Ferroelectric properties of M-type hexaferrites

Hexaferrites and their solid solutions attract a
lot of attention due to their outstanding physical
properties. Relatively high values of the Curie tem-
perature and resistivity characterize barium hexa-
ferrite as an N-type semiconductor with stability
over a wide temperature range. As a rule, the hexag-
onal crystal structure of BaFe;;,0; is described with
a nonpolar centrosymmetric space group (SG)
P6s/mmc. Its complex unit cell contains two formula
units (Z = 2) and is characterized by significant crys-
talline and magnetic anisotropy (Fig. 1).

The discovery of ferroelectric properties (see
Fig. 2a) coexisting with ferrimagnetic ordering in M-
type hexaferrites contradicts the presence of an in-
version center in their structure and allows these

Fig. 1

Representation of the crystal struc-

ture of BaFe;,O, in the framework of Fe2(de) Fez(2b)
centrosymmetric P6;/mmc and non-

centrosymmetric P6smc space

Qo
03 4 0.
groups. 1'}' ’% X"PT
o1 o1

o1
o1

Puc. 1

o1 o1 o1
CxeMaTuuecKoe npeacTaBneHmne Kpu- p 55! 1
CTannuueckom CTpyKTypbl BaFe,,0:9 T ) 03, 1
B pamKax LIeHTPOCUMMETPUYHON : ]

o1 o1 o1

P6s/mmc 1 HeLleHTPOCMMETPUYHON

P63mc NpOCTPaHCTBEHHDBIX FPYN.
P=0

Fe2 (de)
«

materials to be characterized as promising multifer-
roics that can be used for nonvolatile memory at
room temperature based on nonlinear magneto-
electric effects. Attempts to revise the symmetry of
both barium and strontium hexaferrites have been
carried out in Ref. [1, 2], where M-type hexaferrite
structure was investigated using X-ray and neutron
diffraction (see Fig. 2b) and described in the frame-
work of polar non-centrosymmetric SG P6smc (see
Fig. 1b). It should be noted that the lattice parame-
ters have similar values for both SG unit cells. This
means that the main difference between them
should be associated with the local displacement of
the ions that form the unit cell.

The displacement of Fe ions from the local cen-
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CerHeToafieKTpuyeckme CBoOMCTBa

B rekcadgpepputax M-tuna

lekcadeppuTbl 1 UX TBEpAblE PAaCTBOPLI NPU-
BrieKatoT 00sbLIOE BHMMaHMe 6iarofaps CBOUM Bbl-
Jaowmmcs ¢prsndyeckm ceoncTeam. OTHOCUTENbHO
BbICOKME 3HauYeHns Temnepatypbl Kiopu v yaenb-
HOrO COMPOTMBNEHUA XapaKTepu3ytoT rekcadpepput
6apusa Kak CTabWbHbIN B LUMPOKOM AMana3oHe
Temnepatyp nonynposogHuK N-tuna. Kak npasuno,
KpucTannuyeckyto cTpyktypy BaFe;;0,5 onucbiBatoT
B paMKax HEMOMAPHOWM LIEHTPOCUMMETPUYHON NPOo-
CTPaHCTBEHHOW rpynnbl Np. rp. P6s/mmc. Ero cnox-
Has 3fIeMeHTapHanA AYeliKa COREPXKUT ABe GopMyIib-
Hble eauHMLbl (Z = 2) N XapaKTepu3lyeTca 3Hauu-
TENbHOW KPUCTAN/INYECKON Y MarHUTHOW aHU30-
Tponwuen (puc. 1a).

OfHako, ObHapyXeHMe cerHeToaNeKTpuye-
CKUX CBOMCTB (CM. pUC. 2), cocyLecTByoWwmx ¢ dep-
PVYMarHUTHbIM ynopsagovyeHnem B rekcadpepputax

M-Tuna, NPOTMBOPEUNT HANTNYUMIO LIEHTPA NHBEPCUM
B UX CTPYKTYPE 1 MO3BOJIAET OXapPaAKTEPM30BaTh 3TM
MaTepuranbl Kak NepcnekTnBHble MynbTUdeppPorKY,
KOTOpble MOryT 6bITb NCMONb30BaHbl B KauecTBe
SHEeproHe3aBUCMMON NAMATU MPY KOMHATHOW TeM-
nepaTtype Ha OCHOBE HeNIMHENHbIX MarHUTO3neK-
Tpuuecknx adpdeKkToB. [MonNbITKM NepecmoTpa CUM-
MeTPUN Kak GapuesbIx, Tak U CTPOHLMEBDIX rekca-
beppurToB 6bINN NPeanpUHATLI B [1, 2], rae CTpyK-
Typa rekcadpepputa M-Tuna nccnegosanacb MeTo-
[IOM PEHTreHOBCKOW 1 HENTPOHHON AndpakLmn
(cMm. purc. 2a) 1 onuncaHa B paMKax NMonspHON He-
LeHTPOCUMMETPUYHON Np. rp. P6:mc (cm. puc. 16).
CnepyeT OTMETUTb, UTO MapaMeTPbl PeLleTKM UMEeIoT
6/11M3KMe 3HAYEHUSA ANA AeMeHTapPHbIX AYeeK obe-
UX Np. rp. OTO 03HaYaeT, YTO OCHOBHOE pasnuyve
MeXAY HUMMN JOJIKHO 3aKoYaTbCA B JTIOKaNbHOM

[1] Turchenko V., et al. Journal of Alloys and Compounds, V.931. (2023). DOI: 10.1016/j.jallcom.2022.167433

ters of their oxygen environment should lead to the
appearance of distortions of oxygen polyhedra [2].
The main difference between a non-centrosymmet-
ric unit cell and a centrosymmetric one may be due
to the unequal distortion of neighboring oxygen
polyhedra and the possibility of displacement of
iron ions localized in trigonal bipyramidal polyhedra
in one direction.

