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The sequence of phase transitions and the symmetry of, in particular, the low temperature incommensurate
and spin-Peierls phases of the quasi-one-dimensional inorganic spin-Peierls system TiOX (X=Br and CI) have
been studied using inelastic light scattering experiments. The anomalous first-order character of the transition
to the spin-Peierls phase is found to be a consequence of the different symmetries of the incommensurate and
spin-Peierls (P2,/m) phases. The pressure dependence of the lowest transition temperature strongly suggests
that magnetic interchain interactions play an important role in the formation of the spin-Peierls and the
incommensurate phases. Finally, a comparison of Raman data on VOCI to the TiOX spectra shows that the
high energy scattering previously observed has a phononic origin.
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I. INTRODUCTION

The properties of low-dimensional spin systems are one
of the key topics of contemporary condensed matter physics.
Above all, the transition metal oxides with highly anisotropic
interactions and low-dimensional structural elements provide
a fascinating playground for studying novel phenomena,
arising from their low-dimensional nature and from the in-
terplay between lattice, orbital, spin, and charge degrees of
freedom. In particular, low-dimensional quantum spin (S
=1/2) systems have been widely discussed in recent years.
Among them, layered systems based on a 3d° electronic con-
figuration were extensively studied in view of the possible
relevance of quantum magnetism to high temperature
superconductivity.!> Though they received less attention,
also spin=1/2 systems based on early transition metal ox-
ides with electronic configuration 3d', such as titanium oxy-
halides (TiOX, with X=Br or Cl), exhibit a variety of inter-
esting properties.>* The attention originally devoted to the
layered quasi-two-dimensional 3d' antiferromagnets arose
from considering them as the electron analog to the high-T7',
cuprates.” Only recently TiOX emerged in a totally new
light, namely, as a one-dimensional antiferromagnet and as
the second example of an inorganic spin-Peierls compound
(the first being CuGeO;).%7

The TiO bilayers constituting the TiOX lattice are candi-
dates for various exotic electronic configurations, such as
orbital ordered,? spin-Peierls,6 and resonating-valence-bond
states. In the case of the TiOX family, the degeneracy of the
d orbitals is completely removed by the crystal field splitting,
so that the only d electron present, mainly localized on the Ti
site, occupies a nondegenerate energy orbital.> As a conse-
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quence of the shape of the occupied orbital (which has lobes
oriented in the b and c directions, where c is perpendicular to
the layers), the exchange interaction between the spins on
different Ti ions arises mainly from direct exchange within
the TiO bilayers, along the b crystallographic direction.’
This, in spite of the two-dimensional structural character,
gives the magnetic system of the TiOX family its peculiar
quasi-one-dimensional properties.® Magnetic susceptibility®
and electron spin resonance® measurements at high tempera-
ture are in reasonably good agreement with an antiferromag-
netic, one-dimensional spin-1/2 Heisenberg chain model. At
low temperature (7,;), TiOX shows a first-order phase tran-
sition to a dimerized nonmagnetic state, discussed in terms
of a spin-Peierls state.%>!" Between this low temperature
spin-Peierls phase (SP) and the one-dimensional antiferro-
magnet in the high temperature (HT) phase, various experi-
mental evidences*!!'"13 showed the existence of an interme-
diate phase, whose nature and origin is still debated. The
temperature region of the intermediate phase is different for
the two compounds considered in this work: for TiOBr, T,
=28 K and 7,=48 K, while for TiOCl, T.,=67 K and T,
=91 K. To summarize the properties reported so far, the in-
termediate phase (7,;<T,,) exhibits a gapped magnetic ex-
citation spectrum,* anomalous broadening of the phonon
modes in Raman and IR spectra,”!? and features of a period-
icity incommensurate with the lattice.'*!7 Moreover, the
presence of a pressure induced metal to insulator transition
has been recently suggested for TiOCI.'® Due to this complex
phase behavior, both TiOCI and TiOBr have been extensively
discussed in recent literature, and various questions still re-
main open: there is no agreement on the crystal symmetry of
the spin Peierls phase, the nature and symmetry of the in-
commensurate phase are not clear, and the anomalous first-
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order character of the transition to the spin-Peierls state is not
explained.

