-.-1---..........,...,,.........,,,,........-..-'_j 3ndEUGPE(denstrﬂkB}.
= F Nias, 1 The calculated data in Fig. 1 provide further quantities
o - A GalN ] of interest: The transition volumes turn vul W be
G-tsenf oo NG V,(wurtzite)/V,=0.82 and F,(NaCl)/¥;=0.71, where
= E T N — ¥o=11.18 A’ is the calculated equilibrium volume per
n AR vuksall atom in the wurtzite structure. The calculated equilibri-
L RA r ﬂq
B esok \:‘«“ ff’f um volume in the rocksalt structure is Fy(NaCl)/
E";D Ry Wurtzite : Fo=0.84, in other words the Lransition wur_lz.ilu —= ruck-
z . T salt makes the volume per atom (at ambient pressure)
& ST Zinc blende ] smaller by AV,=Vq(NaCl) — Vo(wurtzite) =1.77 A”; the
= 1eear - i corresponding increase in energy, between the two minima
= ) ] of E(V), is AEg=484 meV /atom,
= .. ] The static data on Gal in the rocksall phase can be
167,0) Lo b d predicted as au*fl.?l A, Iand the kr:-ulk modulus By =2144
Volume per Atom (A°) GPa; the structure is semiconducting, with the (density-

functional-)indirect gap I'-X of 0.5 eV; for the direct gap
at " one obtains 2.5 eV. The alternative high-pressure
modification, the MNiAs structure, is semiconducting as

P | T . - a—— L T T I R O I e e S P

FIG. 1. The E(V) equations of state for the energetically
most favorable modifications of GaN. Solid lines represent the
density-functional pseudopotential calculations with plane-wave



Ab initio methods provide and alternative and complimentary
technique to the experiments under extreme conditions.

Well tested:

REVIEWS OF MODERN PHYSICS, VOLUME 75, JULY 2003

High-pressure phases of group-IV, llI-V, and II-VI compounds

A. Mujica™®

Departamento de Fisica Fundamental Il, Universidad de La Laguna, La Laguna E-38205,
Tenerife, Spain

Angel Rubio”

Departamento de Fisica de Materiales, Universidad del Pais Vasco, Donostia International
Physics Center (DIPC) and Centro Mixto CSIC-UPV/EHU,
San Sebastian/Donostia E-20018, Spain

A. Muhoz?

Departamento de Fisica Fundamental Il, Universidad de La Laguna, La Laguna E-38205,
Tenerife, Spain

R. J. Needs®
TCM Group, Cavendish Laboratory, Cambridge CB3 OHE, United Kingdom



T=0 K calculations
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0 4 g 0 4 % ' FIG. 11. Theoretical LDA coexistence pressures vs experi-
Pressure (GPa) mental transition pressures for the first phase transition in

LI , group-IVA elements and ITTA-VA and IIB-VIA compounds.
FIG. 3. Typical output data from a series of total-energy cal -y, qaia are those in Tables I-IIL The values of the pressures

culations: (a) Schematic diagram of the energy-volume curve: for SiC and GaN () have been divided by 4 in order to
for four phases of a material. For phases I and Il we haw o :
represent them on the scale shown.

indicated by filled circles the discrete set of calculated E(V
points. The curves correspond to fitting of the calculated point
|in the present case, using a Murnaghan-type expression (Mur



Dynamical properties under pressure..

The construction of the dynamical matrix at gamma
point Is very simple:

Potential: V = -%—- 11121:1 ®(n, m) u(n) u(m)

Force: F(n) = - X ®(n, m) u(m)
1l

Dynamical matrix:
D(k) = 1/M X D(0, m) exp[-Ik(R(0)-R(m))]
m
Phonons: ®?(k) e(k) = D(Kk) e(k)

Hellmann-Feynman forces IF(n) arise due
to displacements of an atom in supercell

F(n) ===p O&(n, m) === w(k)

Potential: V =1__ % o (k) Q)|



Phonon dispersion
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at equilibrium volumes.
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Spin-orbit, phonon dispersion, temperature effects, etc....

CARDONA et al.

DFPT

PHYSICAL REVIEW B 80, 195204 2009 [NV €rted s-o interaction.

TABLE I. Values at k=0 of the spin-orbit splitting A, the negative p-s gap E; (in eV) and the lattice
constant ay (in A) as calculated with various codes and experimentally determined. Notice the negative value
of Ay calculated by our three methods for HgS. It is due to an admixture of p wave functions of the cation
with 54 of Hg (the latter have a negative contribution similar to results found for CuCl, ZnO, and CuGaS,).
The differences of Ay for the different computational methods are due to minor differences in the compen-
sating p and d contributions. The negative Ag of S-HgS has already been mentioned recently (Refs. 22 and

23).
HgS HgSe HgTe
Ap (eV) VASP-LDA —0.111 +0.23 +0.783
ABINIT-LDA -0.18 +0.34 +0.81
VASP-GGA —0.091 +0.25 +0.751
Overhof +0.48 +1.13
Experimental -0.25¢ +038 b 090

Wavevector

FIG. 4. (Color online) Phonon dispersion relations of gS-HgS
calculated with the ABINIT-LDA code with (solid line) and without
(dashed line) s-o0 coupling. The circles were obtained with INS
(Ref. 50). The LO and TO phonons at k—0 (red) squares were
obtained by Raman scattering (Ref. 14). The frequency scales in the
insets have been expanded to show the effect of the s-0 around X.

Energy (eV)

Contribution of the
negative splitting of 5d I';s
states of Hg wich
overcompesate the
positive splitting of the S

3p.

Enemy (eV]

A

Wavevector

FIG. 2. Electronic band structure of S-HgS calculated with the
ABINIT code in the LDA approximation (see Sec. II) using the lattice
parameter ay=5.80 A obtained by total energy minimization as in
Fig. 1, but with the energy scale enlarged so as to display the details
of the top valence bands, including s-o splitting, and the lowest
conduction band around I'. The I'y-T'; separation corresponds to the
negative s-o splitting Aj,. I's-I'g is the E; gap. The inset represents
the band structure without s-o splitting near the T" point.
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FIG. 9. (Color online) Enthalpy of the three phases of Hgs @ |
calculated with the ABINIT-LDA code with s-o interaction. Cinnabar ™ 04
and rock-salt phases are basically degenerate (within any reasonable E 03 [
error estimates) at p=0, although formally, their enthalpies cross at 0 -
—0.7 GPa. The cinnabar — rock salt transition is predicted to occur ) 02¢ E
at ~22 GPa. Experimental data place it at 20.5 GPa (Ref. 64). O p1f | ¥
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bmhFIG' 13. (Color dD"_ImE} C,/T d”’_ Trffrd.HgTE ;dlmzl‘.lte? ;’,'th FIG. 8. (Color online) Sum [(black) solid line] and difference
. ABINIT-LDA and vASP-GGA codes including and not including [(red) dashed line] of the two-phonon DOS of 8-HgS, HeSe and

s-o interaction compared with our experimental data. The inset de-
picts C,=C}, obtained by ABINIT with s-¢ interaction included. A
contribution linear in temperature, 9.08 X 103 J/mol KT (Ref.
25), due to thermal expansion has been added to the calculated data.

HgTe. The wave vectors of the two phonons are taken to be equal
(but opposite), as required by optical spectroscopies.



/NS, Phys. Rev B 81 075207 (2010)
Cardona, ...Muioz . et al.
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FIG. 3. (Color online) Phonon-dispersion relations of zb-ZnS, 2 I Xpirt
calculated with the ABINIT-LDA code, compared with the results of =
INS (dots, Ref. 55). The (green) squares represent the Raman fre-
quencies measured at low temperatures. The stars display ab initio 40t

calculations performed with the CASTEP-GGA code (Ref. 24).
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FIG. 5. (Color online) The lower vignette (c) displays the den-
gity of states which commesponds to the sum of two phonons with
equal but opposite wave vector (2Ph DOS). The middle vigneite (b)
represents the integral of that 2Ph DOS (see text) whereas the upper

vignette (a) shows the cormresponding 2Ph Raman spectrum (Ref. 9).
The IPh DOS is normalized to 36 states per primitive cell.
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S
High-pressure x-ray diffraction and ab initio study of Ni,Mo;N, Pd,Mo;N, Pt,Mo;N, Co;Mo;N,
and Fe;Mo;N: Two families of ultra-incompressible bimetallic interstitial nitrides

D. Errandonea."* Ch. Ferrer-Roca.! D. Martinez-Garcia.! A. Segura,,] 0. Gomis.2 A. Muiioz.” P. R::-r:irl’gmaz—H‘erneina:lvaz,3
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(Received 15 September 2010; published 8 November 2010)

We have studied by means of high-pressure x-ray diffraction the structural stability of Ni;Mo;N, Co:Mo:N,
and Fe;MosN. We also report ab inirio computing modeling of the high-pressure properties of these com-
pounds, Pd;MosN and PtaMosN. We have found that the nitrides remain stable in the ambient-pressure cubic
structure at least up to 50 GPa and determined their equation of state. All of them have a bulk modulus larger

0 0 2 3 40 = &0 0 M M 4 5 &

so [T T 1 T T T T 1 T 1 T T s

PaMoN | Pt Mo, o

Elnstic corst ants (GPa)
Elastic constants (GPa)

Hastic Constants (GPa)
Elastiz Con stanis (GPa)

FIG. 1. Schematic representation of the structure of NiMogN. ST L
The unit-cell and atomic bonds are shown, Large black circles: Mo, h ® om ow m o wmoowom om s omom
small black circles: N, and gray circles: Ni. Pressure (GPE) Pressue (GPE)




Carbon Clatrathes



graphite (sp2) Cso Nanotube

Diamant
P, T (sp*)
v Ceo POlym.-3D +  CARBON Clathrates ?

(15 GPa/ 600 °C)

9 XraN




Properties of C-clathrate

Hypothetical ! but...
Promissing -> ab initio calculations
- Interesting Mechanical Properties

Bulk modulus 85 % of diamond
The minimun streng of Carbon clathrates should be larger than that of diamond

- Electronic Properties Potentiel d’'interaction e-phonon [1]
. Coo,
High Temperature superconductors ? 300--@ -
-T. ~90 K |
With F (type p) or Li (type n) 5 200{ ¢
—> Metallic character S
S 100 Ceo

It is interesing to search a possible % _ o
synthesis .

0

20 30 40 50 60 70
[1] Breda et al, PRB,62,130,(2000) atomes



Carbon Clathrates type-l C,; et LigC,q

ab initio (GGA-DFT) - Energy (Volume , Pressure )

aT=0K
- Atoms interc ‘
- 1 /. ...:‘-—é‘-n

Avoid the conversion (sp?) =2 (sp?®)

Co A | d nano-cage
S % Vi material
A :'. < r-_..wr * J
=
Pm3m ‘
C,s: a=6.696 A

LisC,hs: @=6.833A  C,, —lithium atoms

Carbon clathrates ?

-
I.;r‘f-‘!j { -

( Similar to Si clathrate
8 BaSi, + 30 Si >

Ba8Si46 (3 GPa/ 8OOOC) Ba8S|46 StUdled by

Experiments + ab initio calculations



VIV,

1.00

0.95

0.90

0.85

0-50 GPa

Diamant (C,) , C,; et LigC,q

l | | | | | | | l | l | l | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Pressure (GPa)

Bulk modulus:

C, B, =437 GPa (Exp 442 GPa)
C,s By =371 GPa

LigC,s B, =356 GPa



Stability H(P)= E + p V

Enthalpie / atome (eV)

o &» AN O

-10
-12
-14
-16
-18
-20
-22

Clathrates-I (group 14)
P, calculated

/ Si, > Si,s P=-5.9 GPa [1]

™ c,o>C,.| Ger> Gey,P=-2.4GPaj

-188 GPa

I —C, diamant

-200

-150 -100 -50 0 50 100
Pression (GPa)

- Negative transition Pressures !

[1] Perottoni et Da Jordana , J.Phys.Cond.Mat,2001
[2] Dong et Sankey, J.Phys.Cond.Mat, 1999



AH (eV)

A H(LigCsq) = H(LigCyq) — 8H(LI) — 23H(C,)

30 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

25

20

38-39 GPa
15

AH=19eV

10

-100 -50 0 50 100
Pression (GPa)



CONCLUSIONS:

» ADb Initio methods can provide interesting
and useful information of the physics and
chemistry of materials properties under high
pressure.

»Temperature, S-O etc... effects can be
Included.

»These techniques can help to design and
to understand problems in the synthesis
proccess.



Tengamos la sinceridad de confesarlo: en

'la  mayoria de los casos, frases
' desalentadoras como las siguientes:

"Carezco de laboratorio; ejerzo una

- profesion incompatible con el vagar
# indispensable de la labor cientifica; las
# obligaciones de familia me roban el
 tiempo y el dinero exigidos por el

trabajo de investigacion” etc., etc,
representan los alegatos del do/ce far
niente o disculpas de un pratiotismo
desmayado.

