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Coexistence of magnetism and ferroelectricity in perovskites
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We present a first-principles comparison of BajOaMnG;, and YMnG; which reveals the fundamental
role of thed electron occupation in preventing or favoring the simultaneous presence of magnetic and electric
polarization. The ferroelectric compounds are distinguished from the nonferroelectrics by an ultrasensitivity of
the p-d charge hybridization to the atomic displacements. To be effective these hybridization changes require
the d orbitals oriented in the direction of the ferroelectric distortion to be formally empty. This orbital direc-
tionality can explain the coexistence of antiferromagnetism and ferroelectricity in the hexagonal phase of
YMnOj3, which is ferroelectric along the axis: in the Mr#* ion, four filled d orbitals provide a magnetic
moment, and one empty orbital (di) can participate in hybridization changes and induce a ferroelectric
distortion. The Born effective charges are found to be highly anomalous in CgMvitch is far from being
ferroelectric.
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I. INTRODUCTION (e.g., TF",Nb>").” However, the t1%-ness” criterion for fer-
. _ o roelectricity does not rule out completely the simultaneous
~ Perovskite materials are fascinating both because theyresence of magnetic and ferroelectric ordering. Indeed, the
display a wide variety of fundamental properties, from mag-ess widely studied class diexagonaperovskitegto which
netism to ferroelectricity, from colossal magnetoresistance t¥MnO; belongs has been known for a long time to display
half-metallicity, and because they are used in a number ofoth these properties. Understanding how the chemical envi-
important technological applications, such as transducers angnment affects the coexistence of magnetism and ferroelec-
memories. They also show electronic and structural pecUgicity is the main goal of this paper.
liarities including orbital and charge ordering, formation of 114 primary focus of our investigation is the distribution

local moments, and Jahn-Teller distortions. Such a richnes%,f the electron charge within thetorbitals of both magnetic

combined with their relatively simple structure, makes themand ferroelectric perovskites. Indeed, many properties of

ideal materials for inyestigating the general principles thatthese materials are crucially dependent on dfwbital oc-
govern these properties. cupation numbers. They may display unusual features such

For example in the recent past an understanding of theS charge and orbital orderin hich. in turn. determine the
fundamentals of ferroelectricity has been gained by densit 9 orol Ing, which, in turn, determi
agnetic ordering. Even the structural properties can be

functional theory studies of the perovskite ferroelectrics :
(e.g., BaTiQ,SrTiO;, and KNbQ).12 These studies have plosely rs—r,\lated to +th«ii—state occupations. For example, the
benefited from important theoretical advances such as lineal"S Mr?_ and ct belong to the class of Jahn-Teller com-
response density functional thedrand the Berry phase pound.s, in w.h|ch the fractional occupation of thg degengrate
approacH;® which allowed the formulation of the so-called &g Orbitals drives the structure to an orthorhombic distortion,
modern theory of polarization in crystals. In addition, thewhereas the Mt and CF* ions, with their sphericat3,
ability to calculate dielectric permittivity, piezoelectricity, configuration, are chronically octahedral.
Born effective charg€BEC), pyroelectricity, and spontane- Also, thed-orbital occupation is a fundamental parameter
ous electrical polarizationR) from first principles has led to in understanding the presence or absence of ferroelectricity.
important insights. Past works have clearly shown that hybridization of cation

In parallel with (but apparently without intersectinghe  and aniorp states is necessary to have a ferroelectric ground
current of studies on ferroelectric perovskites, a large comstate'> whereas a ferroelectric state is never stable in prima-
munity, driven by the discovery of colossal magnetoresistiv+ily ionic compounds. Furthermore, previous work on ferro-
ity in Ca-doped LaMn@® has started to investigate the vast electric perovskités1?has clearly shown that the BEC tends
class of magneti¢especially manganesperovskites. Many to be anomalously large, i.e., far larger than the nominal
magnetic perovskite oxides are antiferromagnetic insulatorgpnic charges, in ferroelectric materials. The anomaly is be-
but the possible magnetic phadés., the ordering of mag- lieved to be a necessary condition for a crystal to sustain
netic moments are diverse and dependent on the specificspontaneou®, since it indicates thaP is very sensitive to
compound. (or may be driven bysmall changes of atomic positions.

The lack of overlap between researchers studying mag- However, neither strong-d hybridization nor anomalous
netic perovskites and those studying ferroelectric perovskiteBEC can be considered sufficient conditions for ferroelec-
is due to the fact that the cubior orthorhombically dis- tricity. Indeed, hybridization is present in many nonferroelec-
torted magnetic perovskites are generally not ferroelectrictric systems as welf® thus, it is not a very selective require-
whereas ferroelectricity is a common characteristic of thement, and the BEC are found to be anomalous even in
cubic perovskites having cations with zedboccupations nonferroelectric compoundé-26We will show in this paper
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that the driving force towards the ferroelectric state is in factfrom a density of state$DOS) analysis, we take care to
the sensitivity of the charge hybridization to ferroelectric calculate the DOS very accurately: the energies of a large
displacement®.In this picture, the off-center displacements (order 100 k-point set are interpolated using the linear tet-
are energetically favored only if they are accompanied by aahedron method through the irreducible Brillouin zone. In
substantial rearrangement of the charge producing a chargeder to calculate the DOS contributions coming from indi-
imbalance between cation-anion bonds. This imbalance leadsdual orbitals, we calculate the orbital occupation humbers
naturally to a destabilization of the centrosymmetric configu; |, as the projections of Bloch statef,,, onto atomic
ration. wave functionsp; i :

In order to quantify this effect, a comparative study of the
BEC, orbital occupations, ionic charges, and charge hybrid- _
izations in ferroelzctric and nonferr?)electric perogskit)e/s is q""m“_% (Yol &) { b 1l o) @
required. We expect to see important differences of hybrid- occ
ization changes for ferroelectric and nonferroelectric materiwherej runs over the atoms, arldh and o are orbital and
als. It will be shown that such differences do exist and arespin quantum numbers, respectively.
perhaps better indicators of the onset of ferroelectricity than Much of the literature on first-principles studies of ferro-
an anomalous BEC alone. electrics focuses on the BEC as an indicator of the tendency

