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Infrared optical properties of the spin-; quantum magnet TiOCI
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We report results on the electrodynamic response of TiOClI, a Iow-dimensiona% spiantum magnet that
shows a spin gap formation far<T.,=67 K. The Fano-like shape of a few selected infrared active phonons
suggests an interaction between lattice vibrations and a continuum of low-freq(smigyexcitations. The
temperature dependence of the phonon mode parameters extends over a broad temperature range well above
T.1, indicating the presence of an extended fluctuation regime. In the temperature interval between 200 K and
T.1, there is a progressive dimensionality crossafem two to ong, as well as a spectral weight shift from
low towards high frequencies. This allows us to identify a characteristic energy scale of about 430 K, ascribed
to a pseudo-spin-gap.
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[. INTRODUCTION tions in TIOCI emerge in an entirely new perspective from a
quantum antiferromagnet, and a scenario based on a spin-

Low-dimensional quantum spin systems, based on comPeierls(SP transition occurring below ;; has been credited
plex transition-metal oxides, have recently attracted a lot ofis being the most plausible interpretation of the experimental
attention, particularly as a fascinating playground to studyfindings?
spin-charge separation, spin-gap states, and quantum disor- The title compound seems also to be an ideal material to
der. Proposals that the exotic properties of low-dimensionaihvestigate a broken symmetry ground state with orbital de-
spin5 quantum magnets might also play a major role ingrees of freedom but without charge ordering. The relevant
shaping the mechanism for high-temperature supercondueele played by large electronic energy scales, associated with
tivity led to vigorous experimental activity on materials in- the orbital degrees of freedom, differentiates TiOCl from
volving Ci#* ions with a 31° configuration §=3). Other  CuGeQ and Na\,Os, two other intensively studied spin-
examples ofS=3 are notably T#* and V** systems ind* Peierls systems. CuGg@s characterized by a state without
configuration(i.e., one singled electron occupies one of the an orbital and charge degrees of freedom, while MaVis
tyq orbitals. In this respect, the layered TIO(X=Cl and  characterized by a state with an orbital and charge degrees of
Br) compounds are most promising and are candidates fdreedom?~ In this context, it is worth mentioning that the
exotic electronic configurations, as in the resonating-valencezoupling of an orbital to spin degrees of freedom in a chain
bond (RVB) model and for superconductivity based on system may establish a novel route to the formation of spin-
dimer fluctuationg:® gap states and spin-orbital excitatidhs?

TiOCl was first considered as a two-dimensional antifer- Optical methods, such as infrared or Raman spectroscopy,
romagnet, an electron analog to the high-temperaturare powerful experimental tools in revealing the characteris-
cuprates. This was based on considerations about the eletie energy scales associated with the development of broken
tronic properties and on the bilayer structure of the com-symmetry ground states, driven by magnetic and/or struc-
pound formed by edge-sharing, distorted J@D,  tural phase transitions. Indeed, information on the nature of
octahedrd. High-quality single crystals of TiOCI display a the electronidmagneti¢ ground state, lattice distortion, and
kink in the spin susceptibilityy(T) below aboutT., interplay of electroni¢magneti¢ and lattice degrees of free-
=92 K, followed by a pronounced drop &t;=67 K. This  dom can be obtained studying in detail the electrgmeag-
leads to a nonmagnetic ground statd g, therefore signal- netic excitations and the phonon spectrum, as a function of
ing the opening of a singlet-triplet spin g&f.lt has been temperature. Furthermore, the role played by strong quantum
proposed that the effective dimensionality of the TiO layersfluctuations inS= 3 systems, an issue of key importance, can
is reduced from two to one by an orbital ordering at'Ti be addressed as well. We provide here a complete set of
sites and that the singlet ground state is reached by a phas#rared optical data on TiOCl and a thorough analysis of its
transition also involving lattice degrees of freedom. Conseelectrodynamic response. The paper is organized as follows:
quently, the spin-gap formation and the associated fluctuawe first briefly describe the experiment and present the data;
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the discussion will then emphasize the temperature depen- " T

dence of the phonon spectrum from where we extract rel- 80 L —— 10K - nocl o,
evant information about the spin-gap ground state below - 100K Ai&f%f’-“exm.‘ .
oo, - -- 150K TR
8 60r
Il. EXPERIMENT AND RESULTS :E: ;
Our TiOCI single crystals were synthesized by standard § 40}
vapor-transport techniques from Ti@nd TiCk, according <

to the procedure described in Ref. 11. The crystals were ™
checked by x-ray-diffraction experiments and static magnetic 20+
susceptibility>* TiIOCI is an oxyhalogenide with a layered
structure made up of ¥TO? bilayers separated by ClI