The polarization difference AP between the
polar and nonpolar phases was calculated using the
continuous adiabatic transformation assumption,
which involves scaling the internal strain with the
order parameter n (0 < n < 1). Since the polarization
of the centrosymmetric structure P6/mmc vanishes
due to symmetry, AP coincides with the remnant
polarization of the nonpolar phase. We get the in-

crement AP = 0.9 uCcm? for each step An, which is
very close to 1/4 of the full value. It is necessary to
note that the transition path has no effect on the
final result. The evolution of the electric polarization
obtained by us is shown in Fig. 2c. Figure 2d allows
us to estimate the value of the energy barrier of the
system during the transition from the polar SG
P6smc configuration to the nonpolar SG P6s/mmc
configuration. The total energy of the unit cell of SG
P6smc is less = 0.04 eV/f.u. compared to that of the
nonpolar SG P6s/mmc cell. It should be noted that
for simpler multiferroic systems, PbTiO; and PbZrO;,
in which all atoms shift along the polarization direc-
tion, the energy barrier achieves values of 0.05 and
0.2 eV/f.u,, respectively.

Fig. 2. Ferroelectric hysteresis loops (a); neutron powder diffraction pattern (b) measured in experiment for BaFe;,Oso;
electric polarization (c) and energy difference (d) calculated for transition from polar SG P6;mc to nonpolar SG

P6s/mmc structure of BaFe;;05e.
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Puc. 2. CerHetoanekTpuuyeckune neTnuv ructepesunca (a) u nopoLlKoBas HelnTpoHorpamma (b) nsmepeHHble SKCnepuMeH-
TanbHo Ans BaFe;,0;o; 2neKTpuueckas nonapusaumsa (c) 1 pasHoCTb sHepruii (d), paccumTaHHas ans nepexona ot
NoNAPHON CTPYKTYPbl P63mMc K HenonAapHon P6s/mmc ana BaFe,04q.

CMeLleHNN VMOHOB, 06pasyloLWmnX dneMeHTapHYIo
AYENKY.

BbiTecHeHMne nOHOB Fe 13 noKanbHbIX LLEHTPOB
NX KNCITOPOAHOIO OKPY>KEHUA AOMKHO MPUBOANTD
K BO3HUKHOBEHWIO NCKaXEeHWU KNCNIOPOAHbIX NONK-
38poB [2]. OCHOBHOE OTINYME HEeLEeHTPOCMMET-
PVYHON 3NIeMeHTapHOM AYENKM OT LLeHTPOCUMMET-
PUYHOM MOXET 6bITb CBA3AHO C HEIKBUBANEHTHbIM
NCKaKeHneM COCefHMX KMCIIOPOAHbIX NOAN3APOB
1 BO3MOXKHOCTbIO CMELLEHMA MOHOB XeJle3a, JIoKa-
NN30BaHHbIX B TPUrOHaNIbHO-OUNUPaMULanbHbIX
nonusgpax, B OAHOM HanpasaeHnN.

Pa3sHocTb nonAapmsaumin AP mexkgy nonAapHom
1 HenonApHoW Gpazamm paccumTanu C NCNosib30Ba-
HVeM NPeANOoNoXeHWA O HenpepbiBHOM agnabaTu-
yeckoMm npeobpazoBaHUM, KOTOPOE BKIOYAET Mac-
wrabrpoBaHue BHyTpeHHel aepopmauun ¢ napa-
meTpoM nopagka n (0 < n < 1). MNockonbKy nonsapu-
3aUuMA LEHTPOCMMMETPUYHON CTPYKTYpPbI P6s/mmc

no CMMMeTpUK obpallaeTcsa B Hynb, AP coBnagaet
C OCTaTOYHOW NonsApm3aunein HenonApHon dassbl.
MonyyeHHoe npupaweHne AP = 0.9 mkKn/cm2 gna
KaXkgoro wara An okasbiBaeTcs 6nm3ko K 1/4 ot
MOSIHOro 3HayeHua. HeobxoauMMo OTMETUTb, YTO
NyTb NepexoAa He BAAET Ha KOHEYHbIN pe3ysbTart.
DBOMIOLMA NONYYEHHON HaMU SNEKTPMUYECKOM Mo-
nApr3aLmnmn nokasaHa Ha puc. 2c. PucyHok 2d nos-
BONAET OLEHWUTb BENUYMHY SHEPreTM4yeckoro
6apbepa CMCTeMbI Ha MYTU Nepexofa OT NoNAPHON
KOHOUrypauum np. rp. P63smc K HenosApHOMN KOH-
burypaumm np. rp. P6s/mmc. NonHas aHeprus sne-
MeHTapHoOW AYenkn (P6:mc) meHblue = 0.04 3B/d.e.
Mo CPaBHEHWIO C HeNoAApPHOW AaYernkon (P6s/mmc).
CnepyeT OTMETUTb, UTO A 6osiee NPOCTbIX CUCTEM
mynbTudepporkos PbTiOs 1 PbZrO;, B kKoTopbix BCe
aTOMbl CMELLAIOTCA BAONb HanpaBneHna nonapusa-
Lun, SHepreTnyeckmin bapbep LOCTUraeT 3HaUEHUI
0.05 1 0.2 3B/¢.e., cOOTBETCTBEHHO.
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