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Infrared optical properties of the spin- 1
2 quantum magnet TiOCl
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We report results on the electrodynamic response of TiOCl, a low-dimensional spin-1
2 quantum magnet that

shows a spin gap formation forT,Tc1567 K. The Fano-like shape of a few selected infrared active phonons
suggests an interaction between lattice vibrations and a continuum of low-frequency~spin! excitations. The
temperature dependence of the phonon mode parameters extends over a broad temperature range well above
Tc1, indicating the presence of an extended fluctuation regime. In the temperature interval between 200 K and
Tc1, there is a progressive dimensionality crossover~from two to one!, 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.

DOI: 10.1103/PhysRevB.69.125108 PACS number~s!: 78.20.2e, 71.36.1c
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I. INTRODUCTION

Low-dimensional quantum spin systems, based on c
plex transition-metal oxides, have recently attracted a lo
attention, particularly as a fascinating playground to stu
spin-charge separation, spin-gap states, and quantum d
der. Proposals that the exotic properties of low-dimensio
spin-12 quantum magnets might also play a major role
shaping the mechanism for high-temperature supercon
tivity led to vigorous experimental activity on materials i
volving Cu21 ions with a 3d9 configuration (S5 1

2 ). Other
examples ofS5 1

2 are notably Ti31 and V41 systems ind1

configuration~i.e., one singled electron occupies one of th
t2g orbitals!. In this respect, the layered TiOX (X5Cl and
Br! compounds are most promising and are candidates
exotic electronic configurations, as in the resonating-valen
bond ~RVB! model1 and for superconductivity based o
dimer fluctuations.2,3

TiOCl was first considered as a two-dimensional antif
romagnet, an electron analog to the high-tempera
cuprates. This was based on considerations about the
tronic properties and on the bilayer structure of the co
pound formed by edge-sharing, distorted TiO4Cl2
octahedra.3 High-quality single crystals of TiOCl display
kink in the spin susceptibilityx(T) below about Tc2
592 K, followed by a pronounced drop atTc1567 K. This
leads to a nonmagnetic ground state atTc1, therefore signal-
ing the opening of a singlet-triplet spin gap.3,4 It has been
proposed that the effective dimensionality of the TiO lay
is reduced from two to one by an orbital ordering at Ti31

sites and that the singlet ground state is reached by a p
transition also involving lattice degrees of freedom. Con
quently, the spin-gap formation and the associated fluc
0163-1829/2004/69~12!/125108~8!/$22.50 69 1251
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tions in TiOCl emerge in an entirely new perspective from
quantum antiferromagnet, and a scenario based on a s
Peierls~SP! transition occurring belowTc1 has been credited
as being the most plausible interpretation of the experime
findings.3

The title compound seems also to be an ideal materia
investigate a broken symmetry ground state with orbital
grees of freedom but without charge ordering. The relev
role played by large electronic energy scales, associated
the orbital degrees of freedom, differentiates TiOCl fro
CuGeO3 and NaV2O5, two other intensively studied spin
Peierls systems. CuGeO3 is characterized by a state withou
an orbital and charge degrees of freedom, while NaV2O5 is
characterized by a state with an orbital and charge degree
freedom.4–7 In this context, it is worth mentioning that th
coupling of an orbital to spin degrees of freedom in a ch
system may establish a novel route to the formation of sp
gap states and spin-orbital excitations.8–10

Optical methods, such as infrared or Raman spectrosc
are powerful experimental tools in revealing the characte
tic energy scales associated with the development of bro
symmetry ground states, driven by magnetic and/or str
tural phase transitions. Indeed, information on the nature
the electronic~magnetic! ground state, lattice distortion, an
interplay of electronic~magnetic! and lattice degrees of free
dom can be obtained studying in detail the electronic~mag-
netic! excitations and the phonon spectrum, as a function
temperature. Furthermore, the role played by strong quan
fluctuations inS5 1

2 systems, an issue of key importance, c
be addressed as well. We provide here a complete se
infrared optical data on TiOCl and a thorough analysis of
electrodynamic response. The paper is organized as follo
we first briefly describe the experiment and present the d
©2004 The American Physical Society08-1
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CAIMI et al. PHYSICAL REVIEW B 69, 125108 ~2004!
the discussion will then emphasize the temperature de
dence of the phonon spectrum from where we extract
evant information about the spin-gap ground state be
Tc1.

