RAPID COMMUNICATIONS

Orbital order in the low-dimensional quantum spin system TiOCI probed by ESR
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We present electron-spin-resonance data &f TBd?) ions in single crystals of the novel layered quantum
spin magnet TIOCI. The analysis of tigetensor yields direct evidence that tlg, orbital from thet,, set is
predominantly occupied and owing to the occurrence of orbital order a linear spin chain forms along the
crystallographich axis. This result corroborates recent theoretical local-density approximationcalcula-
tions of the band structure. The temperature dependence of the parameters of the resonance signal suggests a
strong coupling between spin and lattice degrees of freedom and gives evidence for a transition to a nonmag-
netic ground state at 67 K.
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Transition-metal (TM) oxides with low-dimensional theoretical estimates in the framework of the angular overlap
structural elements provide a fascinating “playground” to model we conclude that the singteelectron occupies the
study novel phenomena such as high-temperature supercotlz, orbital which lies in thebc plane. This result suggests a
ductivity, spin-charge separation, spin-gap states, and quafermation of a spin-1/2 chain along thedirection, owing to
tum disorder:~3 Until recently, the emphasis has been put onthe overlap of the orbital states, and supports recent LDA
Cu-based oxides, where a £u(3d®) ion has a single hole +U calculations?® The ESR signal vanishes a=67 K
in the e, orbitals with spinS= 1/2, and its orbital momentum signaling the transition to a nonmagnetic ground state. A pro-
is almost completely quenched by the crystal field. The iongiounced dependence of the linewidth and ¢héactor on
at the beginning of the TM elements row, such &' Tand temperature suggests a strong coupling of spins to the Iatyce
V** have, in contrast, a singlke electron which occupies which may play an important role for the opening of the spin
one of thet,, orbitals. Because these orbitals are much les§2P: _ _
Jahn-Teller active, their near degeneracy may yield more Single crystals of TIOCI have been prepared from EiCl
complicated physics, involving not only the spin and charge(Aldrich) and TiO, (Kronos Titan according to experimen-
but also the orbital sectdrAs an example, the three- tal details given in Ref. 13_. The_ purity of the product was
dimensional cubic perovskite LaTiChas been proposed to checked by x-ray powder diffraction at 293 K and 10 K. The
realize a quantum orbital liquitl®. However, recent x-ray latter measurement has been carried out in order to check for

and neutron structural data suggest the ordering of th& possi.ble structural phase transition, Which we do not]ﬂnd..
orbitals” The structural dimensionality is reduced in Tiocl, Both diffractograms could be indexed in the orthorhombic

where [TiO,Cl,] octahedra are arranged in bilayers sepaSPace groupPmmnwith a=3.789(1) A, b=3.365(1) A,
rated from each other along teaxis[Fig. 1(@)]. In fact, for
quite a while this compound has been considered as a two-
dimensional(2D) antiferromagnet, an electron analog to the
high-T, cuprates, owing to an almosfT-independent mag-
netic susceptibility reported in Ref. 8. However, very re-
cently TiOCI has emerged in an entirely new light as a 1D
antiferromagnéf and is proposed as the second example of
an inorganic spin-Peierls compound after CuGé&d
LDA +U (where LDA+U means local-density approxima-
tion including Hubbard Wband-structure calculatiotfssug-
gest ordering of the,, orbitals in TiIOCI which produces
quasi-1D antiferromagnetiAF) S=1/2 chains. This calcu-
lation favors the occupancy of tha, orbitals [Fig. 1(b)]
which form a uniform chain along the axis. A transition to FIG. 1. (a) Crystal structure of TIOCI(b) sketch of thet,
. = . ] g

a nonmagnetic state dt.=67 K has been observeq in the ,hitals (@, B, andy) in the[TiO,Cl,] octahedron. The local co-
static magnetizatiot? Remarkably, nuclear-magnetic reso- ordinate frame{xyZ} is chosen so that|a axis, and thex andy
nance(NMR) data reveal the preexisting pseudo-spin-gapaxes are rotated by 45° with respect to thand b axes, respec-
already aboveT. which is ascribed to strong orbital tively. Note that in the LDA-U calculation of Seidekt al. (Ref.
fluctuations:? 10) one-dimensional bands are formed from overlappiyy yz,

In this paper we present electron-spin-resonafi®8R)  and xz orbitals, respectively, whereas on a single cluster level
data of TP* (3d?) in single crystals of TIOCI. By measuring =xy, 8= (xz+yz)/\2, andy=(xz—yz)/\2 states are the eigen-
the anisotropy of theg factor and comparing it with our state orbitals, respectively.
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FIG. 3. Angular dependence of tlgefactor atT=100 K: (a)

FIG. 2. (a) Static susceptibilityy(T) of TiOCI together with the (1-10 plane;(b) (001 plane.