(a)

bilayers. The basic TigCl, octahedra build an edge-shared 0 : :
network in theab plane of the orthorhombic unit cel(T), Ti0CI b-axis ' i '
besides the already-mentioned kink and sharp drop.at 80+

andT.q, respectively, is also characterized by a broad maxi-
mum around 400 K. Above 100 Kg(T) can be fitted by an

S=3 Heisenberg spin-chain model with an antiferromag- S 60
netic (AF) exchange coupling constadt=660 K (Ref. 3. B
Furthermore, the specific he@,(T) displays an anomaly E
only atT,, (Ref. 12. g 401 e 10K
We have measured the optical reflectiviRfw) from the = ] ---- 100K
far infrared(FIR) up to the ultraviole{UV) spectral range at - - 150K
temperatures between 10 and 300 K and also as a function of 200 - 200K
magnetic field. Since we did not find any magnetic-field de- L — 300K
pendence, we will focus on the temperature dependence only. 0 M) , ) ) . ) . )
The Kramers-KronidKK) transformation oR(w) allows us 0 200 400 600 800
to evaluate the optical functions, such as the real paft») Frequency (cm™1)
of the optical conductivity. To this endR(w) was extrapo- ) o _ _
lated to a constant value towards zero frequefbecause of FIG. 1. Optical reflectivityR(w) in the infrared spectral range

the insulating nature of TIOCland with © =S (2<s<4) of TiOCI along thea axis (a) andb axis (.b). The insets show the
whole spectra at 300 K up to the ultraviolet spectral range and the

above 16 cm 1. Besides some scattering in the data below,. : .
50 cm !, these extrapolations do not affect or alter the over—flt as described in the text

all shape of the optical properti¢see below. Further details ]

pertaining to the experimental method can be foundcaution that the features imy(w) below 50 cm* for both
elsewheré? Light was linearly polarized along the chain  polarization directions are spurious effects induced by the
axis and the transverse axis® In order to avoid leakage KK transformations. These features turn out to be
effects of the polarizer, the polarization of light in our ex- temperature-independent and are not considered further in
periment always coincides with the vertical axis of theour analysis. The inset in pang) enhances the visible spec-
sample mounting so that the investigated crystallographic ditral range, stressing the feature around<®?®cm™*
rection was perfectly parallel to the polarization of the light(~1 eV) for both polarization directions. Above 4
beam. Therefore, the polarization dependence was obtained10* cm 1, the o4 (w) spectranot shown here, see Ref. 14
by rotating the samplénstead of the polarizeby 90° in-  for more details were found to be polarization-independent.
side the cryostat. This assures that no undesired projections
of the light polarization along any transverse crystallographic
direction occur in our experiment.

Figure 1 summarizes our results by focusing attention on The high-frequency part of the excitation specttfiris
the temperature dependenceR{fw) in the infrared spectral dominated by electronic interband transitigféy. 1 and the
range and for both polarization directions. The insets displaynset of Fig. 2b)]. Recent local density approximation
the wholeR(w) spectra at 300 K with a logarithmic energy LDA +U calculations’ using the linear combination of muf-
scale. The first obvious observation is the strong anisotropfin tin orbitals (LMTO) method, predict a split-off of the
of the optical response within theb plane and for photon (one-dimensionalt,, bands creating an insulating state with
energies below~10* cm™!. Despite the two-dimensional a (charg¢ gap of about 8100 cm' (1 eV). Thetyy band is
layeredlike structure, the anisotropy in the infrared spectralerived from thed,, orbitals corresponding to the linear Ti
may be considered as a signature for the low dimensionalitghains(i.e., to the orbital ordering at i site9 along the
of TIOCI. Figure 2 reproduces the real part(w) of the  crystallographid axis?inducing an effective dimensionality
optical conductivity at 300 K in the far-infrared spectral reduction from two to one. This agrees with our data display-
range, as obtained from the KK transformatiorRgiw). We  ing a peak at~8x 10° cm ! along the chairb axis and a

