
                                
                                       
High-pressure infrared spectroscopy on quasi-one-dimensional metals
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1. Introduction

Quasi-one-dimensional (quasi-1D) metals are character-
ized by highly anisotropic electronic properties related to
their anisotropic crystal structure, where the structural
units are arranged in chains or stacks. A large overlap of
the electronic orbitals along the chains (i.e., the large charge
transfer integral tk) enables a coherent motion of the charge
carriers along this direction, whereas along the perpendicu-
lar directions only an incoherent hopping motion is possi-
ble (i.e., t? � tk). The anisotropic electronic properties
can be probed directly by polarization-dependent optical
spectroscopy: along the conducting crystal direction, the
reflectivity is high at low frequencies and often exhibits a
sharp plasma edge, whereas for the perpendicular
directions the overall reflectivity is low. Furthermore,
quasi-1D metals often exhibit instabilities due to electronic
correlations, like charge ordering or spin-density-wave for-
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mation, or due to electron–phonon coupling, like a Peierls
transition accompanied by charge-density-wave formation.
Such instabilities generally cause a metal-to-insulator tran-
sition. Strong electron–phonon coupling can also lead to a
self-trapping of the charge carriers [1]: the displacement of
atoms around the charge carrier from their carrier-free
equilibrium position causes a potential well in which the
carrier is trapped. Thus, a polaron is formed, i.e., a quasi-
particle composed of the self-trapped carrier together with
the pattern of atomic displacements, which produces the
self-trapping. Characteristic signatures of polarons can be
found in the optical response in the form of a pronounced
absorption band located in the mid-infrared (MIR) fre-
quency range [2].

The application of external pressure to a quasi-1D system
will typically enhance the interaction between the chains or
stacks that characterize its crystal structure (increase of t?).
This may induce a dimensional crossover that can be
detected in the polarization-dependent optical response.
Also, the electron–phonon coupling should be affected by
pressure, thus allowing a test of the polaronic picture.
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For the two quasi-1D metals b-Na0.33V2O5 and LaTiO3.41

along the conducting axis a pronounced MIR absorption
band was observed, which was interpreted in terms of
polaronic excitations [3,4]. We carried out polarization-
dependent MIR reflectance measurements on these two
compounds as a function of pressure to test the proposed
polaronic picture. Furthermore, the pressure-induced
dimensional crossover could be probed.

The crystal structure of b-Na0.33V2O5 consists of three
kinds of chains along the conducting b axis, built by
three crystallographically inequivalent V sites: zigzag dou-
ble chains composed of edge-sharing (V1)O6 octahedra,
two-leg ladders composed of corner-sharing (V2)O6 octahe-
dra, and zig-zag double chains of edge-sharing (V3)O5

polyhedra, oriented along the b axis [5]. At ambient pressure
b-Na0.33V2O5 undergoes three phase transitions as a func-
tion of temperature [6,7]: ordering of the sodium ions at
240 K, a metal–insulator transition at around 135 K caused
by charge ordering on the V sites [8] due to electronic corre-
lations, and an antiferromagnetic transition at 22 K.
Recently, the pressure–temperature phase diagram was
investigated by dc resistivity and ac susceptibility measure-
ments for pressures P up to 9 GPa [9]. A superconducting
phase in proximity to the charge ordered phase was
found for temperatures below 10 K and pressures higher
than 7 GPa. At P � 9 GPa superconductivity is suppressed
again.

LaTiO3.41 consists of perovskite-like slabs of vertex
sharing TiO6 octahedra separated by additional oxygen
layers [10,4]. The slabs are five octahedra wide, and neigh-
boring slabs are shifted along the a axis by half an octahe-
dron. The metallic behavior of the material along the a axis
might be related to the chains of octahedra, connected via
their apical oxygen atoms. The application of external pres-
sure up to P = 18 GPa leads to continuous changes of the
crystal structure [11]: The axis compressibilities are aniso-
tropic with a ratio of approximately 1:2:3 for the a, b,
and c axes. The large compressibility along c results from
the highly compressible oxygen-rich layers separating
the LaTiO3-type slabs. The difference in compressibilities
causes an increase of the monoclinic angle from 97.17� to
97.43� with increasing pressure. From the pressure depen-
dence of the lattice parameters the octahedral tilt angle
was estimated to double at 18 GPa compared to ambient
conditions.