Specifically, we present first-principles results for cubicto undergo ferroelectric distortion. The BEZX,p) is the

BaTiO;, cubic CaMn@, and hexagonal YMn@ BaTiOs is  atomic position derivative oP (at zero macroscopic electric

a well-studied ferroelectridand nonmagnetjcperovskite.  field):

Our calculations for this compound are not aimed at eluci-

dating new physics, but rather provide a reference point with . 6P,

which to compare the two other systems. In particular, Zj,aﬁz(SRjﬁ' )
CaMnQ; shares the same nominal ionic configuration as o ,

BaTiO,, although CaMn@is magnetic and not ferroelectric. Wheree andp are Cartesian indices. Alternatively, the BEC
Finally, hexagonal YMn@is probably the best known ma- can be (.Jlefllned as the Imear-order coefﬂqent between
terial in which both ferroelectric and magnetic orders coexN€ €lectric field€ and the forcer; which the field exerts

ist, and thus is the main focus of this work. The importance® ionj:

of d-state occupations is particularly evident here. Indeed, SE.
YMnO; can be grown in both cubic and hexagonal phases Z}*aﬁ:J, &)
(although the latter is the most staplaut, despite the pres- ’ 2

ence of the same M ion, only the hexagonal structure is where the derivative is calculated at zero atomic displace-
ferroelectric. This indicates that the possibility of coexistencement. A large BEC indicates that the force acting on a given
does not depend just on the total amountdotharge, but, jon due to the electric field generated by the atomic displace-
crucially, on the specific charge distribution within th®r-  ments is large even if the field is small, thus favoring the
bitals and their hybridizations with the surrounding environ-tendency towards a polarized ground state.
ment. _ _ ' _ ~ Anumber of different approaches for calculating the BEC
The remainder of this paper is organized as follows: inhave been presented in the literature based, in rough chrono-
Sec. Il we describe our methodology and review the basigogical order, on empirical methods, supercell
relationships betweeR, BEC, and orbital occupation num- calculations’? linear-response density functional thedand
bers. In Secs. Il A, 11l B, and Ill C we describe our results Berry phase formulatiofr>2* Here we adopt a supercell ap-
for BaTiO;, CaMn(;, and YMnGQ, respectively. Our conclu-  proach based on the definition 3} given in Eq.(3) that has

sions are summarized in Sec. IV. been shown to give accurate resdftéJsing the Hellmann-
Feynman theorem, the force due to an extefnal, bare
Il. DEFINITIONS AND TECHNICAL DETAILS electric field€ (at zero displacements
In this work we use a plane-wave pseudopotential 3 ex JVPP
implementatiof’ of density functional theory within the lo- Fia=—2ZjlE% |+% ik IR Yok | - )

cal spin density approximatiof(LSDA). We use efficient

ultrasoft® pseudopotentials which allow us to obtain accu- The first term on the right-hand side of Eg) is the force

rate results at very feasible cutoff energi€d0 Ry for  acting on the ion-core chargg;. The second term is the

BaTiO; and CaMnQ@, 35 Ry for YMnGQ;). For Y, Ba, and Ti  force due to theesponseof the electron density to the ex-

the semicores andp electrons are treated as valence chargeternal perturbation. (PP is the ionic pseudopotential, and

In order to have highly transferable pseudopotentials, tway,, are the Bloch eigenfunctions of the perturbed system

projectors per angular channel are included in all the atomszrom Eqg. (4) the electric field derivative of; , can be

For total energy calculations we use up t&8x8 grids of  evaluated by finite differences.

special k point€® Structural relaxations are performed by  The disadvantage of this approach is the necessity of us-

minimization of the Hellman-Feynman forces within a con-ing supercells: the bare electric fieftf* is simulated by a

vergency threshold of IG Ry/bohr. sawlike potential, and in order to make the atoms insensitive
Since many of the conclusions in this paper are reachetb this artifact, long supercells in the direction of the applied
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field are neede@see Ref. 22 for detailsOn the other hand, 2 : ———7— — -
its appeal resides in the fact that it does not require code Ti centrosym iy -~ xy
implementations beyond ordinary total energy and forces 1y i i ' Y -z
calculations. For our cubic perovskites we use slabs with the 0 )\L\,L ]
axis parallel toP, respectively 4 times longer than those of $ O centrosym
the corresponding primitive cellgiving 20 atom slabs iv': 1 ; - Op
Within this method the optical dielectric tensd;frﬁ can be 3 ‘ /\M ek
extracted as the ratio between the external and the total elec- g o T dis e
tric field into the slab. The longitudinal effective charges 2, tdeplaced 1o K o2
(LEC) Zj 4 can be calculated as well. Like the BEC, the Q | AN 2
LEC'’s are defined through Eq&2) and (3), but with £ re- " 0| S .: '
placed by&®*: " O displaced —0,p
SF 1 N ";L.'I\.,M o
L _ j,a * FAERSTY.) NVAN, . WP PO o
Zj.ap= 55%)(—; Lz 5) 076 4 2 0 2 4 6 8
E -E.(eV)
Ill. RESULTS FIG. 1. Orbital-resolved density of T and Op states in cubic

