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We study TiOCI as an example of 8::% layered Mott insulator. From our analysis of susceptibility data,
combined with local-density-approximatiohDA ) and LDA+ U band-structure calculations, we conclude that
orbital ordering produces gquasi-one-dimensional spin chains and that TiOCI is an example of Heisenberg
chains that undergo a spin-Peierls transition. The energy scale is an order of magnitude larger than that of
previously known examples. The effects of nonmagnetic Sc impurities are explained using a model of broken
finite chains.
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The discovery of highF. superconductors has generated adimensionald bands. We then present our experimental data
great deal of interest in low-dimensional spin-1/2 materialsfor the pure and Sc-doped samples and fits to theoretical
Even in the absence of charged degrees of freedom, mamgodels. We will argue that all evidence is consistent with a
guestions remain still unanswered today. A key question ipicture based on quasi-one-dimensional spin-1/2 chains,
whether a two-dimensional spin system can support unbroahere the pure material undergoes a spin-Peierls transition at
ken symmetry at zero temperature due to strong quantudow temperatures.
fluctuations forS= 1/2 systems. Such a spin liquid state was The structure of TiOCI is of the FeOCI type, which con-
suggested by Andersbrand termed the resonating valence- sists of bilayers as displayed in Fig(al The symmetry is
bond (RVB) state. This has motivated us to search for otheworthorhombic withZ=2. The layers repeat in treedirection
examples ofS=1/2 layered materials, notably at the begin- of the crystal withc=8.03 A. Cl layers mediate a weak van
ning of the transition-metal series, where Tiis in thed!  der Waals interaction between successive bilayers. Within
configuration(as opposed ta® in the cuprates From this  each bilayer, Ti and O form two layers of buckled chains,
point of view, the layered compound titanium oxihalideswhere Ti is always on the outer side with respect to the
TiIOX (X=CI, Br) appear most promising. Indeed, Beynon bilayer. The O-Ti-O bond angle is 153°. Each Ti ion is sur-
and Wilsor reported in 1993 that the uniform magnetic sus-founded by a distorted octahedron of O and ClI ipRgy.
ceptibility of these materials shows a number of unusuafl(®]. These octahedra are formed by two O ions belonging
properties. According to them, the susceptibility is almosti© the same Ti-O chain, two O ions belonging to neighboring
temperature independent and could not be fitted to the Curig"@ins, and two Cl which lie on the outside of the bilayer.
Weiss law, nor to any one-dimensional model. Moreover, if €Y @ré corner sharing in tre direction along the Ti-O

nonmagnetic Scdo) impurities were introduced, a large Cu- chains and edge sharing in thelirection. Figs. ib) and ic)

. . : . show a top view of the lattice showing only the Ti ions for
| -1/2 > , . .
rie tail corresponding fo one spin-1/2 moment per Sc apclarlty. The Ti sublattice consists of two rectangular layers

pears. After subtracting this Curie tail, the susceptibility was”. . B - :
again found to be temperature independent but substantial I;/re]rI?Eceetoppa{:;?tssm:r;ffézgl é&te?glglba_r%is: a&is;)rl]ag:ghver-
reduced compared to the pure material. This effect was pati_cally from the bottom layer by 1.96 A. The shortest Ti-Ti

ticularly striking in TiOCI and led Beynon and Wilson to . o
ropose that these materials may be examples of RVB—IiI(QOnd length turns out to be. the .dlstan'ce hetween Ti in differ=
brop y P ent layers, and at 3.21 A it is just slightly shorter than the

states. Y : . o .
'FI-TI distance alongb. For orientation, the Ti ions in each

We have redone the measurement of the susceptibility . . -
TiOCI for both the pure material and in the presence of Scc?ayer are bridged by oxygen iorisot shown in Figs. (b)

and carried out LDA and LDA U band-structure calcula- and Xc)] along thea direction, forming the buckled Ti-O
tions. Our data are not in agreement with that of Ref 2chains described earlier. Note that these buckled ch&igs
especially for the pure sample. Here, we find that above &(a)] are introduced for the purpose of describing the crystal

temperature of 130 K, below which the susceptibility dropsSLru.Cture ﬁ.m%" and .Tlho'“'k: hot be C(t)r?fltjsed \E)V'th (tjhe S?r']n
abruptly, our data fits well to a nearest-neighbor Heisenber ains, which we will next propose, that are based on the
model with an exchange constantbt 660 K. The data for lectronic structure. In particular, we believe that the impor-