Facul serd reducir a su cabal valor tales lamentaciones e
insistir de pasada en esta verdad capital : para /a obra
cientifica los medios son casi nada y el hombre lo es casi

todo”
S. Ramon y Cajal



Electride behaviour of the alkali metals
under pressure

Miriam Marqueés Arias
~ Centre for Science at Extreme Conditions « . — —~

University of Edinburgh &L>




2. Alkall metals at HP

>t Is becoming strikingly clear that the free-electron model of simple
metals is not applicable when metals are compressed at intermediate
pressures.

»New structures appear: open, Incommensurate structures

»Unusual properties: decreased conductivity and melting points,
superconductivity

»This challenging state of matter has been explained in terms of s—p

or s—d electronic transitions, and more recently related to an increase
of valence electron density in interstitial regions.

»A new model is required (work in progress)

Miraflores, 26t Jan 2011 —
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2. Alkali metals: phases versus
relative density

_|bcc fcc R1clI16 three new phases
L] p—————=Q @ O "
"‘u
bcc fcc \\’
Na _ﬁ *IIH
related
bcc fcc to Rb-IV
K e s @ @
,L\, v
bcc fcc \ el Cmca
RbD “— —— —
(III1) (Iv) (V) (VI)
bee feeC222 Cmca dhc
CS SO 1 = 1 _p
"o T\/” HCS_V//
1 2 3 4 5 6

Relative Density p/p,
Miraflores, 26 Jan 2011 —




LI | 1000+
1000- quid
o
—~ 8007
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9 i Pressure (GPa)
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©
S 600- !
Q. |
% | |
I
= Na-l /'
400 bee /1 }/%/
I
! A
200 T T T I ' | ' I

—
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PRL (2005) Gregoryanz, Degtyareva, Somayazulu et. al.
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Intensity

__.'_:1':\\.": g
3. K: hP4 phase
| DHCP K-DDHCP
z:;: | e § o * N o
0:4 | ' | . | .
0.3: I . . ‘.
M____,w el o § o Rb2Te
o @ o
® . o‘o
| D
o ¢ o O @ |
6.0 80 100 120 140 160 180 200 220 240 C/a=3266 C/a:136
20

Crystal structure: hexagonal, SG P6;/mmc, two different sites (Wyckoff 2a
(0,0,0) and 2c (1/3,2/3,1/4))

Miraflores, 26t Jan 2011 —



phase

3. K: hP4

34
32
3.0
28
26
24
22
2.0 -
1.8
1.6 -
1.4 ¢
1.2

c/a
distance (A)

0 50 100 150 200 250 300 0 50 100 150 200
P (GPa)

ATOMIC ARRANGEMENT

» 20-50 GPa: cation sublattice of Ni2In-type structures of Na2S (c/a=1.31),
Rb2Te (c/a=1.29), Na2S04 (c/a=1.34), K2S04 (c/a=1.37)

» 50-85 GPa: cation sublattice of Li202 (c/a=2.42), Na2Se2 (c/a=2.25),
K2Te2 (c/a=2.18)

» striking changes in interatomic distances

Miraflores, 26t Jan 2011 —
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3. K: hP4 phase

Localization regions in interstitial voids
Core-like topology

Same structure as A,X compounds!
Electrons in same position as anions!

Close packing preserved if are considered!

COMPOUND—IONIC-LIKE

S—

ELECTRONS—PSEUDOANIONS

ELF=0.9

Experimental potassium at P=27 GPa

Miraflores, 26t Jan 2011 —



3. K at 58 GPa?

e tI4 structure predicted by variable-cell simulations

 behaviour of alkali-metal chalcogenides?

antifluorite (FmM3m) — anticotunnite (Pnma) — Ni,In (P6;/mmc)

Li,O | Fm3m Pnma
Av4
Li,S | Fm3m Pnma + Pn2,a | Pnma distorted Ni,In (Cmcm)
AV
Na,S | Fm3m| Pnma Ni,In
AV
K,S distorted Ni,In (Pmma)

Rb,S | | | Niyn

Cs,S | Pnma | Ni,In (P6;/mme or Cmcm) .
| 1 |

| 1 I~
0 15 30 45 60 GPa

 cation sublattice of anticotunnite structure:

SG: Pnma, Pearson oP8, K1 and K2 atoms locate on 4c sites .
subgroup of the Ni2In-type structure

Miraflores, 26t Jan 2011 —



Intensity

1.0
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0.7
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04
0.3
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0.1
0.0

3. K: oP8 phase

a K-oP8 at 58 GPa (observed)

L1—

b K-tl4 at 58 GPa (calculated)
1_) l_A_J-LJl_
C K-oP8 at 58 GPa (calculated)

60 80 100 120 140 160 180 200 220 240
26 (degrees)

Similar calculated oP8 and

experimental diffraction pattern.
Excellent Rietveld refinement.

Intensity
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3. K: electride phases
K—Alkali chalcogenide

(ELF = 0.95)
hP4 phase of K.

(ELF = 0.95)

oP8 phase of K.
Miraflores, 26 Jan 2011 —




3. K: origin of phase transitions

DRIVING FORCE OF DISTORTIONS AT INTERMEDIATE PRESSURES?
GREATER LOCALIZATION

c/a collapse R F N

3.2—1.35

10 GPa:

25 GPa: phase transition 25 GPa. If no transition
towards strong interstitial took place, localization
localization (ELF=0.95) would be a lot weaker

Miraflores, 26 Jan 2011 —



57 GPa: Elongated basins 57 GPa with oP8 distortion.

appear showing a flow of Distorted phase favors strong
electronic localization towards localization (ELF value close to
other sites and instability of 0.95)

the phase vs distortion P8 distortion

Miraflores, 26 Jan 2011 —



3. K at higher

H-H,.(kcal/mol)

-30

pressures?

hP4 =
oPg& .
tl4 *
ollG —a—
e e R
40 60 80 100 120

P (GPa)

» Above 85 GPa, the electronic flow completes,
metallic ELF maxima.

 Predicted transitions to tl4 and oC16 structures.
* Recovery of the dhcp arrangement above 250 GPa.

Miraflores, 26 Jan 2011 —



4. Na: melting curve

315 —r—

310 -

305

Temperature (K)

300

205 1 | 1 | .
116 117 118 119 120 121 125

Pressure (GPa)

SCIENCE (2008) Gregoryanz, Lundegaard, McMahon et. al.
Miraflores, 26t Jan 2011 —




4 Na: structural diversity

cI16 oP8 t119 t150 mP512

SCIENCE (2008) Gregoryanz, Lundegaard, McMahon et. al.

Miraflores, 26 Jan 2011 —



4. Na under pressure

Localization of valence electrons is observed under pressure
cl16 oP8

New properties appear
sIncompatible with common metals
*Associated to the new pseudoanions

Anomalous melting curve
— *Raman activity
*Band gap

R

Miraflores, 26 Jan 2011 —



4. Na: Raman activity

»Annihilitation of polarizability does not hold in oP8 and hP4 (localized phases):
intense active Raman modes are found.

»The most intense modes can be associated with movements of the sodium atoms
with respect to the valence attractors.

w ~4 )
=
: "
E‘ . "
m |
’=_- ",
E I ,/ a -‘\\'\. k.
= |153GPa tHo / , [\ L
2 . . IR ) .
= |147GPa | | t19 - { | /.
| i Hh{ \ . . > _. #
134 GPa | J tle ‘ o _ ,\ X .
.'-‘xn,. "y LY “‘.. - = 2 ,
' T I ' I T T T y P : ' e
-400  -200 0 200 400 800 [- - | ;
Frequency (cm™) O\// - ' :
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4. Na: hP4 phase

»hP4 phase: direct band gap insulator (Eg=2.1 eV)

»Localized units give no connection between ELF basins. Can this help us
understand the nature of conductivity?

(W. Kohn, Phys Rev A 133,171: Theory of the insulating state”)

»What is a metal?

4—r v :
TANTY E
F
g 0 I —
(b} /i
ST /] -p
= !‘::__:' —d
_ S |
r MK TA LH A 0.1 0.2 0.3
DOS (eV-1)

Miraflores, 26t Jan 2011 —



5. LI at high pressures

Previously:

 Neaton & Ashcroft predicted a low-symmetry “paired-atom”
phase (0C8) with near-insulating properties.

- Diffraction studies: bcc ~>2%% fcc 22°F2 116

e cl16 is predicted to transform to an 0C24 structure at 88 GPa
or 100 GPa.

Li-oC24

Miraflores, 26t Jan 2011 —



5. LI at high pressures

More recently:

Resistivity (mQ cm)

hR1 i-
a 08— :LI \!':lI — b 5,000
Fbce.  feel i c/16 1 LV Jio7 Li 95 GPa
10F b o 4,000 T
i P b M 08
10¢F b o 10 3,000 Semiconductor
= L g 86
[ T=25K P b J108 —_— 8%
103k N H 3 2,000+
e ePressure 1 e 3 =
I loading Lo o _1045 S
102k o P ] 2 g1000} —_— 78
i b HEH a <
[ 1002 2
10'f ° 8 =
] 3B
i . N 41025 8
10°% . s _ - Metal
i . o Jot 0.2} Meta 68
101} I ——
3 ’£ ° o
i : P 0 :
102 ® 0 P :10 0.1F ;‘ 42
-°. ] - 52
o® P . 4101 - 34
1 L 1 L! LT L 3 0.0 \ ] — - 1
0 20 40 60 80 100 0 5 10 15 20 25 30
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. cl16 2882 c2.24 2EPa, cocp-24

o c116-E5ppca-24—85E2 ©och-24+8EE8 cmca-24
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5. Li at high pressures

Our experiments:
o Xx-ray diffraction studies (P=5-130 GPa, T=77-300K)
— Extremely difficult: chemical reaction/Li penetration into diamonds

clie _%0CP2  Li-vi_®%P2 v PSP v
« Structures of Li-VI, Li-VIlI and Li-VIII ( )?

— Proposed as 0C88, 0C40 and oC24.
After refinement:

 0C24 has the Cmca-24 structure proposed previously.

* 0CA40: cell parameters and Cmca space group
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5. 0C40 Li

Our calculations:

e AIRSS approach (random structure searching + DFT calculations)
s CASTEP code, PBE PP, cutoff energy: 350 eV........

*» Stringent reoptimization of the lowest-enthalpy structures

0C40 structure:
s 20-atom primitive cells, initial expt. lattice parameters
*» Using the experimental symmetry as a constraint

s Searches within P21/c (subgroup of Cmca), Pc, randomly-
selected space groups with 4 and 2 symmetry operations
and no symmetry (P1).
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5. 0C40 Li

Initial structures Lowest enthalpy structure

P21/c » Cmca-40

Pc
4 symm. ops. l
\ C2cb-40

2 symm. ops.

P1 T
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5. 0C40 LI

From H-P curves:

30 - .
C2cb-40 ——
25 | Cmca-40Q - | ]
Cmca-24 = C2cb-40 is the most
20 L Comb88 —+ | stable phase between
Cochoad | 67-90.5 GPa.
15 F ‘n . C2-24 E,_

Hypothetically:
C2cb-402E2Cmca-24

H- H_;,¢ (meV/atom)

P (GPa)

e C2¢cb-40 22582 ppca-24 22582 Coch-24-1%F3 cmca-24
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LI at high pressures

Dynamical stability?
 Phonon calculations with the Quantum-ESPRESSO code.
* Imaginary frequency for a B;, mode of the Cmca-40 struct.

900
800
700
600
500

w(cm l)

300
200

100 r

400 E

e

——

Phonon dispersion curves of

| the C2cb-40 structure:

e R————

dynamically stable
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LI at high pressures

Comparison with experimental data:
» Single crystals of poorer quality than those for 0C24.

* Intensities estimated as strong, medium, weak or unobserved

 Cmca is the highest space group consistent with the data, but
C2cb is also compatible.

« Excellent agreement between the calculated intensities of the
C2cb-40 structure and those obtained experimentally.

* Poorer agreement with the Cmca-40 structure.

SOLUTION: C2cb-40 structure
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5. 0C40 Li

Semiconductor?

0.7 75 GP:

06 | 85 GPa ] 6L \i

' 95 GPa " Q%
- s-DOS —
R e =
é 04 | ] s 2r %%#
-y | P =
5] DT o+ —
o e —
2 02} N %%ig

ol R =

0.0 r z T v r S R

4 3 2 -1 0 1 2 3 4 5

Energy (eV)

Indirect band gap along I'Z similar to the I'-direct band gap
*Gap increases with pressure, 1.15 eV at 95 GPa

sLarger gap than the other structures (0.276 eV for the C2-24)
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* Modulated layers. 5 neq. Li atoms, 3 ELF attractors.
eM1:2e, M2: 2e,,M3: 1le —— Li:ABC.

 New elemental structure, not found previously.
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5. 0C40 LI
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Summary

» Relationships between localized metallic structures and
lonic compounds are found to hold at intermediate and high
pressures.

» The greater interstitial localization helps to stabilize
these phases.