BaTiO;. The upper panel refers to the structure with atoms placed
in the centrosymmetric positions, the lower panel to the structure
The purpose of this section is to provide benchmark calwith Ti and O atoms ferroelectrically displaced alof@p1] (see

culations for this prototypical perovskite ferroelectric with text.
which to compare our later calculations on magnetic ferro-
electric and nonferroelectric perovskites. BaJiflas been charges. The occupation numbersegfandt, orbitals are
studied intensively in the past since the discovery of its1.16 and 1.15 electrons, respectively, and the resulting ionic
ferroelectricity? It shows a very rich phase diagram: in the configuration is B&%" Tit7* 0,1+,
high-temperature paraelectric phase it is a cubic insulator Previous work&®°have pointed out that this-d hybrid-
but, as the temperature is lowered, it undergoes three coiization drives the ferroelectric instability in BaTiO To
secutive ferroelectric distortions along directid®1] (te-  verify the sensitivity of the hybridization to atomic displace-
tragonal, [110] (orthorhombig, and[111] (rhombohedralat ~ ment we recalculate the orbital-resolved DOS of Bg[iO
T~400 K, 280 K, and 185 K, respectivelyA hexagonal again within the cubic cell, with Ti and O atoms displaced
ferroelectric phase has been obsefles well) Many first-  along [001] in the fashion of a ferroelectric tetragonal
principles studies have been carried btit®=?° and the distortion® (Fig. 1, lower pangl To emphasize the distortion
structural and electronic properties, BEC's, spontanddus effect, the displacement amplitudes have been taken to be
interatomic force constants, and phonon frequencies haviavice as large as those of the ferroelectric tetragonal struc-
been calculated. ture (i.e., ~2% of the theoretical lattice constang,
Here we are specifically interested in studying the DOS=3.93 A).
orbital hybridization, and occupation numbers. Although a The changes of DOS upon distortion are striking. The
number of DOS calculations for BaTiChave already been breaking of cubic symmetry splits thg, orbitals into one
carried out(see, for instance, Ref) 2our revisitation is nec- singlet d,,) and one doubletd,, andd,,), and theey or-
essary since we want to evaluate the individual contributiorbitals into two singlets. Among the T orbitals d, is the
to the total DOS of aniop, and catiord ey, andt,4 orbitals.  least affected by the distortion since it lies on the plane or-
This orbital resolution(to our knowledge never reported so thogonal to the distortion and, moreover, is not oriented to-
far) is crucial for our later comparison with the DOS of the wards the ligands. Therefore it is quite insensitive to hybrid-
magnetic perovskites. ization changes. In contrastl,2, d,,, and dy, show
In Fig. 1 (upper panelour DOS calculation for the cubic remarkable changes. Furthermore, we see a large splitting
phase of BaTiQis shown. The DOS is resolved intofdand  between thep states of the oxygens in plane with Ti gD
Ti d contributions. The latter is further resolved into partsand p states of the oxygens on top of Ti {D The G p
coming from thet,q triplet and theey doublet of orbitals. states become localized in-a2 eV wide energy region lo-
The DOS is that of a charge-transfer insulator, with thecated~5 eV below the valence-band top and are strongly
valence-band top almost purelygype and the conduction- hybridized with the Tid states. Analysis of the orbital char-
band bottom completely Td type. acters reveals that two kinds of hybridizations betwegrpO
BaTiO; is usually described as a rather ionic material withand Ti d states dominate in this range of energiegpdir
a nominal Bé*Ti4+O32’ configuration, but a certain hybridization, mixingp, andd,z orbitals, and gd7 hybrid-
amount of hybridization between @iand Op charge causes ization involvingp,,py,d,,, anddy,.
a fraction of Tid states to be occupied. This feature can be After the distortion, the total occupation df2 increases
observed in Fig. 1: bothy andt,, states are hybridized with from ~0.6t0~0.8 electrons and that af,, (andd,,) from
the O p-type manifold. By integrating the partial DOS, we ~0.4 to ~0.5, at the expense of th, and G- p occupa-
can calculate orbital occupation numbers and static ionitions. These values suggest tifamay be induced by inter-

A. BaTiO,
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TABLE I. Born effective chargeZ* and dielectric constard™ connected by AFM symmetry, their magnetic moments are
of ABO; perovskites: cubic, nonmagnetic Baki@nd cubic anti-  exactly equal in magnitude and opposite in sign, while mag-
ferromagnetic CaMn@ Z* is the component along theaxis (.., netic moments on O and Ca are constrained to be zero by
Z37); Oy andOp label oxygens on-top and in-plane with(®r Mn),  gymmetry. Our lattice constant calculated for tBetype
respectively. AFM phase equals the experimental valye=7.05 A3?

To reinforce our intuition that the M ion with three

v oz oz z5 & orce 0 . .

T P electrons in thety, shell is strongly resistant to off-center
BaTiOs 2.77 689 —-538 210 6.66 displacement, we calculated the energy difference between
CaMnG; 2.55 6.99 -—547 214 11.25 the observed centrosymmetric structure and a hypothetical

tetragonal ferroelectric phase, where the atomic displace-
) - o ments for the latter were taken equal to those of the corre-
atomic charge transfer. In addition, the energy localization ngonding phase of BaTiOThe centrosymmetric configura-
t_he Or p, states is consistent with an on-site char_ge polarlzaﬁon is lower in energy by 0.16 eV per formula uitit huge
tion. Eventually, both these mechanisms contribute 10ty e compared to the small differences obtained between
polarization process. the various phases in BaTip For a volume increase of

The calculated BEC and the cubic dielectric constant are 505 this energy difference decreases to 0.12 eV per for-

shown_ in Ta_blg . Our resul_ts are in_good agreement Wm}nula unit. Thus, as in the case of BatiQhe competition
other.f|rst-pr|n0|p|es calcu_latlor?qur Tiand @ the BEC's between structural phases is affected by the volume, but in
?hre h|gh_ly (lemolmalsc:is, v(\glt_hzmagmtuies Imuch greater thar(‘:aMnQ the equilibrium structure is so far from being ferro-
€ nominal vajues-4 an , respectively. - . electric that volume effects are not an issue.
In summary, our results are completely consistent with the In Figs. 2 and 3 we report our DOS calculations for the

picture of BaTiQ re_s.“'“’?g from previo_us works: a strong AFM-ordered phase. The technical features are the same as
change ofp-d hybridization accompanies the ferroelectric those already discussed for BaTiQhe DOS is orbital re-

d|splacement§. But It algo suggests an aspect that h_as "Qived and is calculated twice, with atoms in cubic symmetry
been emphasized so far: not the wholep@nd Tid mani- = 5.4 with Mn and O displaced alor@01] (the distortion
fold, but only those states derived from orbitals oriented 'namplitude is the same as that used for BaJi@ue to AFM