II. EXPERIMENT AND RESULTS

Our TiOCl single crystals were synthesized by stand
vapor-transport techniques from TiO2 and TiCl3, according
to the procedure described in Ref. 11. The crystals w
checked by x-ray-diffraction experiments and static magn
susceptibility.3,4 TiOCl is an oxyhalogenide with a layere
structure made up of Ti31O22 bilayers separated by Cl2

bilayers. The basic TiO4Cl2 octahedra build an edge-share
network in theab plane of the orthorhombic unit cell.x(T),
besides the already-mentioned kink and sharp drop atTc2
andTc1, respectively, is also characterized by a broad ma
mum around 400 K. Above 100 K,x(T) can be fitted by an
S5 1

2 Heisenberg spin-chain model with an antiferroma
netic ~AF! exchange coupling constantJ5660 K ~Ref. 3!.
Furthermore, the specific heatCp(T) displays an anomaly
only at Tc2 ~Ref. 12!.

We have measured the optical reflectivityR(v) from the
far infrared~FIR! up to the ultraviolet~UV! spectral range a
temperatures between 10 and 300 K and also as a functio
magnetic field. Since we did not find any magnetic-field d
pendence, we will focus on the temperature dependence
The Kramers-Kronig~KK ! transformation ofR(v) allows us
to evaluate the optical functions, such as the real parts1(v)
of the optical conductivity. To this end,R(v) was extrapo-
lated to a constant value towards zero frequency~because of
the insulating nature of TiOCl! and with v2s (2,s,4)
above 105 cm21. Besides some scattering in the data bel
50 cm21, these extrapolations do not affect or alter the ov
all shape of the optical properties~see below!. Further details
pertaining to the experimental method can be fou
elsewhere.13 Light was linearly polarized along the chainb
axis and the transversea axis.1,3 In order to avoid leakage
effects of the polarizer, the polarization of light in our e
periment always coincides with the vertical axis of t
sample mounting so that the investigated crystallographic
rection was perfectly parallel to the polarization of the lig
beam. Therefore, the polarization dependence was obta
by rotating the sample~instead of the polarizer! by 90° in-
side the cryostat. This assures that no undesired projec
of the light polarization along any transverse crystallograp
direction occur in our experiment.

Figure 1 summarizes our results by focusing attention
the temperature dependence ofR(v) in the infrared spectra
range and for both polarization directions. The insets disp
the wholeR(v) spectra at 300 K with a logarithmic energ
scale. The first obvious observation is the strong anisotr
of the optical response within theab plane and for photon
energies below;104 cm21. Despite the two-dimensiona
layeredlike structure, the anisotropy in the infrared spec
may be considered as a signature for the low dimensiona
of TiOCl. Figure 2 reproduces the real parts1(v) of the
optical conductivity at 300 K in the far-infrared spectr
range, as obtained from the KK transformation ofR(v). We
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caution that the features ins1(v) below 50 cm21 for both
polarization directions are spurious effects induced by
KK transformations. These features turn out to
temperature-independent and are not considered furthe
our analysis. The inset in panel~b! enhances the visible spec
tral range, stressing the feature around 83103 cm21

(;1 eV) for both polarization directions. Above
3104 cm21, thes1(v) spectra~not shown here, see Ref. 1
for more details! were found to be polarization-independen

III. DISCUSSION

The high-frequency part of the excitation spectrum14 is
dominated by electronic interband transitions@Fig. 1 and the
inset of Fig. 2~b!#. Recent local density approximatio
LDA1U calculations,3 using the linear combination of muf
fin tin orbitals ~LMTO! method, predict a split-off of the
~one-dimensional! t2g bands creating an insulating state wi
a ~charge! gap of about 8100 cm21 ~1 eV!. The t2g band is
derived from thedxy orbitals corresponding to the linear T
chains~i.e., to the orbital ordering at Ti31 sites! along the
crystallographicb axis,3 inducing an effective dimensionality
reduction from two to one. This agrees with our data displ
ing a peak at;83103 cm21 along the chainb axis and a

FIG. 1. Optical reflectivityR(v) in the infrared spectral range
of TiOCl along thea axis ~a! and b axis ~b!. The insets show the
whole spectra at 300 K up to the ultraviolet spectral range and
fit as described in the text.
8-2
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INFRARED OPTICAL PROPERTIES OF THE SPIN-1
2 . . . PHYSICAL REVIEW B69, 125108 ~2004!
pronounced shoulder at the same energy along the trans
a axis @see the arrow in the inset of Fig. 2~b!#. The same
band-structure calculations3 suggest furthermore interban
transitions between the O and Clp levels and the Tid levels
at energies between 3.23104 and 5.63104 cm21 ~4 and 7
eV!. This is again very much in agreement with the abso
tion features seen in ours1(v) spectra~see the insets of Fig
1 in Ref. 14! along both polarization directions.