Ill. DISCUSSION
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FIG. 2. Real partry(w) of the optical conductivity at 300 K in
the infrared spectral range of TiOCl along thexis (a) andb axis

(b). The total fit and its components, identified in the legend by their

respective resonance frequency in ¢mare also showiiRef. 26.
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FIG. 3. (Color online Schematic representation of the eigenvec-
tors for theB3, and B,, normal modes in TiOCI. The atom dis-
placements for the IR-active phonons occur within #ieplane.
The calculated normal frequencies in thare compared with the
observed value§n parenthesgs

well as a very broad feature around 200 ¢mA few ab-
sorptions are furthermore characterized by an asymmetric
shape (see below. The strongest modes at 294 and
438 cm ! along theb anda axis, respectively, display rather
broad high-frequency tails, which might be indicative of
some anharmonicity.

For TiOCl with the bisandwich layer structure of
FeOCI-type! the space groufPmmr(59D,,) can be con-
sidered at room temperature, for which tiBg, modes po-

The inset enlarges the visible spectral range and the arrow indicaté@'ized along thea axis, twoB,, along theb axis, and two

the feature at 8100 cnt (1 eV) for both polarizationgsee text
The temperature dependence o@f(w) was already shown in
Ref. 14.

B4, along thec axis can be predicted as infrar@R)-active
phonons. Because our samples are rather thin, we only have
access to thé,, and B3, modes of theab plane. We note
that 3A,, 3B,,, and Bz; Raman-active phonons are ex-

pronounced shoulder at the same energy along the transversected, as well. For light polarized within tiad plane, only

a axis [see the arrow in the inset of Fig(l}]. The same

the 3A; modes, inducing displacements along thexis, can

band-structure calculatiohssuggest furthermore interband be detected* Classical shell-model calculations allow us to

transitions between the O and glevels and the Td levels
at energies between 320* and 5.6<10* cm™ ! (4 and 7

extract eigenfrequencies and eigenvectors for both Raman-
and IR-active phonons of TIOGRef. 15. As far as the IR

eV). This is again very much in agreement with the absorpphonons are concerned, the calculations predictBe(a

tion features seen in our;(w) spectra(see the insets of Fig.
1 in Ref. 14 along both polarization directions.

In the far-infrared spectral rangenain panels of Fig. Jl
several absorptions dominate tRéw) spectra. The absorp-
tion features are better seen in the real paytw) of the
optical conductivity(Fig. 2). Along the chainb axis [Fig.
2(b)], there is a strong peak at 294 chwith additional

axis) phonons at 91 and 431 ¢mh and theB,, (b axis at

198 and 333 cm!. The agreement between the calculated
frequencies of the fundamental IR phonons and the experi-
mental observation is pretty good. Particularly, the two high-
frequency ones can be identified with the most pronounced
features in the experimental and b-axis spectra, respec-
tively. Figure 3 shows the normal mode eigenvector patterns

absorptions, overlapped to its low-frequency tail, at 251 andor the IR-active phonons, resulting from our shell-model

231 cm L.
177 cm ! and around 90 cmt. Along the transversa axis
[Fig. 2@)], there is a strong peak at 438 chand less in-
tensive absorptions at 68, 104, 294, 347, and 387cras

Moreover, we recognize broad absorptions atcalculations. Table | summarizes the predicted and the so far

experimentally determined phonon frequencies for the IR-
active modes and, as a complement, for the Raman-active
modes* as well.
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TABLE I. Infrared and Raman active phonons for TiOCI after progress on Ti®, is necessary in order to clarify this issue.
the space groupmm{(59D2n). The calculatedshell model(Ref.  additional modes due to a coupling between the lattice dy-
15)] _mode frequgncies in cnt are compared to the experimentally namics and the spin system or due to surface inhomogeneity
obtained valuegin parenthesgsA, modes are observable @a) 3y also become IR-active. Nevertheless, the latter possibil-
or (bb) polarization.B,, andBz4 modes are only accessible (@c) ity, implying specimen dependence, is rather unlikely, be-
and(bc) polarization, respectively, with one polarization vector par- Ca’use of the similarity, pointed out, above. in the ph;)non
allel to thec axis. . ’ . !

