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The appearance possibility of spontaneous electric moment P (ferroelectricity) in the
antiferromagnetic dielectric state of doped La,_,Ca,MnO; manganites is discussed. The
tight-binding method and the double-exchange Hamiltonian with infinite on-site Hund
interaction are used to calculate the spectrum of e, electrons in manganites for various
magnetic structures composed of ferromagnetic zigzag spin chains that include two to
eight spins per one-dimensional unit cell. The carrier concentration x values are found at
which the band insulator state can arise in antiferromagnetic La,_,Ca,MnO; manganites
containing the above chains. In addition to the known spectra of (1x1) and (2x2) chains,
the spectrum of a (3x3) zigzag chain is obtained for the first time. A three-dimensional
unit cell including this type of chains and comprising 24 manganese atoms permits a
correct qualitative description of the atomic and magnetic structures in the La,;;Ca,sMnO4
manganite. In this magnetic structure (as in the E-phase), the gigantic spontaneous
polarization P may arise due to the additional displacement of oxide ions belonging to
ferromagnetic chains.

OOcy:xnaeTcss BOSMOYKHOCTD ITOSABJIEHUS CIOHTAHHOTO 9JIEKTPUUecKoro MomeHTa P (cerue-
TO9JIEKTPUUECTBA) B aHTU(PEPPOMATHUTHOM [IUIJIEKTPUUECKOM COCTOSHUU JIeTUPOBAHHBIX
MaHTaHUTOB La1_XCaXMnO3. IIpubiuixenre CUJIbHOI CBSABU W ABOMHON OOMEHHBIN raMUJIBLTO-
HUaH ¢ OeCKOHEYHO CHUJBHBEIM COOCTBEHHBIM B3amMoOJelicTBHEM XyHIAa HPUMEHAIOTCA IJId
pacueTa CIIEKTDA €,-9IeKTPOHOB B MaHTaHUTAaX JJIf PABIUYHBIX MATHUTHBEIX CTPYKTYP, COCTO-
AMUX 13 (PepPOMATHUTHBIX BSUT3arooOpasHBIX CIUHOBHIX IeNel, BKJIIUYAIIINX OT ABYX MO
BOCBMU CIIMHOB Ha OJHY OJHOMEDPHYIO 3JieMeHTapHyio fdueiiky. HaiimeHbl 3HaueHUs KOHIIEHT-
panuy HOCHTeNedl X, IPM KOTOPhIX B aHTH(eppoMarHuTHbIX MaHramumrax La, ,Ca,MnOg,
COJepiKaIUX BBIIIEYIIOMAHYTHIE IIeIIH, MOYKET BOSHHKATL 30HHOE HUB0JIUPYIOIee COCTOSHUE.
B momosnenne K wusBecTHBIM crekTpam memei (1x1) m (2x2) BuepBble IOJYYEH CIEKTD IJIs
surasaroobpasuoii menu (3x3). TpexmepHas sieMeHTapHad fAUeiiKa, BKJIOYAIOMAS STOT THUIL
nemeil u comepskaiiaag 24 aToma MapraHiia, IIO3BOJISET KOPPEKTHO KAaUeCTBEHHO OIMCATL ATOM-
HBlIe M MarHUTHEBIE CTPYKTYPHI B MaHranuTe La,3Ca,3MnO;. B aTolt MarHuTHOR CTPYKType (Kak
u B E-(ase) MOKeT BOBHUKATH TMTAHTCKAsd CIOHTAHHAA MOJAPUI3AnuA P Kak cjeACcTBUE JOIOJ-
HUTEJHHOTO CMEIIeHU OKCUIHBIX MOHOB, IPUHANIEKAIINX (DEPPOMATHUTHLIM IIeIAM.

