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Possible pressure-induced insulator-to-metal transition in low-dimensional TiOCl
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We studied the transmittance and reflectance of the low-dimensional Mott-Hubbard insulator TiOCl in the
infrared and visible frequency range as a function of pressure. The strong suppression of the transmittance and
the abrupt increase of the near-infrared reflectance in the high-pressure range suggest a pressure-induced
insulator-to-metal transition. The pressure-dependent frequency shifts of the orbital excitations, as well as the

pressure dependences of the charge gap and the spectral weight of the optical conductivity above the phase

transition, are presented.
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I. INTRODUCTION

Low-dimensional titanium-oxychloride (TiOCl) evoked
interest already 13 years ago as a two-dimensional magneti-
cally frustrated system, which upon doping might form a
resonating valence bond state and even show unconventional
superconductivity.! Recently, TiOCl again has encountered
vital interest as a spin-Peierls system with puzzling proper-
ties: Magnetic susceptibility measurements showed a
Bonner-Fisher-type behavior at high temperature typical for
a one-dimensional spin-1/2 Heisenberg chain, with a rela-
tively high exchange coupling.>? At low temperature a non-
magnetic phase accompanied by a doubling of the unit cell
was observed, suggesting a spin-Peierls state with a dimer-
ization of the chains of Ti atoms along the b axis.* This
picture is, however, complicated by the occurrence of an
additional second-order phase transition at 7,,=91 K above
the first-order spin-Peierls transition at 7,;=67 K.

In order to explain the deviations from a canonical spin-
Peierls picture, the influence of strong orbital fluctuations
with a near degeneracy of the lowest-lying 3d orbitals was
proposed.®>~7 However, recent cluster calculations combined
with transmittance measurements®® could rule out such a
scenario: A significant crystal field splitting of the 7,, orbitals
was found, which indicates the quenching of the orbital de-
gree of freedom. This is in accordance with other recent
results obtained by angle-resolved photoemission spectros-
copy (ARPES) and electron spin resonance (ESR).!%!
Within this picture, the second-order phase transition at 7',
is interpreted in terms of a transition to an incommensurate
spin-Peierls state with a subsequent lock-in transition to a
commensurate dimerized state below 7,,.%!%13 The impor-
tance of frustration of the interchain interactions in the in-
commensurate phase was pointed out,’ in agreement with the
earlier proposal of TiOCl being a two-dimensional frustrated
system. !

This brings us back to the earlier idea of a resonating
valence bond state in doped TiOCl. TiOCl is a Mott-
Hubbard insulator, where the Ti 3d shell is occupied by one
electron, and due to electronic correlations, these charge car-
riers are localized on site. However, the carrier localization
effects should be relatively weak because of the high nearest-
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neighbor exchange coupling.>* It was suggested that TiOCl
is close to an insulator-to-metal transition and furthermore
might exhibit exotic superconductivity upon doping.’>!* Un-
fortunately, up to now doping of TiOCl could not be
achieved.

In our study, we followed another route to search for a
possible metallic state of TiOCI: namely, via the application
of high external pressure. Indeed, we find large pressure-
induced changes in the optical response: a strong suppression
of the transmittance in the infrared and visible range, accom-
panied by a change of the sample color from red to black,
and an abrupt increase of the near-infrared reflectance at high
pressure. All these findings suggest the occurrence of an
insulator-to-metal transition in TiOCI under pressure.

II. EXPERIMENT

The crystal structure of TiOCl consists of strongly dis-
torted [TiO,Cl,] octahedra.'> A different view of the struc-
ture is that of buckled Ti-O bilayers parallel to the ab plane
and separated by Cl ions. Single crystals of TiOCl were syn-
thesized by chemical vapor transport from TiCl; and TiO,."
The crystal quality was validated by x-ray diffraction, spe-
cific heat, and magnetic susceptibility measurements.