» Unusual properties (Raman activity, decreased melting
and conductivity) explained by this pseudoionic character.

» Problems of current DFT functionals to deal with these
localized structures.
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Thank you for listening!
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5. Alkall metals at HP: problems

»Wrong transition pressures (cannot be associated to hysteresis)
»K: transition from localized oP8 to delocalized tl4
Experimental = 90 GPa
Theoretical = 58 GPa
»Na.: transition to localized hP4
Experimental = 178 GPa
Theoretical = 250 GPa

»LDA/GGA functionals tend to over-delocalize electrons: greater
stability range of delocalized phases

»Not able to correctly stabilize the pseudo-ionic state (localized)

»New functionals?
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High Pressure Study on Rb2S.

StructiuralliComparisonibetween
AlkalismetaliSulfidestandstheldCornLespondingioxide’s

David Santamaria-Pérez

Universidad Complutense de Madrid




Rb,S at ambient pressure

Anti-CaF,-type structure
WDICVOLO4 solution (Automatic generated PCR file) CELL: 7.72610 -
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Rb,S at high pressure

Intensity (arb. units)

0.6 GPa in decompression
Anticotunnite-type

5.1 GPa - NiZIn-type

3.2 GPa
Coexistence
of phases

2.7 GPa
Coexistence
of phases

A f I"'II i 0.7 GPa- Anticotunnite-type

/\_ﬂ RP- Fluorite-type

Intensity (arh. units)
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Structures of the high pressure phases of Rb,S

Anti-PbCl,-type structure (at 0.7 GPa)

Ni,In-type structure (at 5.1 GPa)
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* C.N (Rb atoms) =9
(1 x3.137A,2x3.296 A, 1 x 3.349 A,
2x3.424 A, 1x3.62A,2x3.771AR)

 C.N (Rb atoms) = 11
(3x3.067 A, 2 x3.405 A, 6 x 3.507 A)




Structures of the high pressure phases of Rb,S

Anti-PbCl,-type structure (at 0.7 GPa)

Ni,In-type structure (at 5.1 GPa)

& Rb

LS

arard
™~ N

A\

C TS
AT A A
NN
DN

l—' ¢ ¢

«
' ¢
f‘\

/r

VAV
VR

& Rb
S

* C.N (Rb atoms) =9

(1 x3.137 A, 2x3.296 A, 1 x 3.349 A,
2x3.424 A, 1x3.62A, 2x3.771 A)

* C.N (Rb atoms) = 11
(3 x3.067 A, 2 x3.405 A, 6 x 3.507 A)

The mean distance Rb-S in the
trigonal prisms does not change!!




Analysis of the bondlengths in the anti-PbCl,- to Ni,In-type phase transition

< p
s ‘ % .
o)

& 3 s ] "r\\, RE ‘\\

Anti-PbCl,-type Ni,In-type

Ni,In-type

The decrease of the area of the trigonal face makes
possible that, in the Ni,In-phase, the S atoms could
Interact with a larger number of Rb atoms capping
the lateral faces. CN from 9 to 11.




Equations of state

B Antifluorite
® Anticotunnite
* Nigln
........ 3 order B-M fit to Ni,In phase

—— 3"-order B-M fit to anticotunnite phase

Pressure (GPa)

—
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95 100
Volume/Z (A%

|
105

Anti-PbCl, | & b=

m  gaxis

Lattice parameters (Anstrongs)

Lattice parameters (Anstrongs)

* Anti-PbCl,: B,=14+1GPa, By =4,V,=430+2 A3, 7
B,=33+1GPa, B, =4,V,=1815+0.3A3, 72=2

= 4
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Correspondence between the structures of:

e alkali-metal sulfides
and
e the cation arrays of their corresponding oxides

Antifluorite Anticotunnite . o
(anti-CaF,) (anti-PbCl,) Niin Anti-TiS,
Li,S (RP-RT) Li,S (HP-RT) d-Li,SO, (HP-RT)
Li,SO, (RP-HT)
Na,S (RP-RT) Na,S (HP-RT) Na,S (HP-RT) Na,SO, (RP-RT)

d-Na,SO, (RP-RT)
Na,SO, (RP-HT)

K,S (RP-RT) K,SO, (RP-RT) K,S (HP-RT)
d-K,SO, (RP-RT)
K,SO, (RP-HT)

Rb,S (RP-RT) Rb,S (HP-RT) Rb,S (HP-RT)
Rb,SO, (RP-RT) | Rb,SO, (RP-HT)

Cs,S (RP-RT) Cs,S0, (RP-HT)
Cs,SO, (RP-RT)

—
Pt Ocontent?




Luminiscence at high pressure

Intensity (arb. units)

16000

12000

8000 -

4000 +

——P=26GPa
---- P=3GPa

<+ P =3.9GPa
----P =5.8 GPa

“maximum

700

680

660

640

620

i(nm) = 705(2) -13.4(4)*P(GPa)

T

25

3.0

35

L L A |
4.0 4.5 5.0

Pressure (GPa)

T L T

55 6.0

Strong luminescence above 2.6 GPa (directly related with the Ni,In-phase).

Band maxima show a non-linear blue shift with pressure (linear when transition is completed).

Constant shift of 13.5 nm/GPa.

The shape of the emitted peak deviates from Gaussian profile with pressure

(anisotropic broadening).
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Aplicacion de la absorcion de rayos X al
estudio de las delafositas bajo presion
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Introduction: delafossites

Outline:

- Introduction: delafossites.

- Experimental.

- Results.
- Discusion.

- Conclusions.

Reunion de MALTA. Miraflores, 23-27 de Enero 2011



Delafossites

- Mineral: CuFeO, (G. Delafosse)

- Family: ABO, (~ 40 simple compounds)
- CuBO, or AgBO,: TCO.

- CuAlO,, CuGa0, and CuCrO,: p-type

semicond.
Structure
SG: R3m
CuGaO, CuAlO,
2,=2.977 A a,=2.858 A
¢,=17.171 A ¢,=16.958 A
Cu 3(a) (0,0,0) Cu 3(a) (0,0,0)

Ga 3(b) (0,0,1/2) Al 3(b) (0,0,1/2)

O 6(c) (0,0,u) O 6(c) (0,0,u)
1=0.1076 1=0.1099




Introduction: delafossites

SG: P63/mmc

CuCrO,

2,=2.974 A
¢, =11.40 A

Cu 2(c) (1/3,2/3, 0.25)

Cr 2(a) (0,0,0)

O 6(c) (1/3,2/3, u)
1=0.0881
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Experiment

Outline:

- Introduction: delafossites.

- Experimental.

- Results.
- Discusion.

- Conclusions.
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Experiment
CuGaO,

Energy dispersive - DW11 wiggler station of DCI in LURE
XRD: -20=14.97°

- Membrane diamond anvil cell

- Silicon oil

- Powder

Ambient temperature: High temperature T= 510K:

_ Inconel gasket - External heatlng

- Ruby - Rhentum gasket
- StB,0-:Sm?*

- D11 station of DCI in LURE (Dispersive EXAFS)

- Membrane diamond anvil cell

- Silicon o1l

- Powder

- Cu and Ga K-edges (8979 and 10367 eV, respectively)
- Inconel (Cu K-edge) and rhenium (Ga K-edge) gaskets
- Ruby
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CuAlO,

XRD:

- ID30 at the ESRFE.

- MAR3450 image plate
-A=0.3738 A

- Membrane diamond anvil cell
- Silicon oil

- Powder

- Inconel gasket

XAFS:
- ID24 at the ESRF (Dispersive EXAFS)

- Membrane diamond anvil cell
- Silicon oil

(8979 eV)
- Inconel gasket

- Ruby




CuCrO,

XRD:

- 115 at DIAMOND.

- MAR3450 image plate
-A=0.4133 A

- Membrane diamond anvil cell
- Methanol-ethanol-water

- Powder

- Inconel gasket

XAFS:
- ODE at SOLEIL (Dispersive EXAFS)

- Membrane diamond anvil cell
- Silicon oil

(8979 eV)
- Inconel gasket

- Ruby

|




Outline:

- Introduction: delafossites.

- Experimental.

- Results.
- XRD.

- XAFS
- Discussion.

- Conclusions.
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Intensity (arb .units)

CuGaO,: Energy-dispersive XRD spectra

T=293K
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CuAlO,: Angle-dispersive XRD spectra

P(GPa)

=0.3738 A

(suun “gre) Alsuayuj




CuCrO,: Angle-dispersive XRD spectra
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Lattice | | ' |
t . 5.70Eﬁ_ﬂu_: " a c/3 /2 ]
arameters | HOm
p L 565 umg _ L HIDI.:..D. <
o 5601 L O .
D 555} = CuAlO, N L .
% 550 I m CuGaO, .-
3 3007 " S, T
< 205 W '
@ 295_ F‘..j. A m -
O 290F - 2 CF mEa, ]
C [ | O
5 285 mumy " e a7 g
—1 280F R i e
275 a" = 4 1
2.70 | | |
10 15 20 25
Pressure (GPa)
Compressibility:

CuGaO, [ CuAlO, | CuC:O,

v (10°GPa) | 19.65) | 20.6(5) | 22.005)

% (104GPah) 7.5(4) 8.3(4) 6.8(6)




Outline:

- Introduction: delafossites.

- Experimental.

- Results.
- XRD.

- XAFS
- Discussion.

- Conclusions.
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CuGaO,: XANES

Absorption (arb. units)
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CuAlO,: XANES

P (GPa
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0 [ )
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11651 (2000)



Absorption (arb. units)
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Cu-O bondlength from EXAFS fit
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Discussion

Outline:

- Introduction: delafossites.

- Experimental.

- Results.

- Discussion.

- Structural changes in the low pressure phase.
- High pressure phase and precursor effects.

- Conclusions.
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-The monovalent (Cu) and &g cr-o 4a A AL = CuGao, | .
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show similar compressibility in ?’ 188l Aa AL |
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Discussion

Outline:

- Introduction: delafossites.

- Experimental.

- Results.

- Discussion.

- Structural changes in the low pressure phase.
- High pressure phase and precursor effects.

- Conclusions.
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Discussion

High pressure phase and precursor effects.
P(GPa)
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Discussion

Raman modes

_- . uUyy)z
- z(xy)z

Intensity (arb. units)

Azu(ac.) Asu Aau(TO/LO) Alg

200 300 400 500 600 700 80O 900

I'=A,+E,+3A,,+3E, Raman shift (cnr”)

0 —-c¢ —-d

E(y)=|-c 0 0

—~d 0 0 vy

¥y

PRB 72, 064301 (2005) e
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High pressure Raman experiment in CuAlQO,

Intensity (arb. units)
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Discussion

Outline:

- Introduction: delafossites.

- Experimental.

- Results.
- Discussion.

- Conclusions.
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Conclusions

Conclusions

- XRD evidence anisotropic compression, the a-axis being more compressible
than the c-axis.

- EXAFS yields the cation-oxygen bondlengths, from which the internal
parameter u can be deduced. Results from different edges and available ab-initio
calculations are in perfect agreement.

“The combination of anisotropic compression and internal parameter variation

results in a regularization of the BO, octahedra.

-There is an irreversible phase transition that clearly manifests at 25 GPa in
CuGa0O, and CuCrO, and at 33 GPa in CuAlO,, with precursor effects
observable from lower pressures.

- In CuGaO, and CuAlO, the phase transition affect the Cu environment but not
that of the trivalent cation (Ga or Al). The phase transition is related to the
softening of the acoustic branch.
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Equations of state

LR Experimental
I V =43.66(4) A°
c“a g, Cu GaOZ B=203(5) GPa
* B'=3.9, fixed

Experimental
O V,=43.004)A°

B'=3.8, fixed

B=165(2) GPa ]

B Experimental
V =39.97(3) A’
[ B=182(3) GPa|
i BO: 186(2) GPa B'=3.8, fixed |
B'=3.7(1)
0 S 10 15 20 25

Pressure (GPa)
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Propiedades estructurales Técnicas

ABSORCION DE RAYOS X (XAS)

- Experiencia de transmision: | | | GaClIJOZ. Ejnga
i P=25.9 GPa 7
| | I XANES |
—_— _ =

Ficos de difraccion

\\

Absorcién (unid. arb)
§
g

X I \\
I EXAFS
- X T T T T T T T T
I — Ioe a 10.4 10.6 10.8 11.0

Energia (KeV)

XANES: X-ray Absorption Near Edge Structure

_ EXAFS:. Extended X-ray Absorption Fine Structure
- Ventgjas.

No se requiere orden de largo alcance. Se pueden estudiar del mismo
modo solidos cristalinos y no cristalinos

Es posible estudiar € entorno de cada atomo por separado. Es unatécnica
local.