Optical methods such as Raman spectroscopy are power-
ful experimental tools for revealing the characteristic energy
scales associated with the development of broken symmetry
ground states, driven by magnetic and structural phase tran-
sitions. Indeed, information on the nature of the magnetic
ground state, lattice distortion, and interplay of magnetic and
lattice degrees of freedom can be obtained by studying in
detail the magnetic excitations and the phonon spectrum as a
function of temperature. The present paper reports on a vi-
brational Raman study of TiOCl and TiOBr, a study of the
symmetry properties of the three phases and gives a coherent
view of the anomalous first-order character of the transition
to the spin-Peierls phase. Through pressure-dependence mea-
surements of the magnetic susceptibility, the role of magnon-
phonon coupling in determining the complex phase diagram
of TiOX is discussed. Finally, via a comparison with the
isostructural compound VOCI, the previously reported'!”
high energy scattering is revisited, ruling out a possible in-
terpretation in terms of magnon excitations.

II. EXPERIMENT

Single crystals of TiOCI, TiOBr, and VOCI have been
grown by a chemical vapor transport technique. The crystal-
linity was checked by x-ray diffraction.'? Typical crystal di-
mensions are a few mm? in the ab plane and 10—100 um
along the c axis, the stacking direction.'” The sample was
mounted in an optical flow cryostat, with a temperature sta-
bilization better than 0.1 K in the range from 2.6 to 300 K.
The Raman measurements were performed using a triple
grating micro-Raman spectrometer (Jobin Yvon, T64000),
equipped with a liquid nitrogen cooled charge coupled de-
vice detector (resolution of 2 cm™! for the considered fre-
quency interval). The experiments were performed with a
532 nm Nd:YVO, laser. The power density on the sample
was kept below 500 W/cm? to avoid sample degradation and
to minimize heating effects.

The polarization was controlled on both the incoming and
outgoing beams, giving access to all the polarizations
schemes allowed by the backscattering configuration. Due to
the macroscopic morphology of the samples (thin sheets with
natural surfaces parallel to the ab planes), the polarization
analysis was performed mainly with the incoming beam par-
allel to the ¢ axis [c(aa)c, c(ab)c, and c(bb)c, in Porto no-
tation]. Some measurements were performed with the incom-
ing light polarized along the ¢ axis, where the k vector of the
light was parallel to the ab plane and the polarization of the
outgoing light was not controlled. These measurements will
be labeled as x(c*)x.

The magnetization measurements were performed in a
Quantum Design magnetic property measurement system.
The pressure cell used is specifically designed for measure-
ment of the dc magnetization in order to minimize the cell’s
magnetic response. The cell was calibrated using the lead
superconducting transition as a reference, and the cell’s sig-
nal (measured at atmospheric pressure) was subtracted from
the data.
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FIG. 1. (Color online) Polarized Raman spectra (A,) of TiOCI
and TiOBr in the high temperature phase, showing the three A,
modes. Left panel: (bb) polarization; right panel: (aa) polarization.

III. RESULTS AND DISCUSSION

The discussion will start with a comparison of Raman
experiments on TiOCl and TiOBr in the high temperature
phase, showing the consistency with the reported structure.
Afterward, through the analysis of Raman spectra, the crystal
symmetry in the low temperature phases will be discussed,
and in the final part, a comparison with the isostructural
VOCI will be helpful to shed some light on the origin of the
anomalous high energy scattering reported for TiOCl and
TiOBr.'>1?

A. High temperature phase

The crystal structure of TiOX in the high temperature
(HT) phase consists of buckled Ti-O bilayers separated by
layers of X ions. The HT structure is orthorhombic with
space group Pmmn. The full representation®” of the vibra-
tional modes in this space group is

FIDI= 3Ag+231u+332g+232u+333g+233u. (1)

Among these, the modes with symmetries By,, B,,, and B3,
are infrared active in the polarizations along the ¢, b, and a
crystallographic axes,’ respectively. The modes with symme-
tries A,, By,, and B3, are expected to be Raman active: the A

modes in the polarization (aa), (bb), and (cc) and the B,,
modes in (ac) and the Bs, ones in (bc). Figure 1 shows the
room temperature Raman measurements in different polar-
izations for TiOCI and TiOBr, and Fig. 2 displays the char-
acteristic Raman spectra for the three different phases of
TiOBr; the spectra are taken at (a) 100, (b) 30, and (c) 3 K.
At room temperature, three Raman active modes are clearly
observed in both compounds for the c(aa)c and c(bb)c po-
larizations (Fig. 1), while none are observed in the c(ab)c
polarization. These results are in good agreement with the
group theoretical analysis. The additional weakly active
modes observed at 219 cm™' for TiOCl and at 217 cm™' for
TiOBr are ascribed to a leak from a different polarization.
This is confirmed by the measurements with the optical axis
parallel to the ab planes [x(c*)X] on TiOBr, where an in-
tense mode is observed at the same frequency [as shown in
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TABLE I. (a)Vibrational modes for the high temperature phase in TiOCl, TiOBr, and VOCI. The calcu-
lated values are obtained with a spring model. The mode reported in italics are measured in the x(c*)X
polarization; they could therefore have either B,, or B3, symmetry (see experimental details).