In the far-infrared spectral range~main panels of Fig. 1!,
several absorptions dominate theR(v) spectra. The absorp
tion features are better seen in the real parts1(v) of the
optical conductivity~Fig. 2!. Along the chainb axis @Fig.
2~b!#, there is a strong peak at 294 cm21 with additional
absorptions, overlapped to its low-frequency tail, at 251 a
231 cm21. Moreover, we recognize broad absorptions
177 cm21 and around 90 cm21. Along the transversea axis
@Fig. 2~a!#, there is a strong peak at 438 cm21 and less in-
tensive absorptions at 68, 104, 294, 347, and 387 cm21, as

FIG. 2. Real parts1(v) of the optical conductivity at 300 K in
the infrared spectral range of TiOCl along thea axis ~a! andb axis
~b!. The total fit and its components, identified in the legend by th
respective resonance frequency in cm21, are also shown~Ref. 26!.
The inset enlarges the visible spectral range and the arrow indic
the feature at 8100 cm21 ~1 eV! for both polarizations~see text!.
The temperature dependence ofs1(v) was already shown in
Ref. 14.
12510
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well as a very broad feature around 200 cm21. A few ab-
sorptions are furthermore characterized by an asymme
shape ~see below!. The strongest modes at 294 an
438 cm21 along theb anda axis, respectively, display rathe
broad high-frequency tails, which might be indicative
some anharmonicity.

For TiOCl with the bisandwich layer structure o
FeOCl-type,1 the space groupPmmn(59,D2h) can be con-
sidered at room temperature, for which twoB3u modes po-
larized along thea axis, twoB2u along theb axis, and two
B1u along thec axis can be predicted as infrared~IR!-active
phonons. Because our samples are rather thin, we only h
access to theB2u and B3u modes of theab plane. We note
that 3Ag , 3B2g , and 3B3g Raman-active phonons are e
pected, as well. For light polarized within theab plane, only
the 3Ag modes, inducing displacements along thec axis, can
be detected.14 Classical shell-model calculations allow us
extract eigenfrequencies and eigenvectors for both Ram
and IR-active phonons of TiOCl~Ref. 15!. As far as the IR
phonons are concerned, the calculations predict theB3u (a
axis! phonons at 91 and 431 cm21 and theB2u (b axis! at
198 and 333 cm21. The agreement between the calculat
frequencies of the fundamental IR phonons and the exp
mental observation is pretty good. Particularly, the two hig
frequency ones can be identified with the most pronoun
features in the experimentala- and b-axis spectra, respec
tively. Figure 3 shows the normal mode eigenvector patte
for the IR-active phonons, resulting from our shell-mod
calculations. Table I summarizes the predicted and the so
experimentally determined phonon frequencies for the
active modes and, as a complement, for the Raman-ac
modes14 as well.

ir

tes

FIG. 3. ~Color online! Schematic representation of the eigenve
tors for theB3u and B2u normal modes in TiOCl. The atom dis
placements for the IR-active phonons occur within theab plane.
The calculated normal frequencies in cm21 are compared with the
observed values~in parentheses!.
8-3
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Even though the calculated frequencies of the IR pho
modes agree well with some features in our spectra, a la
number of phononlike absorptions than theoretically p
dicted is found for both polarizations. These results on TiO
are reinforced by our recent optical investigation of the p
ent TiOBr compound.16 For both polarization directions, w
find the same set of IR-active phonon modes, just shifted
frequency. Particularly, those modes involving the Br ion
normalized ~i.e., redshifted! in frequency by the reduce
mass with respect to the corresponding modes for the
compound.16 Furthermore, we remark that more phon
modes than expected from the nominal space group h
been also detected in other related TiX2 (X5I, Br, and Cl!
compounds.17