spectrum of the Ti& and TiX, series.
In order to shed light on the temperature dependence of

Infrared Raman . . -
B B, a B. a AD B B the phonon spectrum, we have fitted the optical conductivity
1 2 3 9 29 %9 with the so-called Fano expressitht®
308 198 91 248 84 126
7). (104 (203 - o (gti)?
433 333 431 333 219 237 T(w)=2 170  X(w) (€N
(294) (439 (365 .
43l 491 390 with x(w) = (w§;— ©?)/ y;», wherewy; is the resonance fre-
(430 ; e : _ .2 2
quency,y; is the width(i.e., damping, and ;= wp;/v;q;
aThis work. with w,; as the oscillator strength argj as the so-called
breference 14. asymmetry factor of th¢ absorption. The asymmetric line

shape for thésharp phonon modes derives from an interac-

Even though the calculated frequencies of the IR phonodion Peétween lattice vibrations and a continuum, usually
modes agree well with some features in our spectra, a larg&iVen by an electronic background. The interaction with a
number of phononlike absorptions than theoretically pre/Magnetic continuum may also lead to a Fano line shape, as
dicted is found for both polarizations. These results on TIOCSOWnN in the Raman-scattering spectra of low-dimensional
are reinforced by our recent optical investigation of the par-SPIn systemé It is verified easily that for the dimension-
ent TIOBr compound® For both polarization directions, we €SS Fano parametef—cc, one can recover the line shape
find the same set of IR-active phonon modes, just shifted iff the harmonic Lorentzian oscillattt'® The approach of
frequency. Particularly, those modes involving the Br ion areEd- (1) was successfully applied by Damasceftial™* to
normalized (i.e., redshiftedl in frequency by the reduced the spin-Peierls system’-NaV,Os.
mass with respect to the corresponding modes for the Cl Alternative approaches, based on the Fano th€oaye
compound® Furthermore, we remark that more phomnavallable in the literature. Here, we quote first of all the work

modes than expected from the nominal space group haJ® Lupi etal on the phonon interaction with a polaronic
been also detected in other relateckFi(X=1, Br, and C)  Packground in NgoeCé 0LCUQ, . This approach is based
compounds’ on the extension of Fano’s formalism by Davis and Feld-

The sample mounting chosen in our experimésee kamp (DF),%* yvho considered the case of an interacti(_)n be-
above allows us to exclude leakage effects due to the polarfWeen an arbitrary number of discrete states and continua. In
izer. However, one might invoke some twinning of the speci-th's work, we will primarily focus our attention on the fits of
mens. This could lead to additional phonon modes, due to thé1(@) after Eq. (1). Nevertheless, in order to stress the
mixing of different polarization directions. This possibility €duivalence among different approaches, we will discuss and
is, nevertheless, rather unlikely because of the strong anisoompare the relevant asymmeryfactors obtained with Eq.
ropy of the optical spectra. If domains would be present be(1) and by the DF formalism. Secondly, we also mention the
cause of twinning, phonons for both crystallographic axegliscussion of thec-axis phonon modes in YB&u;O, by
would be detected for both polarizations of light and no an-Schizmannet al*® In this phenomenological approach, the
isotropy would be found. For instance, the peaks at 387 angonventional Lorentz shape was modified by a fadr
438 cm ! along thea axis[Fig. 2(a)] are totally absent in the Where § accounts for the asymmetry. This model, however,
spectra along thb axis[Fig. 2(b)]. The same applies for the does not add relevant physical insight to the discussion with
sharp feature at about 104 crfor thea axis. Moreover, as espect to the more simple Lorentz modfelTherefore, it
will be discussed in detail below, the temperature depenWwill not be considered further.~
dence ino;(w) can differ substantially even for absorptions  The total fit of o1(w)=Re(o(w)), covering the whole
coinciding at the same frequency in both polarizationsspectral range from FIR up to UV, is obtained by summing
Therefore, we are confident that no common features arever eleven and ten contributions in E4) for thea andb
shared in FIR among the two polarizations. One proposadxis (Ref. 26, respectively. The fit ob;(w) at 300 K and
could be that the effective space group corresponds to #he single components in FIR for both polarization directions
lower symmetry than assumed so ¥ak.lower crystal sym- are shown in Fig. 2. The reproduction of the experimental
metry would then be the consequence of a superstructure;;,(w) curve is astonishingly good and the same fit quality is
induced, for instance, by orbital ordering. The presence obbtained at all temperatures. In passing, we also note that the
those additional IR-active modes at 300 K would indicatesame set of fit parametéPsallows us to reproduce the mea-
that the crystal structure of TiOCI is already transformedsuredR(w) spectrgsee, e.g., the fit oR(w) at 300 K in the
well above T,. Thorough x-ray analysis, presently in insets of Fig. 1
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FIG. 4. Temperature dependence alonghizis of the percent- FIG. 5. Temperature dependence alongalzeis of the percent-