TiOBr TiOCl VOCI
Expt. Calc. Expt. Calc. Expt. Calc.
A (T Oy Tcc) 142.7 141 203 209.1 201 208.8
329.8 328.2 364.8 331.2 384.9 321.5
389.9 403.8 430.9 405.2 408.9 405.2
Byo(074) 105.5 157.1 156.7
328.5 330.5 320.5
478.2 478.2 478.2
B3, (IR ,a) 77* 75.7 104> 94.4 93.7
417% 428.5 438> 428.5 4252
B, (0 60 86.4 129.4 129.4
216 336.8 219¢ 336.8 327.2
598 586.3 586.3 585.6
B,, (IR ,b) 1312 129.1 176" 160.8 159.5
275 271.8 204% 272.1 269.8
B, (IR,c) 155.7 194.1 192.4
304.8 301.1 303.5

2Value taken from Ref. 7.
"Value taken from Ref. 9.

“Value obtained considering the leakage in the oy, polarization.

the inset of Fig. 2(a)]. In addition to these expected modes,
TiOCl displays a broad peak in the ¢(bb)c polarization, cen-
tered at around 160 cm™! at 300 K; a similar feature is ob-
served in TiOBr as a broad background in the low frequency
region at 100 K. As discussed for TiOCL,'? these modes are
thought to be due to pretransitional fluctuations. Upon de-
creasing the temperature, this “peaked” background first soft-
ens, resulting in a broad mode at T, [see Fig. 2(b)], and then
locks at T,, into an intense sharp mode at 94.5 cm™' for
TiOBr [Fig. 2(c)] and at 131.5 cm™ for TiOCL.

The frequencies of all the vibrational modes observed for
TiOCl and TiOBr in their high temperature phase are sum-
marized in Table I. Here, the infrared active modes are taken
from the literature,” and for the Raman modes, the tempera-
tures chosen for the two compounds are 300 K for TiOCl
and 100 K for TiOBr. The observed Raman frequencies
agree well with previous reports.'® The calculated values re-

ported in Table I are obtained with a spring-model calcula-
tion based on phenomenological longitudinal and transversal
spring constants (see Appendix). The spring constants used
were optimized using the TiOBr experimental frequencies
(except for the ones of the B3, modes due to their uncertain
symmetry) and kept constant for the other compounds. The
frequencies for the other two compounds are obtained by
merely changing the appropriate atomic masses and are in
good agreement with the experimental values. The relative
atomic displacements for each mode of A, symmetry are
shown in Table II. The scaling ratio for the lowest frequency
mode (mode 1) between the two compounds is in good
agreement with the calculation of the atomic displacements.
The low frequency mode is mostly related to Br/CIl move-
ment and, indeed, the ratio vrioc)/ Vriop.=1.42 is similar to
the mass ratio VMg, /\M¢. The other modes (2 and 3) in-

TABLE II. The ratio between the frequencies of the A, Raman active modes measured in TiOBr and
TiOCl is related to the atomic displacements of the different modes as calculated for TiOBr (all the eigen-
vectors are fully ¢ polarized, the values are normalized to the largest displacement).

Mode V(TlOBr) VCI/ VBr Ti (0] Br
142.7 1.42 0.107 0.068 1
329.8 1.11 1 0.003 0.107
3 389.9 1.11 0.04 1 0.071
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volve mainly Ti or O displacements, and their frequencies
scale with a lower ratio, as can be expected.

B. Low temperature phases

Although the symmetry of the low temperature phases has
been studied by x-ray crystallography, there is no agreement
concerning the symmetry of the SP phase; different works
proposed two different space groups, P2,/m (Refs. 14-16)
and Pmm2.2!