Propiedades estructurales Técnicas
Efecto del entorno sobre la absorcion

Atomo aislado Atomo absor bente+vecinos

X-ray Absorption Fine-Structure
-1/2
phote-electron A~ (E - Eg)

XAFS

X-ray Absorption

=1/2

photo-electron A~ (E - Eg)

XANES

AVAVAVE ; INININY
X-ray \
-\%\‘ core-level Absorption B
Probability

core-level Absorption
Probability Absorbing Atom Scattering Atom

Absorbing Atom

Energy

Energy

Li]

X-ray

absorbing atom




k*y (A

CuGaO,: EXAFS signal

Cu K-edge

$s 6 1
Wave vector (A)

P (GPa)

074
1021
30.5
28.6
25,6
21.1
17.7
14.6
13.1
10.8
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Sw
B

k*x (A7)

Ga K-edge




CuGaO,: EXAFS fit
(GNXAS package)

Cu K-edge

T I T T T T I T T T T | (I:11l_ 0

| Oo=0
Py
O=0

Cu-Cu

Cu-Ga
'\/W\_,/—\Q—:».Q—

Cu-O
\/\/\,
I 0.050

m

4 6 8 10
k (A7
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Ga K-edge
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CuGaO,: Bonding lengths

dCuGa
At 4 4, 49,4 PFISTRN R

A
o

M dGaGa
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Debye-Waler (A%

CuGaO,: Debye-Waller
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| 0.05}
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i oo i ° 1 yp 004r
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CuAlO,: EXAFS signal

P||c
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- Cu-Cu, Cu-Al, Cu-O-

o ® Cu-Al, Cu-O

6
R (A)

CuAlO,: EXAFS fit
(WinXAS)

-FT range [3.3,7.7] A, Hanning
apodization, $=0.2.

- We employed experimental phases
and amplitudes deduced from ambient
pressure spectra.

x10°

— P=8.1GPa
- Fit

Reunion de MALTA. Miraflores, 23-27 de Enero 2011



CuAlO,: EXAFS fit

(WinXAS)

1.88 — T T T T T T T T T T T T T T T T L L L L L L
_ % 0.020 | . .
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XANES of powder samples

CUAIO,

CuGao,

234
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CuCrO,: EXAFS fit

(Matlab)
006 l -FT range [3.3,9.4] A, Hanning
apodization, B=0.2.
0.05 F _%ﬁgé - We employed calculated phases and
25.7c  amplitudes from FEFF
270
0.04 E _%5 é 0.0
. 0.009 ¢
- 925 oom
* 0.03F 1.0
* 188 = 0.007
- 17.7 = ooost
ke, 16.3  —
0.02F q14.9 == 000
124 — oo
108 o
86 L, 0.003
M‘%
9 4 0.001
u | 1.8 :
0 2 4 6 4




CuCrO,: EXAFS fit
(Matlab)
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Senal EXAFS

7000 7100 7200 7300 7400 7500 7600 7700
E (eV)

H(E) - t(E) \/2m(E_ E,)
Mu(E) K= z

x(E) =

Formula EXAFS:
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Propiedades estructurales

Técnicas

EXAFSDISPERSIVO

—J

Vertically refocusing 3 ) Focal Spot
mirror Ax ~ 15 pm FWHM
@65m {3 Az ~ 20 pm FWHM

Beamline ID24

Si{111) or 5i(311) Bragg/Laue polychromater @ 64 m

Energy range: 5 - 28 KeV/ -

Demagnification mirror
@325m

I Picode
difraccion

Vertical focusing mirror
@30m

Absorcién (unid. arb.)

GaCuO,. EjeKGa

P=259GPa

Picos de difraccion

2 tapered undulaters

Energia(KeV)
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Estructura perovskita y sus aplicaciones

» . .
)

Geofisica: / AW .

. : , . N Materiales

/_r:-r-’-"- hh‘_ | .
(Mg, Fe)SiO4, CaSiO,, analogos... €3 ‘“~_ Ferroicos:
L © BST,PZT,

V» BiFeO,
VNN RMnO; ...
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Estructuras tipo perovskita

* Estructura ideal

* Estructuras distorsionadas
mediante giro (tilting)

Depth
(km)
0-80

I Simposio MALTA

Crust

Upper
mantle

Lower
mantle

Presion Quimica
Temperatura

Presion hidrostatica
Presion/ alta temperatura

*(Fe,MQg)SIO,
*(Mg,Fe)O
» CaSiO;-pv

* (Mg,Fe)SIO,

» CaBO, (B:lr, Pt, Ru)
* MgGeO,, MnGeO,
*NaMgF,

* A X5 (A Al Mn...)

Miraflores, 23-27 de Enero 2011




Fernando Aguado “Comportamiento estructural de perovskitas sometidas a condiciones extremas”

UC

UNIVERSIDAD
DE CANTABRIA

Sistemas
Analogos “blandos”: ABF,y ABCl, =»
Oxidos: ABO,, tanto pv (BMO,, M: Ir, Mn, 5n) como ppv (CalrO,)

Cuestiones abiertas (objetivos)
1.- Distorsion de la estructura cubica: ;factible? Mecanismos

Vias de distorsion de la perovskita: Presion/temperatura
2.- Estructuras distorsionadas: Evolucion bajo presion

Modelos para predecir el comportamiento estructural
3.- Limite de estabilidad estructural

Implicaciones geofisicas

I Simposio MALTA Miraflores, 23-27 de Enero 2011
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Distribucion del proyecto

i~

NEUTRONS
FOR SCIENCE

Difraccion rayos X
Polvo
Monocristal

UNIVERSIDAD

DE CANTABRIA

r1 CONSOLIDER
W

Difraccion de neutrones

ALTA
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Racionalizacion de las estructuras

Tolerance Factor (Goldschmidt,1926) Polyhedral ratio
a+TIx Vaxe,

t= r =

\/E(rB + Iy ) VBx6

Formacion, Propension a la distorsion (?), Evolucion

Ejemplo: KMnF; vs. KMgF,

M, =wexp(R0_Rj
B B

* J. Zhao et al. Acta Crystallogr. B60, 263 (2004)
* Good for high pressure evolution (Tilting)

Evolucién de la distorsion en perovskitas ABO,
a partir de modelos BV
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Algunos resultados en KMF,
1l . : : : :
i \\ ; *Todos los sistemas analizados (a diferencia del
0.98 | _ ] KMnF;) son estables en el rango 0-10 GPa.
I ° KNiF_ , 3
-0 : :
Z 0% . *En algunos casos la estabilidad se extiende a
= oo | : rangos mucho mas altos de P (como KMgF; o
; ; KCoF,)
0.92 | i
: ’ sCompresibilidades similares (excepto Co)
09246 8 10 12
P(GPa) 35 -
3" .
1.05 [ Ni ] S 25° 3
i Mg Cu ] ®
© Znco c 2 .
% L R . o U ] = 15?
o -1 L 6@20) =020 > < =50 GPa
% [ Pd ] g 1 ]
= 0-95’7 ; E 05E 20) = 0.13° 1
% Ag cd : = ’ ? A( )_ ’ Balna P=3.7 GPa 7:
L 09 Hg  Cca ] 0 ’ (001)  (011) (111) (002)  (211) 7
P T 8 10 12 14 16 18 20
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Calculos en KMF, : Sistematizacion SRR
o5 M M G P WM
9 | ]
85 | : _
a0 | z $
S - : 5
al r ]
S e :
o [ ]
0} 70 L ]
65 ]
60 - ]
r ] Number of t,, electrons
5368 07 092 074 076 078 08 082 6.4 P. Garcia et al. J.Phys. Chem. Lett. 1, 647(2010)
Radio iénico (A)
S e e Nar Jaae SRR AR sLa parametrizacion de la compresibilidad a
0F ] partir factores puramente gedmetricos es
85 - ] complicada.
= 80 ]
o r ] . ., , . .,
© 75 E La utilizacion de la teoria BV bajo presion
n° 700 ; parece ofrecer mejores resultados. Otra posible
65 | ] via = electrones t,;?
60 : ; : : :
T * Anomalias en los sistemas no distorsionados
06 065 0.7 075 0.8 0.85 09 095 de Co (KCoF, y RbCoF,)
M /M
A B
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Otros sistemas ABX, (X:F,Cl)

0881 ..

—~ 1
= i
o
g g
N [
L~ 096 -
e [
8 L
£ :
2 o0
IS :
1.02 .
0.98
0.96 |
(@] L
= 094
>

0.92

0.9/

088 - B, (CsCaF,) =54(6) GPa

12

VIV

UcC

UNIVERSIDAD
DE CANTABRIA

1
o 096
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0.88 -

105,

VIV

0.85 |

15
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0.95 |

0.9

B, (CsCaCl ) = 31(1) GPa
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Efecto de P/T en la estabilidad de perovskitas KMF,

KM gF3 at 33GPa and 2000K

Experimental Experimental
Fitted Fitted

P4/mbm P4/mbm

Intensity (arb. un.)
Intensity (arb. un.)

12

2Theta (°) 2Theta (Deg)

*(2) Initially (immediately after laser heating) sample remains —
. K .. . xperimental
in the cubic structure. Attempts of fitting the pattern with a Fitted
distorted perovskite structure lead to an undistorted

structure.

Pbnm

*(2) New features in the diffraction pattern appear after a
few seconds. Undistorted (Pm-3m) or even tetragonally
distorted (P4/mbm) structures can’t reproduce the new peaks

Intensity (arb. un.)

* (3) An orthorhombic S.G. (Pbnm) is neccessary in order to
account for all the new peaks = TILTED STRUCTURE !!!

I Simposio MALTA Miraflores, 23-27 de Enero 2011
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Evolucion bajo presion de perovskitas distorsionadas

: ' NH,MnCl,
O | 09GPa | Pm-3m
E  P4/mbm \ [ [ I Ll
. | Pom [ T T oo
c | Cmem [ | N R N N TR TR
5 .
S f
= | 6?
. i | \ , ‘\d _
L . ‘.“‘ . / . j |
§ fOGGPikA/‘\»//V/ B ] o
(e L P4/mbm | \ \ I I i . i R
B < SO
i i O : P 112
- 0.0001 GPa E 4.95 rs ] .
: Pm-3m | | g " - -O- - tilting T é
| | T R | o = =
7 8 9 10 11 12 = i 13
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Limite de estabilidad y estructuras mas densas
Ve .3 FTTEN e . -Transicion de fase fundamental

N ; ‘ para entender la interfase manto-
ﬁl ‘A . - ‘ ndcleo.
g. 4 ) - Dificultades técnicas asociadas.
Pl 20 °s o

’ i - Exploracion de posibles fases

\ | S A mas densas (pppv)?
-Estudios en estructuras ppv = § . oTa) & MgSi0,

derivadas en 6xidos (CalrO,)
o fluoruros (NaMgF5)

- Estudio sistematico en
familias de analogos (P/T)

-Modelos universales para la
estabilidad de perovskitas

C.D. Martin et al. Earth and Planet. Science Lett. 265 , 630 (2008)
I Simposio MALTA Miraflores, 23-27 de Enero 2011
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MgCo V
Ni ZnFeMn Cd Ca S Ba
1.9 - s
XK KX X X X < || Cs
2L -9L -6L
1.8 - -
= 171 OO SR | Rb
S
< OO oo O O O K
— 1.6 - s
Perovskita
15 - s
14+ locoowo O O 1 Na
1.3 ‘

06 0/ 08 09 1 11 12 13 14

r (A)
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60
0.96 0.98 1 1.02 1.04 1.06

Factor de tolerancia (t)
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1.05 L Ni i
8 M Cu
: g Zn Co
<) 1,':6C ,,,,,,,,,,,,,,,,,,,,, ]
L V r
-§ Mn
8 i Pd 1
% 0.95 |- .
% A9 g
- L |
0.9j Hg Ca |
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Correlaciones estructurales

Magnitud del giro en simetria tetragonal (T)

?
2
o
3
@

0

0 2 4 5 _ |
P. Garcia et a1. ‘]Nﬁmr gﬁi@l‘:}!:‘tergﬁsl’ 647?2010)
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Miguel como persona Miguel como inve Contribu: cientificas

Miguel como persona

Miguel naci6 en Oviedo en 1969.

(Univ. Oviedo) In Memoriam 1/44



Miguel como persona Miguel como investigador

Miguel como persona

Estudio en el Colegio de los Jesuitas EGB, BUP, y COU.

(Univ. Oviedo) In Memoriam 1/44



Miguel como persona
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Miguel como persona

Miguel como persona

@ Comienza la licenciatura en Quimica en la Univ. de Oviedo en el curso
87-88.

@ En cuarto y quinto obtiene becas de colaboracién y del centro de célculo,
@ y se incorpora al grupo de Quimica Cuantica.

@ Gran aficionado al baloncesto, ski, |a literatura de ciencia ficcion, y los
beatles.

(Univ. Oviedo) In Memoriai'n 3/44
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Miguel como persona Miguel como investigadof Contribuciones cientificas

Miguel como persona
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Miguel como persona

Miguel como persona

En 1997 se casa con Aurora.

il
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Miguel como persona

(Univ. Oviedo) In Memoriam 7144



Miguel como persona Miguel como investigadof Contribuciones cientificas

Miguel como persona
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Miguel como persona
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Miguel como persona
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Miguel como persona
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Miguel como persona
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Miguel como investigador

Miguel como investigador

@ En cuarto, 1991, Comienza a trabajar con V. Luafa y se incorpora al
grupo.

