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ORIGIN OF THE METAL�INSULATOR TRANSITIONIN BaVS3�H. Nakamura, M. ShigaDepartment of Materials S
ien
e and Engineering, Kyoto UniversityKyoto 606-8501, Japanand T. InamiSyn
hrotron Radiation Resear
h Center, Japan Atomi
 Energy Resear
h InstituteMikazuki, Hyogo 679-5148, Japan(Re
eived July 10, 2002)Re
ent X-ray and neutron di�ra
tion experiments revealed that themetal�insulator transition of BaVS3 at TMI ' 70K is a

ompanied by
rystallographi
 superlatti
e formation along the 
 axis and nearly uniformredu
tion of the magneti
 moment to approximately half of S = 1=2. Theorigin of the transition is dis
ussed assuming anisotropi
 
ondu
tion bands.PACS numbers: 71.30.+h, 75.25.+z, 71.45.LrThe metal�insulator transition of a hexagonal perovskite BaVS3 (spa
egroup P63=mm
) at TMI ' 70K has been known as one of typi
al phenom-ena of the quasi-one-dimensional (1D) 
ondu
tor with S = 1=2 spin 
hains.However re
ent investigations showed 
learly that the 
ondu
tion of BaVS3is only weakly anisotropi
 [1, 2℄ in spite of the mu
h di�erent V intra
hainand inter
hain distan
es (' 2:81 and 6.72 Å, respe
tively). At high tem-perature there is metalli
 
ondu
tion in the 
 plane as well as along the
 axis; the 
ondu
tivity along the 
 dire
tion is larger by only a fa
tor of4 than that in the 
 plane [1℄, being in good a

ordan
e with a theoreti-
al estimation [2℄. Furthermore the anisotropy of the 
ondu
tion does not
hange markedly at TMI [1℄. Thus the issue should be re
onstru
ted as onefor a metal with anisotropi
 (but non-1D) 
ondu
tion bands with orbital de-genera
ies; V atoms sense nearly o
tahedral 
rystal �elds. In this report, we� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(753)
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ent essential experimental results and dis
uss a new possibles
enario of the metal�insulator transition.The metal�insulator transition had been believed to be a

ompanied byno symmetry lowering. However, re
ent X-ray di�ra
tion measurements ofsingle 
rystals revealed a superlatti
e formation at TMI ' 70K [3℄. Themost probable 
andidate of the spa
e group below TMI was determined tobe mono
lini
 Im11, whi
h is slightly distorted from orthorhombi
 Im2m.At present the atomi
 
oordinates has not been determined su

essfully.Sin
e the spa
e group Im2m already 
ontains major features of the super-latti
e, we dis
uss here physi
al properties based on Im2m. The 
rystalbelow TMI 
ontains two inequivalent V sites as shown in Fig. 1. The unit
ell is doubled along the 
 dire
tion, and as a 
onsequen
e, a 4V period as�VA�VA�VB�VB� (see Fig. 1(a)) is formed (the original hexagonal unit 
ell
ontains 2 V atoms along the 
 dire
tion). The body-
entered spa
e group(I latti
e) implies a 2V period as �VA�VB� along the [110℄ dire
tion (in theorthorhombi
 notation, whi
h 
orresponds to the a dire
tion in the originalhexagonal latti
e, see Fig. 1(b)). It is apparent that the site separation ofV is not due to the unstable valen
e su
h as in NaV2O5 be
ause the formalvalen
e of V in BaVS3 is an integer +4. Note that, prior to the superlat-ti
e formation at TMI, the hexagonal latti
e is deformed to orthorhombi
at a higher temperature TS ' 240K [4, 5℄; degenera
ies in the 
 plane arealready lifted as a > b=p3.
Fig. 1. S
hemati
 representation of V atomi
 arrangements in BaVS3 below TMI.Open and 
losed marks represent di�erent V sites.On the other hand low-energy powder neutron di�ra
tion experimentsshowed that long-range magneti
 ordering with an averaged moment �0:5�B/V is established at TX ' 30K well below TMI [6℄. This is in 
ontrastto earlier neutron di�ra
tion results [7,8℄ and denies a proposed spin-singletground state [9℄. The modulation ve
tor was determined to be in
ommensu-rate Q = (0:226 0:226 0) in hexagonal setting; the spin stru
ture is a deriva-tion of the 120Æ stru
ture in the triangular latti
e. Ferromagneti
 
