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Optical properties of V,_.Cr,O, compounds under high pressure
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Raman and infrared transmission and reflectivity measurements were carried out at room temperature and
high pressure (0—15 GPa) on V,;_,Cr,0, compounds. Raman spectra were collected at ambient conditions on
the x=0.007 and 0.025 materials, which are characterized by different insulating monoclinic phases (M3 and
M2, respectively), while infrared spectra were collected on the x=0.025 sample only. The present data were
compared with companion results on undoped VO, [E. Arcangeletti et al., Phys. Rev. Lett. 98, 196406 (2007)],
which is found at ambient conditions in a different, third insulating monoclinic phase, named M1. This
comparison allowed us to investigate the effects of different extents of structural distortions (Peierls distortion)
on the lattice dynamics and the electronic properties of this family of compounds. The pressure dependence of
the Raman spectrum of VO, and Cr-doped samples shows that all the systems retain the monoclinic structure
up to the highest explored pressure, regardless the specific monoclinic structure (M1, M2, and M3) at ambient
condition. Moreover, the Raman spectra of the two Cr-doped samples, which exhibit an anomalous behavior
over the low-pressure range (P <8 GPa), merge into that of VO, in the high-pressure regime and are all found
into a common monoclinic phase (a possible fourth kind phase). Combining Raman and infrared results on
both the VO, and the present data, we found that a common metallic monoclinic phase appears accessible in
the high-pressure regime at room temperature for both undoped and Cr-doped samples independently of the
different extents of Peierls distortion at ambient conditions. This finding differs from the behavior observed at
ambient pressure, where the metallic phase is found only in conjunction with the rutile structure. The whole of
these results suggests a major role of the electron correlations, rather than of the Peierls distortion, in driving
the metal-insulator transition in vanadium dioxide systems, thus opening to new experimental and theoretical

queries.
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I. INTRODUCTION

Since the first observation of the metal to insulator tran-
sition (MIT) in several vanadium oxides, these materials at-
tracted considerable interest because of the huge and abrupt
change in the electrical properties at the transition. Pure va-
nadium dioxide (VO,) undergoes a first-order transition from
a high-temperature metallic rutile (R) phase to a low-
temperature insulating monoclinic (M1) one. At the MIT
temperature, Tyyr=340 K, the opening of a band gap in the
midinfrared (MIR) region and a jump of several orders of
magnitude in the resistivity are observed.'

Most of the scientific interest on this compound is focused
on understanding the role and the relative importance of the
electron-electron correlation and the structural transition in
driving the MIT. Despite the remarkable experimental and
theoretical efforts devoted to VO, during the last 30 years
(see, e.g., the review in Ref. 2), the understanding of the MIT
is still far from being complete.’8

In the R phase (T> Tyyr) the V atoms, each surrounded
by an oxygen octahedron, form a body-centered tetragonal
lattice. Octahedra are arranged in edge-shared strings and
consequently the V atoms are equally spaced (V-V distance
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of 2.88 A) along linear chains in the c-axis direction.” On
decreasing temperature below Ty;t, the system enters the
M1 monoclinic insulating phase. In this structure V ions in
each chain form pairs along the ¢ axis (V-V distances of
2.63 A within pairs and 3.16 A between pairs). In addition
each V-V pair is tilted with respect to the ¢ axis, leading to a
zigzag pattern. Due to such distortion, a doubling of the unit
cell occurs, with space group changing from Diz (R) to Cgh
(M1).10

It is well known that proper chemical substitution of V
significantly affects the physical properties of VO,.!! While
the effects of donor impurities such as W or Nb can be de-
scribed by conventional extrinsic semiconductor theory,!>!3
acceptor impurities such as Cr or Al have small effects on
conductivity but give rise to important structural
modifications.'"'* On doping VO, with small amounts of Cr,
two additional monoclinic insulating phases, M2 and M3
(space group Cih), mainly characterized by different arrange-
ments of the vanadium chains,'*!> appear. The V,_,Cr,0,
phase diagram as a function of the Cr substitution fraction x
is shown in Fig. 1, as determined by Marezio et al.'* In
V1_Cr,O, Tyt is weakly x dependent, slightly increasing
on increasing the Cr content and the MIT is still accompa-
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FIG. 1. (Color online) T-x(Cr) phase diagram of V,_.Cr,O,
from Ref. 14. R and M1, M2, and M3 indicate the metallic rutile
and the three insulating monoclinic phases, respectively (see text).
The solid symbols indicate both the working temperature and the Cr
concentration of the three samples investigated in the present work.