Primera maquina Linux y tiempos de Convex.

Se licencia en junio de 1992. Premio fin de carrera y de licenciatura.
En 1993 obtiene una beca FPU.

En 1994 concluye su DEA, titulado Métodos locales para el estudio de
impurezas en cristales idnicos, dirigido por Victor.

@ En 1997 lee su tesis doctoral, Métodos cuanticos locales para la
simulacion de materiales iénicos.
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Miguel como investigador

Miguel como investigador

@ En 1999 obtiene una beca MEC-fullbright y en julio se va a Michigan, a
trabajar bajo la supervision de Ravindra Pandey, de la MTU.

@ Alli estara hasta febrero de 2000, en que vuelve a Oviedo. En junio
obtiene una plaza de Prof. Titular de Quimica Fisica.

@ Desde 2001-2003 sigue con estancias postdoctorales en MTU.
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Miguel como investigador

Miguel como investigador
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Miguel como per ntificas

Miguel como investigador Contribuci

Miguel como investigador

o
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Miguel como investigador

Miguel como investigador
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Miguel como investigador

Miguel como investigador
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Miguel como investigador

Miguel como investigador

Comienza su periplo por el circuito profesional..
En 2001 en el EHPRG celebrado en Santander.

. ELIPR(3°R0
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Miguel como investigador

Miguel como investigador

En 2001 en el Escorial.

(Univ. Oviedo) In Memoriam 20/44



Miguel como investigador

Miguel como investigador

En 2003 en el VI Girona Seminar.
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Miguel como investigador

Miguel como investigador

En 2005 en Chenai (India), formando parte del comité cientifico.
En 2006 en la Sagamore Conference, en Inglaterra.

En julio de 2007 en la GRC celebrada en Boston.

En marzo de 2008 en Honolulu y después en Gravedona.

g

(Univ. Oviedo)
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Miguel como investigador

Miguel como investigador

R )
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Miguel como investigador

Miguel como investigador

. 7
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Miguel como investigador

Miguel como investigador
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Contribuciones cientificas

Contribuciones cientificas. Métodos locales

o Enla TSE de McWeeny: &(1,...,N) = P[], ®*
o Fuerte Ortogonalidad: [ ®**(1,i,j,...)®%(1,k,1,...) d1 = &s
o Energia Total: E =Y H* + > . [/® — K*].
o Energia Efectiva de Grupo: Efiy = H* + Y, [/ — K] estd sometida a
Principio Variacional restringido, 6gES: = 0
@ Las Condiciones de FO se introducen mediante Operadores de
Proyeccion (Huzinaga)
@ Para ®f monodeterminantal, F* |yR) = e |F)
(] FR:E?—FZS#RPS,

o B = X0y 05 (—asf) (4] (v} 5 sy
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Contribuciones cientificas

El método aiPI

Ventajas:
@ Extraordinariamente rapido

@ Permite examinar SEPs
multidimensionales

@ No depende de periodicidad

@ Pie de igualdad cristales puros e
impurificados

Aproximaciones:
@ Sistemas lénicos
@ U* monodeterminantal
@ Capa cerrada
@ Base Monocéntrica STO
@ Simetria esférica

i) ~ i) @ E se escribe de forma

@ Resolucion Espectral Truncada quimicamente intuitiva:

ara K intergrupo
?(s _ isf(gis > E=3REXi+ s BN
TMSR — - , 0
Sélo se necesitan integrales de e P;OpOI’C(;IOﬂa TltomOS (iones)
solapamiento bicéntricas adaptados a la estructura
.S N cristalina: Efectos de
@ (P°) se afade a E

empagquetamiento cristalino
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Contribuciones cientificas

El método aiPI

Contribuciones:

@ Optimizaciones algoritmicas: vectorizacion y portabilidad
©@ Construccion de Makefiles generales

© Reescritura de los médulos de Ewald

@ Construccion de mddulos de impureza (cluster, impurity)
@ Aplicaciones variadas.
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Contribuciones cientificas

Aplicaciones de aiPI

@ Consistencia del modelo clister-en-la-red.

o Si se trata un cristal puro como una impureza, ¢ se recupera la estructura
electronica y la geometria del cristal puro?

@ Sistema=cluster (C) + red (R) = grave problema en la frontera.
e C=C; + C, = modelos C,—.

0.00
-0.01 |
3 o0
&
£
5 -003 Cl-1 —=—1
uP C21 —o—
C31 ——
-0.04 C41 ——
C21 ——
c3t1 ——
-0.05 : : :
0450 0475 0500 0525 0.550

Xg (u. c.)
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Aplicaciones de aiPI

Contribuciones cientificas

La impureza Cut:AX y vibraciones locales

0.010

0.005

0.000

Egt (hartree)

-0.005

-0.010

Xg (u. ¢

0.45 0.46 0.47 0.48 0.49

0.50

alg tlu

AX LiF LiCl LiBr
ki, 830 6.68 6.95

NaF
4.97

W1q, 339.7 2231 151.6 263.0

NaBr KF KClI KBr
4.41 245 226 240
120.8 184.6 129.8 89.1

(Univ. Oviedo)

In Memoriam

30/44



Contribuciones cientificas

Correcciones de Polarizacion en aiPI

@ Producto de la simetria esférica = primer término corrector = :
ERS — s s g% R iR, @i 3 it R R
e = e —d e - oo

@ ji = akE, con o’s empiricas. ‘

@ Los dipolos modifican E. Problema autoconsistente : E; = E/™ + >~ Byfi;
oY ,[I:i — OLiEi — Ozl'Eiind —+ «; Zj Bl]ﬁ]

@ Que puede transformarse en un problema lineal: Cji = E'™™

@ CuNaF;sF;; :NaF

-0.9140
Polar ——
-09145 T Rigid -~

-0.9150 | ‘e
-0.9155
-0.9160
-0.9165
-0.9170
-0.9175 |
-0.9180

-0.9185 - - - -
0460 0465 0470 0475 0480 0485

x(F)
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Contribuciones cientificas

El método gPI

o Liberar la ligadura de simetria esférica: @, (¥) = Xpi(r)Sim(7)

@ Asi: /\F'uk( ) E ulm (Pplm( )

@ Gran cantidad de trabajo para:
o Obtener funciones de simetria.
o Las integrales monocéntricas entre ellas: monoelectronicas
(0F)rpg = 7= 2 (N O(r) [\;*) y bielectrénicas de Coulomb y Cambio.
@ las integrales bicéntricas de red.
o Las interacciones multipolares de largo rango: Potencial de Madelung

— d Sp (RHX
multipolar: V(%) = S “’Hfﬂ;f
o Para este uItlmo generalizé el método de Ewald habitual.
7 = —K2/4p 71 1
Via (%) = m ZKKSIW( )% 2T ) f(zzl I

ST+ 1/2,p|R + 7 ‘Sl’é’igﬁf — 24/ E8.56100m0
@ Codificado por Carlos Fernandez Solano.
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Contribuciones cientificas

Meétodos Semiclasicos

@ EnTSE: Eyina = Y ¢ EdRef + ZR>S ER

nt

@ Potenciales ab initio basados en la TSE

o Modelo de Gordon y Kim (DFT no-SCF): p = pf + p°
Usando las p cristalinas aiPI:
Egi(res; p) = EC (rzsi p) + [, (0F[p] — p"F[p"] — p°F[p°]) dv
° P%tenmales interionicos aiP|
Emt <(I>R| int ’q)f> _ ZRVlit(#e)
o Rigidos y Relajados Evina(@) = >_¢ §ef(ﬁo) =t Z’R s ER (do; RRs(a))

int

@ PIIP: Ey se incorpora al potencial EX.. = ZS# A+ s BN 4

-0.22

. __ 02 __ 02
§ -0.24 § -0.24 8:3 -0.24
;!; -0.26 g -0.26 E -0.26
2 2 2
g -0.28 g -0.28 g -0.28
-0.30 PIO -0.30 GKO -0.30
8 91011121314151617 8 91011121314151617 8 9101112131415161
a (bohr) a (bohr)

a (bohr)
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Contribuciones cientificas

Termodinamica de cristales

@ Aproximacién arménica: A(N,V,T) = —kgTIn Q(N,V,T) = Eo(N, V) + Avip
Avip = fooo {%hl/ + kT In (1 — e_h”/kBT) } g(v)dv,

8
7
6

g° = -

Ta poos

53
2

Experimental —+—
1 Modelo Debye
0
0 500 1000 1500 2000
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Contribuciones cientificas

Termodinamica de cristales

@ Aproximacién arménica: A(N,V,T) = —kgTIn Q(N,V,T) = Eo(N, V) + Avip
Avip = fooo {%hl/ + kT In (1 — e_h”/kBT) } g(v)dv,

@ Modelo de Debye: g(v) = 1251 (corte vp) = o =0
@ Anarmonicidad: Modelo cuasiarménico de Debye (vp = Op = f(V))

L 1
Op = %f(l/) <67T2nrvr%) 3 (Bj,ll—a;m) 2 Byuic =V (62E0/6V2)

8
7
6

g° = -

Ta poos

53
2

Experimental —+—
1 Modelo Debye
0
0 500 1000 1500 2000
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Miguel como persona Miguel como investigador Contribuciones cientificas

Termodinamica de cristales

@ Aproximacién armoénica: A(N,V,T) = —kgTInQ(N,V,T) = Ey(N, V) + Avip

Avip = fooo {%hl/ + kgT In (1 — e_h”/kBT) } g(v)dv,
@ Modelo de Debye: g(v) = 25¥12 (corte vp) = a =0
@ Anarmonicidad: Modelo cuasiarménico de Debye (vp = Op = f(V))

1 1 . 1

Op = Lf(v) <67r2n,Vr2)3 (BT) * Buaic = V (02Eo /OV?)

@ Termodinamica: G*(T, p,d) = Ey(d@) + pV (@) + Avin(T, ©p(V(a@)))
o Implementacion del modelo: Gibbs.

@ Ajuste numérico a funciones E(V) y a ecuaciones de estado universales:
Vinet, Birch-Murnaghan, BCNT

8
7
6

g5 s

T4 s

53
2

Experimental —+—
1 Modelo Debye
0
0 500 1000 1500 2000
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Contribuciones cientificas

Transiciones de fase inducidas por presion

Mecanismo de transicién B1-B2 en haluros alcalinos

G (hartrees)

a

50 60 70 80 90 100 110
/ a (grados)

LiCl
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Contribuciones cientificas

Transiciones de fase inducidas por presion

Mecanismo de transicién B3-B1 en ZnO (semiconductores)

45
40
S a5 3
g ? £
3 =
30 < @
2002 (3) —— ., Q@
Zn-01 (1) - (0]
Zn-03 (3) 1
251 | 02-02(6) - -10 S® B1 B3
60 PRI
=20 < 29 30 31 32
20 . . . ad, n .
0.25 0.30 0.35 0.40 0.45 0.50 0.25 0.30 0.35 040 vas uEw
X X

@ Ga,0;, PbF, y otros.
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Contribuciones cientificas

Nanoagregados llI-V

Estructura, estabilidad, enlace

@ Evolucién y segregacién de unidades nitrogenadas.
@ Evolucién del enlace al pasar de Al a In
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Contribuciones cientificas

Nanoagregados
Optimizacion Global, MgF,

Potenciales aiPl. Basin Hopping, Algoritmos Genéticos.

Vn R @R
SRBDH Y

n=19 n=20 n=21 n=22 n=23 n=24
(Univ. Oviedo) In Memoriam 38/44



Contribuciones cientificas

@ Adaptacién del potencial de red aiPIl o gPI a la estructura estandar ECP:

U=~ +U(r) + 520 X s Pau)Uaor ()Yl

o Ajuste radial: Uy (r) = Y, Bir exp (—afr?) .