age change with respect to 300(Eee texk for the resonance fre- age change with respect to 300(Kee texk for the resonance fre-
quencies {g;) (), the oscillator strengthsu(,;) (b), and the damp-  quencies {g;) (a), the oscillator strengthsu,;) (b), and the damp-
ings (y;) (o) of the phonon modegdentified in the legend by their ings (y;) (c) of the phonon mode&dentified in the legend by their
respective resonance frequency incm respective resonance frequency inch

The temperature dependence of the fit parameter€ESR parameterdi.e., the ESR linewidtiAH and the so-
(woj,7j,wpj, andq;) (Ref. 26 is shown, as a percentage called ESRg tensoj also displays a progressive evolution
change with respect to the 300-K datde.g., overa broad temperature range between 200 KlapdRef.
Awpj(T)/ wo;(300 K)  with  Awg;(T) = woj(T) —we;(300  27). From the analysis of the ESR signal, it is claimed that a
K)], in Figs. 4, 5, and 6 for both polarizations. Along the strong coupling between spin and lattice degrees of freedom
axis, the lower seven oscillators are temperature-dependergxists and that spin as well as orbital fluctuation effects
while along theb axis the lower six are temperature- aboveT.; may be responsible for the peculiar temperature
dependent, and these will be discussed further here. Thdependence of various quantitigsg., x(T)].
overall temperature dependence mainly develops below 200 The resonance frequenciesd) of almost all phonons
K and tends to saturate below 100 (Karticularly for the tend to increasdFigs. 4a) and 3a)], though moderately
chain b axig). The temperature dependence, occurring in &i.e., the change does not exceed)4%ith decreasing tem-
broad temperature interval and extending well abdyg is  perature, indicating a progressive hardening of the modes.
indicative of an extended fluctuation regime, which has beefThe resonance at 320 crhalong theb axis, accounting for
recognized in NMR daté,as well. The relaxation rates of the broad high-frequency tail of the mode at 294 &ndis-
¢l sites show dynamic lattice distortion with onset at 200plays on the contrary a weak softening. A well-defined soft
K, while for the 64°Ti sites, 1T T,, which probes the spin mode is in principle expected in models for the conventional
degrees of freedom, forms a maximum at about 13&RKf.  SP transition where the structural deformation is driven by a
4). Therefore, the interplay between the lattice and spin delinear coupling between the lattice and the magnetic degrees
grees of freedom must be already taking place at high temof freedom. As far as the dynamical interplay between spins
peratures. The temperature dependence ©ffLimplies a and phonons in TiOCl is concerned, it is clear from the tem-
pseudogap phase in the homogeneous state of the spin syserature dependence of our optical spectra that neither a soft
tem with an estimated pseudogap,..~430 K(Ref. 4. The  mode nor a generalized redshift in the resonance frequency
temperature dependence of the electron-spin-resonancé the phonons has been detected. At this point, apart from
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60 T T T T

— perature dependence of the magnetic susceptibiiity).

(a)_ The temperature dependenceypfin TIOCl is very similar to
_<>_> . the findings ina’-NaV,05 (Ref. 21). The pronounced nar-
rowing of the modes occurs in the temperature interval of the
so-called pseudo-spin-gap phase identified in the NMR
spectrd It seems, therefore, natural to relate this phonon
narrowing to the suppression of low-frequency spin fluctua-
tions and to consider it as another fingerprint for the coupled
spin-lattice fluctuation$?

