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Ferroelectricity from iron valence ordering in the
charge-frustrated system LuFe;0,4

Naashi Ikeda leuyukl Ohsuml Kenji Ohwada Kenji Ishii’ : Tashiya Inami’ . Kazuhisa Kakurai®, i
Yaouichi Murakami®, I(enJIYushh Shigen Mori”, Yaoichl Horibe™ & Hijirl Kitd"”

Ferroelectric nuaterials are widely nsed in madem electric devices
suich as memory elernents, filtering devices and high-performmice
insukbators. Ferroelectric crystals bave a spontanecus electric
pokartzation arising from the coheret arrangement of electric
dipoles! (specifically, a polar displacement of andons and cations).
First-principles caleulations™ and electron densty analysis' of
ferroelectric materials have revealed that the covalent bond
hetween the anions and ations, or the orbital hybridiztion of
du:lrlmlmbudnnux.p'm:kzyrd: in edablishing the dipolar
arrangemend. However, an ive model —electronic lerro-
electricity’—has been pro in whu:h the eleciric dipole
depends on eleciron correlations, rather than the covalency.
This would offer the attractive possibility of ferraelectric
materials that coubd he controlled by the charge, spin and arbital
degrees af freedam of the dlectron, Here we repart experimental
evidenoe for ferroclectricity arising from electron correlations
in the triamgular mixed valence oxide, LuFe,0,. Using resonant
X-ray scattering measurements, we determine the ordering of the
Fe™* and Fe'" fous. They form a superstructure that supporis an
elevtrie polarization conslsting of distributed electrons of polar
symmetry. The polar ordering arises from the repulsive property

ol electrons—electron correlations —acting on a frostrated

Lry.

tlisced valence material LuFe, 03, i a member of the BFe, 0, fmily,
where | are rare-earth elements from Dy to Lu and ¥ {ref 61 The
crystal structure consists of the alternate stacking of triangular
lattices af mare-carth clements, iron and oxygen. An aqual ameount
of Fe'™ and Fe'" enexists at the same site in the triangular lattice.
Compared with the sverage ronvalence of Te** ", Fe'* and Fe' " are
ennsidered ax having an excess and a deficiency of half an clectrom,
respectively. The coulombic preferance for pairing of ‘oppositely’
siggned chiarges (Fe' " and Fe'* ) is considered o cause the degeneracy
in the loveest energy for the charge configuration in the triangalar
lattice, similady 1o the tiangular antifermomagnetic fsing pins,
Thus, RF0, s considered o be a charge-frasraced svatem of
triangular lattices,

T;'lk.ll'lglnnu.‘n:drll.lmﬂl.\. du:g frustration, 2 possible moded of e
superstructire of Fe' ™ and Fe'™ in BFe0, lus been |:mp¢-s..13 Tl
postulated charge superstrecture model i depacted i Fig. | for an
asdjacent mron tnangular layer { W-laver), The competing interactions
hetween frustrated charges ane settled by ths charge arangement,
similar o the stable configuration of Ising spins in triangular
lattice”, The supercell, which s called a /3 % /3 structy s.<'rhl3<\|.
by three times in the a-b plane along the {1 1 &
enresponding superstructure was defected by neutron diffraction.
The presence of Bragg, spots indexed as (w33 e+ 112}, where #
anad 1 are integers, was found belowr 330K, Above 330K, the spots

“Raanona 1951108e of g anced |

smeared out to a Beagg line, indexed as (/33 1), where I takes 2
continuous valie, whicls indicates the wansformation of the three-
dirensional (300 ordering into a teo-dimensional ene, Beow
250K, the spin corrdation develops 23 a fervimagnetic ordering”.