6% and 10% Sc doping is in very good agreement with étant exchange path is diretf, orbital overlap, rather than

model based on broken finite linear Heisenberg chains. Superexchange via oxygen. Al _each Ti site, the approxi-
In the following, we describe the structure of TIOCI and mately octahedral coordination dictates a set of axes for the

discuss the possibility of one-dimensional spin chainsconventionaky andt,, orbitals. We choose=a, andx and
formed byt,4 orbitals. The reasoning here will be justified y axes that are rotated by 45° relative to thendc axes.
by band-structure calculations, which feature isolated oneWith this choice of axes, thd,2_,2 andd,2 orbitals point
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FIG. 1. (a) Structure of TiIOCI. A single bilayer is shown. Note that each Ti is surrounded by 40 and 2Cl, forming a distorted octahedron.
These octahedra are corner sharing alarand edge sharing alortg (b),(c) Top view on the lattice showing only Ti ions which form two
rectangular layers. The smaller symbols are for the bottom Iéyeu,, orbitals forming linear chaingc) d,, orbitals forming zigzag chains.

Note that the plane of the orbital is tilted by 45° out of the paper and two of its lobes point directly at the Ti ions on the adjacent layer.
Another zigzag chain is formed by the degenerteorbital and orbital ordering will be needed to break the symmetry.

towards the oxygen and chlorine neighbors as requiredgfor
orbitals. The important orbitals are tig,’'s (dy, dy,, and
dy,). Thed,, orbitals form linear chains running along the
axis, linking Ti ions in the same layer. This is shown in Fig.
1(b). On the other hand, Fig.(d) shows that thel,, orbitals

derived from thed,, orbitals corresponding to the linear
chains in Fig. 1b). VaryingU only had a significant effect on
the splitting between the occupied and unoccupied bands and
not on the shape or width of the occupied bands. If the band-
width of 0.9 eV is identified with 4, wheret is the nearest-

are tilted by 45° out of the plane and two of the lobes pointneighbor hopping in a one-dimensional tight-binding model,

directly at the Ti ions in the other layer. This is also thewe

can estimate the exchange constant in an effective

direction of the shortest Ti-Ti distance and we propose thaHeisenberg model vid=4t%/U =714 K.

these orbitals may form a zigzag chain along dhdirection.

Other band-structure calculations for TiOCI found in the

Note that such a state is degenerate with a similar state déiterature based on a phenomenological tight-binding model
rived from thed,, orbitals, where the latter are connecting aare not in agreement with our LDA calculations. In Ref. 7, Cl
different set of pairs of neighboring chains. A state with in-seems to play an important role at the Fermi surface and
finite zigzag chains is thus one of a broken twofold symme-strong correlation effects leading to orbital ordering have not

try between thel,, andd,, orbitals.

been included.

The arguments given thus far assume that the states at the The band structure thus indeed suggests the existence of
Fermi level aret,y-like electrons. In order to confirm this, one-dimensional spin-1/2 chains in TiOCI, where the spins
and to investigate orbital ordering, we have performed bothare localized in Tit,4 orbitals. We have repeated the mea-

LDA and LDA+U (Ref. 3 calculations using the full-
potential linear muffin-tin orbital methotAll calculations

surement of the uniform susceptibility of pure TiO®ig.
4), and of the Sc doped materi@ig. 5), over a temperature

were performed using thevTarT code® and the experimen- range from a few kelvin to 800 K.

tally determined unit cef,and ferromagnetic spin polariza-

Single crystals TiOCl and Ti ,Sc,OCI were prepared by

tion. Both LDA and LDA+U calculations yielded a mag- the chemical vapor transport method using excess;TéS|

netic moment of L, per formula unit. In the following
discussion, the band structures and density of st@€xS

transport agerft TIOCI precursor is a mixture of TIQ TiCl,
(1:6 by weighj and Sc-doped precursor is a mixture of

correspond to the majority spin, as the minority spin for theTi,O3/Sc6,03/TiCl; with 6% and 15% of Sc in the evacu-
d states are completely unoccupied. We begin by presentingted sealed quartz tubes. TiOCI crystal is transported by
the site-decomposed density of states shown in Fig. 2. A3iCl; vapor to the cold zone with a gradient maintained at
shown, the oxygen and chlorimpelevels form well-separated 650 C/550 C within 20 cm. It takes 3—-5 days to complete the
bands from the Tid levels with only small hybridization vapor transportation. The Sc doping level of the single crys-
between the two. Also, the octahedral crystal field has clearlyal may not follow the calculated initial Sc/Ti ratio due to the