The possible symmetry changes that a dimerization of Ti
ions in the b direction can cause are considered in order to
track down the space group of the TiOX crystals in the low
temperature phases. Assuming that the low temperature
phases belong to a subgroup of the high temperature ortho-
rhombic space group Pmmn, there are different candidate
space groups for the low temperature phases. Note that the
assumption is certainly correct for the intermediate phase,
because the transition at 7, is of second order implying a
symmetry reduction, while it is not necessarily correct for
the low temperature phase, being the transition at 7, is of
first order.

Figure 3 shows a sketch of the three possible low tem-
perature symmetries considered, and Table III reports a sum-
mary of the characteristic of the unit cell together with the
number of phonons expected to be active for the different
space groups. Depending on the relative position of the
neighboring dimerized Ti pairs, the symmetry elements lost

T T T T T T T

(@) 7=100 K .
I c(ab - " TiOBr - Pol xec¥x
| claa)c l : »\/\A

20 250 55¢ 6L0
Fnergy €m )

Intensity

T T T
300 400 500 600

Energy (cm)

T T
100 200

FIG. 2. (Color online) Polarization analysis of the Raman spec-
tra in the three phases of TiOBr, taken at (a) 3, (b) 30, and (c)
100 K. The spectra of TiOCl show the same main features and
closely resemble those of TiOBr. Table IV reports the frequencies of
the TiOCl modes. The inset shows the TiOBr spectrum in the
x(c* )X polarization (see text).
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FIG. 3. (Color online) Comparison of the possible low tempera-
ture symmetries. The low temperature structures reported are dis-
cussed, considering a dimerization of the unit cell due to Ti-Ti
coupling and assuming a reduction of the crystal symmetry. The red
rectangle denotes the unit cell of the orthorhombic HT structure.
Structure (a) is monoclinic with its unique axis parallel to the ortho-
rhombic ¢ axis (space group P2/c), (b) shows the suggested mono-
clinic structure for the SP phase (P2,/m), and (c) depicts the alter-
native orthorhombic symmetry proposed for the low T phase
Pmm?2.

in the dimerization are different and the possible space
groups in the SP phase are P2/c [Table III(a)], P2,/m [Table
III(b)], or Pmm?2 [Table III(c)]. The first two are monoclinic
groups with their unique axis perpendicular to the TiO plane
(along the ¢ axis of the orthorhombic phase) and lying in the
TiO plane (|l to the a axis of the orthorhombic phase), respec-
tively. The third candidate [Fig. 3(c)] has orthorhombic sym-
metry.

The group theory analysis based on the two space groups
suggested for the SP phase [P2,/m (Ref. 14) and Pmm2
(Ref. 21)] shows that the number of modes expected to be
Raman active is different in the two cases [Tables ITI(b) and
II(c)]. In particular, the 12 fully symmetric vibrational
modes (A,), in the P2,/m space group, are expected to be
active in the o, oy, 0, and o, polarizations, and 6B,
modes are expected to be active in the cross polarizations
(0. and 0,.). Note that in this notation, z refers to the unique
axis of the monoclinic cell, so oy, corresponds to c(ab)c for
the HT orthorhombic phase. For Pmm?2, the 11 A, vibrational
modes are expected to be active in the oy, o,,, and o,
polarizations, and only one mode of symmetry A, is expected
to be active in the cross polarization [0, or c(ab)c]. The
experiments, reported in Table IV for both compounds and in
Fig. 2 for TiOBr only, show that ten modes are active in the
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TABLE III. Comparison between the possible low temperature
space group.

(a) Space group P2/c
Unique axis L to TiO plane, Cgh
Four TiOBr per unit cell
'=7A,+6A,+9B,+11B,
7A, Raman active o, 0y, 0, Oy,
11B, Raman active o, o,
6A, and 9B, IR active

(b) Space group P2,/m
Unique axis in the TiO plane, C3,
Four TiOBr per unit cell
I'=12A,+5A,+6B,+10B,
12Ag Raman active o, Tyys Oz Oy
6B, Raman active o, 0y,
5A, and 10B, IR active

(c) Space group Pmm?2
Four TiOBr per unit cell
I'=1 1A1+A2+4BI+SBZ

11A; Raman active 0y,, 0y,

(TZZ
A, Raman active oy,

4B, and 5B, Raman active in o, and oy,

c(aa)c and c(bb)c in the SP phase [Fig. 2(c)], and, more
importantly, two modes are active in the cross polarization
c(ab)c. This is not compatible with the expectation for
Pmm?2. Hence, the comparison between the experiments and
the group theoretical analysis clearly shows that of the
two low temperature structures reported in Xx-ray
crystallography,!>2! only the P2,/m is compatible with the
present results.

