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Abst rBaMOBVO)n iismpaor t ant pfheordroamd tad ryitalc and
Ithas dxteeinsi vely studied u(sDmh@p wwewmsri,ty func
optsamiastn,a commonly empl oyed elxecvhealn goef atnhde or
corr efluancitoimbeo abc |l i ni(msBVOh e eslttir e d fu@mrems
hi ghemmeterty agonéliBVIPp h assped nttea,nvd o I dadl ys o
beewnfirmed byuehhar tgaospo®r mati on i s high
woul d expect the transition to thmhde | ower s
t hi sofl etveéaosr yi s ffloe @atshenpwietBha Visaknidi @t s

adh subtle interplay betweehnsweomlewur al and
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demongs thtalhit 8 phane vien d&crawil thieesndescri bed accur
DFT, but abgbgends$iunygtwidarbdl% Har { HEE Fock

e x c haMeg ®@ad spohfotrmeomd et -BEVWOwhi ch corresponds to t
transi ttiB&/O nsBY @ s s oci at eddbwwilieh pot ent i al
charactker s zphagsiemptliriyatnéget it oimsntshseecond or der .
We ftiwod key himaot expl ain this slheprising beh
pol ar i ztalBaf'i bwiyt  fsaint eo nc o nt t hhbyubtrii odni zfartoino n o f
6s and ,i69 wyoatmdlels e btyypmoedovehe effective r e
t hBefti opnr ov e s olbor gpoee. Wit h t hleyiB0i%d HFuekehamale
descri ptpiodrarofz atbth@d st ympootfowtBi t het B&di us of

i oapprmarcé realTise i go lvartilh@sa nido atlsye o f
reasonably descrTiobegdial raeddiy thhyerPBoesi ght i
investigated t het $trioxdBlemnssl Gdtv@yglL uNb P of
YTauO ands;LmadWOr el at.egbeomat etr dsaimsihlaaszretme havi ou
BVOvhose ground state monoclinic structure
empl oyed DF.T paapipa tobbecrivi®©s we tfhdsadiseadheel i t e

tetr agandler gusomsit r @ c oot & c k ia mendgsuit nega

PBEsol functional. But t hhecfosnegbbenusenagotl
hybrid $wintcht ihoingahlf f HRcéx omange, which point
of t hetacicami c sizes reproduct-soh®b$ct he me
polarizability is too | ow twouhavdeaodi dinigfhi

interest for the study of other probl emat:i



properti eAB @oexs pdeecsi albhlaye phdsegdrmhansi tion fr
scheelite tetragonaslt rtuoc tfuerregusoni te monocl
l.Int rodiucti on

Bi MOBVO) has attracted muphhotaddeatnali yoni s nan
photoel ectrochedwwe al owiatervispil blteéilnigght act
conduction and val encec dsatndf edigleé®pysn tt i eoxiss
Moreover, it i-sl anti npdateanmpithaliser to ansiti on
| ow tempeerbbmteacdcleir niomsBs/dOh e elnidt ¢ h(e hi gh
temperatlnetpar aettBy®Odal ss ah steil gidtedeed v i nv
Both phases have aoé¢rysual fogmapli anunist @&
materi al undergoesdar r g af s ombB Vel s(iestcpoaocade

gr oltyg) tt-BBVO ( s paldk)a,grionmpwhi ch the primitive
formula units tFagse#¥erTthd sad rameswmiom i s dr

soft opmBgnaldEphono
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classesmpofunds +s0fy peh & amh®iu4®e st arff al at es

tungdh amelsybdat es) temperature or pressure
frometr aghreed i menfoed g nsyemmaevtan ycihl lissstr at ed
i n Fi.glme el 4t t socteo ncvoennsttihoaned li t e and fergusoni
arteypialamed yt ,aanshmebBeehat tsio¢ e Badvh@nlsyt saend

bel Awseiatiltdh I norganic Cryst a&frStdnnesetgur e Dat
| amgenbeB8chea&nd tfeergusonite structured mater

composi tiToanbllei st ed i n

Tabl.e AIB@nadat e, ni obate, tantampbendsungst

with scheelite and fergusonite structures
ABQoxi dgScheelite [Fergusonite
AV Q S, Y, Siwou|S, Sm, Eu,
ANDb O Y, -Na&, -LSm Y, -Na&, -LSm
AT aO Y, Nd-Er Sm |Y, Nd-Er Sm
AWO, Ca, Sr, BajCa, Sr, Ba
AMo @ Ca, Sr, BalCa, Sr, Ba