the direction of the ferroelectric displacement really Contrib-Symmetry the DOS of the two Mn are equal by exchange of
ute to the hybridization changes and have an active role irllJp and d(;wn components; thus, we show just one of them.
the polarization mechanism. In other words, an orbital is Erom the Mn DOS in thé undi,storted cubic struct(Fg.
more sensitive to structural distortions if it is oriented along,, upper panelwe see that the,, bands are more localized
the displacement. In the case of BaJithe charge is sensi- in, energy than thes,. The on-gite exchange splitting pro-

tive to displacements along every direction, since all the Ti N I
. - : ) _ duces a~ 2 eV gap between fillet, and emptyt;, states.
orbitals are(formally) empty. This is consistent with the ob The calculated fundamental gaps0.4 eV. The top of the

servation that in BaTi@three ferroelectric phases polarized yalence band has relevant contributions from botip &nd

along the three high-symmetry directions are more stabl . . .
g gn-sy Y $n t,4 states, whereas the conduction-band bottom is mainly

than the cubic phase. But we will show that for other com- . . .
pounds with nonzera occupationsge.g., YMnQ;) the ori- Mn e in character. As in the case of BahjQve see that the
nominal ionic configuration is not reflected by the calcula-

entation of the polarization is constrained to a specific direc;[i ns. with a notable amount tates indeed bein
tion by the details of the orbital occupations. ons, a notable amount &, states indeed being occu-

pied. Also, the spin polarization due tg, states is reduced
by the presence of a non-negligible amount%gfcharge. As
B. CaMnO, a result, the calculated occupation numbers are 2.94 and 0.75

As a next step in understanding the interplay betweerfor tgg and tﬁg orbitals, and 0.90 and 0.68 f(ﬂfg and eé
electric and magnetic ordering, we now investigate a nonfererbitals, respectively. The resulting Mn magnetic moment is
roelectric magnetic perovskite whose valence environment i2.41ug, due almost entirely to the polarization of thg,
close to that of BaTi@ For this purpose, CaMnQis the states. The total M charge(5.27 electronsis far larger
optimal subject: it has the same ionic configuration ashan the nominal charge, and the resulting ionic configura-
BaTiO; (C&"Mn*"0,%") and is also insulating. Further- tion Ca"Mn*73"0,%%*" is very close to that calculated
more, there is a large amount of experimental and theoreticdbr BaTiO;.
information available for CaMng® The nominal configura- But the similarity of CaMn@ and BaTiQ is not main-
tion favors a cubic antiferromagnetiCAFM) insulating  tained in the DOS of the distorted structure: in CaMnte
ground state, since M has threed electrons placed in the Mn and O DOS are almost insensitive to the distortion. The
triply degenerate spin—spltt'gg bands®! This fully occupied, tetragonal field splitting of thé,q manifold intod,, and the
spherically symmetric shell behaves as a core chargejoubletd,, andd,, is barely distinguishable. Likewise, the
strongly localized in space and very stable in energy. splittings ofd,2 andd,2_,2 states(not shown in the figune

The magnetic ordering i&-type AFM; i.e., the magnetic and of & p and G p states are very small. The charge
moment on each Mn is antiparallel to those of the sixtransfer induced by the distortion is negligilitee e, charge
nearest-neighbor Mn ions. The unit cell has fcc symmetryincreases by 0.04 electrons, at the expense of thepO
and ten atoms. Since the two Mn ions in the unit cell arecharge, and the only visible effect on the occupation num-
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there is a common misconception that they are related. If this
were true, we would expect the BEC for CaMitd be close
to the static charges. Instead, our calculations in Table |
clearly show that the BEC in CaMnCare as anomalous as
those in BaTiQ. The importance of this result, we believe,
deserves to be emphasized, since it shows that a highly
anomalous BEC can occur even without strong hybridization
changes and even in materials far from being ferroelectric.
This result also raises some general questions: In which
cases are the BEC highly anomalous? If the BEC anomaly is
a driving force towards ferroelectricity and if BaTjGand
CaMnQ; have rather similar BEC’s, how can we explain
their different ferroelectric properties?
. ‘ . ‘ . ‘ The origin of the anomaly must be related to the strong
8 -6 -4 -2 0 2 4 6 p-d hybridization presents in CaMnQas well as in most
E -E, (eV) other_ perovskite oxides. The charge current fIQV\ﬁir@, per-
colating through the bonds upon atomic displacement is
FIG. 2. Orbital-resolved DOS of a single spin-polarized Mn in Suppressed in the limit of purely ionic interactions; thus, the
AFM G-type CaMnQ. The upper panel is for the structure with BEC anomaly may be regarded as a sensitive measure of
atoms placed in the centrosymmetric configuration, the lower pandpond covalency. This argument is not in contradiction with
for the structure with Mn and O displaced according to the ferro-the results for MnG34where only a small anomal.5 for
electric [001] phase of BaTi@ The displacement splits thi, the BEC of Mn has been found, since in MnO the hybrid-
orbitals into one singled,, and one doubletd,, andd,,), and the ization involves both filled o and Mnd g states; thus, no

DOS (states/eV)
A NS NE AR NOD N AR

g, Orhitals into two singlets. net charge current can flow through the bofitie same can
. . . be argued for ZnQRef. 13].
bers is the rise of a magnetic moment opd3 aresult of the  The existence of ferroelectricity in BaTiQand its ab-

symmetry breaking. Thus, although significant hybrid-  sence in CaMn@ can be understood from two standpoints.
ization is present in the cubic ground statevealed by the  The nonanalytical dipole-dipole term present in the dynami-
big difference of nominal and calculatsthtic chargeg this  cal matrix [responsible for the longitudinal and transverse
hybridization does not cause the occurrence of charge trangptical phonon mode splitting at (Refs. 11,35, and 3$is

fer to accompany the atomic displacements. The lack of DOS

rearrangement upon ferroelectric displacements in CaMnO
) . S : ’ . .
is an important indication of the close relation between hy A (2 zj‘ayqy) (2 Zj,ﬁyqy)
bridization changes an®, and confirms the idea that a i _am\ Y Y