As discussed in the Introduction, the presence of three
phases in different temperature intervals for TiOX is now
well established even though the nature of the intermediate
phase is still largely debated.”'>!> The temperature depen-
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FIG. 4. (Color online) The temperature dependence of the Ra-
man spectrum of TiOBr is depicted (an offset is added for clarity).
The three modes present at all temperatures are denoted by the label
Ry7. The modes characteristic of the low temperature phase (disap-
pearing at 7.;=28 K) are labeled Ly, and the anomalous modes
observed in both the low temperature and the intermediate phase are
labeled /7. The right panel (b) shows the behavior of the frequency
of I7 modes, plotted renormalized to their frequency at 45 K. It is
clear that the low-frequency modes shift to higher energy while the
high-frequency modes shift to lower frequency.

dence of the Raman active modes for TiOBr between 3 and
50 K is depicted in Fig. 4. In the spin-Peierls phase, as dis-
cussed above, the reduction of the crystal symmetry'® in-
creases the number of Raman active modes. Increasing the
temperature above 7., a different behavior for the various
low temperature phonons is observed. As shown in Fig. 4,
some of the modes disappear suddenly at 7., (labeled L),
some stay invariant up to the HT phase (R;), and some oth-
ers undergo a sudden broadening at T,; and slowly disappear
upon approaching T,, (I7). The polarization analysis of the
Raman modes in the temperature region 7, <T<T,, shows

TABLE IV. Vibrational modes of the low temperature phases.

(a) Spin-Peierls phase

TiOBr A0y 0y) 94.5 102.7 142.4 167 219
276.5 330 351 392 4112
Aoy 175.6 506.5
TiOCI A0,y 131.5 145.8 2035 2115 296.5
305.3 322.6 365.1 387.5 4314
Aoy 178.5 5243
(b) Intermediate phase
TiOBr (30 K) Ay, 0,) 94.5 142 215 277 3285
344.5 390.4
TiOCI (75 K) A0, 0y) 132.8 206.2 302 317.2 364.8
380 420.6

*The broad line shape of this feature suggests that it may originate from a two-phonon process.
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Pmmn
Hypothetical Symmetry Reduction:
“standard” SP 2nd Order transition
o
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P21lm Unique axis Changed:

1st Order transition

FIG. 5. (Color online) The average crystal symmetry of the
intermediate phase is proposed to be monoclinic with the unique
axis parallel to the ¢ axis of the orthorhombic phase. Hence, the low
temperature space group is not a subgroup of the intermediate
phase, and the transition to the spin-Peierls phase is consequently of
first order.

that the number of active modes in the intermediate phase is
different from that in both the HT and the SP phases. The
fact that at 7=T,; some of the modes disappear suddenly
while some others do not disappear strongly suggests that the
crystal symmetry in the intermediate phase is different from
both other phases and indeed confirms the first-order nature
of the transition at 7.

In the x-ray structure determination,'> the intermediate in-
commensurate phase is discussed in two ways. First, starting
from the HT orthorhombic (Pmmn) and the SP monoclinic
space group (P2,/m—unique axis in the TiO planes, | to a),
the modulation vector required to explain the observed in-
commensurate peaks is two dimensional for both space
groups. Second, starting from another monoclinic space
group, with unique axis perpendicular to the TiO bilayers
(P2/c), the modulation vector required is one dimensional.
The latter average symmetry is considered (in the commen-
surate variety) in Fig. 3(a) and Table III(a).

In the intermediate phase, seven modes are observed in
the o, 0,,, and o, geometry on both compounds [see Table

yy
IV(b)] and none in the o,, geometry. This appears to be

compatible with all the speice groups considered, and also
with the monoclinic group with unique axis perpendicular to
the TiO planes [Table III(a)]. Even though from the evidence
it is not possible to rule out any of the other symmetries
discussed, the conjecture that in the intermediate incommen-
surate phase the average crystal symmetry is already reduced
supports the description of the intermediate phase as a mono-
clinic group with a one-dimensional modulation,'® and,
moreover, it explains the anomalous first-order character of
the spin-Peierls transition at 7. The diagram shown in Fig.
5 aims to visualize that the space group in the spin-Peierls
state (P2,/m) is a subgroup of the high temperature Pmmn
group, but not a subgroup of any of the possible intermediate
phase space groups suggested (possible P2/c). This requires
the phase transition at 7,; to be of first order, instead of
having the conventional spin-Peierls second-order character.