Energy differences between the phases r el
are usually very smal|l which poses a seri o
uni formly accurate reproduction of the rel.

suchescasn I mportant pr®eequtyi fencandnabmmab
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has doereani dered as a reliable method that st
accur acwi deendy iasppl i ed in materials physics,
propge es o&ht mat at omiAa dl, O dild e a ¢l, sceani

functi on&foshylbirkied PfBUENn c t mloafarl asq tgidoart r a ld Imy x
within2h%heoe2tObe ndolmalroc @(dhf Fecackbamgreeproduce,
or predict experi ment almlaynyaotbesacr evlesda tpehlays e t
includi ngen @vsdt biutaBka Tdaeddd SFETIcOme of t he
schetinuet ured nlaatbelheaale sal readyd been i nvest
DFMul leetn¥f @lund the PBEsol functional works
and SammTdOt a greater discrepancy between t
was seen fThhre tclaé cludtat ed. and obser wwed struc
wergroduced thReBREs als i fAfgnewrhd s aPBE -functional
based caprcoudibdeet bes wgt beeamefpenr i metnh pol ymor g
(space group | 2/48°, Tmadkh®Bttlhdel HHEFa® is n
uni ver sal exchangoe ad orarpelr atpirormtfeudf ®r t hese
Kuwabar3d aeltc.ulaalt.ed t he | at t-li &aNhI@4olIn/sat)a nansd o f
monocl imiNggO(InR/ ¢c) wusing | ocal density appro
generalized gr adi emBE afpupnrcofixin emaat fi munn d GtGhAe
monoclinic phase is more stable than the 1t
LaNbhCas lkoeegy-LaNaon mt heBBGAu rccatlicaund aalt i on .
Feng 2é&tt.udadle.dt @ thpperhatglhr e phase transition b

(scheelite) and monocl ismasicngfargombnnaeion



principles calcul-aneroqy exphaedys ilfteimadiadu f r e e
GGA PBE functiionnatlh iwso rckass ewe | |

Consi dédei cgse of ,sBV®,l ywddadfgdhuntdhe popul ar
and hybDFT Wlietfilerla cotfi eéHEea bl e t o si mul ate the
transr msWD 0-BVOVhen wprng mihe | attice par ame
atomic pomsBiViwiomist ordr of the commonl,y empl o)
the monocl spontabheauosbuyeBV@rmsfser mei soptaper
we demomnisthippechaee tr amsBiVIOiteBov O rcoam onl y be

rerodupeddocted accurately with a hybrid f

l

(~60%) of HRuaodl Lgomyger ggeEéWe csrhiotwe rtihaa.t
such an approach is essential to model the
temperature phasdhisaonbdiserovataoocumatyehwnyve

to the investigation of phase transitions

as already can be seen from the recent wor

above, the method of choice can pragve to b
however, conclude is that the scheelite st
to the | evel of accuracy provided by the m

Taking inthe xzompuwrntati onal cost, it is no

the whole class of these materials wusing h
convergence criteri aearetstpeeli armdfgt sotmeo todi ni
and having comp@mltex . mddemet,i wve report a det a

which is the main topic of our paper, but



represent adtirviectswrheece I mateeri als using the PE
the relative stéabt het g cfhearegtui seoeniisatted nscter)u cot ur
Further more, weashaavne etxaaknepnl eScavwn@l per f or med
calcul ations wiThehypybped fanectgamiazed as f
computational det ai |Isscusns stehcet iroens u2l,t sp riens esne
final concl usi csrexctarea dir.awn

2.Met hods-C8empuitani onal det ai | s

We carried out DFT calcul ations using Vier
( VASP) % %cde t he tmadwtr imdgnmetutc b ewenBNWO,
performpeponani zed cal cul ations, but for th
moment-polspmezcbdd ¢ppdedi ct abl y-polraminsed spin
calcul ations on the BVGGpsotnrtuacnteuoruess sdpiidn no't
pol ari.BE@an i ome J)exchange an®8uclEmrmzetlaoi on terr
(PPPEBE revised fd% ®BEMYgDr({RBEs@mlcti onal s w
We treat?] tehpe YW 1438sd and® BBP (&ldectrons as va
el ectrons, with t he pcroorjea oeyl oeewmtd ne@n § PA®PTr es e
potemheafraction of exaottbechwbgedi huecarci
varied from 0.25 to O.o0vailnkeerdaleecttroonide nway
functions war d agxyealpdaheitdveataew-ehe&r gy 660
eV. -cSeensfi stent DFT enelr&eiVe sp ewe rpe, i aminmdi evreg ecde |
geometry optimization were deemed converge

wer e s madk 1w/ Fdan taht eo mhi2a ri ivAe6xexékiplo,i nt



mesalcr oss the one firse Beinilffywyuoumwmgoinediwags
BVO structure from the pl anfeulwlaveotPdWt cal c&
el ectron calculations using atomic numeri c.