20 .
U(s-d) ——
Ulp-d) ——
15 W) = 4

CdGaas,

Defect
0 Electronic
. structure

Geometrical region

S 08 response

5 Electronic S‘::::‘n':‘c; !

2 e T buffer Rt

5

= caPs

&

el Classical
o electrostatics
charges region

caPS B
-2, 4
0"%Mgo
o ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.0 05 1.0 15 20 25 3.0 35 4.0

1 (bohr)

(Univ. Oviedo) In Memoriam 39/44



Contribuciones cientificas

Enlace Quimico en el Espacio Real

Geometrizacion del espacio cristalino

@ Desde Pauling, relacién imperfecta estabilidad< radios i6nicos
@ QTIC proporciona el marco adecuado
@ Relaciones de Pauling B1-B2 correctas entre radios topoldgicos
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Contribuciones cientificas

Enlace Quimico en el Espacio Real

Geometrizacion del espacio cristalino

@ Desde Pauling, relacion imperfecta estabilidad<- radios i6nicos
@ QTIC proporciona el marco adecuado
@ Relaciones de Pauling B1-B2 correctas entre radios topoldgicos

Coord. 8
35 1 F cl Br I 1
S Cs
3.0 ]
= Rb
= Coord. 6
8257 K |
:_o
2.0 Na 9
157 P - Coord. 4 |
e Li
1.0 = 2 2 2 2
2.5 3.0 35 4.0 4.5

r, (bohr)
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Contribuciones cientificas

Enlace Quimico en el Espacio Real

Geometrizacion del espacio cristalino

@ Desde Pauling, relacion imperfecta estabilidad<- radios i6nicos
@ QTIC proporciona el marco adecuado
@ Relaciones de Pauling B1-B2 correctas entre radios topoldgicos

' Coord. 8
351 F c B .= Cs |
_ 3.0 8 : |
g - : Coord. 6
[} L ' |
8 2.5 "
L S e
np S Li |
= _— Coord. 4 |
1.0 — ‘ | |
25 3.0 35 4.0 45
r, (bohr)
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Contribuciones cientificas

Enlace Quimico en el Espacio Real

e EnQTAIM, R® = |, i = (0) = 3, = (o),
o QTIC: Particion de propiedades macroscoépicas (Termodinamicas)

Particion Prop. Intensivas

— 1 (oV) _
° K=~y (37) =Y ofara,
_ v _ 1 [avg
fa=% ke =—yg (Tp)

@ Cambios topolégicos en transiciones de fase inducidas por presién.
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Contribuciones cientificas

Enlace Quimico en el Espacio Real

e EnQTAIM, R® = |, i = (0) = 3, = (o),
o QTIC: Particion de propiedades macroscoépicas (Termodinamicas)

icion Proo. Intensiv B en A,MO, ~ 200 GPa
Particio op. Intensivas A M 7O)
MgALO;  0.09 0.10 0.8
° K=—y (%Z) = Lofake, MgGa,0, 0.09 0.6 0.75
v 1 (v ZnALO;,  0.14 0.0 0.77
fa=F wa=—gg ( 61?) ZnGa,0, 014 046 0.71

@ Cambios topolégicos en transiciones de fase inducidas por presién.
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Contribuciones cientificas

Enlace Quimico en el Espacio Real

Mejoras algoritmicas en IQA

ﬁﬁ“ bﬁf
E=3,{Ta+V Ve } + X asp {Vew + Vie + Vi + Ve’
p2 = p§ + p¥, VAB VAB + V45, Iuego Eff = Vin + Vil
Eving = ZA (E?elffEA 0) + ZA>B ZA Edef + ZA>B{ laﬁ VJ/?CB

Ve.1as Mide la ionicidad. V. la covalenma
Mensaje: Deformarse para interaccionar
Formalizacién y extensién a otras particiones
Nueva vision del enlace de hidrégeno
Bidimensionalidad del eje covalente-i6nico
Enlace metal-carbonilo

Nueva interpretacién de los BCPs

(Univ. Oviedo) In Memoriam
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Contribuciones cientificas

Enlace Quimico en el Espacio Real

Generalizacion de QTAIM

Generalizacion de IQA

@ No solo p,, cualquier nRDM se pueden condensar: CGDM
pi(r1,...,r)[C] = ﬁ Jp dris1 .. dry py
@ Particion de electrones en cuencas: Estructuras resonantes
S=(s1,-.- 8m), S = s
@ p(S) = po()[S] = p(n1, .. .,ny): Funcién de distribucion (EDF)
@ IQA generalizable a estructuras
° E=3 . E(S)p(S)
° E(S) = 3.1 Eer(S) + Z,m>, EL(S)
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Contribuciones cientificas

Enlace Quimico en el Espacio Real
Generalizacion de QTAIM y de IQA

EDFs y DAFHs

@ Interpretacion Estadistica del enlace
quimico: 68 = —2cov(na, np)
@ EDFs practicamente binomiales:
v = Q1
o ¢ localizados (Pauli en ER)
@ ¢ deslocalizados (enlace)

Bond bundle

@ Existen regiones de flujo
nulo asociadas a pares
libres, y enlaces

o DAFH -
Gry) = — [y dr1 peclri,r) = @ Trabajo inconcluso
> nii(r)? @ Definicion, algoritmos...

o 3 =23 nm(1—mn)
o VB~ YV,
@ Recuperacion de imagenes orbitales
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Matter at High Pressure UNIVERSITAT
JAUME-I

Modelizacion de transiciones
de fase inducidas por presion
en compuestos ABO, y A BO,

Lourdes Gracia, Armando Beltran y Juan Andres

Grupo Universitat Jaume | (UJI) Reunioén Cientifica MALTA — Miraflores 26/01/11



Efecto de la Presion

CALCULOS MECANOCUANTICOS

Programas

- CRYSTAL Optimizacion de la geometria
- VASP

codigo GIBBS:
Ecuacion de Estado

Metodologia
DFT (B3LYP)

Vo Bgy By

Grupo Universitat Jaume | (UJI) Reunioén Cientifica MALTA — Miraflores 26/01/11



SISTEMAS

- /n,Sn0O,
- AgCIO,

- CaSO,
- SrMoQ,,

Grupo Universitat Jaume | (UJI) Reunioén Cientifica MALTA — Miraflores 26/01/11



Zn,Sn0O,

Oxido ternario modelo
bases Propiedades 6pticas y electronicas
Sn [DB]-21G*
Zn  8-411G* l
O 6-31G* composicién y estructura

3862.80

3862.84

3862.88

3862.92

—
b}
o
..E
©
I
N
L

3862.96 2Zn0O + SnO,
Espinela Inv

Titanita

Ferrita

Espinela Norm

tipo-Sr,PbO,

3863.00

3863.04
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Zn,Sn0O,

tipo-Titanita (Cmcm) _ _ tipo-Sr,PbO, (Pbam)
tipo-Ferrita (Pnam)

Espinela Inversa (Imma)

Parametros estructurales a P=0 GPa de las fases estudiadas °
a b c B B (GPa) B :
ZnO P6;mc 3.277 5.244 120° 114.0 4
SnO, P4,/mnm 4.715 3.194 256.6 4
Espinela Inv 6.187 8.750 185.6 4
Espinela Norm 8.688 193.4 4
Titanita 2.922 10.084 9.948 178.5 4
Ferrita 9.949 2.936 10.325 161.4 4
tipo-Sr,PbO, 6.752 10.862 3.018 23.8 4

Grupo Universitat Jaume | (UJI) Reunion Cientifica MALTA — Miraflores 26/01/11



Zn,Sn0O,

X. Shen et al J. Appl. Phys. 106, 113523 2009
P = 21.1 GPa —, fase intermedia ortorrombica a=4.92 A, b=4.36 A, c=4.19 A

P = 32.7 GPa —» posible fase ferrita a=5.68 A, b=5.26 A, c=?

—— 2Zn0 + SnO,
—— EspinelaInv
Titanita

—— Ferrita

al
o

O
o
S
z
T
3

12 GPa : : 39GPa . . .
2ZnO+Sn0O, _—_, espinelainv. — titanita
S4GPa | ferrita

(UJI) Reunion Cientifica MALTA — Valencia 26/01/11
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Zn,Sn0O,

[N
o

—— Espinela Inv
Titanita
—— Ferrita

—~
oL

~
e
o
Q
i®)
0
@)
=
Q
S
@®
—
@®©
ol

N W R OO N 0O ©

distancia Sn-O (A)

espinela inv octahedros SnOg, 2.076 (4) y 2.025 (2)
titanita prisma trigonal SnOg, 2.136 (4) y 2.052 (2)
ferrita pseudoprisma trigonal SnO-, 2.083-2.223

Grupo Universitat Jaume | (UJI) Reunioén Cientifica MALTA — Miraflores 26/01/11



Estructura de bandas y DOS

M. A. Alpuche-Aviles J. AM. CHEM. SOC. 2009, 131, 3216
E,=3.6-3.7eV

Espinela Inversa

BV — Op(p))

BC — Sn 5s (octahedros)
dominan sobre O 2s
y Zn 4s (tetrahedros)

Titanita

BV — Op (pypyP,)

BC — Snb5syZnds
dominan sobre O 2s

Ferrita

E,=2.64eV
BC —s participacion Zn 3p,

Grupo Universitat Jaume | (UJI) Reunioén Cientifica MALTA — Miraflores 26/01/11



Zn,Sn0O,

Variacion del band gap
con la presion

—— Espinela Inv
Titanita
—— Ferrita

Analisis vibracional
(modos Raman)

dw/dP (cm'/GPa)
Espinela Inv 0.7a54

Titanita 0.3a4.2

Ferrita S Dos modos A blandos (a 95 y 920 cm™)
contraccion-expansion de octaedros ZnO, en la
region diagonal del plano ac.

Grupo Universitat Jaume | (UJI) Reunion Cientifica MALTA — Miraflores 26/01/11



AgCIlO,

Tetragonal Barita ; Scheelita

(1-42m) (Pnma) (141/a)

tetrahedros CIO,

bisdisfenoides AgOg

Grupo Universitat Jaume | (UJI) Reunion Cientifica MALTA — Miraflores 26/01/11



AgCIlO,

bases
Ag HAYWSC-311d31G
Cl  HAYWLC-31G
@) 6-31G*

— 1-42m

— barita

— AgMnO,
scheelita

~
)
)
S
T
@©
L
N
L

Grupo Universitat Jaume | (UJI) Reunioén Cientifica MALTA — Miraflores 26/01/11



AgCIlO,

Datos teodricos

| -4 2m tetragonal

5.0912 6.9443 90.0000
0.0 0.0 0.5
0.0 0.0 0.0

0.1829 0.1829 0.1416

88.9988
Ag (4c)
Cl (4c)
O1 (4¢)
03 (8d)
02 (4c)

BO= 37.0GPa B0O'=5.0

[41/a scheelite

5.0761 13.2630 85.4363 P2lin_Ag

V/4
0.0 0.25 0.625

5.7513 8.5776 7.3769 90.97 90.968
0.0 0.25 0.125

0.2372 0.1221 0.0554 BO = _49.97 B0 =6.0875
49.97 BO' = 6.0875

Grupo Universitat Jaume | (UJI) Reunioén Cientifica MALTA — Miraflores 26/01/11



Datos experimentales (difraccion en polvo a RT, APS)

Daniel Errandonea (Universidad de Valencia)

Tetragonal toar ()b ]
a=4.976(3) Ay c=6.746(4) A: V = 167.0(3) A3, 2 = 2 i , i
| 205 GPa ,Mﬂﬂlm NG . ]

Atomo X y

Ag 0 0

Cl 0 0

o) i 0.1645(9) 0.1645(9) 0.1341(9)
By=29.0B,=4.1

5.1 GPa Colapso de volumen del 7 %

Q
[
8
=
=
0]
C
O
—
£

Barita
a=8.214(8) A, b =5.160(5) A, y c = 6.651(6) A; V = 281.9(8) A% Z = 4
Atomo X y Z

Ag 0.1822(2) 0.25 0.3345(3)
cl 0.0697(1) 0.25 0.8122(9)
o) 0.1902(2) 0.25 0.9503(9) o
o) 0.4033(4) 0.5433(4) 0.1961(2) 20 (degrees)
o) 0.4253(4) 0.25 0.5901(5)

B,=38.0B, =5.1
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AgCIlO,

O
o
S
T
T
<

— 1-42m

— barita

— AgMnO,
scheelita

2 GPa .
-42m — barita

AV=3 %

(UJI) Reunion Cientifica MALTA — Miraflores 26/01/11
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Anhidrita

Scheelita

Grupo Universitat Jaume | (UJI) Reunion Cientifica MALTA — Miraflores 26/01/11




. Crichton et al. American Mineralogist, 90, 22-27, 2005

Anhydrite Monazite-type Barite-type

p=2.959 g/cm3 ) = 3.541 gfcm3 ) = 3.824 gfcm3
ambient P-T P Paf I'=295K P Paf I'=1450 K

Q (-P) -T

AgMnOg4-type
p=23.824 gfcmB
P=199 GPa/T=295K

-2753.05 ~

-2753.07 1

-2753.09 A

-2753.11 ~

-2753.13

E ( hartree)

-2753.15 - Scheelita Barita bases

Monacita Ca 86-511d21G
Anhidrita S 86-3116*
-2753.19 ‘ O 6-31G*86

55 85

-2753.17 A
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CaSoO,

Datos teodricos

Estructura anhidrita  monacita barita scheelita AgMnQO,
a (A) 7.1051 6.8283 7.9635 4.9251 5.4260
b (A) 6.3048 7.0597 5.3395 11.8752 8.2350
c(A) 7.1434 6.5037 7.0241 2.4112 6.9385
B 103.38 90.83

Datos experimentales

YM Ma et al. J. Phys.: Condens. Matter 19 (2007) 425221 W. A. Crichton et al.
Estructura anhidrita  monacita monacita barita AgMnO,
a(A) 6.992 6.829 6.3769 6.3365 49577
b(A) 6.999 7.134 6.6439 7.5347 7.5243
c(A) 6.240 6.228 6.1667 4.9532 6.3397
p \ 104.39 102.22 90.829