ESR spin susceptibility and corresponding (&ee texk, (b) and(c)

ESR linewidthAH andg factor, respectively. the samplege.g., T¢" in structural defects The bulk signal

observed abov@ . is anisotropic and exhibits a strong tem-
c=8.060(3) A at 293 K and a=3.7946(3) A, b  perature dependence of tigefactor and the linewidthAH
=3.3584(2) A,c=8.057(1) A at 10 K. It is interesting to [Figs. 2b) and Zc)].
note that thea axis is longer and thb andc axes are shorter A representative example of the dependencg oh the
at lower temperatures, which means that the already distortedirection of the external magnetic fiellis shown in Fig. 3.
[TiO,Cl,] octahedra are slightly less compressed at 10 KOne notices that theaxis is a symmetry axis of thggtensor,
The static magnetic susceptibilig(T) has been measured in Whereg reaches its minimum valuéig. 3a)]. The g factor
a Faraday balance in a field of 1 T in the temperature rang# the ab plane is larger and also anisotropic, as expected in
10-550 K [Fig. 2@]. Within the experimental accuracy the orthorhombic symmetdyFig. 3(b)]: The situation is typi-
x(T) is isotropic and shows a behavior similar to that re-cal for a Ti octahedron strongly compressed alongzthgis
ported in Ref. 10. The fit of the data with the formula With smaller distortions in the equatorial plane, wherexiye
YT =x(M1oae+ X(D euict Xor Where x(T)1par is the  orbital ground state is realizédOn the quantitative level we
susceptibility of a uniform 1D Heisenberg antiferromaghet, compare the experimental data with the results of the angular
X(T) Curie is the Curie term, ando is the sum of the diamag_ overlap mOdE|(AOM) The AOM has been a tool to ratio-
netic susceptibility of TIOCI and the Van-Vleck susceptibil- Nalize spectroscopic and magnetic properties of TM and rare-
ity of Ti%*, yields the number of fre&=1/2 spins(para- €arth metal ions in various ligand fields and provides a math-
magnetic defecjs responsible for the low- Curie upturn of ~ ematical approach to calculating relative energies of
x(T) of order 0.6%, andyy=2.3x10"* emu/mole'® After molecular orb|talls of a_TM cor_‘nplex fror_n the overlap of the
the subtraction ofy(T)cyie and xo from the raw data one central-atom orbitals vylth the I|gand orbit&fsWe calculated
sees that the model of a 1D antiferromagnet with the nearedf€ 9 vgléuz%‘s for TIOCI using the program package
neighbor exchangd=676 K and theg factor of 1.91(see ~ CAMMAG.™ The be§t fit _qf theg tensor.W|th experimental
below) describes the data in the highregime quite well data(Tab.Ie ) clearly |d_ent|f|es theixy orbital as the ground-
[Fig. 2a)]. Below 130 K the susceptibility rapidly decreases statelorbltal. The relative energies of the'orbltal s.tates.and the
and approaches zero at60 K.17-19 bonding parameters used in the _calcula_tlon are listed in Table

ESR has been measured using a Bruker spectrometer bt Even if one neglects a plausible anisotropy of ten-

x-band frequency 9.48 GHz and at temperatures between tgractiongmodelA) the AOM predicts correctly a minimum
and 300 K. A single resonance line of a Lorentzian shape haéalue of theg factor along thee axis and larger values in the
been observed. The intensity of the ESR signal propor- @b plane @.<gp<d,). The agreement becomes even quan-
tional to the susceptibility of the resonating spifiss com-  titative if one accounts for the anisotropy of tiebonding,
parison ofl of TIOCI with that of a reference sampfegives wr_uch is quite rgasonable owing to the fact the ligands are all
evidence that within the experimental uncertainty practicallyoridging, €.9[ TiO4,Clz] (modelB).?® In the LDA+ U cal-
all spins contributing to the static susceptibility participate in
ESR. TheT dependence of the spin susceptibilj§fSR ob-
tained from the integrated intensityT) is similar to that of
the staticy [Fig. 2@].2! In particular, y=SR drops sharply

TABLE |. Observed and calculategltensor aflf =293 K. (A—
isotropic, B—anisotropier interaction$.

almost to zero al .= 67 K signaling the transition to a non- Experiment Mode Model B
magnetic state. In addition a small kink can be seen at 9g, 2.01 1.946 1.976
—95 K, which is ascribed in Ref. 12 to the onset of theg, 1.96 1.935 1.959
structural instability. A small signal arising &< T is obvi- 1.91 1.926 1.911

ously due to a small amount of paramagnetic impurities in
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TABLE Il. AOM parameters fof TiO,Cl,] complex and relative energies of tdeorbital states.

g 125 cm™!

B 700 cm ™!