employing the PBEsol f umkétiinosn‘ad ddaesd é tmapil lesne |

of the input files including the basis set
supporting information (SI).
To compute the pPNehave édmplegayvadgicee e | appr c

i mpl emenPhbdn‘@®bytitavar g tchoed eVA®SsP t he force
calcul atodt h®Ve VASBocoade itself towcahcul at e
0=0i 6BVO to confirm the r Boullive8SProddeed by
and phonopy use finite diff erheonncoep yt,o tdheet er |
di spl acement amplitude siudjOp.oGli tAh.vel nanWASP,
negati ve soifs.pdilax efnent

For other sheamenvealtgar ¢ hiecmgpobB\a@hs t he
number of atoms in respective unit cells a
scheelite and faeseigmiSlbarn peesthdp ocottehreers arlat er i
usealcian cwhraf eont o t he>Bwaiteefrliya |l st hperroej eacrte S
Bs3p48Yy, LGBGHBp el PHAH Y4ME&EsY La
(5658, Caprld BH#P)Taspp$9yd ands5pWHYs
33.Results and discussion

3.1 BVO calculations using PBEsol function

The initieaeod hggepometamsBVOe lalBYQver e t aken



from exlfeerd meewnmmmaa bh2zlend meB® Gther e are four seil
BiO bsesanmdd t wo-Os dteasd@VOVhere are -Q wosmdets of
and oneOskadsifngy t he pl anewdvedcddatVAIR,er
optsami on with PBBY®lenfaundteitonmayld,@bhk phase.
optsepieomeshygwhi g@fa&)nd repabivwderien it i s
compar ed wi.Blothhe ileati tmemda par asgoeft-@Biandnd bor
V-Or emain cl ose toAfX®trrsdm@nmusked vad |4u e s

super cei h7g6c8o rattwonnase ttthowek @ honon fk-BY Oluhleat i ons
resultinghoabouldasteplec-anahywi cal term corr e
shown Fiimg atfede n othee rteh adrmr emdtohursetei ¢ phonon mo

and no sof i pBYO@on mode

Fi gur(eaTlh e st r (rdtpohpttese ahif i mi t i tvBV @eldle { dtf h e
common crystal (exgreaplhaetattitacie tp-aredmeltderr, s
11.)oABVA( bhe phonon OUBY@em®ei snrafct ure of
i ghpdr )i mi t i yweatssie/IOl o @eftdi mMirsBYVWOg n e tt h e

mmon crystal (exgreaplhaetattilacie tp-dre®rmet, e rbs=5. 08
11. 2680 BR0%M#sBVQOand THel )phonon dgusatper si on of

c
(
c
c

o =
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BVOlhe ®Iiygnnmepogpanyid 0, MBOLO.,®)OXO, O0.5Z 0.5), a
(0.50.6)i5n fractions of sillheesdpehseygrpee v c a l | att
spheransd tshpehsepraer pl ©, YraespeBii aedbm.

TabdTehe | attice par asméd t-@BriasnQa kB WO n&ks d engt h
BVO from élapdr o meintmhPeBeEds arln ¢ taintdhhaylb r i d
functwi doh@(seee Met hod.s for detail s)

Phases Lattice Bi-O bond V-O bond
A) (A)
msBVOExp.a=67.3911/2. &7 6 1. A7
a=11634017]2. %33 1. 39
a=b=6A 8812. x29
c=5.R15 2. %1 4
Opt .|a=B=6F.91]2. &5 7 1. *8 3
PBEoly=11%. 95]2. &5 6
a=b=6A 82(2. 420
c=5.A114 2. &4 9
Opt |o=[ =96374. 2. &D1 1. D9
hybrly=61450 2. &7 1. &2 3
a=bz7#A 2. B9
c=24 2. XD 7
tsBVO|Exp. a=531363 192. 440 1. 27
4=63.3680|2. 48 4
a=b=c=5%.
Opt .|]a=B=13B5. (2. &2 0 1. &8 3
y=643 050 (2. &4 8
a=b=c=56.