A diamond anvil cell (DAC) was used for the generation
of pressures up to 18 GPa. For the transmission measure-
ments various pressure-transmitting media were used [CsI,
methanol:ethanol (4:1)-mixture, argon]. The results qualita-
tively agree,'® but the pressure-induced effects occur at lower
pressure (AP=4 GPa) for CsI powder due to less hydro-
static conditions, as expected.!” For the reflectance measure-
ments finely ground Csl powder was used as pressure-
transmitting medium to ensure direct contact of the sample
with the diamond window. For each transmittance and reflec-
tance measurement a small piece (about 80 pm X80 wum)
was cut from single crystals with a thickness of =5 um and
placed in the hole of a steel gasket. The pressure was deter-
mined by the ruby luminescence method.'

Pressure-dependent transmittance and reflectance experi-
ments were conducted at room temperature using a Bruker
IFS 66v/S FT-IR spectrometer with an infrared microscope
(Bruker IRscope II). The reproducibility of the results was
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FIG. 1. (Color online) Geometry for high-pressure (a) transmit-
tance and (b) reflectance measurements of the sample in the dia-
mond anvil cell.

ensured by several experimental runs on different pieces of
eight crystals. The pressure-dependent transmittance was
studied in a wide frequency range (2000—22000 cm™') for
the polarization directions E||a,b. We measured the intensity
I(w) of the radiation transmitting the sample [see Fig. 1(a)];
as reference, for each pressure we focused the incident radia-
tion spot on the empty space in the gasket hole next to the
sample and obtained the transmitted intensity /,(w). The ratio
T(w)=I(w)/I(w) is a measure of the transmittance of the
sample, and the corresponding absorbance is calculated ac-
cording to A=log,o(1/7); A is a measure of the optical con-
ductivity.

Pressure-dependent reflectance measurements were car-
ried out in the frequency range ~3000-11 000 cm™' for
E||a,b. Reflectance spectra R4 of the sample with respect
to diamond were obtained by measuring the intensity
I 4i.(w) reflected at the interface between the sample and
diamond anvil [see Fig. 1(b)]. As reference, the intensity
Lio(w) reflected from the inner diamond-air interface of the
empty DAC was used. The reflectance spectra were calcu-
lated according to Ry 4(w) =R, X I gia( @)/ I4,(w), where Rg;,
was estimated from the refractive index of diamond ngy;, to
0.167 and assumed to be independent of pressure.'%?

III. RESULTS AND DISCUSSION

The pressure-dependent transmittance and absorbance
spectra of TiOCI for pressures up to 13.9 GPa are shown in
Fig. 2; above 13.9 GPa, the transmitted signal is zero. For
the lowest applied pressure pronounced absorption features
are observed at around 5300 cm™' (0.66 eV) and
12300 cm™ (1.53 eV) in the E||la and E||b absorbance
spectra, respectively [Figs. 2(c) and 2(d)]. The two absorp-
tion features can be attributed to excitations between the
Ti 3d energy levels whose degeneracy is lifted by the crystal
field.®° Since our transmittance measurements were carried
out on very thin samples (thickness =5 wum), we could de-
termine the precise positions and shapes of the two orbital
excitations. Both absorption peaks are symmetric and can be
described by a Gaussian line shape. (For fitting the orbital
excitation around 12 300 cm™!, an exponential function de-
scribing the Urbach tail of the charge gap?! was taken into
account.) The broadening resulting in a Gaussian profile is
ascribed to vibrational excitations accompanying the elec-
tronic transitions.??