Y4
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CaSoO,

S
£
£
=
<
T
<

01 2 3 45 6 7 8 9 1011 12 13 14 15
P (GPa)

Structura anhidrita  monacita barita scheelita AgMnO,

B, (B,) 677 (5.61) 1462 (4.28) 648 (6.94) 841(586) 1449 (4.19)
Exp B, (B,') #45(-)  149.4 (4.25)

anhidrita — monacita a P, > 5 GPa , reduccion de volumen -2% a 5GPa
monacita — barita (y/o scheelita) a 8 GPa
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CaSoO,

Andlisis vibracional

Anhidrita
o(0) (cm?) Maetd? dw/dP dw/dP?
18 modos Raman T (B1y) 51.75 6.275 8.671
— T(A) 139.96 123 -4.068 -2.078
=6 Ag 5 Blg +5 BZg t2 839 T (B1g) 156.19 131 0.924 0.423
R (B2g) 164.25 3.787 1.649
R (Bag) 174.61 168 4.076 1.669
R+T (B2g) 198.17 2.011 0.725
Modo blando A, R+T (Byg) 212.49 11.866 3.993
L . T(Ag) 228.34 7.898 2.473
Indicativo de transicion T (Bao) 200,50 4560 LOB7
v, (Bag) 349.15 0.300 0.061
va (Ag) 451.53 3.198 0.506
v4(B1g) 535.79 1.835 0.245
v4(B2g) 558.13 2.496 0.320
va(Ag) 622.23 4147 0.477
. vi (Ag) 948.17 4.814 0.363
Monacita vs (B1g) 1058.84 3.863 0.261
vi (Ag) 1086.82 3.420 0.225
36 modos Raman vs (Bzg) 1123.91 4.312 0.275

[=18A,+ 18 B,
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SrMoO,

Programa VASP
bases: PAW-PBE

Fergusonita
(12/a)

Scheelita
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Curva E-V

— scheelita
— fergusonita
P2,/n
Cmca
P2,/c

~—~
)
)
—
T
@®
L
~—
L

X

230 250 270 290 310 330 350 370 390 410
Vv (A)
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SrMoQO,

Parametros estructurales a P=0 GPa de las fases de SrMoO,

scheelite I41/a: a=5.448 c = 12.112B =74.7 GPaB' = 4
Sr 4b 0 0.25
Mo 4a 0 0.25
O 16f 0.2371 0.1113

0.625
0.125
0.0433

fergusonite 12/a: a = 5.431 b =12.072c = 5.402 3 =89.38 B = 84.2 GPaB'=4
Sr 4e

0.25
0.25

0.6252 0
0.1246 0
O 8f 0.8902 0.9571 0.2374
®) 8f 0.4885 0.2067 0.8602
P21/n:a=12.734b=7.091¢c =7.286 3=91.67B =878 GPaB'=4

Cmca:a=7.983b=13.664c =5.406 B =1045GPaB'=4
P21/c:a=8.141b =5.965¢c =8.587 3= 111.68 B = 18.3 GPaB'= 4

Mo 4e

D. Errandonea et al J Solid State Chem 181 (2008) 355-364

(a) Structural parameters of scheelite SrMoOy at 0.5 GPa: 14;/a, Z =4,
a=35380(5)A ¢=120199) 4
Sr 4h 0
Mo 4a 0
O 16f (0.248(9)

0.25
0.25
0.110(6)

0.625
0.125
0.051(6)

(c) Structural parameters f:{_f'__jf"ir.-'rg:_s.w:m.i'I e SrMo0, at 13.1GPa: 12 ja, Z =4,
o= :T jjﬁ.‘j;l ;'4, h — .!I .!I .!I;i.!I |:':g_;| ‘-'L'!-, cC= 5 .!Igjl'jal ;"“-!-r ’H — g” gl‘; _.II .

Sr de
Mo 4e
0O 8f
0O 8f

0.25
0.25
0.910(6)
0.492(6)

0.615(2) 0
0.123(1) 0
0.951(6) 0.248(5)
0.239(5) 0.797(6)

B,=71.0B, = 4.2

P.=12.2 GPa




Curva H-P SrMoQO,

— scheelita
— fergusonita
P2,/n
Cmca
P2,/c

M
o
S
T
N—”
T
<

16 GPa 17 GPa 30 GPa
scheelita —— fergusonita — P2,/n(BaWO,-1I) — Cmca
_ 24 GPa
fergusonita » Cmca
: 27 GP
fergusonita a » P21/c (LaTaO,)
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BaSO,

Parametros estructurales a P=0 GPa de las fases de BaSO,

a b C § B (GPa) =

Barita Pnma 9.148 5.454 7.316 64.0 7.2
Scheelita 141/a 5.174 13.448 71.8 6.7
AgMnO, P21/n 5.910 8.436  7.252  90.97 125.6 4.4
F-43m 7.386 53.9 7.4
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—— barita

—— scheelita

— AgMnO,
F-43m

~—~
)
)
=
—
@©
L
~
Ll

630

V (bohr3)
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Estudio teorico (y experimental) del
efecto de la presion sobre el TiO, y el

SbPO,
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TiO, polimorfos

Rutilo Anatasa Brookita

A. Beltran, L. Gracia and J. Andrés J. Phys. Chem. B 110, 23417 (2006) 2



Método = Sol-Gel

Fuente Ti =» Isopropoxido de Titanio (Ti{OCH(CH,), ],) (99% Aldrich)

Dopaje = Mn Co Fe

/N

MnO (99% Aldrich) CoO (99% Aldrich) FeO (99,9% Aldrich)

Concentracion = 0,2%, 2%, 5%, 10%, 20%
Temperatura =» 500°C (6h) ~ TiO, Anatasa

18004 T=500°C |

Intensity

:

T T T T —7 L p— T —
10 20 30 40 50 60 70



TiO, sintesis

El TiO, rutilo cristaliza en el grupo espacial tetragonal P4,/mmm (spg n°136).
Cristales prismaticos con terminaciones bipiramidales y su polimorfo anatasa en
el grupo tetragonal 14,/amd (spg n°141).

3.80

Anatasa

3.794

3.78 1

3.77 5

3.76

Parameter a

3.754

3.74+

T T T T T
© © © © ©
[ N w SN [§)]

Parameter ¢

T
©
o

10
% dopagen

15

20

Parameter a

4.582975

Rutilo

2.951

4.582970

4.582965 —

4.582960 —

4.582955

4.582950

- 2.950

- 2.949

I-2.948

Parameter c

- 2.947

- 2.946

2.945

10 15
% dopagen

TiO, Comparacion entre el efecto de la presion «fisica» y la concentracion de
dopante (Mn, Co, Fe) (presion «guimica»)

e Programa CRYSTAL, DFT (Funcionales B3LYP y B3PW)

» Estudios de difraccion de rayos X y Raman con celdas MALTA



SbPO, sintesis

El ortofosfato de antimonio fue preparado a partir de SbCl;, (Alfa 99+%) y
H,PO, (concentrato, Prolabo). El precipitado se secoé y calentd durante 2 y 4 h
a 200°C y 400°C, respectivamente, al aire, en un recipiente de platino.

LW

|

|

0 10 0

30

B. Kinberger, Acta Chem. Scand. 24 (1970) 320.
M. Nalin, S.J.L. Ribeiro, M. Poulain, Mi. Poulain, Y. Messaddeq, J. Non-Cryst. Sol. 284 (2001) 110.
W. Brockner, L.P. Hoyer / Spectrochimica Acta Part A 58 (2002) 1911-1914 5

40 ad G0 7o &N a0



Estudio a alta presion del SbPO,

Difraccion de rayos-X

El difractograma a temperatura ambiente ha sido indexado como una mezcla fases:
SbPO, + Sb,0; (~5% en volumen) con parametros de red ligeramente mayores de los
ICSD correspondientes  (figura: contribuciones de SbPO, y Sb,0O4 en rojo y azul,
respectivamente)

1715 T
-SBPD4 81.1%
-5B203_1 18.9%
-SbPO4_RP.x_y 4

857




SbPO,

SbPO,
* P2,/m (n°11), a=5.0984 A; b =6.7598 A; c= 4.7308 A; B = 94.6144; V = 162.515 A3
|CSD: a=5.0868 A; b = 6.7547 A; c = 4.7247 A; B =94.66; V = 161.8 A3 (Kinberger, 1970

B. Kinberger, Acta Chem. Scand. 24 (1970) 320. 7



(111)
(001)
(110)
(012)
(400)
oy

Intensity (arb. units)

2theta (degr.)

11.5GPa

7.5 GPa

5.2 GPa

2.25GPa

RP
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iNo se observan transiciones de fase hasta la presion maxima (12 GPa)
alcanzada en estas medidas!



SbPO,

Evolucion de los parametros de red

La variacion de las constantes de red de la fase inicial con la presion es continua y
bastante isotropica. Los ejes a, b y ¢ decrecen con la presion (véase la figura de la
derecha). El angulo beta de esta estructura monoclinica decrece considerablemente
con la presion acercandose gradualmente a 90° aunque mucho menos en los
calculos tedricos que en los datos experimentales (véase figura de la derecha).

7 LE}
95.5
L 8 e o0 ° ebh
6.5 ¢ ° ®e ° , .
: c 95 ~ . . .
<< H a(exp) o5 .
367 ® bexp) " om
; Ac(exp) 94 - L ¢ beta angle
?.5 1 B 935 - u . m beta angle (exp)
"q—)‘ |
| ] n
\g 5 7‘ . . . . . ) | » 93 i
o 4 N x
R S R - 925 -
4.5 - A A s, . .
92 \
4 ‘ | | 0 5 10 15
0 5 10 15 P (GPa)
P (GPa)



Sb,0,

«S.G. Fd3m (n°227) a=11.1294 A; vV =1378.527 A3
ICSD: a=11.1519 A; V = 1386.9 A3 (Svensson, 1974)

At

0 10 20 a0 40 =0 B0 70 a0 a0

F. Svensson, Acta Crystallogra. B30 (1974) 458. 10



Ecuationes de estado

Los volumenes de las celdas unidad de SbPO, y Sb,0, decrecen de forma continua
con la presion dando los valores de B, (GPa) y B’ de la tabla (véanse las dos figuras)

a partir de un ajuste a la ecuacion de Birch-Murnaghan de tercer orden (en rojo

valores experimentales y en negro los tedricos).

1.05 -

1.05 -
1 M
n ‘e
| |
0.95 4 [ | u 095 . m
VIV, 2 = VIV, “u
0.9 1 . 09 - " g
| ] [ ]
0.85 - n - 0.85 - -
| ] | |
0.8 - - 08 - m
| ]
0.75 T T T 1 0.75 T T
0.00 5.00 10.00 15.00 20.00 0 2 4 6 8 10
P (GPa) P (GPa)
Estructure SbPO4 Sb203
B, (By) 32.41(6) 17.81(5.9)
41.37 (4) 20.81 (4.0
Exp By (Bo') 34.24 (6.4) 22.35 (7.0)

12

11



Estudio de otras fases y de las posibles transiciones
de fasea P > 12 GPa

SbPO,

Ortorrombicas: Pnma (spg n°62) ; Cmcm (spg n° 63)
Tetragonal: zircon (141/amd)

Monoclinica: fergusonita (C2/c)

A P ambiente el orden de estabilidad encontrado es:
Monoclinica P21/m > Pnma > Cmcm > zircon > fergusonita

Estamos calculando las EOS , los B, Py ans (¢7)

12



Perspectivas SbPO,/Sb,0,

Estudio de Propiedades Opticas No Lineales (NLO)
(en unidades atomicas)

P=gy E(M+ y@F+ y®FZ2+ )= g,( E-F)

EE): E( 1 + X(l) + X(Z) E + X(3) 52)

4

Py : polarizacion permanete

™ : susceptibilidad no lineal
de orden n

£ : campo eléctrico Fibra dptica




Perspectivas SbPO,/Sb,0,

NLO (a.u.)

g =Ex/E= (6@ + ) £ + @) F2)=n?

€0z 1 + 41 ; gz y@ ;@ = 43

no= Ve ; n,= e1)/2/€0 = €1)/2n, ; n,= £2)/2n,

+ Estudio tedrico con el programa de calculo CRYSTAL, UJI

+ Estudio experimental en colaboracidon con PhilippeThomas del SPCTS,
Université de Limoges (Francia)

v™ : susceptibilidad
e(n-1) : constante dieléctrica

n("-1) : indice de refraccion o
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QuimicaTeoricay Computacional (QTC)

!

Quimica del Estado Solido

» Propiedades estructurales de materiales ceramicos.
Procesos de sustitucion y dopaje.
Efecto de la presion, transiciones de fase

» Propiedades electronicas y opticas de materiales
piezoeléctricos y cataliticos.