split thed states intd,4 andey contributions with the Fermi
level lying within thet,y peak as expected fora@t configu-
ration. These features can also be seen in the band structur
[Fig. 3(@]. Therefore, the assumption tf;-like electrons at

the Fermi level is valid. However, LDA predicts this material
to be metallic, and projecting the DOS onto thg orbitals
indicates that all three orbitals are partially occupiedt
shown. In order to go beyond the LDA and explicitly in-
clude the effect of strong on-site interactions, which may
induce orbital ordering, we have carried out LBAJ calcu-
lations. We performed calculations withi=3.3 eV and a
ferromagnetic on-site exchange of 1 g¥ig. 3b)]. As
shown, two nearly degenerate, one-dimensional bands splil
off from the rest of the,, bands creating an insulat@note

that there are two atoms per unit gelThese two bands are

States/eV
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FIG. 2. LDA-DOS projected onto Ti, O, and Cl orbitals.
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¥ FIG. 4. Susceptibility of crushed crystals of pure TiOCI. The
|| inset shows single crystal data with and without Curie subtraction.
BT N’ . . _
E/— = h_//_'_ where theS; are spin-1/2 operators. The solid curve in Fig. 4
£ sy P s shows that the data are indeed very well described by this
—_| RN S e model. Note that both the absolute magnitude and the peak
8 o 5 v T - - position are well accounted for by a single paramétgus-
tifying the choice of zero made above. The fit determides
FIG. 3. (a) LDA band-structure calculation for TiOCI. The Bril- =660 K, which agrees well with the crude estimate given

louin zone is orthorhombic withX=2mx/a, Y=2mylb, Z

above. The result of Sc doping can now be explained. In our
model, we assume that Sc replaces Ti in a frackiof all Ti

=2mz/c, andSis the zone corner. The unit cell contains 2Ti atoms. sites. Scis in al® configuration, therefore, Sc doping can be
Six bands around the Fermi level are identifiedt gsbands well regarded as the analog of ZI’,I doping i|'1 the cuprates. The
separated from they bands.(b) LDA+U band-structure calcula-  Heisenberg chains of our model are thus broken into finite
tion with split-off dy, bands. open-ended chains of an average length af More pre-

i — g2 !
ever, we find that the thoroughly mixed and reacted powdefisely; let P,(n)=nx*(1—x)" denote the probability for a
samples have Curie constants corresponding to the amoufi{® to belong to a chain of length Denoting the suscepti-
of free TP spins that are very close to half of the calculatedPllity per site of a finite open-ended Heisenberg chain of

initial Sc percentage.

lengthn by x(n,T), we expect the measured susceptibility in

The average Curie constants for single crystals are (5.5€ presence of Sc to be of the form

+1.2)% TF* for 15% Sc initial mixture(batch A) and
(3.1=0.3) % for 6% initial Sc mixturgbatchB). It is very
likely that the Curie constant does reflect only half of the Sc
doped in the sample.

Our data for pure TiOCI shown in Fig. 4 were obtained
from crushed crystals. They are about a factor of 3 smaller
than those proposed in Ref. 2. After subtraction for a small
Curie tail and correction for trace amounts of ferromag-
netism, we find a sharp drop in the susceptibility at low
temperatures. In a picture based on one-dimensional spir

chains, such a drop must be interpreted as a spin-Peierls 57’

transition. The flat part of the curve below 50 K then deter- wE
mines the zero level of susceptibility of the @ielectrons. 3
The single-crystal data shown in the inset of Fig. 4 features a 3
sudden drop of the susceptibility to zero at 67 K. In addition,

a noticeable inflection point appears at 95 K. The high-
temperature part of the dafabove 130 K can be fitted to

the Bonner-Fisher-cunfe,using the nearest-neighbor ex-
changeJ as the only free parameter of the Heisenberg-

Hamiltonian
H=JZ S Si1, (1)