nied by a structural transition from the rutile to the mono-
clinic symmetries. At room temperature (RT) and on increas-
ing x above 0.004, a transition from the M1 to the M3
monoclinic phase appears. On further increasing the concen-
tration along the room-temperature isotherm, a transition to
the M2 phase occurs. In the M2 structure the dimerization
observed in the M1 phase is partially removed: one-half of
the V atoms dimerizes along the ¢ axis and the other one
forms zigzag chains of equally spaced atoms.'* The M3
phase is insulating and has the same space group of M2
according to Ref. 14. Other authors reported a small triclinic
splitting.'®!7 In this intermediate structure the V-V pairs of
the M2 phase tilt and the zigzag chains start to pair. From a
structural point of view, the M3 phase is intermediate be-
tween M1 and M2, so that an almost continuous transition
from the M3 to the M1 phase has been observed on decreas-
ing the temperature.'> The M2 and M3 phases, stabilized by
very low Cr doping level, slightly differ from the M1 phase
and can be interpreted as metastable phases for pure VO,,
whose free energy is only slightly larger than that of M1.'3
Within a band theory framework, Goodenough!® first pro-
posed that the lattice distortion, leading to the R to M1 tran-
sition (i.e., the V-V pairing and their off-axis zigzag displace-
ment), implies a band splitting with the formation of a
Peierls-type gap. The same arguments have been early
adopted to describe the MIT also in M2 and M3 systems.?’
The nonmagnetic nature of the insulating phases supports
this scenario, in which VO, is an ordinary band (Peierls)
insulator. First-principle calculations of the electronic struc-
ture based on local-density approximation (LDA) demon-
strated the validity of this description, although these calcu-
lations failed to yield the opening of the band gap.?’:?? In
fact, as early pointed out,'? the electron-electron correlation
has to be taken into account to obtain the insulating phase.
Recently, it was shown that, properly accounting for Cou-
lomb repulsion, it is possible to capture correctly both the
rutile metallic and monoclinic insulating state of VO,.*
However, the debate on whether the MIT is driven by an
electronic or a structural mechanism is still open. The
anomalous linear temperature dependence of dc conductivity
above Tyyr without any sign of saturation up to 800 K,?* as
well as the broad energy range (5 eV) in which the spectral
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weight is redistributed at the MIT,’ point out the key role of
the electronic correlation in this system. Moreover, the M2
phase with its two type of V-V chains can be hardly consid-
ered within the band theory framework, where the insulating
phase originates from the Peierls pairing. Indeed, in M2
phase half of the V atoms forms evenly spaced linear chains
that can be regarded as one-dimensional Heisenberg chains
according to NMR (Ref. 15) and electron paramagnetic reso-
nance (EPR) (Ref. 17) studies. Despite the band-structure
arguments of Goodenough and Hong,? the insulating char-
acter of the M2 phase has been reported as an important
support of the idea that the electronic Coulomb repulsion (U)
plays a key role in VO, and that the physics of this system is
close to that of a Mott—Hubbard insulator.'>!8

In order to gain a deeper understanding of the MIT in pure
and Cr-doped VO,, high-pressure studies have also been car-
ried out. Early resistivity measurements>* show in pure VO,
a small pressure-induced increase (about 3 K) in Ty in the
0-4 GPa range. On the contrary the x=0.025 Cr-doped
sample in the M2 phase shows a 20 K decrease in Tyt
within the 0-3 GPa range, whereas on further increasing
pressure it remains almost constant, (Tyyr~ 325 K) up to 5
GPa.'* This discontinuity has been ascribed to a pressure-
induced M2 to M3 transition. On the basis of these results
and of thermodynamics arguments, a pressure temperature
phase diagram has been predicted, with a triple point at P
~5 GPaand T~325 K. On applying pressure at room tem-
perature on the x=0.025 Cr-doped sample (M2 phase), a
transition to the M3 phase is thus expected at 1.5 GPa.'*

In a recent high-pressure Raman and MIR study of VO,,
we demonstrated that the MIT and the structural rutile to
monoclinic phase transition are decoupled in pure VO, at
high pressure. A room-temperature monoclinic metallic
phase appears indeed accessible in the high-pressure regime
(P>10 GPa). These results support the hypothesis that the
MIT in VO, is mainly driven by electronic correlation, al-
though a Peierls contribution cannot be completely ruled out,
since a subtle rearrangement of the V-V pairs seems to occur
at high pressure (~10 GPa).