Opt i mi stahhesBovnO owfihPeB E § auln ¢ tgiecmrealat es a tetr ag
struadg atred.Téhlkeo wsdairsuncotwiri e @¢ @)ngdt r uct ur al

par ametl ¢ s $Tenabd.dehe | att i c eclpoaskeea pted ementak
valsBet fooeet s-Oob dRihshtalve i nsigni faindant di ff e
theomeabpe sOt befil®se val ues tceotrrreeg@moanld p@oa s¢
within the er ridr nt olrerean d e taliVt, idiepwit eh f r o
i quatsBEVOVNeconfirmedutshigé tHh e md iwthg €ehp | oy s

ateaemntr ed b aQpitsis efldxd c tadrGat ss u pse f c @ U dt ssi
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BVG@truwittuh e768 amnmdksdpex2 bagedapsdivlne ephonon
cal cuwiatth ol oselegumaschiThg phtohneo-n di sper sic
anal ytical t et hteosg6o rsruepcetricoenlFlu gigshnggg hd wn i n
agahere are no soft modes.

Considering i f -ommodmeert mboedygornnd htihgeh ecrapabi | i ti
PBEs ol and PBE functional would yield the
Me tGGGA SCGAMcf%odafound that the results are
PBEsol functional ,bywhl &thi@be ak isrog ctomd i & fnfeadc
potentially viabl e | ocalDFsTt+rUo nagp pcroorarcehl awtiitoh
Uvalues on V 3d and O2p st*@®rsoptaikmins d tr ioann
however, the monoclinic structure still tul
added i nJvtadruress tolfe 4, 7, andotOneVtbomrerthe B
parameter, thes sé&xperiume nrmaenitdag Inmernvisa@ tt@ e d

3.2 BVO calculations with hybrid functiona
Next, we explore the edrfaemqgti ngf firman Ws iton 1
more accurate HF exchange in the*™ET expr e:
fiopgti mitB& ihtehe * s t—=a®.% arc d ¥ as.i0nTgise/ O

remaiensr agonal aWit tedn 0 .025a inml tOMaeSi,eo nar e no sof
phonon mbgdaensmaa tWiotodnE.and, Ot Bere i s a soft op
modaet t he gwmmh pd enfizedih éT5H,z respectively, t
represented as baelnoetwghataleay e s f i efg meBd ey

As weulsliPhagsn oqey ,al sloe usieni t e el ement met hod i

12



VASP wbdrehpsdbr equensgf tofmodhe at at®Oh78f Hgza mma po
wi ohkQO® i nspection of the irreducible repre¢
t hat t hehasd®ybay mmewheegn=0a @8 0. pp etbhinrearee sao f t
opti ca.l Tmoed elso websetl osntogiBgr enpordees.e nTt hae | wtnher t wec
mo de 9 egretneenrda b etl igr e ptree s.e ntfmenidd Eequenci es
i h-BVO® odri f fwalewmaasr e fs HFa vgn3 (@en

Wenegpti mimasRV ® hwiotbh 4 5SPEEs)o,l 00. 4, 0.5, O0.55,
and We. 7al so perfor mad ea wa ates B0 Gutsfieamc twii ¢ ma l
(wiot®d.)2v8 f a bhbmdem s thhessrs 0. 4, t he eautticoonme of
omsBVO i guatsBEMOTL hi s fiemondtogclmensi stent with
prevreouwsl t sbyeponr.i%as edomnt ant volume cal cu
whetrhteesBVY Qvas o bwiatihkhe8 & Oa6= 0(.h2y)r i d functional
howeverour c ased,axwed hfeuilghego nuedtirnyg.Foel | di men s
val uefsrom 0.5 tosaODi @psi meBWD.ptWemilh @@ nan
valowe 6 gives a monodwesBiVa sh gwm mewhFyachhlfe 1
i's tohbkywstdampter i mentWel adtsrouctgllrcanloaat ed t he
frequenciemrsi misti in\gki tfdfedalleunaish édod s uttl wo ng
| owegahameowegd r eJuiemsBiVEOs ar e Bih@G@ynke)i.n

Morepvee f oomOdhyweirteh iBmodensBYOt
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Figwre(a) The cahodf Eegqgdieh-BWOstttiRed net
below 0O is the ermpdei méThlea k.avl écbudlea tegefd B wo |
ananleowegd r euiemsBiVeEDs het elddtnes are the experir
val ues &t abdé&vyidédéci)Onsormd IBengtmsBY®, ogprnd mi ze
(St andlevidat +Oo rbso nadf [V n g tmsB VY QGE x@petrii meaxnd d |
phononfmedeenrmexikiers®inn ceztd dmil s ftrhmect i on of HF
exchange.