The sample mounting chosen in our experiment~see
above! allows us to exclude leakage effects due to the po
izer. However, one might invoke some twinning of the spe
mens. This could lead to additional phonon modes, due to
mixing of different polarization directions. This possibilit
is, nevertheless, rather unlikely because of the strong an
ropy of the optical spectra. If domains would be present
cause of twinning, phonons for both crystallographic ax
would be detected for both polarizations of light and no a
isotropy would be found. For instance, the peaks at 387
438 cm21 along thea axis@Fig. 2~a!# are totally absent in the
spectra along theb axis @Fig. 2~b!#. The same applies for th
sharp feature at about 104 cm21 for thea axis. Moreover, as
will be discussed in detail below, the temperature dep
dence ins1(v) can differ substantially even for absorption
coinciding at the same frequency in both polarizatio
Therefore, we are confident that no common features
shared in FIR among the two polarizations. One propo
could be that the effective space group corresponds
lower symmetry than assumed so far.1 A lower crystal sym-
metry would then be the consequence of a superstruc
induced, for instance, by orbital ordering. The presence
those additional IR-active modes at 300 K would indica
that the crystal structure of TiOCl is already transform
well above Tc2. Thorough x-ray analysis, presently

TABLE I. Infrared and Raman active phonons for TiOCl aft
the space groupPmmn(59,D2h). The calculated@shell model~Ref.
15!# mode frequencies in cm21 are compared to the experimental
obtained values~in parentheses!. Ag modes are observable in~aa!
or ~bb! polarization.B2g andB3g modes are only accessible in~ac!
and~bc! polarization, respectively, with one polarization vector p
allel to thec axis.

Infrared Raman
B1u B2u

a B3u
a Ag

b B2g B3g

308 198 91 248 84 126
~177! ~104! ~203!

433 333 431 333 219 237
~294! ~438! ~365!

431 491 390
~430!

aThis work.
bReference 14.
12510
n
er
-
l

r-

in
e

l

ve

r-
-
e

ot-
-
s
-
d

-

.
re
al
a

re,
f

progress on TiOX, is necessary in order to clarify this issu
Additional modes due to a coupling between the lattice
namics and the spin system or due to surface inhomogen
may also become IR-active. Nevertheless, the latter poss
ity, implying specimen dependence, is rather unlikely, b
cause of the similarity, pointed out above, in the phon
spectrum of the TiOX and TiX2 series.

In order to shed light on the temperature dependence
the phonon spectrum, we have fitted the optical conductiv
with the so-called Fano expression,18,19

s̃~v!5(
j

is0 j

~qj1 i !2

i 1x~v!
, ~1!

with x(v)5(v0 j
2 2v2)/g jv, wherev0 j is the resonance fre

quency,g j is the width ~i.e., damping!, ands0 j5vp j
2 /g jqj

2

with vp j as the oscillator strength andqj as the so-called
asymmetry factor of thej absorption. The asymmetric lin
shape for the~sharp! phonon modes derives from an intera
tion between lattice vibrations and a continuum, usua
given by an electronic background. The interaction with
magnetic continuum may also lead to a Fano line shape
shown in the Raman-scattering spectra of low-dimensio
spin systems.7,20 It is verified easily that for the dimension
less Fano parameterqj→`, one can recover the line shap
of the harmonic Lorentzian oscillator.13,18 The approach of
Eq. ~1! was successfully applied by Damascelliet al.21,22 to
the spin-Peierls systema8-NaV2O5.

Alternative approaches, based on the Fano theory,19 are
available in the literature. Here, we quote first of all the wo
by Lupi et al.23 on the phonon interaction with a polaron
background in Nd1.96Ce0.04CuO41y . This approach is base
on the extension of Fano’s formalism by Davis and Fe
kamp ~DF!,24 who considered the case of an interaction b
tween an arbitrary number of discrete states and continua
this work, we will primarily focus our attention on the fits o
s1(v) after Eq. ~1!. Nevertheless, in order to stress th
equivalence among different approaches, we will discuss
compare the relevant asymmetryqj factors obtained with Eq.
~1! and by the DF formalism. Secondly, we also mention
discussion of thec-axis phonon modes in YBa2Cu3Oy by
Schützmannet al.25 In this phenomenological approach, th
conventional Lorentz shape was modified by a factoreiu,
whereu accounts for the asymmetry. This model, howev
does not add relevant physical insight to the discussion w
respect to the more simple Lorentz model.13 Therefore, it
will not be considered further.