» Procesos de adsorcion en superficies de oxidos
metalicos.

| Simposium MALTA-Consolider — Miraflores 2011



Cooperacion

PR Trabao
QTC Experimental

» Prediccion

> Interpretacion

» Caracterizacion de especies quimicas
de deteccion experimental dificil

| Simposium MALTA-Consolider — Miraflores 2011



ALTA

QTC Aplicada a Medios Condensados

| I |
Efecto de la presion Propiedades opticas Superficies y
crecimiento

Experimento y Teoria en Armonia

Las dos caras de la quimica fisica se han
desarrollado juntas, y su sinergia dicta la
direccion de la investigacion contemporadnea.

Mark A. Johnson , Nature Chemistry, 1, 8 (2009)

| Simposium MALTA-Consolider — Miraflores 2011



I‘._ ‘I CONSOLIDER

=\

QTC Aplicada a Medios Condensados

| | |
Efecto de la presion

- Propiedades estructurales y electroénicas

(Transformaciones de fase)

L Modelizacion de mecanismos
de reaccion incluyendo la presion [ I

| Simposium MALTA-Consolider — Miraflores 2011



CALCULOS MECANOCUANTICOS

* Metodologia:
Teoriadel funcional deladensidad (DFT)
Model os periddicos
Programas. CRY STAL, VASP

* Propiedades obtenidas:

- Geometrias optimizadas, parametros macroscopi cos:
EQS, B,, ¢, ny propiedades opticas no lineales

- Propiedades electronicas: p, DOS, estructura de bandas, dE/dP
- Espectros vibracionales tedricos (Raman , IR), asignacion de
modos de vibracion, , dw/dP.

» Caracterizacion del mecanismo de transiciones de fase

| Simposium MALTA-Consolider — Miraflores 2011
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0.6 T T T T T
PbO,
trigonal R-3mR [6+2-6] | orthorhombic Cmca, Pbcm, Pnma [12-6]
Cduo, Cauo, Sruo, BaUO,
L L . ® BavinF, KTiF,
05 | orthorhombic [6+2-6] ®NaTiF,| . [8-6] / ® L] -
Pnna, Pbcn, Pbca ' 2 —
. " » aCr.E; / // monoclinic 14  [12-6]
i CaZ LaTaO,
SbNbO, BINDO, . :J- afa PHWO Il BaWO,-II
o-SnWO,® YUF, [8-6] gfaspite / @
04 CuTeO, BaZnCI,® SrTeO, BISDQ1 /W /; .[12-44-2]
’ ® (6-4+2 wolframlt 'YNbO / @Laneg, * / INaAIF] KAIF, RbAIF,
.lan Hg S maucy /" ltetragonal
NIWO, ZnWOd 00 ﬁergusonlm I3-4+2] P#nmm Pd/mbm
__,‘_-x monoclinic 10 . monoclinic 12 || scheelite
o triclinic 2 ~/ ZrTiSe, 641 || (841
o 6.6 o _lcwo,
03 F [6-6] 2T e,;CuWO. M.gMoOA e0 VT @TIO, CSlO_a.-
GeO,8 @ NoADS®WAD, |® o B"M"O K':) o o
@ Fevd, .CrVO — A - AgReO, KReO,” |1 - . CSReOa/
4
@ ||orthorhombic Cpiem [94] @ | BiAsO,@ orthorhombic
AIASO, GaAsD, [6-4] \.' / YAsO; Pnma [12-41//
N CaCrQ,| SrCrO, [8-4] -
0.2 @ o e /’0@ L] ®®phcro /
low quartz CuCro, NiCr0,s ThSiO @ a KBro, @
[4-4) / monoclinic 14 /cubic
- Fm-3m
GaPo, | ;2 -7\ InPO, (841 /|12-4]
I'4
APO,@  ®|\TisiO} / . YPO, @ ® CePO, /‘NEBH
0.1 P high-cristobalite [4-4] - PbSO f ‘-
CoSO,®#  @ZInSO SO ® 4 /
T. PBO, @ AsBO, @InPS, ! i NaBF ® / KBF @
1 1 1 1 1 1
0.2 04 06 0.8 1.0 1.2

r/ry

Diagrama de Bastide para compuestos ABX,
Las lineas a trazos representan la evolucion del cociente de radios idnicos con la presién

D. Errandonea, F.J. Manjon , Progress in Materials Science, 53, 711 (2008)
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HL_l_A

Estructuras de TiSiO,
a) tipo CrVQO,, (b) zircény (c) scheelita

| Simposium MALTA-Consolider — Miraflores 2011
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MALTA

Curva E-V

-1439.74

N
D

[EEY
o
T

-1439.75 -

AH (KJ/mol)

o
/

-1439.76 -

-1439.77 | 1o e

E (Hartree)

-1439.78

-1439.79

-1439.0

scheelite ~— -
-1439.81 |- zircon CcrVo,

-1439.82 ‘ ‘ : : :
45 50 55 60 65 70

V (A3)

A 0.8 GPa la transicion desde la fase tipo CrVO, a la fase zircon muestra un
gran cambio de volumen de 11.8%, y a se obtiene la transicion zircon-
scheelita con una reduccion de volumen significante del 8.5%.

| Simposium MALTA-Consolider — Miraflores 2011
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TABLE II. Phonon frequencies and Griineisen parameters for CrVO,-type, zircon and scheelite phases (Raman modes).

Crvo, Zircon Scheelite
Mode w(0) cm™ v Mode w(0) cm™ w* cm™! v Mode w(0) cm™ v
T(A,) 215.17 145 [ 1) 211.61 194.3 -1.77_| (18, 235.95 ~0.11]
TfB|R) 270.51 0.46 T(Blg) 248.69 258.9 3.55 TfER) 256.60 1.36
Rl’Bm) 328.34 2.27 T(Eg) 254.34 2424 1.12 T{Bg) 292.66 0.35
R[Bzg) 337.99 0.02 | T(Blg) 300.16 262.9 -1.96 | T{E.R) 375.11 0.59
TfB;R) 379.86 1.93 ;A LL*] 416.45 383.2 1.88 R(A‘Q] 400.42 1.68
R[B_;g) 466.62 1.24 R(E,) 428.61 430.1 2.71 Vg{Ag) 412.71 0.84
IJE{\A‘L,] 474.80 0.98 VE(BE‘Q] 433.89 417.6 1.69 v;{B(Q) 511.83 0.51
V4{\Blg} 538.18 0.50 V4(E\L,] 592.72 544.3 0.92 R(E,L’] 531.92 0.70
vy(Bay) 538.60 LIS uy(By) 674.85 627.2 126 w(E,) 594.63 0.80
vﬂA\,‘,] 583.54 0.59 (A ]g] 966.07 1011.4 2.01 vﬂBg) 698.67 0.58
v4{33g} 692.00 0.64 v;(f\[‘,] 976.56 945.4 2.01 v;{Bg) 889.55 0.81
vy(B,,) 837.95 076 1y(B,) 1077.50 1047.2 210 w(Ay) 930.96 0.66
v_;(A‘,‘,] 062.28 0.45 v;ng) 0974.19 0.79
VL{A\Q] 1014.14 0.57
v(By,) 1070.41 0.51

dRaman modes data from Reference 19.

En la scheelita el modo de baja frecuencia con y < -0.11 (8)), sugiere la posibilidad de
una fransicién a una estructura post-scheelita: fergusonita o wolframita
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=\ I_—I-A Sintesis

Estudio Experimental =
DAC —»
Mdltiples técnicas de caracterizacion
Necesitamos "super microscopios” ( )

Experimentos en colaboracién con Daniel Errandonea y David Santamaria

Sincrotrones

Nuevos Beamlines dedicados a altas presiones
(APS/ESRF/SPring8/Diamond/Soleil/ALBA)
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I‘._ CONSOLIDER

RESUMEN DE ACTIVIDADES 2007-2010
yEY I AN

Actividades Cientificas Concluidas

ABO,

SiTiO,: Estudio teorico, calculos periodicos a nivel B3LYP con el programa CRYSTAL
EQS, By P,  (Raman, IR), y, dE,/dP, ¢, n

Characterization of the TiSiO, Structure and its Pressure-Induced Phase Transformations:
A Density Functional Theory Study

L. Gracia, A. Beltran, and D. Errandonea
Physical Review B 2009, 80, 094105

ThGeO,: estudio tedrico-experimental (zircon — scheelita — fergusonita)
Experimental and theoretical investigation of ThGeO, at high pressure

D. Errandonea, R. S. Kumar, L. Gracia, A. Beltran, S.N. Achary, A.K. Tyagi,

Physical Review B 2009, 80, 094101
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HI:I-A RESUMEN DE ACTIVIDADES 2007-2010
Actividades Cientificas Concluidas
ABO,

SrTiO5 estudio tedrico-experimental (fotoluminiscencia, estudio de estados excitados)

A Theoretical Study on the Photolumiscence of SrTiO,
L. Gracia, J. Andrés, V.M. Longo, J. A. Varela and E. Longo
Chem. Phys. Lett. 2010, 493, 141-146

AO,

SiO, estudio tedrico del mecanismo de transicion de fase

Bonding changes across the a-cristobalite - stishovite transition path in silica
L. Gracia, J. Contreras-Garcia, A. Beltran and J.M. Recio

High Pressure Research 2009, 29, 93-96

Sn0, estudio teorico-experimental del crecimiento de nanoestructuras
Anomalous Oriented Attachment Growth Behavior on SnO, Nanocrystals

D. G. Stroppa, L. A. Montoro, A. Beltran, T. G. Conti, R. O. da Silva, J. Andrés, E. R. Leite, A.
J.Ramirez, = Chem Comm 2011, accepted
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HI:I-A RESUMEN DE ACTIVIDADES 2007-2010
Actividades Cientificas Concluidas

Reactividad

Unraveling the mechanisms of the Selective Oxidation of Methanol to Formaldehyde
in Vanadia Supported on Titania Catalyst

P. Gonzalez-Navarrete, L. Gracia, M. Calatayud and J. Andrés
J. Phys. Chem. C 2010, 114, 6039-6046

DFT Study of the Oxidation of Methanol to Formaldehyde on a Hydrated Vanadia

Cluster
P. Gonzalez-Navarrete, L. Gracia, M. Calatayud and J. Andrés
J. Comput. Chem. C 2010, 114, 2493-2501
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r RESUMEN DE ACTIVIDADES 2007-2010

MALTA

Actividades Cientificas Iniciadas

ABO, estudios tedrico-experimentales

En colaboracion con UV /UCM
* CaS0O, anhidrita —monacita— (scheelita, barita) >tipo-AgMnO, —tipo-RbAlO,

- BaSO, Barita ;(¢?) Scheelita, AgMnO, , F43m

- AgClO, T42m —barita — AgMnO, / scheelita; monacita, anhidrita, cdbica HT
(¢?) zircén , NaClO, (Cmcm)

* SrMoO, scheelita — fergusonita — P21/n —- Cmca . P21/c
En colaboracion con UCM - UFSCar /UNESP (Brasil)

» SbPO,  P21/m > Pnma > Cmcm > zircén > fergusonita
estudio de propiedades dpticas no lineales de la fase P21/m

En colaboracién con UFSCar /UNESP (Brasil)

« CaWO, / CaMoO, scheelita (fotoluminiscencia, estudio de estados excitados)
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HI:I-A RESUMEN DE ACTIVIDADES 2007-2010
Actividades Cientificas Iniciadas

A,BO, estudio teorico

* Zn,SnO, ZnO + SnO, — espinela inversa— (titanita, ferrita)
A Theoretical Study on the Pressure-induced Phase Transitions in Inverse Spinel

Structure Zn--,Sn0,
L. Gracia, A. Beltran and J. Andrés, J. Phys. Chem. C, 2011, enviado

estudio tedrico - experimental
En colaboracién con UCM - UNESP (Brasil)

ABO; * Pb(Zry5Tig5)O5 monoclinica — tetragonal — cubica

AB | . Ga, MnN estudio de las superficies (1010) and (1120)

CHITEL 2010 (19-24 Septiembre, Anglet, Francia)
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BLOQUE 1: RESUMEN DE ACTIVIDADES 2007-2009
yEY I AN

Actividades Cientificas Iniciadas

ABF; estudio tedrico-experimental

Estabilidad de las estructuras cibica (Pm3m), tetragonal (I4/mecmy
P4/mbm) y ortorrombica (Pbcn) en funcion de P:

NGM9F3 , KM9F3 , KMnF3 , KCOF3 , KN|F3 ' Kan3 ' KCGF3 , RbCGF3
Programa VASP y CRYSTAL , metodologia DFT (Funcionales GGA y B3LYP).

L. Gracia, F. Aguado

AO, Estudio tedrico — experimental de la transicion de fase anatasa — rutilo
En colaboracion con UNESP (Brasil) - UPV
TiO, Comparacion entre el efecto de la presion «fisica» y la concentracion
de dopante (Mn, Co, Fe) (presion «quimica»)

* Programa CRYSTAL, DFT (Funcionales B3LYP y B3PW)
» Estudios de difraccion de rayos X y Raman con celdas MALTA
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