It turns out that most of the absorptions, seen in our spec-
tra (Figs. 1 and 2and described by thecomponents in Eq.
(1), reduce to the Lorentzian-like.e., g;—=) shape. Only
the peak at 104 cm' along thea axis and the peak at
294 cm ! along theb axis display a Fano-like asymmetry.
The asymmetnyFig. 6) of the mode at 104 cit along the
a axis gradually decreasdse., |q;| gets larger with de-
creasing temperature, although the mode remains consider-
ably asymmetric at all temperatures. This indicates that there
is a predominant interaction with the continuum both above
and belowT;;. On the other hand, the temperature depen-
dence of the asymmetry for the 294-cinmode along théd
axis displays a clear crossover between 200 K agdfrom

FIG. 6. (a) Temperature dependence of the asymmetry facto@ @Symmetric Fano-like shagee., |q;| smal) to a Lorent-
|q;| for the 104-cm* mode along thea axis and the 294-cm  Zian oscillator(i.e., |q;| very large. The dlstmct_bghawor in
mode along thé axis, calculated after Eq1). Note thatq;<0 for ~ the temperature dependence of tefactors within theab
both polarization directiongb) Temperature dependence of the cor- plane is a further fingerprint for the anisotropy of the lattice
responding percentage changes with respect to 30(i.&, dynamics as well as of the coupling between phonon and
Aq;(T)/q;(300 K), with Aq;(T)=q;(T)—q;(300 K)] for the  continuum, and could hint at a low dimensionality of TIOCI.
asymmetry facton; of thea andb axes. In addition, we also dis- The clear Fano-Lorentz crossover along the cleanis sug-
play theg; factor and its percentage change for both modes obgests, moreover, the suppression of the interaction with the
tained with the Fano formalism, based on the approach of Davis andontinuum with decreasing temperatﬁ}eSince q;< 0 for
Feldkamp(DF) (Ref. 24. The equivalence of the two approaches photh asymmetric modes, the relevant continuum of excita-
[Eq. (1) and DR is obvious. tions, which is renormalized with temperature, covers an en-

ergy interval below the phonon resonance frequencies. For

the 320-cm* mode along thd axis, it seems that the tran- the chainb axis, this identifies a characteristic energy scale
sition atT; is not driven by a softening of the IR phonon of the order of 400 K(see below the discussion of the spec-
spectrum. A final word on the soft mode issue will only betral weight redistribution In Fig. 6, we also report, for com-
possible with neutron-scattering experiments, since the laparison, theg; factor for both modes as calculated from the
tice dimerization involved in the Peierls transition is relatedFano model based on the approach of Davis and Feldé&dmp.
to normal modes away from the Brillouin-zone center. FromEven though the two Fano approaclé4[Eq. (1) and DA
the perspective of the IR spectrum, one could have hopedre formally differenti.e., they are characterized by different
that the presence of a soft mode would have resulted in aenergy power-law decays of the absorption coeffigiethie
overall softening of the phonon branch to which it belongs.correspondingq; factors are identical both in absolute
The absence of a clear signature for IR phonon softening isalue® and in the relative percentage char(@ég. 6). This
common to other spin-Peierls systems, such as CyGeGstresses the equivalence of the Fano asymmetry cofept
(Ref. 28. Nevertheless, evidence for phonon softening hasametrized by they; factors for both calculations.
been found in the Raman scattering experiméhss broad The temperature dependence of the spectral weight en-
feature was identified at about 160 cirfor the chainb-axis  countered in the phonon spectrum is also of interest. We have
polarization. The weight of this signal gets confined and softobservedf* that the spectral weight encounteredoip ) at
ens down to 130 cit, i.e., by~20%, with decreasing tem- low frequencies tends to decrease below 200 K. The total
perature. This mode is ascribed to a Brillouin-zone boundargpectral weight, obtained by integrating(w) up to the UV
phonon. The experimentally observad mode at 203 cmt spectral range, however, is conserved and it is fully recov-
(Table ) with light polarization along thé axis is its related  ered already by 0ocm™* (~1 eV).! This is confirmed by
I'-point Raman-allowed phondf. the behavior of the squareabﬁj) oscillator strength$Figs.