Intervestingly, the postalated clarge structure allows the presence
of 2 local electrical polarization, snce the centres of Fe*™ (oo
dlectron) and Fe'* {dectrom deficiency) div not commeide in the wt
cell of the sperstrocture, This indicates the possthility of faro-
lectmaly origmating from the dectrom density modulation wathout
adipele of 2 cton and anton pair. Therefore, RFe, O, 8 expected 1o
be a ferroelectric matenial, reflecting the comelated nature of the
elecirans, As we show beow, a large didectric dispersion has been
found in this material, inwhich the dectron fuctuation has a cenral
ok in the ferroelectric domain boundary motion, Also, polarization
switching in accordance with the exdtemal dlectric field lus been
reported, Though these facts suggested the existence of formodectri-
city, they were an insufficient basis on which to predict femro-
1.|'DC'II‘)CJ[I' hv thie crdered dectrons, becawse the superstructure of
Fe'* and Fe™* was estimated by nowtron diffeactionwliich is sensitive
tes attice distortion but mot to charge.

O=[13 1'%

Figure 1| The charge-ordering model of the dewble iran layer i

RFezDy The solid Bines sbow the chemical wnit el The dooed lines shiow
the charge superlaisice cell. The Fe lons n np]\cwrlnmllnl‘eruu indlzazed
with & barge oe a small cinde, respectively. Fe' ' and Fe™" are represented by
aipen and filled cirdes, resprotively. The inatian P is represented with
awhoet, blick srraw. A wave veclor () shamwing a charge wive is drswn with a
Tang, grey arrme
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Figure 3 | K-ray esergy of the super|attics e (18, 1/3,

5.5) of a LuFez04 single orystal. Diata have hesn correcied fos the
ahearpuion eifec. The peak and the minimum arise fram the inphase
compunent of the snnnalsus wtensic seatiering facor fer Fe' and Fe'7,

respectively

In arder i clanify the existence of the supersructure of Fe'" and
Fe'", we performed 2 resonant X-ray scattering (EXS) expeament,
which iz the most sensitive technique for detecting the charge
superstrscture™ *. The experiment on single crystal LuFe,Chy was
rrade with a four-cirdke diffractometer at beamdines BLOXBL and
BLIXNLU in SPring-f. A crystal sample grovn by the floating aone
el ting miethod was cut to orient the ¢ as pormal wo the sample
surfice, The intensity of & superlattice spot (a3 a5 i 4 05], where
o and mare integers, was recorded s @ function of the X-ray enengy
near the K-absorption edge of iron. The somple was cookad inoa
vefrigerator down to I8 K, which is far below the transition
TEmpPEranan.

A oypical vesult of the BRXS egeriment is duplayed in Fig. 2. The
absorplion effect was conected othe data. In the spectrum, 2
ramarm and 2 minamam at wouard 7002 ke and 7,020 ke and
a hm:k;u'c)’unﬂ independent of X-ray energy were found. The extrema
at 7113 keWand 7.1 20 ke arise from the in- p|:u.-9c'mm|x:uu.||l-:|rll1|.
anomalous atomic scattering factors of Fe'* and Fe'*, nespectively.
The enrresponding K-ahsorption edges for both inns were confirmed
h} Keray absomption near-edge structure measurements. for
TuCaFell, and TuFeGal,, which are isastructural tn RFe, 0, bat
contain enly Fe'* and Fe®", respectively

This result clearty indicates that the strocture factor of this super-
lattice point is contributed by the positive atomic scattering factor of
Fe** and the negative factor of Fe™, Therebore, we can comsdude that
thee structure factor at this B|.13,§ |'n|111 |'I.I‘ﬁ-15 Froom the *difference” of
atomic scattering factors for Fe **, This is evidence for the
formation of the long-range undmug nF Fe'* and Fe'* with the
x5 soracture, This superlattice reflection appears bdow 330,
wihich ndicates the devdoprment of three-dimensional change nrder-
g ar the ocourrence of 2 Verwey tamsiton. AL the same time,
spontaneous electric polarsmntion appears below 330 E- This corme
spondence shows that the charge ardering is an order parameter of
the dectne polarmtion.