L S L T D= : (6)
changeof charge hybridization on distortion is a necessary ) -
condition for the presence of ferroelectricity. % Ay €559

Although BEC, static charge transfer, and hybridization

changes are independent quantities for periodic systems, ) . .
g P g P y This expression shows that highly anomalous BEC should

6 ‘ . f , - : favor ferroelectricity. On the other hand, this quantity also
| OxyEen on=iop ~opdis depends on the optical dielectric constant. In Table | we also
I 11 AN ~ peub report the calculated optical dielectric constart”)( for

CaMnQ; and cubic BaTiQ. In CaMnG;,€” is almost double
that in BaTiG, and also considerably larger than that of the
other ferroelectric perovskiteganging from 5 to 8(Ref.
27)]. This reflects the different degree of dispersion of the

DOS (eV/states)
SN A N R NS R

oxygen in—plane - pdis valence bands: CaMnQis markedly more covalent than
" T —peub BaTiO;. Such a large screening field present in CaMnO
LG aD R dt ; : must act as a depolarizing force counteracting the spontane-
8 -6 -4 2 0 2 4 6 ous polarization. This information is incorporated in the
E-E_(eV) LEC: for BaTiO; we obtainZg =0.81 andZ;=1.03, and

for CaMnQ;Zg =0.49 and Zy;,=0.62. Thus, the LEC
brings out a marked difference in the behavior of these two
of Mn, lower panel to @, that is, O in-plane with Mn. Each DOS compounds and, more generally, of nonferroelectric and

is calculated for the structure with atoms in cubic positionsh ~ [€ffoelectric perovskites.

and for atoms displaced according to the ferroele¢®1] phase Another fundamental distinction between CaMn@nd

of BaTiO; (dis). Within cubic symmetry, @and Q> are equivalent BaTiO; resides in the almost completely filletég shell of

and nonmagnetic. After the tetragonal displacemeptb@comes the former. This means that, unlike d;iMn d orbitals cannot
slightly magnetic, whereas s still nonmagnetic by symmetry.  participate in any charge transfer or hybridization changes

FIG. 3. Orbital-resolved DOS of a single O in AFM G-type
CaMnO0;. Upper panel refers toQ i.e., the oxygen placed on top
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with O p orbitals. Thus, thegg shell, acting like a spherical oy
core charge, always favors the centrosymmetric configura- ‘e o e e
tion. Since the contribution to the cohesive energy furnished e Y . o ! ?
by thet,q orbitals is dominant with respect to that of tag @ % °O
orbitals, the presence of a ﬁIIet@g shell represents a major o0 o O O
force acting against any off-center distortion. Experimen- Dl ; ‘
tally, the absence of off-center distortion in perovskites with ® Mn ! OO . O -
tgg transition-metal iongsuch as MA™ or CP*) is well '¢ o .
established. | spin To © |
From our analysis of CaMn{) we cannot directly relate B e o | :
the absence of ferroelectric distortions to the presence of the z G q =k O{)
magnetic ordering, but rather to the unfavorable chemical O o ‘
environment due to the specific distribution of the orbital yoo O o OO
occupations. What makes the coexistence of ferroelectricity o T T gl
and magnetism unlikely in magnetic materials seems to be x L

both the inability of transition metal ions with largkoccu-
pations to accept a transfer of charge from neighboring oxy- FIG. 4. Structure of the hexagonal ferroelectric YMpQ'he
gens and also the strong resistance of filkkdhells with  arrows on Mn indicate the spin orientation of tAeype AFM or-
spherical symmetry to move off center. However, this argu-dering. The electric polarizatioR is directed along the axis. A
ment does not rule out the possibility that, in some chemicasmall tilting of the bipyramidal oxygen cages around Mn is ne-
environments, the conditions of coexistence may be realizedylected in figure.
This would require a transition-metal cation with strongly
directional distribution of thel orbital occupations, in such a due to the occurrence of ferroelectric and magnetic ordering
way that some of these orbitals along a specific directiorin the same compound. The coupling between these two or-
would be unoccupiedand thus available for changes of hy- derings may be eventually exploited in a device where the
bridization with oxygenks In the next section we show that dielectric properties can be altered by the application of a
this is not just a theoretical hypothesis, but an occurrencé&agnetic field and the magnetic properties by that of an elec-
verified at least in one series of compounds, i.e., the hexagdtic field. Although the big difference between the critical
nal manganese perovskites, known to be both magnetic arf@mperature of magnetic and electric orderingg <80 K
ferroelectric. andT.=900 K, respectivelymay suggest that no coupling
is present, some evidence of coupling has actually been ob-
served in terms of anomalies in the dielectric constant and
loss tangent at the Nétemperaturé!*®Also, analysis of the
The family of manganese perovskites crystallizes in twosecond-harmonic optical spedtaf the MP* ion shows
structural phases. The most common is the cubic or orthathe presence of a new kind of nonlinear optical polarization
rhombic, found in CaMn@,LaMnGQ;, and the manganites of depending on two order parameters. These indications justify
the larger rare earths, from CeMp@® DYMnO;. The other the effort of investigating from a theoretical point of view
phase is the hexagonBB;cm*"*®and includes YMn@and  whether magnetic and ferroelectric ordering are reciprocally
the rare-earth manganites ranging from HoMnGQo  affected. Since we know the basic ingredients that favor fer-
LuMnO;. In the rare-earth perovskites the large cation isroelectricity and magnetism separately, it is important to see
generally completely ionized and chemically inert; thus, thehow these elements are combined in hexagonal YMnO
occurrence of the hexagonal or cubic structure is determineNote that YMnQ is also grown in the orthorhombic phafe,
only by the size of the cation, which is smaller in the class ofbut this phase is not ferroelectric and indeed has similar char-
hexagonal perovskites. These hexagonal perovskites ageteristics to LaMn@ Evidently, although the two phases
found to be ferroelectric along the axis (i.e., [0001]),383°  share the same M ion, the different crystal field produces
with a spontaneouB~ 5.54C/cn?, and are magnetically or- drastic differences in both structural and electronic proper-
dered. Among them, YMnQis the best known experimen- ties.
tally and also the most feasible for our methodology since In Fig. 4 a picture is shown of the ferroelectric 30-atom
the f states(troublesome to treat within the pseudopotentialhexagonal unit cell ilP6; cm symmetry. The Mn ions, sited
method are empty. Also, LDA-U calculationé® of elec- on close-packed hexagonal positions, are surrounded by
tronic and optical properties of the hexagonal YMnitave  corner-sharing bipyramidal cages of oxygens. The stacking
been recently publishett:*? along thec axis consists of a (MnQ)layer, followed by
Both (000)-oriented film&>4* and single crystafé=°*>  three 3% /3 layers containing in sequence O3, and G
of hexagonal YMn@ have been recently grown, and ferro- (in total there are eight layers per gelin addition the MnQ@
electric properties and phonon motfe® have been mea- bipyramids are slightly rotated around the axis passing
sured. YMnQ presents some technological advantage withthrough the Mn and parallel to one of the triangular base
respect to the most common ferroelectric perovskites, likesides. Discarding these small, barely visible tiltings, the
low dielectric constant £ 20 at room temperatureand  atomic positions are those of the paraelectf6{/mm¢
nonvolatile constituent elements. But particular excitement iphase, stable &> T_. Within the paraelectric symmetry the