2. Experimental technique

Single crystals of b-Na0.33V2O5 were grown as reported
in Ref. [6]. The quality of the crystals used for the high-
pressure experiments was checked by dc resistivity mea-
surements showing a sharp metal–insulator transition
around 135 K. The investigated LaTiO3.41 crystals were
grown by a floating zone melting process, and their oxygen
content was determined by thermogravimetric analysis [10].

Pressure-dependent reflectance measurements on
b-Na0.33V2O5 and LaTiO3.41 crystals for the polarization
E of the incident radiation along and perpendicular to the
conducting axes were performed in the MIR frequency
range (600–8000 cm�1) at room temperature, using a Bru-
ker IFs 66v/S Fourier transform infrared spectrometer.
The measurements were carried out partly in the lab at
the University of Stuttgart and partly at the infrared beam-
line of the synchrotron radiation source ANKA near Karls-
ruhe. A diamond anvil cell equipped with type IIA
diamonds suitable for infrared measurements was used to
generate pressures up to 20 GPa. Finely ground KCl was
used as a quasi-hydrostatic pressure transmitting medium.
To focus the beam onto the small sample in the pressure
cell, an infrared microscope coupled to the spetrometer with
a 15· magnification objective was used. An aperture of
0.6 mm diameter was chosen, which yields an IR spot of
40 lm diameter at the sample. For the pressure experiment,
the sample was polished to a thickness of �40 lm. Before
loading the pressure cell, the reflectivity of the free-standing
polished samples was checked and found to be in good
agreement with earlier results [3,4]. For the pressure exper-
iment, a small piece (about 80 · 80 lm) was cut and placed
in the hole (150 lm in diameter) of a steel gasket. For the
pressure determination by the ruby luminescence method
[12], a small ruby chip was added. Reflection spectra were
measured at the interface between sample and diamond.
Spectra taken at the inner diamond–air interface of the
empty cell served as the reference for normalization of the
sample spectra. The absolute reflectivity at the sample–dia-
mond interface, denoted as Rs�d, was calculated according
to: Rs�d(x) = Rdia · Is(x)/Id(x), where Is(x) denotes the
intensity spectrum reflected from the sample–diamond
interface and Id(x) the reference spectrum. Rdia was deter-
mined from the refractive index of diamond ndia to 0.167
and assumed to be independent of pressure; this is justified
since ndia is known to change only very little with pressure
(�0.00075/GPa) [13,14]. Variations in source intensity were
taken into account by applying additional normalization
procedures.

To obtain the corresponding optical conductivity, the
reflectivity spectra were fitted with the Drude-Lorentz
model combined with the normal-incidence Fresnel equa-
tion, taking into account the known refractive index of
diamond. Furthermore, an increase of the background
dielectric constant (by 15% at maximum) according to the
Clausius–Mossotti relation [15] was assumed to account
for the pressure-induced reduction of the unit cell volume
[16,11].

3. Results

Pressure-dependent reflectivity spectra Rs�d of b-Na0.33-
V2O5 are presented in Fig. 1 for the polarizations Ekb and
E?b. (The region around 2000 cm�1 is cut out from the
experimental spectra since the diamond multi-phonon
absorption causes artifacts in this range; the features at
x � 2500 and 3700 cm�1 are artifacts that originate from
multiphonon absorptions of diamond that are not fully
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Fig. 1. Room temperature reflectivity spectra Rs�d of b-Na0.33V2O5 as a
function of pressure for the polarization E parallel and perpendicular to
the conducting b axis. The arrows indicate the changes with increasing
pressure.
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Fig. 3. Room temperature reflectivity spectra Rs�d of LaTiO3.41 as a
function of pressure for the polarization E along the conducting a axis and
along the b axis. The arrows indicate the changes with increasing pressure.