Let us return to Fig. 4(b) to discuss another intriguing
vibrational feature of the intermediate phase. Among the
modes characterizing the intermediate phase (), the ones at
low frequency shift to higher energy approaching 7,, while
the ones at high frequency move to lower energy, seemingly
converging to a central frequency (=300 cm™' for both Ti-
OCl and TiOBr). This seems to indicate an interaction of the
phonons with some excitation around 300 cm™'. Most likely
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FIG. 6. (Color online) (a) Magnetization as a function of tem-
perature measured with fields of 1 and 5 T (the magnetization mea-
sured at 1 T is multiplied by a factor of 5 to evidence the linearity).
The inset shows the main magnetic interactions (see text). (b) Pres-
sure dependence of T,;. The transition temperature for transition to
the spin-Peierls phase increases with increasing pressure. The inset
shows the magnetization versus the temperature after subtracting
the background signal coming from the pressure cell.

this is, in fact, arising from a strong, thermally activated
coupling of the lattice with the magnetic excitations and is
consistent with the pseudospin gap observed in NMR
experiments*?? of =430 K (=300 cm™).

C. Magnetic interactions

As discussed in the Introduction, due to the shape of the
singly occupied 3d orbital, the main magnetic exchange in-
teraction between the spins on the Ti ions is along the crys-
tallographic b direction.

This, however, is not the only effective magnetic interac-
tion. In fact, one also expects a superexchange interaction
between nearest and next-nearest neighbor chains [J, and J;
in the inset of Fig. 6(a)].} The situation of TiOX is made
more interesting by the frustrated geometry of the interchain
interaction, where the magnetic coupling J, between adjacent
chains is frustrated and the exchange energies cannot be si-
multaneously minimized. Table V reports the exchange inter-
action values for the three possible magnetic interactions cal-
culated for TiOBr. These magnetic interactions were
computed with a density functional theory broken symmetry
approach?* using an atom cluster including the two interact-
ing atoms and all the surrounding ligand atoms; in addition,
the first shell of Ti** ions was replaced by Al** ions and also
included in the cluster. The calculations were performed with
the GAUSSIANO3 package® using the hybrid exchange-
correlation functional B3LYP?® and the 6-3111G” basis set.

Although the computed value for the magnetic interaction
along the b axis is half of the value obtained from the mag-

TABLE V. Calculated exchange interactions in TiOBr.

J1=—250 K
J,=—46.99 K
J;=11.96 K
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netic susceptibility fitted with a Bonner-Fisher curve ac-
counting for a one-dimensional Heisenberg chain, it is pos-
sible to extract some conclusions from the ab initio
computations. The most interesting outcome of the results is
that in addition to the magnetic interaction along the b axis,
there is a relevant interchain interaction (J,/J,=5.3) in
TiOBr. First, this explains the substantial deviation of the
Bonner-Fisher fit from the magnetic susceptibility even at
temperature higher than T,,. Second, the presence of an in-
terchain interaction, together with the inherent frustrated ge-
ometry of the bilayer structure, was already proposed in
literature'? in order to explain the intermediate phase and its
structural incommensurability.

The two competing exchange interactions J; and J, have
different origins: the first arises from direct exchange be-
tween Ti ions, while the second is mostly due to the super-
exchange interaction through the oxygen ions.?* Thus, the
two exchange constants are expected to depend differently
on the structural changes induced by hydrostatic pressure; J;
should increase with hydrostatic pressure (increases strongly
with decreasing the distance between the Ti ions), while J, is
presumably weakly affected due only to small changes in the
Ti-O-Ti angle (the compressibility estimated from the lattice
dynamics simulation is similar along the a and b crystallo-
graphic directions). The stability of the fully dimerized state
is reduced by the presence of an interchain coupling, so that
T,, is expected to be correlated to J,/J,. Pressure dependent
magnetic experiments have been performed to monitor the
change of T, upon increasing hydrostatic pressure. The main
results shown in Fig. 6 are indeed consistent with this expec-
tation: 7, increases linearly with pressure; unfortunately, it
is not possible to address the behavior of 7., from the
present measurements.