C 2800 cm ™!

e, 9500 cm ™!, d(Ti-0)=1.95 A

€. 2400 cm ™! 72 20769 cm !
e, 4900 cm™ !, d(Ti-0)=225 A x?—y? 14891 cm™!
e, 1200 cm ™! (xz+yz)/\2 5900 cm !
e, 5700 cm ™!, d(Ti-C)=2.37 A (xz-yz2)/\2 2456 cm ™!
€, 900 cm ™! xy 0 cm!
k, 0.6 k,, k.09

culation of Seidelet al!° the two higher-energy 1D bands compared with the experimental data fbr-T, [Fig. 2(b)]
are derived from unmixed,, andd,;, orbitals, both which may be in part due to the fact that it neglects the peculiarities
make an angle of-45° with thec axis and theab plane.  of the bonding geometry in the 1D sg)in chain which in cer-
Their occupation by thel electron can be excluded, as the tain cases may considerably boadtl.>” More serious is the
symmetry of these states is different from the symmetry ofdiscrepancy of theT dependence ofAH. Because
the g tensor. xcurie! X(T) and the average value afg both increase with
The above discussion strongly supports the scenario prdoweringT, the widthAH is expected to increase, too. How-
posed in Ref. 10 on the basis of the band-structure result§Ver, experimentally one finds the opposite behaykig.
The occupation of thd,, states favors the occurrence of AF ()], suggesting that other mechanisms of spin relaxation,
spin chains along the axis owing, e.g., to the direct overlap €-9- via orbital and lattice degrees of freedom have to be
of the d,, orbitals (Fig. 1). The neighboring chains in the c_onsu_jere_c'l’. The interplay between Qrbltal ar_1d spin fluctua-
[TiO4CI2]§c bilayer are shifted in a staggered fashiondig tions in T|OCI2 has been proposed in the.dlscussmn of the
andb/2 along thea and b axes, respectiveljfFig. 1(a)], so NMR results. *lt IS argu_ed that the opening of t_he pseu-
that the interchain exchange interaction is expected to bgo_spln gap al” ~135K s related to the suppression of the
weak and frustrated. Thus almost perfectly isolated spin-l/?p'n'Pelerls ”a”S'“OF‘ caused by fluctua.t|ons of the Erb'ta'
chains with a relatively strong AF exchange-700 K, as states. Re_marl_<ably, in the tempera_tl,l_re intefak T<T
deduced from they data, can be realized. The spin chainsthe ESR linewidth Ievells off at a minimurm V"’T'“e 6f150
undergo the transition to a spin-gap statd @t 67 K. How- .170 Oe bgfore .droppmg down @t . Th!s implies that the
ever, NMR dat¥ indicate that this is not a conventional SPIN fluctuations in this temperature regime are strongly sup-
spin-Peierls transition as observed, e.g., in Cugt®e- presged as expected |n* the ps_eudpgap regime. The spin dy-
cause of a much larger spin gdg,, as compared witfT, namics recovers abovE resultln_g in the increase QSH.
(ZAQapIkBTCzl:B).14 Probably additional orbital degrees of An additional T-dependent contribution tdH could arise
freedom play an important role in TiOCI. Indeed, the com-due to the spin-phonon coupl|ng,_V\_/h|ch may be significant as
ponents of theg tensor exhibit a strond dependencéFig. suggested by the_ strong sens'gnvny of tgefactor to the
2(c)], suggesting that the energy of the orbital states alterghange of the lattice parameté S .
appreciably withT. This is a rather unusual feature: for ex- _ !N Summary, we have studied electron-spin resonance of

. : o Ti®* ions in single crystals of the novel low-dimensional
ample, in CuGe@ as well as in NaYOs which is another . . . A
well-known low-D spin-gap TM oxide,sthg values do not SPin magnet TiOCI. The analysis of tigetensor justifies the

change withT, 303 scenario that in an apparently 2D structure uniform spin
A considerable decrease of thenisotropy at lowT sig-  — 1/2 chains are formed along thedirection. The bulk ESR

nals a reduction of the distortion of the Ti complex, in agree-Signal vanishes al=67 K evidencing the transition to a

ment with our x-ray data. Such an appreciable coupling ofioMagnetic, possibly a spin-Peierls state. Tliependence
the spin to the lattice should affect tHedependence of the of t.he g values and the linewidth suggests that_orbltal and
ESR linewidth as well. In a concentrated paramagnet spin'@tice degrees of freedom may play a key role in the mag-
spin interactions produce a finite ESR linewidth owing to then©tic Properties of TIOCL. In particular, strong spin and prob-
anisotropic part of the superexchaAtje(’ =3SAS. This ably also orbital fluctuation effects aboWe may be respon-
interaction yields a second moment of the libd,~A sible for a peculiar temperature dependence of the ESR

~(Ag/g)2J.%2 Here Ag is the deviation ofy from the spin-  Parameters.

only value of 2, and is the strength of the isotropic Heisen- We acknowledge useful discussions with M. Ginger, T.

berg exchangé{=JXSS;, which in the 3D case narrows Lorenz, D. Khomskii, and S. Streltzov, and thank P. Lem-
the signal so that its width reducesadi~M3/J.33341f the  mens for pointing our attention to this system. This work was
susceptibility x(T) deviates from the Curie lawM, may  supported by the Deutsche Forschungsgemeinschaft through
acquire aT dependence proportional te-ie/ x(T).%® Tak-  the Sonderforschungsbereich 608. V.K. acknowledges sup-
ing Ag/g~0.05 andJ=680 K we obtairAH of the order of port of the RAS through Project No. OFN03/032061/
30 Oe. The much smaller value of this rough estimate a©§20703-996.
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