020405-3
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FIG. 5. Susceptibility of Sc doped TiOGCbatchA).
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We have determineg(n,T) by exact diagonalization for shown to be energetically isolated in the band-structure cal-
n=1 to 16 and extrapolation. As shown in Fig. 5, this modelculation. We note that in the case of the linear chains, it is
with x=0.1 agrees well with the experiment on bafcht all  clear from Fig. 1b) that the neighboring chains form a stag-
temperatures below 600 K, above which the doped samplgered pattern and the exchange coupling between neighbor-
begins to decompose. A similar agreement was achieved fafg chains is frustrated. Thus, interchain coupling effects are
batchB with x=0.06. The existence of a Curie-like tail at |ikely to be weak. Furthermore, below the spin-Peierls tran-
low temperatures is easily understood in our model and igjtion, the lattice distortion associated with the dimerization
due to the presence of chains of odd length, which behave 3§ aiso frustrated from one chain to the next. This is not the
free spin-1/2 at temperatures below the gap. Since the gagase for the zigzag chains. Once the degeneracy of the zigzag
decreases asri/as the chain lengtin increases, chains of gjrection is broken, the interchain exchange is unfrustrated
different lengths will contribute to the Curie-like tail at dif- gng zigzag chains can easily lock in place. Thus, interchain
ferent temperatures. The fitting to a Curie tail is thereforeeffects are likely to be different in the two scenarios. A first-
imperfect, as pointed out in Ref. 2, except at very low tem-grder phase transition into a spin-Peierls state as suggested
peratures, where all odd chains contribute. It is clear that ithy our single-crystal data is expected by Ginzburg-Landau
the limit of smallx, half of all chains in the system will be arguments only in the frustrated scenario of the linear chains.
odd. Hence in our model, Sc doping roughly introduces freerhis is also the scenario favored by the LBAJ calculation.
spin-1/2 into the system on a 2:1 basis at very low temperagyrther experiments such as x-ray diffration are needed to
tures, as conjectured before. This result is in contradictiorronfirm this picture.
with Ref. 2, where a 1:1 Correspondence is reported. Further- A number of other Spin-Peieﬂs systems have been stud-
more, in Ref. 2, a large drop of the flat high-temperature parfeq, notably the organic system TTF-CuBDRef. 9 (where
of the susceptibility was found upon introduction of Sc into the spin resides on TTFand CuGe@.*° The exchange con-
TIOCI. This again does not agree with our measurementstants and transition temperatures &re77 K, T.= 12 K for
where the high-temperature parts of the pure and dopefiTE.cuBDT andJ=88 K, T.=14 K for CuGeQ, and the
sample have very similar values over a wide temperaturgyterchain coupling is unfrustrated in both cases. The energy
regime. We remark, however, that the effect of Sc doping agcale for TiOCI is higher by almost an order of magnitude.
megsured by us resembles that reported in R_ef_. 2 for the_ Cas@e relatively large) and the weak Jahn-Teller effect fiog,
of TIOBr, as one would expect for two such similar chemical orpitals both tend to minimize carrier localization effects
compounds. . ~making TiOCI an interesting candidate for doping. For large

Note that our model does not assume any spin-Peierlgopingx, wherext exceeds the spin-Peierls energy scale, the
transition for the Sc-doped cases. However, we believe thajoped holes will destroy the spin-Peierls state, resulting in a
the susceptibility data alone does not allow us to draw any tiinger liquid. For smaller hole concentration, the spin-
firm conclusion as to whether the spin-Peierls transition ipgjerls local order survives and the spins remain in singlet
destroyed or not. ) ) airs. Coherent motion of doped carriers may lead to uncon-

We conclude that both our numerical and experimentaj,entional superconductivity, as in the original RVB scenario.

results consistently indicate the existence of one-dimensiongihese possibilities are certainly worthy of further investiga-
spin-1/2 chains in TIOCI. Above 130 K, the susceptibility of +jons.

TiOCI is well described by a nearest-neighbor-exchange

Heisenberg model witll=660 K. We interpret the abrupt We thank Gil Lonzarich for bringing Ref. 2 to our atten-

drop of the susceptibility at 67 K as a transition into a spin-tion and T. Senthil for insightful discussions. The work of

Peierls state. We have identified the two possible kinds oAA.S., F.C.C., and P.A.L. was supported by the MRSEC pro-
spin chains that may be present. These are linear chairggam of the NSF under Grant No. DMR 98-08941. The work
along theb axis and zigzag chains along theaxis of the of C.A.M. and G.C. was supported by the Department of
crystal. Thet,, orbitals that form these chains have beenEnergy under Contract No. DE-FG02-96ER45571.
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