90                                                           
corrected by the normalization procedure.) Correspond-
ing pressure-dependent optical conductivity spectra of b-
Na0.33V2O5 for the polarization along the conducting axis,
i.e., Ekb, are presented in Fig. 2; they show a pronounced
MIR absorption band, consistent with earlier results [3].
With increasing pressure the overall reflectivity along both
directions rises monotonically (see Fig. 1), indicating a
growing spectral weight in the infrared response. Corre-
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Fig. 2. Room temperature optical conductivity spectra of b-Na0.33V2O5 as
a function of pressure for the polarization E parallel to the conducting b

axis. The arrow indicates the changes with increasing pressure.
spondingly, the oscillator strength of the pronounced Ekb
MIR band in the optical conductivity increases (Fig. 2);
its maximum shifts to lower frequencies. The most notable
effect on the E?b-spectra is a strong increase of Rs�d in the
low-frequency (x < 2000 cm�1) range. At around 12 GPa
we find marked changes, as reported in Ref. [17].

The results of the pressure-dependent reflectivity Rs�d

and optical conductivity of LaTiO3.41 are shown in Figs. 3
and 4, respectively. For the polarization along the chains,
Eka, the overall reflectivity increases monotonically with
increasing pressure. In contrast, for Ekb the reflectivity
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Fig. 4. Room temperature optical conductivity spectra of LaTiO3.41 as a
function of pressure for the polarization E along the conducting a axis.
The arrow indicates the changes with increasing pressure.
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remains basically unchanged up to a pressure of �14 GPa;
only above this pressure the reflectivity increases signifi-
cantly, in particular in the low-frequency range. Similar to
the results of b-Na0.33V2O5, the MIR optical conductivity
of LaTiO3.41 for Eka exhibits a pronounced absorption
band (see Fig. 4). Qualitatively, it shows the same pressure
dependence as in b-Na0.33V2O5, namely an intensity
increase and a shift to smaller frequencies with increasing
pressure.

4. Discussion

For both studied quasi-1D compounds b-Na0.33V2O5

and LaTiO3.41 the pressure-induced increase of the low-fre-
quency reflectivity for the polarization perpendicular to the
conducting direction suggests the onset of a pressure-
induced dimensional crossover from 1D to 2D (or 3D):
for b-Na0.33V2O5 the dimensional crossover evolves contin-
uously starting from the lowest applied pressure. For
LaTiO3.41 its signatures are observed only above 14 GPa.
The crossover is expected to be more clearly visible in the
far-infrared frequency range, where one could monitor the
possible evolution of a Drude component perpendicular
to the conducting axis; this is currently being investigated.

The pressure dependence of the MIR band along the
chains is of particular interest, since it was claimed to be
of polaronic origin [3,4]. Within small-polaron theory the
frequency of the absorption band is a measure of the
polaron binding energy [2], and thus of the electron–pho-
non coupling. In general, the electron–phonon coupling
tends to decrease under pressure as a result of the com-
bined band broadening and stiffening of the crystal lattice.
So, one expects a decrease of the polaron binding energy
under pressure to be a common trend. The observed
redshift of the MIR band with increasing pressure thus
appears to be consistent with its claimed polaronic origin.
However, alternative explanations of the MIR band, for
example in terms of charge transfer transitions or orbital
excitations, cannot be ruled out based on our data.

5. Summary

In summary, the polarization-dependent MIR optical
responses of the quasi-1D metals b-Na0.33V2O5 and
LaTiO3.41 were studied at room temperature as a function
of pressure. Based on the low-frequency reflectivity we
could monitor a pressure-induced dimensional crossover
of the electronic properties. It evolves continuously in b-
Na0.33V2O5 starting from the lowest applied pressure; for
LaTiO3.41 indications for the crossover are found only
above 14 GPa, possibly related to a structural phase tran-
sition, the onset of which was observed at 18 GPa under
nearly hydrostatic conditions [11]. The pressure depen-
dence of the pronounced MIR band observed for both
compounds along the conducting axis is consistent with
an explanation in terms of polaronic excitations. Alterna-
tive explanations, like charge transfer transitions or orbital
excitations, however, cannot be ruled out.
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