C. YMnO,
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FIG. 5. Schematic orbital splitting for the majority states of
Mn3* jon within orthorhombic and hexagonal crystal field.

unit cell has ten atoms distributed on eight 1 hexagonal
layers. Since the electric polarization occurs alongdlagis
and the bipyramidal tilting does not alter significantly the FIG. 6. Orbital-resolved density of Mdiand G: p states for the
features of this compound, the untilted structure is sufficienparaelectric, nonmagnetic phase of YMnGince the two couples
for the purpose of studying the changes of hybridization indf Mn d orbitals @,y ,d\2-2) and @d,;,d,,) are nearly degenerate,
the direction of the ferroelectric displacement. Thus, our cal®nly one curve for each couple is shown.
culations will be for theten atom$ 11 slab.

Regarding the magnetic ordering, hexagonal YMn®  mostly due to the Mnd states located in a narrow region
found to beA-type AFM (Refs. 51,52 below Ty . The spins  aroundEg . The degenerats,, andd,2_ 2 orbitals(of which
on Mn are noncollinear and oriented in triangular fashion.only one is reported in the figuréie on the(0001) plane and
For our calculation we assume thetype AFM collinear  point towards @, thus contributing to the covalent bonding.
ordering shown in Fig. 4, what we find to be slightly lower in 114 d., andd,, orbital DOS overlap with those df,, and
energy than the FM ordering. However, for our purposes thig, .~ *p "2’ localized in a narrower energy regi)(l)n since
is not an essential feature, since the properties that we Waﬂ#eyyd’o not point towards oxygens and are more Iocaiized in
to investigate are determined by the lo@ad., internal to the space. Finallyd,. is the highest in energy and the least oc-
oxygen caggspin polarization rather than by the long-range™ . d but Zt . t 0% ch is hvbridized with
ordering between magnetic moments. cupied, but a certain amount df2 charge is hybridized wi

The hexagonal paraelectric structure has three indepef® O P; States located-5 eV belowEg.
dent lattice parameters, i.e., the usaandc parameters plus oM this energy ordering of the orbitals it follows that
an internalu that gives the distancén units of c) between €ach Of the four lowest-lyingl orbitals is roughly half-
O, and Y layers, and is not fixed by the symmetry. By occupied and contributes to a Iarge.DOSEat According to
energy minimization we obtain the theoretical values the Stoner exchange argument, this large DOS represents a
=3.518 A,c=11.29 A, andu=0.084, in very good agree- Strong driving force towards a spin-polarized stable phase.
ment with the experimental valuesa=3.539 Agc Indeed, we find that the transition from nonmagnetic to AFM
=11.3(4) A, andu=0.084. This also suggests that the oxy- ordering results in a large energy gair (1.6 eV per for-
gen tilting has only a small effect on the structural propertiesmula unip.
The distances between Mn and O &g, o =1.875 A and In Fig. 7 we report the orbital-resolved DOS of individual
Apn.o,=2.03 A. As a point of comparison, we also calcu- SPin-polarized Mn and O atoms. As in the case of CaknO
lated the structure of YMn@within FM cubic symmetry, the AFM symmetry enforces the DOS of the two Mn atoms

and founda=3.765 A andA,,,.o=1.878 A. It is notabie within the unit cell to be equal under exchange of up and
. n- . .

that the volume enclosed in the bipyramidal cage of the hexd®Wn components. The energies of the Fmanifold are

agonal structure is much smaller than the octahedral volum@Pin Splitby~ 2.5 eV, and the two doublets of Mhstates
of the cubic structure. In other words, in the hexagonal symbecome almost completely spin polarized. Their total up and
metry the Mn charge is enclosed in a smaller and mordlown charges are 3.93 and 0.47 electrons, respectively, while
packed surrounding. the occupation numbers dﬂz and diz orbitals are 0.53 and

In Fig. 5 a scheme of the majoritg-state splitting of 0.30 electrons. The resulting magnetic moment on Mn
Mn3* jon due to the hexagonal crystal field is drawn, in (3.7ug) is consistent with the high-spin sta$e- 2, although
comparison with the splitting due to the orthorhombic field.smaller than 45 due to the partial hybridization af,2 with
In the hexagonal field the states are no longer splitintg; Oy p, states, and od,, andd,2_,2 with Op p, andp, states.
ande, states, but are ordered in two doublets and one singled non-negligible magnetic momenM =0.15u5 is also
(the Cartesian axes are drawn in Fig. 4 present on @, driven by double exchange with tlig, and