In the present paper we report the results of a high-
pressure Raman study carried out at RT on two samples of
V,_,Cr,0, family, namely, x=0.007 (M3 phase at RT and
P=0) and x=0.025 (M2 phase at RT and P=0). The present
Raman results, combined with those reported in Ref. 25 car-
ried out on VO, (x=0) at RT, allowed us to compare the
effect of pressure on VO,-like systems. Moreover a high-
pressure MIR study has been carried out at RT on the sample
with the highest doping level (x=0.025) to be compared with
the results reported in Ref. 25 for pure VO,.

In Sec. II the growth and characterization of the samples
studied and the experimental setup used in our experiments
are described. In Secs. III and IV we show ambient pressure
and high-pressure Raman spectra, respectively. In Sec. V we
describe the MIR measurements. An interpretation of our
results is given in Sec. VL.

II. EXPERIMENT

VO, was prepared starting from proper amounts of V,03
and V,05 (Aldrich, >99.9%) pressed in form of pellet and
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reacted at 1050 °C in an argon flow for 12 h. Small crystals
of few tens of micron size have been obtained. V,_,Cr,O,
samples with x=0.025 and x=0.007 in the M2 and M3
monoclinic insulating phase, respectively, at ambient condi-
tions (see phase diagram in Fig. 1) have been synthesized
starting from equimolar amounts of V,05 and V,05 and add-
ing proper stoichiometric amounts of Cr,05. The mixture has
been fired at 1000 °C under an argon atmosphere. Phase
purity was checked through x-ray powder diffraction. Insu-
lator to metal transition temperatures of all the three samples
obtained from differential scanning calorimetry (DSC) mea-
surements were in good agreement with literature data.'-'4
We notice that in the synthetic procedure we applied, Cr is
most probably present in the 3+ oxidation state, which could
give rise to a charge imbalance. Although we are not aware if
the compensation mechanism for this charge imbalance is
obtained with the creation of oxygen vacancies or by an in-
ternal oxidation of V* to V>*, we believe that the small
stoichiometry deviation induced by the Cr reduction does not
significantly affect the relevant optical properties of our
samples.

A screw clamped opposing-plate diamond-anvil cell
(DAC) equipped with 400 wm culet IT A diamonds has been
used for both Raman and MIR high-pressure experiments.
The gaskets were made of a 250 um thick steel foil with a
sample chamber of 130 um diameter and 40-50 um height
under working conditions. We used NaCl and KBr as pres-
sure transmitting media for Raman and MIR measurements,
respectively.”>?’ Pressure was measured in situ with the
standard ruby fluorescence technique.”®

Raman measurements have been carried out by means of
a confocal-microscope Raman spectrometer, equipped with a
20X objective, a 16 mW He-Ne laser (632.8 nm wave-
length), and a 1800 lines/mm grating monochromator with a
charge-coupled-device detector. Raman spectra were col-
lected in the backscattering geometry and a notch filter was
used to reject the elastic contribution. The low-frequency
cutoff of the notch filter prevents to collect reliable spectra
below 170 cm™'. Under these experimental conditions we
achieved a few micron diameter laser spot on the sample and
a spectral resolution of about 3 ¢cm™'. Measurements carried
out on Cr-doped samples have been performed on finely
milled powder.