D. Electronic excitations and comparison with VOCl

The nature of the complex phase diagram of TiOX was
originally tentatively ascribed to the interplay of spin, lattice,
and orbital degrees of freedom.” Only recently, infrared spec-
troscopy supported by cluster calculations excluded a ground
state degeneracy of the Tid orbitals for TiOCI, hence sug-
gesting that orbital fluctuations cannot play an important role
in the formation of the anomalous incommensurate
phase.?’?® Since the agreement between the previous cluster
calculations and the experimental results is not quantitative,
the energy of the lowest 3d excited level is not accurately
known, not allowing us to discard the possibility of an al-
most degenerate ground state. For this reason, a more formal
cluster calculation has been performed using an embedded
cluster approach. In this approach, a TiO2Cl4 cluster was
treated explicitly with a CASSCF/CASPT2 quantum chem-
istry calculation. This cluster was surrounded by eight Ti**
total ion potentials in order to account for the electrostatic
interaction of the cluster atoms with the shell of the first
neighboring atoms. Finally, the cluster is embedded in a dis-
tribution of punctual charges fitting the Madelung’s potential
produced by the rest of the crystal inside the cluster region.
The calculations were performed using the MOLCAS quantum
chemistry package? with a triple quality basis set; for the Ti
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TABLE VL. Crystal field splitting of 34! Ti** in TiOCl and
TiOBr (eV).

TiOCl TiOBr
Xy 0.29-0.29 0.29-0.30
Xz 0.66-0.68 0.65-0.67
vz 1.59-1.68 1.48-1.43
x2—r? 2.30-2.37 2.21-2.29

atom polarization functions were also included. The calcula-
tions reported in Table VI confirmed the previously reported
result?’ for both TiOCI and TiOBr. The first excited state d,y
is at 0.29-0.3 eV (>3000 K) for both compounds; there-
fore, the orbital degrees of freedom are completely quenched
at temperatures close to the phase transition.

A comparison with the isostructural compound VOCI has
been carried out to confirm that the phase transitions of the
TiOX compounds are intimately related to the unpaired S
=1/2 spin of the Ti ions. The V** ions have a 3d? electronic
configuration. Each ion carries two unpaired electrons in the
external d shell and has a total spin of 1. The crystal field
environment of V3* ions in VOCI is similar to that of Ti** in
TiOX, suggesting that the splitting of the degenerate d orbital
could be comparable. The electrons occupy the two lowest
1, orbitals, of dy2_ (responsible for the main exchange in-
teraction in TiOX) and d,, symmetries, respectively, where
the lobes of the latter point roughly toward the Ti** ions of
the nearest chain (Table VI). It is therefore reasonable to
expect that the occupation of the d,, orbital in VOCI leads to
a substantial direct exchange interaction between ions in dif-
ferent chains in VOCI and thus favors a two-dimensional
antiferromagnetic order. Indeed, the magnetic susceptibility
is isotropic at high temperatures and well described by a
quadratic two-dimensional Heisenberg model, and at Ty
=80 K VOCI undergoes a phase transition to a two-
dimensional antiferromagnet.3

The space group of VOCI at room temperature is the same
as that of TiOX in the high temperature phase (Pmmn), and,
as discussed in the previous section, three A, modes are ex-
pected to be Raman active. As shown in Fig. 7(b), three
phonons are observed throughout the full temperature range
(3-300 K), and no changes are observed at Ty. The modes
observed are consistent with the prediction of lattice dynam-
ics calculations (Table I).

In the energy region from 600 to 1500 cm™!, both TiOBr
and TiOCI show a similar highly structured broad scattering
continuum, as already reported in literature.'>!° The fact that
the energy range of the anomalous feature is consistent
with the magnetic exchange constant in TiOCl (J=660 K)
suggested at first an interpretation in terms of two-magnon
Raman scattering.!> Later, it was shown that the exchange
constant estimated for TiOBr is considerably smaller
(J=406 K) with respect to that of TiOCI, while the high
energy scattering stays roughly at the same frequency. Even
though the authors of Ref. 19 still assigned the scattering
continuum to magnon processes, it seems clear that the con-
siderably smaller exchange interaction in the Br compound
(J=406 K) falsifies this interpretation and that magnon scat-
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FIG. 7. (Color online) Raman scattering features of VOCI. (a)
High energy scattering of TiOCI/Br and VOCI, and (b) temperature
dependence of the vibrational scattering features of VOCI. No sym-
metry changes are observed at 7T=80 K.