The total fit of s1(v)5Re„s̃(v)…, covering the whole
spectral range from FIR up to UV, is obtained by summi
over eleven and ten contributions in Eq.~1! for the a andb
axis ~Ref. 26!, respectively. The fit ofs1(v) at 300 K and
the single components in FIR for both polarization directio
are shown in Fig. 2. The reproduction of the experimen
s1(v) curve is astonishingly good and the same fit quality
obtained at all temperatures. In passing, we also note tha
same set of fit parameters26 allows us to reproduce the mea
suredR(v) spectra@see, e.g., the fit ofR(v) at 300 K in the
insets of Fig. 1#.

-
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INFRARED OPTICAL PROPERTIES OF THE SPIN-1
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The temperature dependence of the fit parame
(v0 j ,g j ,vp j , and qj ) ~Ref. 26! is shown, as a percentag
change with respect to the 300-K data@e.g.,
Dv0 j (T)/v0 j (300 K) with Dv0 j (T)5v0 j (T)2v0 j (300
K)], in Figs. 4, 5, and 6 for both polarizations. Along thea
axis, the lower seven oscillators are temperature-depend
while along the b axis the lower six are temperature
dependent, and these will be discussed further here.
overall temperature dependence mainly develops below
K and tends to saturate below 100 K~particularly for the
chain b axis!. The temperature dependence, occurring in
broad temperature interval and extending well aboveTc1, is
indicative of an extended fluctuation regime, which has b
recognized in NMR data,4 as well. The relaxation rates o
35Cl sites show dynamic lattice distortion with onset at 2
K, while for the 46,49Ti sites, 1/TT1, which probes the spin
degrees of freedom, forms a maximum at about 135 K~Ref.
4!. Therefore, the interplay between the lattice and spin
grees of freedom must be already taking place at high t
peratures. The temperature dependence of 1/TT1 implies a
pseudogap phase in the homogeneous state of the spin
tem with an estimated pseudogapDfluct;430 K ~Ref. 4!. The
temperature dependence of the electron-spin-reson

FIG. 4. Temperature dependence along theb axis of the percent-
age change with respect to 300 K~see text! for the resonance fre
quencies (v0 j ) ~a!, the oscillator strengths (vp j) ~b!, and the damp-
ings (g j ) ~c! of the phonon modes~identified in the legend by thei
respective resonance frequency in cm21).
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~ESR! parameters~i.e., the ESR linewidthDH and the so-
called ESRg tensor! also displays a progressive evolutio
over a broad temperature range between 200 K andTc1 ~Ref.
27!. From the analysis of the ESR signal, it is claimed tha
strong coupling between spin and lattice degrees of freed
exists and that spin as well as orbital fluctuation effe
aboveTc1 may be responsible for the peculiar temperatu
dependence of various quantities@e.g.,x(T)].

The resonance frequencies (v0 j ) of almost all phonons
tend to increase@Figs. 4~a! and 5~a!#, though moderately
~i.e., the change does not exceed 4%!, with decreasing tem-
perature, indicating a progressive hardening of the mod
The resonance at 320 cm21 along theb axis, accounting for
the broad high-frequency tail of the mode at 294 cm21, dis-
plays on the contrary a weak softening. A well-defined s
mode is in principle expected in models for the conventio
SP transition where the structural deformation is driven b
linear coupling between the lattice and the magnetic deg
of freedom. As far as the dynamical interplay between sp
and phonons in TiOCl is concerned, it is clear from the te
perature dependence of our optical spectra that neither a
mode nor a generalized redshift in the resonance freque
of the phonons has been detected. At this point, apart f

FIG. 5. Temperature dependence along thea axis of the percent-
age change with respect to 300 K~see text! for the resonance fre-
quencies (v0 j ) ~a!, the oscillator strengths (vp j) ~b!, and the damp-
ings (g j ) ~c! of the phonon modes~identified in the legend by their
respective resonance frequency in cm21).
8-5
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CAIMI et al. PHYSICAL REVIEW B 69, 125108 ~2004!
the 320-cm21 mode along theb axis, it seems that the tran
sition at Tc1 is not driven by a softening of the IR phono
spectrum. A final word on the soft mode issue will only
possible with neutron-scattering experiments, since the
tice dimerization involved in the Peierls transition is relat
to normal modes away from the Brillouin-zone center. Fro
the perspective of the IR spectrum, one could have ho
that the presence of a soft mode would have resulted in
overall softening of the phonon branch to which it belon
The absence of a clear signature for IR phonon softenin
common to other spin-Peierls systems, such as CuG3
~Ref. 28!. Nevertheless, evidence for phonon softening
been found in the Raman scattering experiments.14 A broad
feature was identified at about 160 cm21 for the chainb-axis
polarization. The weight of this signal gets confined and s
ens down to 130 cm21, i.e., by;20%, with decreasing tem
perature. This mode is ascribed to a Brillouin-zone bound
phonon. The experimentally observedAg mode at 203 cm21