W demorstrated polarization swatching in acoordance with the
external electric field detoctad by pyr-electric current ohsenations
of single-cryseal LuFe, Oy (ref. 13). In the experiment, rhr:.'\mpll'lm
coaled dim o 77 Kander an dectric field of =10kV cm™ ' along the
v ais, ard then the curvent fow from the sample was recorded wpon
heating without the clectric field The vesults showed thar the
directiom of current flow depended on the sign of the cooling electric
Fiehd helon 350 K, W estimatad the spontanerus polarization by the
integral af the curvent from te sample. Figure 3 shows the obitained
rermperatare depindience of the dlectric polanzation. A large decrease
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ocours 2% the temperature 18 mereased around 2508, which s the
magnetic fransition temperature, and at 330K at which the super
structure of Fe'" and Fe'* appears. This shws that TuFe,(), s a
polar substance that can be switched by an external electric feld, and
ihat the ferroelectricity is developed by the polar armangement of e
and Fe**,

The shoulder of the dectric polarization at the magnetic trarsition
termperature indicates the coupling of magnetization with dectric
polarization. In general, magnetic ordering handly affects dectric
polarization'. But the mechaniam described in du’s]cnu, podariza-
tien formed by the pelar arangement of Fe'™ and Fe**, may allow
such muplulg hecause the colwrent arsmgement ufﬁpms o ifen
Boms give vise tothe megnetization. AR present e lave pod imaest-
gated this phenomenon completay, but the sloolder suggests thar
e coherence bength of the dharge-ordered region or the polaration
domain = eomnmected b the deveopment of eschange coupling of
won spins. Though the details are not yet dear, this showlder
demomstrates 2 potential multifermic pr ty of ferroelectricity
caused hyevdu'la;rr:ieﬂmm. b5 :

Crncerning the fermidectric propertics of RFe,0), 2 dharcteristic
large dispersion had been ohserved for low frequency altermating,
current iac) diclectric comstants. These are sheim in Fig da for
TuFe, Ohy, The mespemae is the relaxation process oxpressad by Debype-
typee dispersion with the amplitude reaching 5,000, Large dielectric
dispersion with an amplitude of the order of 10° is also obserad in
the iso-structural family Erfe:0y (ref. 151, The diclectric dispersion
b & oo Featare witl te order—disonder type of ferrdectric
materizls, where motion of the ferrsdectric domain boundary gives.
rige oot dispersion, These similarities indicate the presence of the
ferrodectic domain and it bounsdary metion, giving rise to the
dispersion.

An analysis of the - requency dispersion suggests the origen of
this fermdectraty. Al given lemperature, 2 chameleristic respons:
frequency was found at a peak mothe frequency vanation of
the imaginary part of the dieleciric constant, &°. The tempera
ture vanation of the characteristic frequency oheys an Arhenius
relation:

F=Fpenp kT
swhere Fis the dharacteristic froquency, £T7is the thermal energ, 1, i
prefactorand 0 s the sctivation enevgy, Observationsof the Luke,
crystal alnng the c-axis are summarnized in Fig. 4b, wImL
Jo=28x 10" Hz and ) =020V For comparison, the valenee
fluctuztion frequencies of imn ions obained by Mbsshaer
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Figure 3 | Temperstare wariation of the electric polarization of
LuFez0s The plot is the integracion of a pyro-eleciric osrrent
mszasirement. The current faw fram the sample wis recorded on hearing
alver electric fickd cooling alonyg the ¢ axis. The direction of the elecric
pelarization depends an the directian of electric feld, which indscate that
LuFr(ly possrases macrasmpic dectric pelarization
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Figere & | The ac. dialeciric disparsion in an LuFeyOy pefyerysialline
sample. a, The in phase component of theae dickectric constanis measured
in the frequency range from 1 kB eo 1 BHz. Por the obervaion a1 kHz,
ihe didleciric conszani i= mare than 4000 ahove Z2UE. b, The temperature
wariation of the characteriseic Frequency af the didlsctnie dispersion. The
Arrthenius relation is indicated by a full kine. Thick vertical lines represents
the dron valence fluciiating requences meavared with Misshaies
apecirnscepy’”, Extrapolatizn shows thar the cleciron hopping an the iros
#an s the origin of the dispersinn

spectreseopy' are marked by thick vertical lines in this figare. The
extrapolation of the relation passes thmugh the valence fluctustion
frequency, indicating that the electron fluctaation of the iron ions
plavs o central role in the diclectric response and the motion of the
ferrpelectric dovmain boundary, This is consistent with the fact
that the polarization arises from the dectron ordering, The ferm-
electic dimain Mumi;‘n} et proceeds witls the exchangs of
ebectrons between Fe' and Fe' at the domain bowndain:

Tt experimental findings—switching of deoctric polurization
ard barge dieleotric constart—ane consistent with & eriterion for the
exigence of ferroelectricaty, The order parwmdr af the dectric
palarization 16 the ordering of Fe' and Fe'* in an amangement of
palar symmetry The didectric despersion shows 2 typical chamcter

of order—disorder type farodectne materials where the fermeectne
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donean boundary proceds with dectron eschange between Fe*
and Fe't

Thus wee comelude that LuFe.0), &2 fermedectric material, and that
t]nz.]nnprm oviginates from the polar arangement of electrons on
Fe'* . The dectron arvangement arises fiom charge frustration on &
triangualar lattice. This anangement of dectrons s realized by the
density modulation of  electrons, which is different Frem the
premise of ehsctronic forrmel ectricine— |su.=.umm1 that in a certain
kind of transition metal mmrnuw'l with 2 4 and [ clectrom system
the halance hetwesn electron transfer and electron comelation gives
vige b tlwe podar arangement of eheetrong, Tn the case of RPeOy, 2
particular condition, the charge frustration, leads W the same
result: ferrodectricity. Thas faroelectnicity cused by the electon
correlation offers great potential when designing future ferroeleciric
devices 0 be aopled or condrolled with the degrees of freedom of
hectrons: charge, spinand orbital, Sudh properties may lead toa nes
multifervoic material. Also, the low sctivation energy of decton
raticn in this material, which suggests less coupling of polarization
s\uLclllnp,mlJ\'dlL lattsce distortion, may enable the development af
a fatigue-free solid charge capacitor. These possthalities of new
fermelectric materials will be examined in future studies.
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Catalytic enantioselective reactions driven by
photoinduced electron transfer

Andreas Bauer', Felix Westkémperl, Stefan Grimme® & Thorsten Bach'

Phatoinduced electron transfer is an essential step in the comer-
sion of solar energy inte chemical in photosystemns 1 and 1T
iref. 1), and is nlmﬁa-pmllyluud mists to huild co
mdecules from si prmlmrs During this process,
ahsorption generates molecules in excited dlectronic states I.’rnl
are susceptible to accepting or donating dectrons, But although
the excited states are straightforsard to generate, their short
Hfetimes neakes it dedlenging to contrel electron transfer and
subsequent product formation —particulacly if enantiopure
products are desired. Control strategles developed so far use
hydrogen bonding, to embed photochemical substrates in
chiral enwironments* and to render photochemical reactions
enantioselective through the use of rigid chiral complesing
agents’. To go beyond such soichiometric chirl information
Iransmission, catalylic turmover is required®. Here we present a
catalytic phitoinduced elecdiron trander reaction Ilﬂ pmueﬂh
with considerahle tumover and high enantioselectivity.

an electron accepting chirl asganocatalyst ﬂﬂ:nl‘m\:ﬂ;z chl::g
emviranment on the subsirate through hydmgen bonding, we
obtain the product in significant enantiomeric excess (up o
%) and in yiclds reaching 64%. This performance suggests
that phatachenical routes to chiral compounds may find use in