To determine the effect of the spin polarization we calcu-d,>_,2 orbitals, whereas the magnetization of @ almost
lated the orbital-resolved DOS for the hexagonal phase witlvanishing, due to the AFM symmet§jor u=0 it would be
both nonmagnetic and AFM ordering. The nonmagneticexactly zerd. However, the spin splitting is not large enough
phase(Fig. 6) shows a large DOS at the Fermi energy,, to open a gap within the LSDA. Indeed there is a tiny DOS
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FIG. 9. Top view of the charge isosurface of paraelectric AFM
YMnOg. Only the charge of states lying within a small energy in-
E—EF(eV) terval below Ex has been considered. The triangularly-shaped

) ) charges are centered on Mn and represent pldmabitals. On top
FIG. 7. Orbital-resolved DOS of single Mftop panel, Op  of each Mn, the charge of Op states appears to be spherical,

(middle), and & (bottom in the paraelectric AFM phase of \hereas a slight triangular shape is visible in the charge of the three
YMnOjs. Due to the exact AFM symmetry, each of the atoms re-j,_ plane oxygens surrounding Mn.

ported in the figure has a corresponding atom in the cell with anti-
aligned spin, i.e., with up and down components of DOS ex- Since the experimental findings suggest that this system is
changed. an insulator, the presence of some DO& atmust be attrib-
uted to the usual inadequacy of the LSDA to describe the
atEg, to whichd,, andd,2 2 orbitals from Mn andp, and  magnetic perovskites as insulators. The source of error favor-
p, orbitals from G contribute. Notice that these orbitals all ing a metallic ground state is primarily the insufficient spin
lie in the hexagonal plane. splitting of the Mnd-state manifold and also a slight overes-
The mainly planar distribution of the charge density istimation of the hybridization betweet, andd,:-,2 orbitals
also evident from the band energies shown in Fig. 8. Theind Q, p, andp, orbitals.(Indeed in Ref. 41 it is shown that
bands are calculated within thé,(k,,0) plane of the Bril-  the introduction of an Hubbard correctibh=8 eV onto the
louin zone(left pane), and alongk = [0 0k.] (right pane).  Mn d bands opens a gap 1.5 eV and decreases the in-
(Note that up and down bands are degenerate in the AFMjane Op—Mn d hybridization) In terms of calculating the
phase). Only one band CVOSSGEF atk,=0, and its orbital  ferroelectric properties, the metallic character found in the
character is a mix oﬂT andd y2 states from Mn anqu LSDA calculations is obviously annoying, since the metallic-

and py states from @. The band energles are extremely flat ity destroys the possibility of sustaining a spontaneous elec-

along[0001], as is typical for strongly layered compounds. tric polarization. For this reason we cannot report here a
study of structural stability of the ferroelectric phase. How-

ever, we emphasize that, even if the energy gap is not prop-
erly described, the LSDA is generally accurate in calculating
] magnetic moments, orbital occupation numbers, and atomic
] charges of magnetic perovskites so that our arguments based
soseneeny on these quantities are still valid.
rerenn] A useful perspective of the charge distribution is also
A given by the isosurfaces of the charge and spin density. In
] Fig. 9 the top view onto th€D00)) layer of a charge isosur-
face is shown. To better distinguish the orbital shapes, the
isosurfaces are not extracted from the total charge but only
from the charge of the states whose energy is withih eV
from Eg . A triangular shape of charge around Mn is visible,
with the O charge superimposed, surrounded by the almost
spherical charge of the threepo(nheighbors. Since the Mn
DOS is completely spin polarized in the region just below
Er, the charge isosurface surrounding Mn is also a magne-
tization isosurface. In Fig. 10 a three-dimensional view of a
magnetization isosurfadglue to states within-2 eV from

FIG. 8. Band energies of the paraelectric AFM YMnG@he left  Eg) is shown. Light and dark sections distinguish spin-up
panel shows results for th&,=0 hexagonal plandie., Q and spin-down densitiesi.e., isosurfaces with opposite
=/a(0,2/3¥2,0),P=m/a(1,1/3"20)=T1]; the right panel shows signg. We can clearly see the oxygen cage surrounding Mn,
the band energies calculated aldrggok,]. whereas no charge is visible for Y. The magnetization is dis-
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FIG. 11. Orbital-resolved DOS for single Mn and O in hexago-
C nal AFM YMnO,. The upper panel is for the paraelectric structure,
o — the lower for the structure with Mn and O displaced along the
—_— — axis, in the fashion of a ferroelectric distortion.

FIG. 10. Three-dimensional view of the magnetization isosur- From the DOS analysis, we see that the peculiar behavior
faces. Light and dark surfaces represent magnetizations with thef hexagonal YMnQ can be understood on the basis of or-
same magnitude but opposite sign, i.e., up and down spin densitiebital arrangement and crystal field splitting. Unlike the cubic
Only the charge of states lying within a small energy interval belowphase, where the partial occupation of #estates causes a
Er has been considered. Jahn-Teller distortion, in the hexagonal phase fdwarbitals

tributed more in plane than orthogonally, and a strong asymg‘;?] fglgigt?\?e?n?nlfgl?lr;énfr‘llIg)t'%r:pt)é'h;?]use’sﬂgﬁ Ik?ti)er:g%;)ation
metry between @ and G is also visible. The former has a y g 9 y

rather spherical charge distribution, whereas the latter sho ith the Cr p, orpnals, realizing thg same k'nd. of chemical
a prevalence op, andp, orbitals ehavior that drives the ferroelectricity in Ba®O
X y .