~Table I! with light polarization along theb axis is its related
G-point Raman-allowed phonon.14

Most of the phonon modes get narrow with decreas
temperature @Figs. 4~c! and 5~c!#. Only the mode at
294 cm21 along thea axis displays a broadening with de
creasing temperature. Particularly the widthg j of all
phonons along the chainb axis follows very closely the tem

FIG. 6. ~a! Temperature dependence of the asymmetry fac
uqj u for the 104-cm21 mode along thea axis and the 294-cm21

mode along theb axis, calculated after Eq.~1!. Note thatqj,0 for
both polarization directions.~b! Temperature dependence of the co
responding percentage changes with respect to 300 K@i.e.,
Dqj (T)/qj (300 K), with Dqj (T)5qj (T)2qj (300 K)] for the
asymmetry factorqj of the a andb axes. In addition, we also dis
play the qj factor and its percentage change for both modes
tained with the Fano formalism, based on the approach of Davis
Feldkamp~DF! ~Ref. 24!. The equivalence of the two approach
@Eq. ~1! and DF# is obvious.
12510
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perature dependence of the magnetic susceptibilityx(T).
The temperature dependence ofg j in TiOCl is very similar to
the findings ina8-NaV2O5 ~Ref. 21!. The pronounced nar
rowing of the modes occurs in the temperature interval of
so-called pseudo-spin-gap phase identified in the NM
spectra.4 It seems, therefore, natural to relate this phon
narrowing to the suppression of low-frequency spin fluctu
tions and to consider it as another fingerprint for the coup
spin-lattice fluctuations.14

It turns out that most of the absorptions, seen in our sp
tra ~Figs. 1 and 2! and described by thej components in Eq.
~1!, reduce to the Lorentzian-like~i.e., qj→`) shape. Only
the peak at 104 cm21 along thea axis and the peak a
294 cm21 along theb axis display a Fano-like asymmetry
The asymmetry~Fig. 6! of the mode at 104 cm21 along the
a axis gradually decreases~i.e., uqj u gets larger! with de-
creasing temperature, although the mode remains cons
ably asymmetric at all temperatures. This indicates that th
is a predominant interaction with the continuum both abo
and belowTc1. On the other hand, the temperature dep
dence of the asymmetry for the 294-cm21 mode along theb
axis displays a clear crossover between 200 K andTc2 from
an asymmetric Fano-like shape~i.e., uqj u small! to a Lorent-
zian oscillator~i.e., uqj u very large!. The distinct behavior in
the temperature dependence of theqj factors within theab
plane is a further fingerprint for the anisotropy of the latti
dynamics as well as of the coupling between phonon
continuum, and could hint at a low dimensionality of TiOC
The clear Fano-Lorentz crossover along the chainb axis sug-
gests, moreover, the suppression of the interaction with
continuum with decreasing temperature.21 Since qj,0 for
both asymmetric modes, the relevant continuum of exc
tions, which is renormalized with temperature, covers an
ergy interval below the phonon resonance frequencies.
the chainb axis, this identifies a characteristic energy sc
of the order of 400 K~see below the discussion of the spe
tral weight redistribution!. In Fig. 6, we also report, for com
parison, theqj factor for both modes as calculated from th
Fano model based on the approach of Davis and Feldkam24

Even though the two Fano approaches18,24 @Eq. ~1! and DF#
are formally different~i.e., they are characterized by differe
energy power-law decays of the absorption coefficient!, the
correspondingqj factors are identical both in absolut
value26 and in the relative percentage change~Fig. 6!. This
stresses the equivalence of the Fano asymmetry concept~pa-
rametrized by theqj factors! for both calculations.