Most of the phonon modes get narrow with decreasingd(b) and §b)]. Particularly for theb axis, the spectral weight
temperature[Figs. 4c) and Hc)]. Only the mode at is progressively removed with decreasing temperature over a
294 cm * along thea axis displays a broadening with de- spectral range of roughly 400 K. This is in agreement with
creasing temperature. Particularly the widt) of all  the energy scale identified above in the analysis of the pho-
phonons along the chamaxis follows very closely the tem- non asymmetry within the Fano approach. Most of the sup-

lqjl

Ag{T)/qf300 K) (%)
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pressed weight at low frequencies moves into the modes Jtherefore, the spin gap&2, [from NMR (Ref. 4] is the
294 or 438 cm* or into their high-frequency tails along the |owest energy for the local double spin flip in the short-
b and a axes, respectively. The remaining part of the suprange-order distorted phase, whileAg; (from IR and
pressed weight shifts from the elastic degrees of freedorRaman?) is the energy for the global spin gap of the fully
toward zone-boundaryfolded modes or, as we favor for dimerized chain.
TiOCI, to the electronic degrees of freedom at high energies.
Again, this overall shift mainly occurs betweéh., and IV. CONCLUSION
200 K.

Finally, the giant reduction of the phonon width, the be-
havior of the Fanay; factors(particularly along thés axis),
as well as the suppression of spectral weight in Figs. 4,
5, and 6 suggest the presence and development of a chara ; ,
teristic energy scale. Above all, the depletion of spectra Inewidth and the spectral weight, occurs over a broad tem-

weight over an energy range of the order of 400 K is Veryperaturg interval fronT;; up to 200 K. T_his is a fingerprint
much reminiscent of a similar behavior in the Raman specfOr the important role played by fluctuation effects. The pro-
tra, occurring over the same energy interval with decreasingounced narrowing of the IR modes with decreasing tem-

temperature and associated with the spin-gap opéfiing. erature coincides with _the ;uppressiqn of low-frequency
Setting 2 o~ 300 e (~430 K) as the lower bound for spin fluctuations, recognized in the spin-gap phase of the

the spin-gap energy, we obtain a reduced gap ratid\MR spectrd The behavior of the IR spectral weight with
28 4i/ksToy~4.6 and 6.7 forT., and T, respectively. temperature establishes the presence of a characteristic en-
Witﬁ) resSect to the mean-fiéld resulct(s.e., 2A/Kg T, ergy sca!e _assqcigted with the opening of a spﬁn gap. Al-
~3.52), our larger gap ratios might reveal competing eX_though similar findings are frequently observed in 1D sys-

change paths or electronic degrees of freedbyt they are tems, the plre_sentlcage is different due to the unusually high
more reasonable than those obtained from recent NMF@n%rgy scaie Invo 'VOeCi low-di . | sgi
study? Indeed, the extraordinary larger spin gag,.; would umming up, Ti , & prototype low-dimensional sgin-

correspond to a reduced gap ratio ranging between 9 and antum compound, is a member of a cla_ss of correlated
for T,, andT,,, respectively. One can reconcile the outcome®lectron systems where a pseudogap state is related to large

of a typical local probe such as NMR with the optical results,phonon anomalies. Such systems have recently gained im-

which notably give an average perspective of the excitatiofportance due to the investigation of so-called orbital ligthds

spectrum, by following the development of both the mag-f"md due to the reconsideration of electron-phonon coupling

netic and structural correlations. With decreasing tempera'—n high-temperature superconductdfs.
ture down toT,, the coherence length of the structural dis-
tortion increases and the magnetic correlations crossover

from 2D to 1D (Ref. 14. The energy gain afl <T., is The authors wish to thank J. Mer for technical help,
mainly related to the spin system. Therefore, the relateéind A. Damascelli, B. Schlein, P. Calvani, and A. Perucchi
anomaly in the specific hedtis small, and in conventional for fruitful discussions. This work has been supported by
x-ray scattering no sign of a coherent structural distortiorthe Swiss National Foundation for the Scientific Research,
can be found” With further decreasing, the structural dis- INTAS 01-278, DFG SPP1073 and by the MRSEC Program
tortion becomes long-range. Beldw;,, TiOCl has a conven- of the National Science Foundation under award number
tional behavior closely related to a spin-Peierls systemDMR 02-13282.

We have provided a thorough analysis of the optical prop-
erties of TiOCI, emphasizing particularly the temperature de-
pendence of the phonon spectrum. The temperature depen-

lence of all relevant parameters, including the phonon
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