@ 5,

In a catalytic photochiemical resction, the catalyst acts a5 an
aritenna collecting the light and ransferring it o the sobsteate via
serpitization. Sensitization can oocur by energy or dlectron transder.
Thee st successful enantiosdective sensitizers rely on dhirality
rransfer in a conformationally restricted o w". Tl bt vesults
reported for 2 umamclecular reaction are 7% enantiomens exoes
(7% e 0mol® catalyst] on an analytical scale” and for a
bimedecular reaction 58% we. {15mol% ctalyst) at 2 product
viedd of 1% {refl 81
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Figure 1| PET<catalysed cycEaation of the prachiral substrate 1 to the chiral
pyrrolizidine 2 and its enanticmer enf-Z.
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The reaction we have devised for studying an enantinscective
phoininduced electron trmnsfer {PET) sensitization s depicted in
Tig. 1. Tt is hased on previously reported PET catalysed compugate

additions of e-amino akd radicals to enomes that had been
]!ernmu] noa-enantirsdectively™. Tt procesds from substrate 1
{see Supplementary Scherme a and Supplerentary Information pege
Al 4] to a chirel spirocypclic lT\ﬂT[l]I?IdIr'll' whidh in an achiral
ervimment 8 obtained as a mistue of 2 and it enantiomer,
eru-2 The simple disstereoseloctivity of the section is perfect. Only

one disterenisomer 5 formed, the configuration of whidh was
prevved by "H B nmuclear Crerhauser effect {NOE) experiments,
I the presience of a catalyst, ulravielet inadiation indoces 2 FET

fronm tlee amive o the plotoeited catalys, Subsequent proton
b from the intermedizte cation radice] preamebly leads o an
e-armanalbod radscal § see alas Fig. 3, which adds intramaleculardy 1o
carkon atom C-4 of the quinolone. After the radical addition
rezction, hack eectron transfer from the catalyst generates an
enolate, which i eventually protemated to vield the producs. Ac
mentioned above, similar intramolecular® and intermolacular™
addition reactions to enones are knovn. A suitable Pl"_l'r.:t.llj:“ for
thse resctions was 4.4 -dimcthongybermophencme (3, Fig. 20 By
ermploying ketone 3 25 a catalyst {10mo0l%), the desited n.anlm
1 — Mernt-2 proceeded in grod yield (Tabe 1, entry 1} but of course
without army enantiosclectivity, The chiral catalyst 4 that we emplongd
forenariticscdoctive reactions has nwo key dements, First, itallos for
Fiinading of the substreate 1 By e hydrogen bonds at the bridgelsead
Lacrarn. Second, it oontins the catalytic benzoplenone unit, whicl i
bownd te the 1,5, 7-trimetlnd-3-azabicyelof 33,0 nonan-2-one via a
rigid ozznle. 1t therefore serves not only as 2 PET catalyst, bat also as
a stereocontrmolling device mducing the desaned enantiofac] daffer-
entiation in the cyclmmtion gep. Indeed, more fkaabbe catalyits were
far less successiul mothe attempted enantioselective reaction. The
symihesis of compound 4 and its enandiomer eni-4 was. straight
forward, hased on our previous work {see Supplementary Scheme b
and Supplementary [n{:urmﬁm pages 51 6-8). Experiments were
conducted varying the catalyst lmdyng and the substrate ancen
tration, The results are summarized in Tahle 1.

Frerywith omdy 5 mol%e catalyst, a ressomabile product vield of 61%
was obtained (Table 1, entry 20 This gives o caloulated furmover
muarnbier (12,20 that s unprecedented when comsidering that the
product was formed with significant enantiomeric ouess ( 20F0),
Upsem vabsing, the catalyst comcentration, th resction time decressed
and the enantiosdectivity incressed fentries 3, 5, &) The enantio-
meric excess reached 70 for & catabyst loading of 300mol%, which
g a caloubated tumover number of 20 (entry &). Note that thes
turnever numbers have oot been corrected for any uncatalysed
procesies, even though a mcemic hadgroumd reacton evadently
ecours aned causes the decremse of e upon decreasang the amount of
catahyst {emrics 6, 5, 3, 21, In fact, whien quinolone 1 was irradiated in

BETAT G ning Gamary nkies 851 WInsler, Drgarasch-Chem sehis
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