Analogous to our calculations for BaTiGand CaMnQ, However, in contrast to BaTipOwhere all thed states are
we now look at the sensitivity of the charge distribution to formally empty and able to contribute to hybridization
atomic displacements by moving Mn and O against eacl§hanges, in hexagonal YMnQve expect that the ferroelec-
other along directioi0001]. To make a consistent compari- tric displacement will only be energetically favored along
son with the results found for the other perovskites, the amt0001]. This observation leads us to suggest a generalized
plitude of the atomic displacements are taken equal to thoseriterion of directional * d%-ness”: in order for a chemical
of the other cases. The corresponding DOS is shown in Figenvironment to be favorable to ferroelectric distortions,dhe
11. For clarity, onlyd,, andd,2 (i.e., the orbitals not lying in  orbitalsin the direction of the electric polarizatiomust be
the hexagonal planere shown, since they are the most af-empty.
fected by the displacements. For these orbitals the change of We emphasize that this chemical environment favorable
DOS upon distortion is very evident and is similar to thatto the electric polarization along theaxis is only realized in
observed in BaTi@ The d states are shifted downward in the spin-polarized phase, and not in the nonmagnetic hexago-
energy by~2 eV and strongly hybridized with the{Op  nal phase. In other words, in hexagonal YMn&e spin
states that are localized in-al-eV-wide energy region. The polarization not only does not prevent, but is actually neces-
dominant hybridizations are the same as those found isary to enable the ferroelectricity. Also, notice that the tran-
BaTiO;: the displacements enhance thdo hybridization  sition from the AFM to the paramagnetic phase abdye
involving d,2 and G p, orbitals and the pd hybridization =80 K (i.e., well below the critical temperature of the ferro-
betweend,,,d,,, and G p, andp, orbitals. electric phasedoes not invalidate our argument, since it is

We do not find substantial changes in the occupation numthe local spin-polarization of M that matters, indepen-
bers ofd and p orbitals upon distortion. This might suggest dently of the actual presen¢er absencgof long-range spin
that there is not an interatomic charge transfer, but this conerdering.
clusion may be debated. Indeed, the DOS in the cen- At this stage of the investigation we cannot affirm that the
trosymmetric structure is quite broadened into a large chemical activity of Mnd,2 and G- p, orbitals alone is suf-
(~6 eV) energy range, indicating that the correspondingficient to explain the spontaneous polarizatidffo confirm
charge density is largely scattered into the interstitial regionsthis, a study of the properties of the ferroelectric phase
Upon distortion, instead, it becomes much more localized (which is inaccessible in the LSDAwill be necessary? It
energy and spageand thus it can be more properly recog- will be particularly important to evaluate the BEC. We are
nized as charge sited on;O not aware of any existing experimental or theoretical deter-
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mination. However, we might expect anomalous values orure: in the hexagonal perovskites the crystal field of the
Mn and G- in the direction of the proposed ferroelectric spin-polarized phase causes an ordering that leaves the high
distortion. energyd,2 orbital mostly unoccupied and available for hy-
bridization changes wittp, orbital of the on-top oxygen.
IV. CONCLUSIONS Thus, a single, empty] orbital in a favorable energy range

] _ ] . _ for hybridization with oxygen may be sufficient to induce a
~Inthis paper we have investigated three perovskite oxidegtrong tendency towards ferroelectric distortion polarized in
in order to understand under which conditions the rare coeXne direction of this orbita(directional “d®-ness?.
istence of magnetic and ferroelectric orderings can take pgte that, despite the presence of the samé&Maon, the

place. ) ) physics of orthorhombic and hexagonal YMn@® very dif-
_The comparison of BaTipand CaMnQ showed relevant  farent, due to the different crystal field. In the former struc-
differences in DOS and sensitivity of orbital hybridization to {,re the M3 ion has partially occupied, states. This cre-
ferroelectric displacements. In BaTj@ ferroelectric distor-  ates an instability relieved by Jahn-Teller distortion and the
tion causes a strong enhancemenpdbr and pdz hybrid-  grgering of Mn orbitals on thé001) plane. Both Jahn-Teller
izations involving those Td orbitals having a component anq orital ordering are unlikely to allow any ferroelectric
along the direction of the polarization axis. In CaMpO gistortion, since they favor structural configurations that
however, the DOS and orbital occupation numbers argeep Mn and O aligned on the same plane.
mostly unaffected by the same displacements, in spite of the Finaly, the role of the fillec orbitals can be very impor-
fact that thep-d hybridization is stronger in CaMnhanin - tant_ It is intuitive that in CaMn@the filled, corelike Mnd
BaTiO;. Thus, our results indicate that ferroelectric d|stor—t£ orbitals furnish a robust counteraction to off-center dis-
tions are likely driven by stronghangesof hybridization to%tions, since they do not participate in hybridization
upon atomic displacement, whereas a strong hybridization i%hanges with oxygens. In other words, they cannot be desta-
in itself, not a sufficient condition to expect ferroelectricity. i;i-ed since their electron charge tends to remain cen-
On the other hand, perhaps unexpectedly, the BEC'S ifyqsymmetrically distributed upon distortion. In contrast, in
CaMnO; are found to be as anomalous as those in BaTIO heyaqonal YMnG, the opposition of the four filled orbitals
To our knowledge, this is the first report of a highly anoma-(mainly laying in thex-y plane to ferroelectric distortions

lous BEC for a magnetic perovskite. This result stresses th long thec axis is arguably weaker, since YMR@ less stiff
effective charges and static charges provide quite indepe'?;flong thec axis than in thex-y plan’e

dent information, and indicates that the BEC anomaly may Of course. much work still needs to be done in order to

be a common feature of the whole perovskite family, ratherreach a complete understanding of ferroelectric and magnetic
than just .O.f the ferroe!ectrlc_ compounds. . coexistence. A fundamental aspect is related to a method-
. In addition, th_e optlgal dielectric constant is ml_mh If’j‘rgerological advancement. It is indeed necessary to set feasible
in CaMnQ, than in BaTiQ. Alarger electron Screening gives gopemes capable of correcting the major deficiencies of the
a smaller tendency towards spontaneous electric polarizabil-gpa and accessing in a reliable way the full range of both
ity, and also affects the spll-ttmg of Iongltgdlqal and trans-ferroelectric propertiesincluding spontaneous polarization,
verse phonon modes &t. Since the longitudinal charges EC, and piezoelectric tengoand magnetic propertieén-
contain the screening information, they may be better indi'cluding noncollinearity and spin-orbit interaction
cators of ferroelectric instability than the BEC.

Our comparative study of BaTiOand CaMnQ suggests
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