High-pressure infrared reflectivity and transmittance data
of samples in the DAC have been collected at room tempera-
ture exploiting the high brilliance of the SISSI infrared
beamline at ELETTRA synchrotron in Trieste.?’ The incident
and reflected (transmitted) radiations were focused and col-
lected by a cassegrain-based Hyperion 2000 infrared micro-
scope equipped with a mercury cadmium telluride (MCT)
detector and coupled to a Bruker IFS 66v interferometer,
which allows us to explore the 750—-6000 cm™' spectral
range. The 5 pum (VO,) and 3 um (Cr-doped sample with
x=0.025) thick slabs have been obtained by pressing finely
milled sample powder between the diamond anvils. The
sample slabs have been placed on top of a presintered KBr
pellet in the gasket hole.’® This procedure ensures a clean
sample-diamond interface. The slits of the microscope were
carefully adjusted to collect transmitted and reflected light
from the sample only and kept fixed for all the experiment.
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The high brilliance of the light source and the proper
sample thickness allow us to measure the intensities re-
flected, Ii(w), and transmitted, Ii(w), at each pressure. Pos-
sible misalignments and source intensity fluctuations have
been accounted for by measuring the intensity reflected by
the external face of the diamond anvil I,I?W(w) at each work-
ing point. At the end of the pressure run we measured the
light intensities reflected by a gold mirror placed between the
diamonds I,’?“(w) and by the external face of the diamond
anvil I;°V(w). By using the ratio I;°(w)/ 17" () as a cor-
rection function, we achieved the reflectivity R(w),

Ii(w) ;> (w)

R(w) = s 1
()= 10) 2w W
and the transmittance 7(w),
s /DW
T(w) = 1@ x (@) @)

%0) RN (w)’

where I?Ac(w) is the transmitted intensity of the empty DAC
without gasket and with the anvils in tight contact. The si-
multaneous measurements of R(w) and T(w) allow us to ex-
tract n(w) and k(w), the real and the imaginary parts of the
complex refractive index of the sample, respectively, and so
to obtain the optical conductivity o (w), as explained in Sec.
V.

III. AMBIENT CONDITION RAMAN SPECTRA

The Raman spectrum of monoclinic VO, has been widely
investigated in several works.>>3!32 However the symmetry
assignment of the phonon peaks is still debated, and the cor-
responding spatial modes have not been assigned. In our pre-
vious paper, on the basis of the comparison with the Raman
spectrum of NbO,,* we inferred that the low-frequency Ra-
man peaks of VO, should be ascribed to the motions of the V
ions only. In order to provide support to this assignment, we
performed an oxygen isotope substitution on pure VO, and
analyzed the effect of the substitution on the Raman spectra.
Oxygen stable isotope 80 can be introduced into vanadium
oxide by an annealing of the sample in the atmosphere of
180, (1 bar) at temperatures above 600 °C. At these condi-
tions V,05 phase becomes stable. From V,0s, a stoichio-
metric V,05; has been obtained by a hydrogen reduction.
Finally VO, has been synthesized by mixing of V,05 and
V,05 in the appropriate ratios and annealing at 775 °C for
50 h in a sealed quartz ampoule.

Room-temperature Raman spectra of 160 and 0 VO,
are shown in Fig. 2 where it is well evident that the isotope
substitution leads to a shift of all the phonon peaks, but the
two low-frequency modes at ~190 and 220 cm™' (a)\,1 and
wy, in Fig. 2, respectively). The absence of isotope effect on
the wy, and wy, frequencies confirms that these modes can
be ascribed to V motion only. On the other hand, the most
shifted structure is the peak at ~620 ¢cm™! (wg), whose fre-
quency scales with the reduced mass between the oxygen
and the vanadium atoms. We notice that a polarization analy-
sis of preliminary Raman measurements carried out on small
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FIG. 2. Room-temperature ambient pressure Raman spectra of
160 and '*0 VO,. The open symbols indicate the frequency value
obtained by DFT+LDA calculations on '°0 VO, (see text) in the
high-frequency region.

VO, single crystal showed a fine structure of the spectral
feature at 620 cm™' which consists of three peaks: a strong
central one and two weak shoulders.