tering is not at the origin of the high energy scattering of the
two compounds. Furthermore, the cluster calculation (Table
VI) clearly shows that no excited crystal field state is present
in the energy interval considered, ruling out a possible orbital
origin for the continuum. These observations are further
strengthened by the observation of a similar continuum scat-
tering in VOCI [see Fig. 7(a)], which has a different mag-
netic and electronic nature. Therefore, the high energy scat-
tering has most likely a vibrational origin. The lattice
dynamics calculations, confirmed by the experiments, show
that a “high” energy mode (=600 cm™) of symmetry Bj,
(Table I) is expected to be Raman active in the o, polariza-

TABLE VII. Elastic constants used in the spring-model calcula-
tion. The label numbers refer to Fig. 8, while the letters refer to the
different inequivalent positions of the ions in the crystal.

Longitudinal (L) Transversal (T)

Number Tons (N/m) (N/m)
1 Ti(a)-Ti(b) 18.5 32.7
2 Ti(a)-O(a) 18.5 11.1
3 Ti(a)-O(b) 53.1 9.5
4 Ti(a)-X(a) 29.0 4.4
5 O(a)-O(b) 20.6 7.3
6 X(a)-O(a) 18.5 3.5
7 X(a)-X(b) 11.7 0.7
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FIG. 8. (Color online) Sketch of the bilayer structure (b) and of
the interactions introduced in the spring-model calculation (a).

tion. Looking back at Fig. 2, the inset shows the measure-
ments performed with the optical axis parallel to the TiOX
plane, where the expected mode is observed at 598 cm™'.
The two-phonon process related to this last intense mode is
in the energy range of the anomalous scattering feature and
has symmetry A, (Bs;,® Bs,). The nature of the anomalies
observed is therefore tentatively ascribed to a multiple-
phonon process. Further detailed investigations of lattice dy-
namics are needed to clarify this issue.

IV. CONCLUSION

The symmetry of the different phases has been discussed
on the basis of inelastic light scattering experiments. The
high temperature Raman experiments are in good agreement
with the prediction of the group theoretical analysis (apart
from one broad mode which is ascribed to pretransitional
fluctuations). Comparing group theoretical analysis with the
polarized Raman spectra clarifies the symmetry of the spin-
Peierls phase and shows that the average symmetry of the
incommensurate phase is different from both the high tem-
perature and the SP phases. The conjecture that the interme-
diate phase is compatible with a different monoclinic sym-
metry (unique axis perpendicular to the TiO planes) could
explain the anomalous first-order character of the transition
to the spin-Peierls phase. Moreover, an anomalous behavior
of the phonons characterizing the intermediate phase is inter-
preted as evidencing an important spin-lattice coupling. The
susceptibility measurements of TiOBr show that 7., in-
creases with pressure, which is ascribed to the different pres-
sure dependence of intrachain and interchain interactions. Fi-
nally, we compared the TiOX compounds with the
“isostructural” VOCI. The presence of the same anomalous
high energy scattering feature in all the compounds suggests
that this feature has a vibrational origin rather than a mag-
netic or electronic one.
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APPENDIX: DETAILS OF THE SPRING-MODEL
CALCULATION

The spring-model calculation reported in the paper was
carried out using the software for lattice-dynamical calcula-
tion UNISOFT?! (release 3.05). In the calculations, the Born—
von Karman model was used; here, the force constants are
treated as model parameters and they are not interpreted in
terms of any special interatomic potentials. Only short range
interactions between nearest neighbor ions are taken into ac-
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count. Considering the forces to be central forces, the num-
ber of parameters is reduced to two for each atomic interac-

tion: the longitudinal and transversal forces, respectively,
PV(F;) 1 dV(F))

defined as L=—5— and =, —;—. A custom-made program
was interfaced with UNISOFT to optimize the elastic con-
stants. Our program proceeded scanning the n-dimensional
space (n=number of parameters) with a discrete grid to mini-
mize the squared difference between the calculated phonon
frequencies and the measured experimental frequencies for
TiOBr, taken from both Raman and infrared spectroscopies.
The phonon frequencies of TiOCl and VOCI were obtained
using the elastic constants optimized for TiOBr and substi-
tuting the appropriate ionic masses. The optimized force
constants between different atoms are reported in N/m in
Table VII.
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