I n order wval ltoem@fswhiaplpboogdesatebe the mono
strucd ucgeael,cuosl an@arvd b eSiDoinBetO anr@ b/ond

| ensg nh op tmsBnY Glreh@® D defir;,edB—a—s—,wherbés t he
bond | e fOptvO fp t BRidmisBV O, tahd the ex{®eri menta
or-OVvbond | eBi@dahnaV-Oh e ar enkihgpGrma)nki ga8r e

(dhhe regBIiO)s sthatawlse cal cul actleods es ttrou cetxupreer iing
f oor=0.B&ug o/-©O¢ s bhotwisemalvladssmiet he ¢t¢hesstructure
texperi medits plitanainvkeet i on of BVO, thkhkeydispl a

14



rol ewec 8asdB#@)y tihdeet er mi ni ng atF@dcbmosthere and
appr ofpamioateeémsB Vi@.

The expavioiroeintce@ttukdlepsongaAd tmodeés i n
t hmesBVO. With the pmaBWwO ttBod @5 i gmoareddi mo m
BV@ransftaorhBgsnodieh-BVO and grhed dmsBiVD
mer glee ¢ wamemoden-BVOAt 0O K, the values of thec
MmsBVO ar e Bihpwmgi.ncpr esaeahttcul ati ons are athe
arethermal effects neithedThBemwadepdbiectomesi b
softt-BV@ with the vtad ule.Ha2Z oumdodmwheéomm!| cul ati C
i's smaller than O0.t58VQ.hewhe nihse aeoo fisso fnto dneo d e
i msBVONoe x per idnaea natdagcoaf ttesinmosB® @ howi nmng t hat
Sshould Ilie betwaaen we. 5 oznu@. 5,7 th.aF vadr di e(s. &F
o=0.t6hgmdEde becomBYOswlibebnnexpddaraivment al
SuppWrtah0 . 5bhe v b hseodBgforfe qu enBV/Y oinD yiZ&Hz
which i s far.Ffoamlm etxhpeesre meermgioumoeadnagdé, we
opti mhdcrfmghe phasér tBa/dsaasBVONe have noted
t haitmi | ar calcul ations with diffetéftit concl
and Leatr*dai IK weeto®fat at e that the conventional
the DFT exchange results inThaxetoratudgde:
that a | ower 10%HF fraction failed to stab
50%HF fractiihnoma segwmlitedant overestimati on
Their results required constrained relaxat|

15



to be misreathhhgposed to resolve this probl

excess electrons in the cohdbowewverbabhtdrat
i's not convincing as the | evels of doping
(typical of a degeeemnmatensemactcodyduvepor} ed

As described fabh@wtei, omweo tmisnd Fhtyhbercihc nfgenct i o
a parameter to “fiteXxptehe memer goyn do~+fOcbebmidn d afr
wor ks fWa ®BiVIOn't consider tipdomoline cofupénitinmgo
effect on the sytshesn tiwo ffaxdt,omeiddarerplody
the | ow symmetwtlyi phaise ifm@BIVVO,unstabl e on t
|l andscapé@ o;®GA®SAd common hy%dusdidng ulnecwi onal :
val Ae. phonon contributions rey@amattwnwe har
unstable structure anldadaconwti dredke Barcye pdiefd
values relates more to the electronic stru:
related ground suchi take Kooep)maand Wioalde ¢ t oinc
we should point that this is a matter of d:
much coming frosmtatga rctomonfu nti libea,sseadhieodnc it dhiecsee
grossndannot be justified for smal/l mol ecul e
probl ent roafnsnfoendabi | ity of

Originally, the hybrid functionals have I
t he-isnglefracti on error i n sDFalt ea npdr o pmeprrtoivees boaf
mol ecul es and solids, which has been succe:
geometries and binding energies have been