The assignment of V-O and V-V modes has been con-
firmed by a preliminary theoretical calculation of the lattice
dynamics carried out within the density functional theory
(DFT) under the LDA. The pattern of the frequencies of the
Raman-active modes theoretically obtained is in good agree-
ment with the experimental findings. The agreement is par-
ticularly good at high frequency, where three Raman-active
modes are identified around 600 cm™', as shown in Fig. 2.
Obtained results confirm the assignation of the mode at
620 cm™! to a V-O mode and indicate that this mode mainly
involves the oxygen ions connecting the different V chains
along the ¢ axis. Room-temperature Raman spectra of a pure
and x=0.025 and x=0.007 Cr-doped VO, (in the M2 and M3
phase, respectively) are shown in Fig. 3.

Undoped VO, (M1) spectrum is in good agreement with
previous data.>'3? Fifteen narrow phonon peaks of the 18
Raman-active modes predicted for the M1 phase (9 Ag
+9 Bg) have been identified. Similar peak patterns have
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FIG. 3. Room-temperature ambient pressure Raman spectra of
Vo.975Cr0.02502 (M2), V,993Cr0,00702 (M3), and pure VO, (M1).
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been observed on M2 and M3 phases. For the latter struc-
tures, group theory predicts the same number of Raman-
active phonon modes of M1 phase but with different sym-
metries (10 Ag+8 Bg).

Great care has been used in order to avoid sample heating
during measurement. In particular the laser power has been
reduced by 2 orders of magnitude to collect Raman spectrum
of x=0.007 sample in the M3 phase. Indeed, on increasing
the laser power (i.e., on increasing the temperature) a revers-
ible transition into the M2 phase occurs because of the vi-
cinity of this sample to the M2-M3 border line at room tem-
perature (see Fig. 1). In this condition this sample shows the
same spectrum of x=0.025 Cr-doped material. High-
temperature (7> Tyyr) measurements carried out on the two
Cr-doped samples and on the parent VO, compound show
that the Raman spectrum of these samples in the rutile phase
(four Raman-active modes) does not show any significative
difference.

The phonon frequency shift with respect to the M1 modes
of pure VO, is well evident in the peak at around 600 cm™!
(wp) and, although much smaller, in the low-frequency mode
at wy, [this can be hardly seen in Fig. 3, but it is rather
evident in Figs. 7(b) and 7(c)]. We notice that the same shift
of the wg and wy, peak observed in x=0.025 doped sample
has been previously observed in nonstoichiometric VO,
samples, as reported in Ref. 34. This finding suggests that the
presence of V3* or V3* in nonstoichiometric VO, stabilizes
the M2 phase, as well as the Cr impurities.

IV. PRESSURE-DEPENDENT RAMAN SPECTRA

Raman spectra of pure, x=0.007 and x=0.025, Cr-doped
VO, samples have been collected as a function of pressure at
room temperature. Owing to the tight contact between the
sample and the hydrostatic medium and to the high thermal
conductivity of diamond, the loading procedure prevents
laser-induced sample heating. Measured spectra were fitted
by using a standard model curve®® given by the sum of the
phonon contributions, each described by damped harmonic
oscillator (DHO), and an electronic contribution,

Bol' x Aiyizw[w
[1+n(w)](a)2+rz+i§(wf—w2)2+ ylzwlz) 3)

The parameters B and I' characterize the electronic re-
sponse and w;, y;, and A; are the frequency, linewidth, and
intensity of the ith phonon peak, respectively. The quantity
[1+n(w)] accounts for the Bose—Einstein statistics. In order
to account for the background in the Raman spectra, a linear
baseline and the diamond florescence signal at each working
point have been included in the fitting curve. A fit example of
P~0 VO, Raman spectrum in the DAC is shown in Fig. 4.

Room-temperature Raman spectra of x=0.025 (panel a)
and x=0.007 (panel b) samples are shown in Fig. 5 at se-
lected pressure. High-pressure Raman spectra of the parent
undoped sample collected over a similar pressure range have
been reported in our previous work.? Background contribu-
tion obtained by the fit of the data has been subtracted for
clarity. As already observed in the pure compound,” high
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FIG. 4. Room-temperature Raman spectrum of x=0.007 Cr-
doped sample in the diamond-anvil cell at 0.1 GPa (open circles)
and best fit (full line). DHO phonon contributions (full lines), dia-
mond background (dashed line), and electronic response (dot line)
have been reported.