With increasing pressure the orbital excitations broaden
and continuously shift to higher frequencies (see Fig. 3). The
frequency shifts indicate an increasing crystal field splitting
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FIG. 2. (Color online) Room-temperature transmittance 7(w)
=I(w)/I,(w) (see text for definitions) of TiOCl as a function of
pressure for the polarization (a) E|la and (b) E||b. The lower
graphs show the corresponding absorbance A=log;o(1/7) as a func-
tion of pressure for (c) E||a and (d) E||b. The numbers indicate the
applied pressures in GPa.

of the Ti 3d levels, which is most probably due to pressure-
induced changes of the crystal structure, like modifications
of the strong distortions of the [TiO,Cl,] octahedra. How-
ever, due to the lack of crystal structure data under pressure,
we can only speculate on this issue.
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FIG. 3. Pressure-dependent positions of the orbital excitations of
TiOCl, shifting to higher frequencies with increasing pressure, for
(a) E|la and (b) E||b. Different symbols correspond to different
measurements.
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FIG. 4. (a) Charge gap A (see text for definition) as a function of
pressure for E||a (solid symbols) and E||b (open symbols). The
solid line indicates a linear fit to the data; the dashed line is a guide
to the eye. (b) Pressure dependence of the spectral weight of the
optical conductivity above the insulator-to-metal transition. Solid
and open symbols correspond to E||a and E||b, respectively. The
same symbols indicate results from the same experimental run.
Dashed lines are guides to the eye.

The rise of the absorbance above 16000 cm™
(=2 eV) at the lowest pressure [see Figs. 2(c) and 2(d)] can
be attributed to excitations across the charge gap.®® We

roughly estimated the charge gap A by a linear extrapolation
(not shown) of the absorption edge. Starting from the lowest
applied pressure, A initially exhibits a small linear decrease
of about 240 cm™'/GPa [see Fig. 4(a)]. However, above
8 GPa the absorption edge rapidly shifts to lower frequencies
(see also Fig. 2), indicating the abrupt closure of the charge
gap. Above =12 GPa the E||a,b transmittance is suppressed
over the whole studied frequency range and the overall ab-
sorbance is strongly enhanced at these high pressures (Fig.
2).

Associated with the rapid reduction of the charge gap is a
change of the sample color. Figure 5 depicts the view on the

FIG. 5. (Color online) View inside the diamond anvil cell during
the pressure-dependent optical measurements. With increasing pres-
sure the sample color changes from red (gray) to black. Upon pres-

sure release the sample does not completely recover its original
color.
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FIG. 6. (Color online) Room-temperature reflectance spectra
R.q(w) as a function of pressure for the polarization (a) E||a and
(b) E||b. The lower graphs show the corresponding real part o(w)
of the optical conductivity obtained by fitting of the Ry 4(w) data
with the Drude-Lorentz model for (c) E||a and (d) E||b. Arrows
indicate the changes with increasing pressure.

sample inside the DAC at different pressures: At ambient
pressure the sample appears red, since only incident radiation
with frequencies below the charge gap (=2 eV) is transmit-
ted. Due to the strong suppression of the transmittance above
~9 GPa, the sample color changes from red to black. Upon
pressure release the sample does not completely recover its
original color, as illustrated by some parts of the sample
remaining black. It thus seems that the pressure-induced re-
duction of the charge gap is not reversible, at least in parts of
the sample (irrespective of the pressure-transmitting medium
used).

Since TiOCl becomes opaque for pressures above
~12 GPa, we completed our spectroscopic study with
pressure-dependent reflectance measurements in the near-
infrared range for E||a,b [see Figs. 6(a) and 6(b)].?* For
pressures below 12 GPa the reflectance R 4(w) is very low
(about 3%); it cannot be correctly analyzed due to partial
transparency of the sample, as demonstrated by the interfer-
ence fringes in the reflectance spectra due to multiple reflec-
tions within the sample (not shown). With increasing pres-
sure the interference fringes disappear and, most importantly,
at around 12 GPa, R, 4(w) abruptly increases in the whole
studied frequency range for both polarization directions. We
ascribe this abrupt increase to additional excitations in the
infrared range induced for pressures above 12 GPa. In order
to determine their contribution to the optical conductivity of

the sample, we fitted the reflectance spectra with the Drude-
Lorentz model,2* as demonstrated in Ref. 25. The additional
excitations were described by a Drude term and two Lorentz
oscillators, associated with a midinfrared peak. The real part
o (w) of the optical conductivity obtained from the fitting is
shown in Figs. 6(c) and 6(d). One clearly observes the rapid