16



with few notable exceptions. For a wide cl .
conduction states are | ocalised on differen
gap transitions arethihsarigee whernagdfeyrb rpird cRT
about 20% has shown a dramatic I mprovement
t hesecd or many small mol ecul es, where mor e
accur ate pr-edidc-etiveoosr o pnecesses (ionisat.
that is also the case for many solids. I n =
of matlesr i ncluding electron and hole | ocal.
energies and rates of diffusion and chemic:
breaking or for mat i-eanr,e ntaognmneotnilcy oarpdperroi ancgh, e d
di ffer enytblryi dt unuendc thh onal s-cfadd eelx @mulbé eu iXTd
Becke’s or Minnesoftdasfwei haes aff adband et angal
section

Fi navlel y nvae stiingtahted oihla,se tr(quasBVOn bet wee
andsBVO by modul ating the ¢iegemgontadr sofr uch
mo dwel b=h0 .W& u sfeort mXemp =X (HXY emdescri be the mod
structwiX@em)les t he modulXqtDedttBNMed usctt rour stsu r e,
the displ acematiXxdi spdrhamalt ermpliarc etmeen tp roif miatt ioun
cedllong thatsgfammaogpe®i nt

Threel a&tnievAigoyf modul atwsai sitotufed dd(feas)
Whem=0 ciotr resp8VvV@ssntbanges, thetasdrtendr ¢®
msBVO We found t hki ggdhfedn)gy theveoom of a cl a
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anhar mon-wel o pwhigartidiiskcllae et r anst 8VOnabdt ween
msBVO i s seicronalgrogamant . wiTthle expergiymérmatr r i er
transi tmeovn iwshn @ihiClataleeBV O p has e cntaiyv ebley edrf e
aver age Wet rasllsdowri ignu r @ hdeo (g & | pctécul alkt €d
wi als'mdpll ane wa uoef fb assrbeSrOglysmV t hi s case, we de
| ower b ar rli,ewméoMotf at t hem=hi @ hp i sty mmed ra &l c u
spuriously |l ow tot alt-BevmOe rpghya,s ew hbieci hn gr ensourlet ss
t hmesBVO phase. This roerswedtiine | fudend ywmet ter
constraintal icot dd epolifitdidaey e basifs ocutt50 eV i s
insufficient to descri be ¢t=h0eWsp hihetsseeetoerdder i n
convergence of the totalmaBvé&@vigtyh orne stpheec tp rtio
t hcewof f emsdarn@BE&®el fausnhcd wkoingadlri eh hSe . It

showsnver ¢gerneee tia feomearygoyund 950 e V.

‘This barri eahariacet, erwihstcihc issf manghdilsgl
directly tcheemmparatlthectrbi ti cal foempemetli sto
fulnvestigation of the fraeppeaprggtéeand
or dpearr amead €lrd be necessary, which is be
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Fi gwWr eAnhar mowelcl dpathe et i al along the soft

(a) tofd cewmter gy of 9-60f e&¥nemgyd (D) 66Be cut

As with other systems woormtidi cionng | hegv y Sed
i mportantepiemr fBVYOedWsever al PBEsol <calcul at
investigate the energy omsB\WO By @nd stabil |
structluwrdisng itnlce phonon fr equBeVnC;i ebsutatt hteh e
results show no significant difference frol
resul ts &n g uZaen@®B8nn hSah .

We aplesrof or med cal cul ations including SOC
0=0.040 .ampF0. 6 based on sevewmedll poooitretnst ioan .t hre
results &igudlowrs iexpeBVY@d8hehaowekBe energy
using PBEs®@evamdwPBEsS olheTIBeEBCY @ osrtrielclt ihoanss .t I
| owest energy using ochyOamddd Of SGnavi it omalt &WOEN
SOC,af0tr-BYO still has twon=0tl DeweS@®C ebadefrsgey . F O
stabilize t hebudiosnloyrWesetdh@shtar,luyd.thier & OC ef f ect
| owetrheed ener gydt dared ds tsd mirltiede st ructur e.
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Fi gurEenebr.gy curves of sever al modul ated str
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33PBEsol and hyhbr iod hf asntesrcuihcetaaisrd etdea | s