1. Introduction

One remarkable property of doped
perovskite manganites R,A;_,MnO5; (R = La,
Pr, Nd, Sm; A = Ca, Sr, Ba) is the rich vari-
ety of magnetic structures occurring
therein. Depending on the chemical compo-
sition and doping level, these compounds
can either be ferromagnetic (FM) or have
different types of antiferromagnetic (AFM)
ordering. In addition to simple AFM struc-
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tures of the G, A and C types, more complex
zigzag structures are possible. The most
known example is the CE structure found in
numerous manganites at half-doping. This
structure was predicted theoretically in [1]
and experimentally observed first in
Lag sCag sMnO5 [2] and then in several other
compounds. In the CE structure, the mag-
netic moments of Mn ions form zigzag FM
chains that show an in-plane AFM order. In
the normal direction, FM chains are trans-
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lated with spins alternating AFM. The unit
cell of the CE structure contains 16 Mn atoms.
In [3, 4], the electron spectra E(k) of the CE
structure were calculated theoretically within
the double exchange model in the approxima-
tion of infinitely strong Hund interaction be-
tween e, and ¢, electrons, which prohibits
hopping of the electrons between chains.
Therefore, the calculation of the spec-
trum for the three-dimensional (3D) struc-
ture is reduced to calculating the spectrum
of a 1D zigzag chain with four atoms in its
1D unit cell. The calculations have shown
that the manganites possessing the CE
structure are band insulators, i.e., the low-
est two bands in which two electrons can be
located are separated from other bands by
an energy gap. In the CE structure, these
bands are fully occupied and the compound
is a band insulator. Similar calculations of
the spectrum for a 1D zigzag chain with
two atoms in its 1D unit cell performed in
[6] predicted a new E-type of insulating
AFM structure, which was found experi-
mentally in HoMnO; [6]. This magnetic
structure is very interesting because upon
simultaneous consideration of double ex-
change and deformation of oxygen octahe-
drons, a gigantic spontaneous polarization P
is possible therein due to additional dis-
placement of oxide ions which belonging to
ferromagnetic chain [7]. In contrast to the
most extensively theoretically studied case
of spiral magnetism [8-10], the mechanism
responsible for ferroelectricity in the mag-
netically ordered phase does not rely on the
presence of anisotropic Dzyaloshinskii-
Moriya interaction. In our case, P appears
due to a gain in the band energy of > elec-
trons. The model proposed explains qualita-
tively the ferroelectricity (FE) in the E-
phase of undoped (x = 0) orthorhombic
manganites (HOMnO3 and others). Since this
model is based on the existence of zigzag
chains, extremely interesting becomes the
task to search for doped manganites which
consist of the stepped ferromagnetic chains
and allow the arise of a spontaneous electric
moment. It is to note that for CE structure,
the polarization of 2D unit cells within the
framework of this model becomes zero.

2. Hamiltonian

As an effective Hamiltonian, we take the
Hamiltonian of the double exchange model,
which, in the case of one-dimensional FM
chains of ¢,, electron spins localized on Mn
ions and infinitely large Hund interaction,
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reduces to the Hamiltonian of the tight
binding model:

H = z 8iocdiDocdioc + z t?jﬁdimocdiﬁ‘ (1)
iao ijop

Here, the indices o and  enumerate e,
atomic orbitals; the indices i and j specify
Mn ions; and d]Da and dj(x are the formation

and annihilation operators, respectively, for
an e, electron in the state o at the site j
with spin directed along the localized spins
(spin up). The energy of the > orbital with
spin up is taken as the zero energy (g;, = 0).
The oxygen atoms are located between man-
ganese ions in the chains, and the effective
hopping integrals between the local ey Spi-
nor components of adjacent Mn ions are ex-
pressed in terms of the hopping integral
between the Mn e, orbital and the p orbital
of the nearest neighboring oxygen ion (the
Slater-Koster parameter V,;;) calculated in
second-order perturbation theory [11]. Hop-
ping of electrons between the AFM aligned
chains is forbidden in the approximation of
infinitely strong Hund interaction. We con-
sider the case where the e, level is degener-
ate. This case poses the most difficult prob-
lems in obtaining a gap in the spectrum.

3. Electron spectrum of zigzag
ferromagnetic chains

In the case of a simple square lattice
with lattice constant ay, zigzag chains will
be designated as (nlxmlxn2xm2x..., where
nl, n2, ... are the numbers of links in the
first, second, and subsequent steps along
the x axis, respectively; and m1, m2, ... are
similar numbers along the y axis.

In [11], we have calculated the electron
spectrum of ferromagnetic zigzag chains,
which corresponds to the spectrum of three-
dimensional AFM structures in the approxi-
mation of infinitely strong on-site Hund in-
teraction. By studying various zigzag chains,
we have concluded that energy gaps always
arise in the 1D spectra of e, electrons and
cause the appearance of the insulating state
in the corresponding three-dimensional AFM
structures at certain values of the electron
concentration x. In addition to the known
spectra of the (1x1) and (2x2) chains (E and
CE structures), we have calculated for the
first time the spectrum of the (8x3) zigzag
chain. The 2D unit cells of magnetic struc-
tures corresponding to (3x3), (2x1x1x2), and
(5x1) chains contain 12 atoms. The electron
spectra of this type structures have never
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Fig. 1. Magnetic structure consisting of (3x3)
zigzag FM chains with (1) 6 atoms per 1D
unit cell and (2) 12 atoms per 2D unit cell.
This type of magnetic 2D unit cell was ob-
served in neutron studies of Lay,;Ca,,MnO;.

been calculated previously. Fig. 1 shows a
magnetic structure consisting of =zigzag
(3x3) FM chains with six atoms per 1D unit
cell. The dash-dot line shows a 2D unit cell
containing 12 atoms. The corresponding 3D
unit cell is (3axbx2c¢) in size, where a = ¢ =
02ay and b = 2a.

The spectrum E(E) can be calculated nu-
merically from the secular equation

E12 — 5E10 + 10.5E8 —
— ES[10 + cos(kyag)/2] + 9E4/16 =
=0 (kg =3(k, + k),

and then we find the density of states p(E)
shown in Fig. 2. The two lower bands and
the two upper bands are doubly degenerate,
therefore, a magnetic structure consisting

of (8x3) chains is an insulator for x =1/3
and 2/3. This type of (canted) magnetic 2D
(3D) unit cell was observed in neutron stud-
ies of La1/3Ca2/3|\/|nO3 insulator [12].