The temperature dependence of the spectral weight
countered in the phonon spectrum is also of interest. We h
observed14 that the spectral weight encountered ins1(v) at
low frequencies tends to decrease below 200 K. The t
spectral weight, obtained by integratings1(v) up to the UV
spectral range, however, is conserved and it is fully rec
ered already by 104 cm21 (;1 eV).14 This is confirmed by
the behavior of the squared (vp j

2 ) oscillator strengths@Figs.
4~b! and 5~b!#. Particularly for theb axis, the spectral weigh
is progressively removed with decreasing temperature ov
spectral range of roughly 400 K. This is in agreement w
the energy scale identified above in the analysis of the p
non asymmetry within the Fano approach. Most of the s
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INFRARED OPTICAL PROPERTIES OF THE SPIN-1
2 . . . PHYSICAL REVIEW B69, 125108 ~2004!
pressed weight at low frequencies moves into the mode
294 or 438 cm21 or into their high-frequency tails along th
b and a axes, respectively. The remaining part of the su
pressed weight shifts from the elastic degrees of freed
toward zone-boundary~folded! modes or, as we favor fo
TiOCl, to the electronic degrees of freedom at high energ
Again, this overall shift mainly occurs betweenTc2 and
200 K.

Finally, the giant reduction of the phonon width, the b
havior of the Fanoqj factors~particularly along theb axis!,
as well as the suppression of spectral weight in FIR~Figs. 4,
5, and 6! suggest the presence and development of a cha
teristic energy scale. Above all, the depletion of spec
weight over an energy range of the order of 400 K is ve
much reminiscent of a similar behavior in the Raman sp
tra, occurring over the same energy interval with decreas
temperature and associated with the spin-gap openin14

Setting 2Dopt;300 cm21 (;430 K) as the lower bound fo
the spin-gap energy, we obtain a reduced gap r
2Dopt/kBTc1;4.6 and 6.7 forTc2 and Tc1, respectively.
With respect to the mean-field results~i.e., 2D/kBTc
;3.52), our larger gap ratios might reveal competing
change paths or electronic degrees of freedom,14 but they are
more reasonable than those obtained from recent N
study.4 Indeed, the extraordinary larger spin gapDfluct would
correspond to a reduced gap ratio ranging between 9 an
for Tc1 andTc2, respectively. One can reconcile the outcom
of a typical local probe such as NMR with the optical resu
which notably give an average perspective of the excita
spectrum, by following the development of both the ma
netic and structural correlations. With decreasing tempe
ture down toTc2, the coherence length of the structural d
tortion increases and the magnetic correlations cross
from 2D to 1D ~Ref. 14!. The energy gain atT,Tc2 is
mainly related to the spin system. Therefore, the rela
anomaly in the specific heat12 is small, and in conventiona
x-ray scattering no sign of a coherent structural distort
can be found.27 With further decreasingT, the structural dis-
tortion becomes long-range. BelowTc1, TiOCl has a conven-
tional behavior closely related to a spin-Peierls syste
ee
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Therefore, the spin gap 2Dfluct @from NMR ~Ref. 4!# is the
lowest energy for the local double spin flip in the sho
range-order distorted phase, while 2Dopt ~from IR and
Raman14! is the energy for the global spin gap of the ful
dimerized chain.

IV. CONCLUSION

We have provided a thorough analysis of the optical pr
erties of TiOCl, emphasizing particularly the temperature
pendence of the phonon spectrum. The temperature de
dence of all relevant parameters, including the phon
linewidth and the spectral weight, occurs over a broad te
perature interval fromTc1 up to 200 K. This is a fingerprint
for the important role played by fluctuation effects. The pr
nounced narrowing of the IR modes with decreasing te
perature coincides with the suppression of low-frequen
spin fluctuations, recognized in the spin-gap phase of
NMR spectra.4 The behavior of the IR spectral weight wit
temperature establishes the presence of a characteristic
ergy scale associated with the opening of a spin gap.
though similar findings are frequently observed in 1D s
tems, the present case is different due to the unusually h
energy scale involved.

Summing up, TiOCl, a prototype low-dimensional spin1
2

quantum compound, is a member of a class of correla
electron systems where a pseudogap state is related to
phonon anomalies. Such systems have recently gained
portance due to the investigation of so-called orbital liquid29

and due to the reconsideration of electron-phonon coup
in high-temperature superconductors.30
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