I n this sectisoenl,eocimbeed nwd $ #thgeatsacheel i t e
structuwiat hPeBaEmsiolly f unct i onalusandd iy boruird f u
cal cul ations on BVO tFhatstwe weke periflme dneab a
usitmgeBEs ol naflama tt lme ecnaelrcguyl ade ef df es lreanvere i n
Tabl e Wa f(iSmd, fPor, 4Y,ardy) YN monoclinic st
have | ower energy Thenmahé®Pttatreagomal aph a:
BVO which the fergusonit-el mosnocl andcl|l swr u
temper at Timies pehsaldéeec RBEs ol functi onal can pr
state of these FolruWw@hdr €&a WMtk atedatitrtedd gyo. n a |
phsee has | owe hPeRRFiealg yf. unFdthi d rhaels €24 wo mat er
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the phase transHhtergmnsomomesclseehnhidueed by
scheelite tetragonal pviha £ d  stndailled t ks t he
PBEsol functional twoaaker iwal $ . svwBeotfiifnodt h® & ¥ (
the sdcleelaigtoe al phase and the fergusonite
samemergy using PB&soatingcthenBBEsol func
di stinguish thesket &% hiahgeedtosvur e zircon
phaSsceOndergoes an +itmwrchweerl sitkel @ haisrecdmr ansi
8.2 GPa. Beyond 18. 2t66fagusonistarpisasdet s
On release of pressure the fergusonite ph:
11 GPa thet siampltehe metastable phase even
finding indicate the scheelite phase is m
howetwlee, scheelgttiel Iphhbbiee tmagwthaEthoin si oot
observed duettso ther mal effe

Si nte RBEsol f udicdtiiomgdi chantntode scheelite
fergusonwet ¢ hpintast eakne exampl e t o perform hyb
cal cul ations. Bdsteahteroang dahetva s & Owestl d |
monocl idnisddt F ybtyude s plkt woi Sgt davhadrooks
awatygach witakhée ep of @sOBhmAdpdehesneitc icnegl lwe
opti mbt pewlmMemdr amet & hPeB Eissoi | n gf ki otrchtei o n a |
optimized structures, we do single point
0=0. 25 and Opléot Mfenef lemeetrigyn of di spl acemen
di fferent fundtig@nal 3§ si Dbhmliowméiyen di storte
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schesetlnaeture i s becoming more and more st

i ncrease.

Tabl 8hd8. DFT enesqb/c ldae-difietr éetBui@teg phat er i al s

Mat er i E( £)s ( e\ E(ms (e\ GE(-)-B( miIs
(eV)
S VO -108. 716 -108. 717 000011
Lu VO -107.290| -107. 286 0. 0033
SmN b 4O -110. 885 -110. 958 000729
Pr Nb O -110. 546 -110. 608 0. 0618
YNb O -110. 452 -114. 856 4 4042
LaNhO -111. 405 -111. 481 0. 0757
YT af -120. 150 -120. 341 001915
Ca WO -105. 437 -105. 428 -0. 0089
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3. BDiscussion
Il n the case olft BowWgh wfeu f otuinanal s wi th ~ €

capable of giving the correct description

Q

good description -eolfe cetxrcan ealp psrtaaxiensatiinon hao
strud®™@lrearly, calculations of the structur
the compound need high fractions of the ex.

eason is the need to deskecbeonascwhathkl!l sr

-

only needed in phonon Calgwé athwmsams Dlavo

determining the geometry of BVO. This al so

—+

he maMeepil at. the electronic densilty of sta
and hybrid far®c,2i56 n a hmFdi ugdilrbedf hdea meumt a | band
gap of BVO is bet welssn MJE&vel acrad cW | 3ad es tt ahti ess

be 2.2 eV which %%s~ 2c. |40 sedV )¢,@®P BeEspoelr hfevemctt i o n a
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camescri beal ihdefi p@ | aacd plodtaealiyzabi l ity of Bi [
i ncl udsi tamm oointri bution from a hybridizatic
charge transfer from Bi 6s t-9i Ve3dogtmedbat.
iI's noamnaeirpgmated witheRNBEadlcu( aft edaghrd. Band
value of 15 eV), whereas the charge transf.
gap of 11.5 e¥Hyiby iwelfluntdsd ommdetd mowrearer ,
descriptiomanadf rtelgeese egaps| east SOC correct

consi (PéTrhaetsieonr esul ts contrast with gas phas

the -dedrag Ishown in SI. In thFéhgash @dhsa sser,ownh
imabl enB3i s described well with PBEO funct.i
material it may be deswctihbédrgei hgalkyboind -

exchange.