oupling



Origin of the Metal�Insulator Transition in BaVS3 755along the 
 axis was 
on�rmed by experiments using a number of needle-likesingle 
rystals oriented along the 
 axis [10℄. These results suggest that onlyhalf of the high-temperature spin S = 1=2 survives below TMI. Although wetried to dete
t the amplitude modulation of the moment 
orresponding to thedoubling of the 
rystal latti
e, no appre
iable re�e
tions have been dete
tedat (h k 12) within experimental a

ura
y [10℄. Hen
e 
omplete separation ofV atoms to magneti
 and nonmagneti
, i.e., partial singlet formation seemsto be ruled out. Furthermore the formation of singlet pairs along the 
 di-re
tion seems to be in
onsistent with the ferromagneti
 
oupling along the 
dire
tion. Thus the experimental results suggest rather uniform redu
tion ofthe V moment to approximately half of the high temperature spin S = 1=2.As an interpretation of the superlatti
e formation, partial 
harge dispro-portionation as 2V4+ ! V4+Æ + V4�Æ with small Æ is the most probable;the 
orresponding amplitude modulation of the moment 
annot probably bedete
ted within the present a

ura
y of neutron di�ra
tion experiments.Let us 
onsider here physi
s of the 1D 
ondu
tor with a quarter-�lledband (0.5 ele
tron on ea
h site). Generally, Peierls-type instability indu
es2kF-CDW, whi
h gives 4 atomi
 period in the quarter-�lled 
ase. Thisme
hanism may quen
h spin. In a strongly 
orrelated 
ase, i.e., whenthe band width W is smaller than the Coulomb repulsion U , we expe
ta Mott�Hubbard transition. For a 1D quarter-�lled band this 
orresponds to4kF-CDW with 2 atomi
 period. In this 
ase, the spin degree of freedom re-mains in the insulating phase. BaVS3 has a 
hara
teristi
 band stru
ture [2℄,whi
h 
onsists of wide d bands (W � 3 eV) originating from a dz2 orbitalwhi
h yields dire
t overlap along the 
 axis and narrow (strongly-
orrelated)d bands (W � 0:7 eV) made by dxy-type orbitals being responsible for theintera
tion in the basal plane. The Fermi level lo
ates approximately the
enter of both of the bands.If we assume that ele
trons in ea
h band 
an be treated independentlyand that the two-fold degenera
ies in the dxy-like bands are lifted beingasso
iated with latti
e deformation below TS, this system may be regardedas a 
omposite system of above-mentioned quarter-�lled 1D metals withdi�erent degrees of ele
tron 
orrelations (weak along [001℄ and strong along[110℄). Thus we suggest a new model as the metal�insulator transition ofBaVS3 is a 
ooperative phenomenon of 2 di�erent 1D bands with Peierls-type and Mott�Hubbard-type instabilities; the former and the latter gives4V period (bond-
entered 2kF-CDW) along [001℄ and 2V period along [110℄,respe
tively, and only half of spin is quen
hed at TMI and residual halfexhibits magneti
 ordering at low temperature.As mentioned above the long-range magneti
 ordering appears only be-low TX ' 30K. Absen
e of stati
 magneti
 ordering above TX was 
on-�rmed by �-SR experiments [11℄. It should also be noted that no appre-
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iable entropy 
hange has been dete
ted at TX [12℄. These results indi
atethat dynami
 
orrelations are already established above TX, probably belowTMI ' 70K. The mi
ros
opi
 des
ription of the state between TMI and TXremains for further studies.The authors are indebted to a number of 
ollaborators 
ontributing tothis resear
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