onset of a broad midinfrared absorption band above 12 GPa
for both polarizations.
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To obtain a measure of the spectral weight of the
pressure-induced excitations, we integrated the real part
o(w) of the optical conductivity between 3000 and
10000 cm™!. Figure 4(b) shows the so-obtained spectral
weight as a function of pressure above 12 GPa for both po-
larizations. It increases approximately linearly with increas-
ing pressure and appears to saturate above =15 GPa. To-
gether with the concomitant abrupt closure of the charge gap
at around 12 GPa [see Fig. 4(a)], this demonstrates the tran-
sitionlike character of the pressure-induced changes in the
optical response. The exact determination of the spectral
weight transfer from the charge gap excitations to the Drude
term and midinfrared peak requires pressure-dependent re-
flectance data over a broader frequency range; this will be
the subject of a future study.

Our results—the suppression of transmittance accompa-
nied by a change of the sample color and the increase of
reflectance—suggest that a metallic state is induced in the
Mott-Hubbard insulator TiOCl at high pressure. This
pressure-induced insulator-to-metal transition can be inter-
preted in terms of two possible scenarios which we discuss
in the following. (i) The appearance of additional absorption
features inside the Mott-Hubbard gap reminds one of the
optical response for a Mott transition?®?”: While entering the
metallic state, spectral weight is transferred from the fre-
quency range above the charge gap inside the gap, and thus a
coherent Drude-like term and an incoherent midinfrared
band evolves. The application of pressure (either external or
chemical—i.e., by modifying the chemical composition) in
general influences the bond lengths and bond angles, and
hence modifies the width of the electronic bands near the
Fermi energy. Such a bandwidth-controlled insulator-to-
metal transition induced by chemical pressure is observed in
various inorganic and organic compounds, and its spectro-
scopic signatures were demonstrated just recently.??° Our
finding of inner-gap excitations in the high-pressure range
with increasing spectral weight would be compatible with
such a scenario.

On the other hand, for a bandwidth-controlled insulator-
to-metal transition the induced changes are expected to
occur more gradual than observed for TiOCI (see, for ex-
ample, the abrupt decrease of the charge gap above =8 GPa
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[Fig. 4(a)]). Together with the obvious nonreversible charac-
ter of the transition (see Fig. 5) this hints at the second sce-
nario (ii): the occurrence of a structural phase transition ac-
companied by a metallic character. Unfortunately, crystal
structure data of TiOCI under pressure are currently not
available, and therefore a final conclusion is not possible.
Clearly, a detailed study of the pressure-induced changes of
the crystal structure is needed, in order to clarify the mecha-
nism responsible for the insulator-to-metal transition in
TiOClI under pressure.

CONCLUSION

In conclusion, we studied the pressure dependence of the
optical response of low-dimensional insulating TiOCl in the
infrared and visible frequency range at room temperature.
The orbital excitations located at ambient pressure at around
0.66 and 1.53 €V for the polarizations E||a and E||b, respec-
tively, broaden and shift to higher frequencies with increas-
ing pressure. The pressure-induced frequency shifts indicate
an increasing crystal field splitting of the Ti 3d energy levels
suggestive for crystal structure changes. Both orbital absorp-
tion features are symmetric and have a Gaussian line shape.
With increasing pressure, a strong suppression of the trans-
mittance in the infrared and visible energy range and a
change of the sample color are observed. We attribute these
effects to a rapid reduction of the charge gap. At =12 GPa
the near-infrared reflectance spectra for both studied polar-
izations abruptly increase. This is attributed to additional ex-
citations in the infrared frequency range, which can be de-
scribed by a Drude term and a midinfrared absorption band.
All these observations suggest an insulator-to-metal transi-
tion in TiOCI induced at high pressure. This finding makes
TiOCI an interesting candidate to search for unconventional
superconductivity as earlier proposed.
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