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# Understand origin of each function separately
(DFT)

4 Design a trial compound with required
properties (intuition/experience)

# Check that the trial compound indeed behaves
as required (DFT)

= Per'suade an gvpen!!mon-l'nhci' 'I'n mn!zo nnA

characterize itl



Interesting multifunctional gy
materials:

I

# Magnetoelectric multiferroics

# Magnetic insulators (beyond LDA)

# Visualization of lone pairs

# Polarization, dielectric response

# Spin-orbit coupling and non-collinearity
# Diluted magnetic semiconductors

# Defects and impurities (large supercells)

# Band gaps important (beyond LDA)

# Grain boundary-effects:(large supercells)



Claude Ederer,
ME coupling;

Rebecca
Janisch, grain
boundaries;

Priya Gopal,
magnetic PEs;

Y A W Sy ..

L8 LIV AR) o J L\

Alessio Filippetti (V.
Cagliari), FMFEs;

Chuck Schelle, Pb-free
Piezoelectrics;

Kim Goto, FM metal/
Nanotubes;




Is there a better way?

Can we use just ONE code for a specific
material design project?
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Possible multiferroic
applications?

Device applications (long range):

- Multiple state memory elements  1/0
- Write to E / read from M
- High u, high ¢ materials

- E tunable magnetic properties (and vice versa)

Recent observations:

- Giant field-tunable non-linear optical response

- Large magnetocapacitance

Fundamental physics:
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Problem:

Almost none exist.

1st question: Why are there so few
magnetic ferroelectrics?



¢ Symmetry

# Electrical Properties

# Chemistry - "d®-ness”

TRES Tz AT
Ti™ [Nb> | Zr* | Mn3 | Tis+ | V&
TON d° d° d° d4 d? d?
SIZE 745 | 78.0 | 86.0 | 785 | 81.0 | 72.0

(pm)




Conventional mechamsm for

Ligand field stabilization of empty
ion d orbitals by oxygen p electrons:
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BUT magnetism requires g
localized electrons!

I

In perovskite structure oxides the source of
magnetic, localized electrons is usually the transition
metal d electrons, e.g. etc.

Ferromagnetism requires d electrons

Ferroelectricity requires "d %-ness"”
CHEMICALLY INCOMPATIBLE!



Alternative mechanism for ferroelectricity:

Cation lone pair Iocaliza‘l'ion‘

e.g. IV-VI compounds, PbTiO;, etc.

GeTe GeTle distorted

U.V. Waghmare, N.A. Spaldin,
H.C. Kandpal and R. Seshadri,
First principles indicators of
metallicity and cation off-

centricity in the IV-VI rock-
salt chalcogenides of divalent
Ge, Sn and Pb, PRB 67, 125111

(2003). (Stuttgart LMTO code)

needs an (ns) 2 pair of elec‘l'r'ons‘




Perovskite design:

#Transition metal cation with d electrons for
maghetism

#Ferro- (or ferri-) magnetic ordering of the
above

#Large cation with (ns) 2 electron configuration



# Distorted cubic perovskite structure
¢ Ferromagnetic! (Tc = 100K)

Structure Determination:
Monoclinic, C2
T.Atou et al., J. Sol. State. Chem.

145 639-(1G90—
C ’ .

# Ferroelectric (and why)?
¢ Intrinsically ferromagnetic?



What kind of DFT should we use?

Usually OK for ferroelectrics, but not for
MAGNETIC ferroelectrics! Tiny gap for the
distorted structure; metal for the high symmetry
phase.

Beyond-LDA methods, or Self-interaction-
corrected (SIC), are needed to calculate the
polarization



Self-Interaction

The self-interaction is the interaction of an electron's
charge with the Coulomb and exchange-correlation

potential generated by the same electron.
Consequences:

- binding energies
- on-site Coulomb energies (Hubbard V)
» exchange splittings of d and f states

» anion p - cation d hybridizations
nnnnnnnnn Airna lhanAd i Adeklaa 7\AN

Suppressuon of U and overestimation of W is a
problem for materials with partially filled d states
where, in real life, U >>W



£ Solution: pseudo-SIC method - subtract of f
(.- the exchange and correlation self-interaction —|[EASSAH

Builds on:
#Perdew and Zunger, PRB 23, 5048 (1981). Extensive

discussion and successful application to atoms and
molecules.

#Svane et al., 1994 - present. Application of fully self-
consistent SIC to solids. (impressive but expensivel
LMTO implementation).

#Vogel et al., 1996-98. SIC pseudopotentials used in

th\lllhlﬂ l '\A hhlhlllh"‘:t\lﬂ C lllll ﬁt‘c‘lll hlﬂfJ hlnfshh



MnO LSDA MnO pseudo-SIC
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Is BiMnO; ferroelectric and
intrinsically ferromagnetic? ===

DFT Calculations predict:

#Ferromagnetic ground state
#Strong ferroelectric instability
in FM BiMnO5 (calculated
polarization of ~70uC/cm?)
#Ferroelectricity results from

- O displacement!




Understand origin of each function separately
(DFT)

Design a trial compound with required
properties (intuition/experience)

Check that the trial compound indeed behaves
as required (DFT)

- Persuade an experimentalist-to make and
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In’rerface between SrTuO3 and BiMnO,

ABINIT workshop, Paris 2004



Magnetic properties

35000 ~

Magnetic characterization of the
bulk BiMnO; sample: inverse
susceptibility vs. temperature,
indicating a ferromagnetic material
with T,.=105 K.
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Magnetization (EMU)

Magnetic hysteresis loop,
measured at 10 K, of PLD
grown BiMnO, on SrTiO;.

Magnetic Field (Gauss)




Experimental Data:
Ferroelecfrlc hysteresis in BiMnO
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Polarization (nC em™)

L.15

Electric Field (kKV/cm)



Understand origin of each function separately
(DFT)

Design a trial compound with required
properties (intuition/experience)

Check that the trial compound indeed behaves
as required (DFT)

Persuade an experimentalist to make and



Issues:

#Ferromagnetic Curie temperature of 100K
(and why is it ferromagnetic anyway)

#Leaky! (Measured P lower than predicted:;
polarization lost just above room temperature)
#Need to understand origin of ferromagnetism,
and to choose materials that are easier to

grow

#Relationship between magnetization direction



Better choices for robust
maghetic ferroelectrics:

We predict (VASP, LDA+U) for (111) layered
Bi,FeCrO,

*Magnetic moment = 2 uB/unitcell

»Spontaneous polarization = 70 uC/cm?

e.g. BiFeO;

(LDA+U, SO coupling;
VASP/LMTO)




Conclusions/Discussion points

# DFT-based methods are invaluable in the
design of new materials

# Complex, multifunctional materials
require a range of techniques (different
physics AND different algorithms)

4 Can we (should we) try to incorporate
them all into one code?



Ongoing Work

boundary effects in (Co,Ti)O,:

grain boundary supercell bulk supercell N ,
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Position along [110]

E;a-rnaIAﬁ-l-n;h mannntir c‘am:hnnf\'nh-l-or'sl e.q. (Zn'Mn)O:

MnO in wurtzite structure is strongly
piezoelectric BUT

(Zn, TM)O needs carriers (preferably
holes!) for ferromagnetism

Possible device
architecture
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PbTiO; € PZT = PbZrO,
tetragonal rhombohedral
ferroelectric antiferrodistortive

V  substitute with
« >

{(Zn,Co,CujO

Zn)

(Zn.Co Cu)O

Zn0