The (3x3) chain has the lowest energy at
x = 2/3 among all zigzag chains with six
atoms per unit cell, and the corresponding
3D 24-atom unit cell provides a correct
qualitative description of the magnetic
structure of Lay;3CaysMnO; doped mangan-
ite. Further theoretical magnetic structure
refinement of this compound is possible
within the approach suggested in [13]. Our
investigation of the spectrum dependence on
the chain geometry has shown that the en-
ergy reaches a minimum for the most sym-
metric chains like (2x2), (8x3), and so on,
where the 3D unit cells have a minimum size.
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Fig. 2. Density of states for the (3x3) chain.

4. Ferroelectricity in the AF
dielectric state of the doped
manganites

Of the greatest interest are the calcula-
tion results of the magnetic structure which
consists of one-dimensional symmetrical FM
zigzag (3x3) chains, since upon simultane-
ous consideration of double exchange and
deformation of oxygen octahedrons in this
magnetic structure (as in the E-phase) the
ferroelectricity (gigantic spontaneous po-
larization P) is possible due to the addi-
tional displacement of oxide ions that be-
long to ferromagnetic chain.

The buckling (GdFeO; type) distortion
present in the orthorhombic perovskites
plays a crucial role in ferroelectricity gener-
ating in our new magnetic phase. The buck-
ling reduces effectively the Hamiltonian
symmetry although it is still invariant with
respect to the inversion symmetry centers
located at each Mn site. The FE polarization
emerges only due to the spontaneous sym-
metry violation caused by the magnetic
order (E-phase). For CE structure, the po-
larization of 2D unit cells becomes zero.
However, for the magnetic structure based
on (3x3) chains, the spontaneous polariza-
tion vector P is again different from zero
(Fig. 8). Assuming that displacement of
oxide ions here remains unchanged in com-
parison with E-structure, it is easy to show
that P(3x3) = P(1x1)/8 and for the mangan-
ite La1/3C32/3MnO3, P=0.2- 4uC/cm2. For
the magnetic structure on the basis of (4x4)
chains, of the spontaneous polarization vec-
tor P becomes zero again.

The three-dimensional magnetic struc-
tures based on the less symmetrical mag-
netic structures with the same number of
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ably that of magnetic structure based on

Sy

mmetrical chain (8x3). The latter asser-

tion relates also to the magnetic structures
on the basis of chains with the odd number

N of atoms in 1D unit cell.
o LKA
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CersHeroeJIeKTpUKaA y JIeTOBAaHUX MaHTaHiTax

C.M./lynaeécvruil

OOroBopOETHCH MOJKJIMUBICTHL IIOSABM CIIOHTAHHOI'O €JIEKTPUYHOro mMomeHTy P (cermero-
€JIeKTPUKU) B aHTH(QEPOMArHiTHOMY [gieJIeKTPUMYHOMY CTaHI JeropaHmx MAaHraHiris
La,,CaMnO;. HabmmxeHHA cuIbHOTO 3B’A3KYy Ta HOABifiHMiI oOMimHMII raminpromiam 3
HECKIHUEHHO CHUJILHOIO BJIACHOIO B3a€EMOIi€i0 XyH/Ia 3aCTOCOBYIOTHCS IJIsI OOUMCICHHS CIIEKT-
pa eg—eJIeRTpOHiB y MaHraHiTax s pPisHMX MArHIiTHHX CTPYKTYP, AKi CKaagamoTbcsa 3 epo-
MArHiTHHUX 3UI3aromnofi0HMX CIIIHOBHX JAHIIIOIiB, AKi BKJIIOUAIOTH BiJ ZBOX 10 BOCHBMU CIIiHiIB
Ha OJHY OJHOBUMIPHY eJeMeHTapHy KOMipKy. 3HalifeHO 3HAUYeHHS KOHIeHTpaliii HociiB x,
mpu AKWX B aHTH(epomarmiTHmx manramitax La, ,Ca,MnOj, mo micraTe Bumesrazanmi jgan-
IOTU, MOKe BUHUKATH 30HHUU isojioBalbHUU cTaH. Ha momaTok Ao BifoMUX CIEKTpPiB
gaHIoris (1x1) ta (2x2), Buepie omep:KaHO CIEKTP IJIA 3UraaromnoxidHoro JaHiora (3x3).
TpusumipHa elemMeHTapHA KOMipKa, SKa BKJOUYAE I TUII JAHIIOrB Ta micturh 24 aromMu
MapraHifio, J03BOJISE KOPEKTHO SKiCHO OmMcaTH aTOMHI Ta MAarHUTHI CTPYKTYypH y MaHrauiri
La,;3Ca,3MnO,. ¥V milt marmiTHiE cTpykTypi (K i B E-(asi) Moxe BMHMKATH TiraHTCBKa
CIIOHTaHHA TMoJiApu3arnisa P AK HacJIiIoK ZOZaTKOBOTO 3MiIlleHHSA OKCHUIHUX iOHIB, AKi Hale-
JKaTh A0 (pepoMarHiTHUX JAHIIOTiB.
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