—— Total dos
—O02p
—V3d
~——— Bi 6s

Bi 6p

DOS

Energy (eV)

Fi ceu &l. oontirc DGOGBVO,Sf the Fermi | evel is set a
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i mum ( VBM) .
ur t hepremohraep,s ,r eclrautciivael Isyi,zes of constitue

i mportant rol ehep®OVibhemedpdiars en ¢ gaalnds i ¢ 0 WNL &

fimdnaddl st andardedgper amenotusa mdt teh ¢ threy

PBEs ol or hybrid functitoheealod s Ol amamé&atvVi ons i

des

bee

and

str

t alc

req

fra

Cor

sof

of

8.Th

ctobedftcayRiagittdy gafetVQ@ meépgeh aas e thraasnsi t i on
n observedFexpBis,) mesti i OBis@fofdecamterde af r
y a key role he DherphbhBY¥@mibambisteinaie. oT
t modes reveal emde dtylstaiBFiBin s cpriécoud att o on's
we mover eotfi-BV@.enSt andard hybrid functional
HSE@6& O(ais5d) hcommonly expected to perforn
uctures,bhatnasl waodogags!| i nf dihlewgmesent ca
kg heavy el ements, such as Bi. A differ.e
uired to reproduce oagemerddalctr Wwlid,f eared,t
ction of the HF exchange thamuy % i s r e
aetOomli ntdree aHsFi regc ¢ hod m @ en6Mort ahcetrieoni s st i | |
t moBI\e® menant hBg r takliadutsi | | Tl dfafrgeti ve r

t3haen dBiiOns chamariengs hivhverhiinmer t Edggreaph i n

e effecti vandad®dinis dmfavtehéd eRin obtained fr
sity graphd has reisptexnc e fnucrhoei tthe t he
ur eOn8 t he Figur e, Bi i's on the |l eft, and
arly shows tdhWe ilmav e edaircd @ otnr awtigch on t he
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analysis as t heommamncedfifoectofi O alsl amater i al
only BVO proves to be probl ewmaittnags f or comm
furabheve B5BO%,0btslcedome suffand emaviey rsemmadill y of
cemd iBisgdwheecahwkixplbvahyw we coul d describe t
transition IinTBV® webbvbO&HFcan be attri bu

the-isnglefracti on error when describing valen

T T T T T
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?<: t140p e
\ 0 8 B 00 01 02 03 04 05 06 07 ]
m a
T —— 4=0.00
— a=0.25
0 .4 N — a=0.50 7]
a=0.60
— a=0.70

0.0} Bl aa—
00 05 1.0 15 2.0 25
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Figucea8ge |dmrespitiyeuni®al ohget A® bondei nBi
the tetragon@ihephaserpoédByOaph Bfdantdhe ef f e
O*ions change with

4. Concl usi on

A number of pdmpwladr, lamaa lhyiby 8fdi afeu rdicotni on al
HFexché&rdé&)n RBFE widely used and accepted w

properti esHedofe, mavtee rdielatddives s irat gr,ound st ate si
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and phonon properties of aBNWN@bRTadaiotnhh y be d
unusubualkfgreact~i600MFotinder extr emedirtaelrnigh conve
ot merhestl i t aBwWwmadewhiath adopts both scheeli:!
symmetolysewee a si mitlher glhreletwi osd parteed tt b e d
corrfeet | yomd nofgetnreeml , based on this work
' iteratur éaNwax i aaldr @ dachyt d e sYcTrai@nedd wel | by
Ho Tably PHBENR OmMNh®Ond Sshya @ BE iliBIVe n d
SVQ,t he caldcou lraetguoinrse over 50% of the HF exc
double hybrid DFT approaches that typicall"
exchange al ofg pwi tor tsheni MR2 expressions fo
contri®bputwweomsght expect that the peoblem of
whole class of the material | ies in the mi:
in the current generation of popular densi
OQur results not only gi ¥ épema sf eu ntdraanmesnittail o n
BVO buitndiltchat ec lsalwlhe ctdhe mayDFabgbPFaNndar d
wi bhl pfwr asdfi omFen i nwststugtar epang@gephysscaf
mat eeisplesi ally those wiOuh Héafgodli yBgfEd | ar i sab
directly rel evamdas ¢ otrirAdBitR iytpeadr eal ef showin

scheelite tetragonaslt rtuoc tfuerraglu storna ntsef onrommaotcil o
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