pressure does not significantly change the peak pattern and
the general spectral shape over the whole pressure range ex-
plored. Variation on the relative intensities of phonon peaks
must be ascribed to polarization effect.® Since the Raman
spectrum of the R phase (7> Tyyr) is completely different
from that of the monoclinic phases,?>*? and accordingly with
the results previously obtained on VO,,> we can safely con-
clude at a glance that a transition to a R phase of the two
Cr-doped samples is not achieved within the explored pres-
sure range. On applying pressure on the pure sample a regu-
lar hardening of the phonon frequencies has been observed,
apart from the change in slope occurring at around 10 GPa in
the pressure dependence of the wy, and wy, peaks.”> The
effect of pressure on the present x=0.025 and x=0.007 Cr-
doped samples appears more complex and somehow unex-
pected. Indeed, on increasing the pressure the Raman spectra

a b
V0.97scr0.02502 @) V0‘99scr0‘00702 ®
14.6 GPa 14.5 GPa
12.5 GP
) 11.8 GPa M
=]
=]
£ 8.9 GPa
=] 9.2 GPa
N
z
2 6.4 GPa 5.4 GPa
8
=]
=
2.8 GPa 2.5 GPa
0.1 GPa 0.0 GPa
| IS AT S R T TR B
200 400 600 800 200 400 600 800

Raman shift (cm) Raman shift (cm™)

FIG. 5. Room-temperature Raman spectra of (a) x=0.025 and
(b) x=0.007 Cr-doped VO, at selected pressure. Diamond back-
ground obtained by the fitting procedure has been subtracted for
clarity.
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FIG. 6. Comparison between room-temperature Raman spectra
of pure VO,, and x=0.025 and x=0.007 Cr-doped VO, at P
=9 GPa. The dashed lines are guide for the eyes.

of Cr-doped VO, gradually evolve toward that of the un-
doped sample: all the phonon frequency values of the un-
doped and doped VO, are actually coincident at P~9 GPa,
as shown in Fig. 6.

This finding is confirmed by the results obtained applying
the fitting procedure described above. In the following we
will discuss the best-fit results obtained for the wy,, Wy, and
wo phonon modes, since they give the most relevant infor-
mation about the V-V and V-O motions, as discussed in Sec.
II. The obtained phonon frequencies of the Wy, Oy, and wq
phonon modes are shown in Fig. 7 as a function of pressure
together with those previously achieved for VO,.?

Cr-doped samples, as well as the parent compound, show
a remarkable pressure dependence of all the phonon peaks.
In particular, the high-frequency mode wg is almost pressure
independent up to ~9 and ~3 GPa for the x=0.007 (M3)

680 -
V. CrO o 3
— X x 2 s 5 i
‘g 660 L E
L x ., %
Opapl® 22z s, = x=0.000
© P « Xx=0.007
Stess s x=0.025
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' 1 1 1 ‘ @)
~ t

\9/‘;2287 %%1 I 1% ﬂ % +
222%5@ %H FH * (b)

~ i
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TUPERERY
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FIG. 7. (Color online) VO, (black full square) and x=0.025 and
x=0.007 Cr-doped sample (red triangles and blue circles, respec-
tively) phonon frequencies of (a) the V-O and [(b) and (c)] the V-V
modes as a function of pressure.
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and the x=0.025 (M2) samples, respectively, where it ap-
proaches the values obtained for pure VO, wqg. On further
increasing the pressure the three samples show actually the
same pressure dependence [Fig. 7(a)]. The behavior of the
low-frequency mode wy, is even more interesting, showing a
clear softening of the phonon frequencies down to the pure
VO, wy, value at 8-9 and 3-4 GPa for the x=0.025 (M?2)
and the x=0.007 (M3) samples, respectively [Fig. 7(b) and
Fig. 7(c)]. The wy, peak of the three samples shows instead
a rather similar pressure dependence over all the pressure
range.

These findings indicate a gradual transition in x=0.025
and x=0.007 Cr-doped samples from the M2 and M3 struc-
ture, respectively, to that shown by VO, (M1) at high pres-
sure. Finally the change in slope of the pressure dependence
of wy, and, albeit less evident, of wy, observed at around 10
GPa in all the three samples suggests a common subtle rear-
rangements of the V chains.

V. PRESSURE-DEPENDENT INFRARED MEASUREMENTS

In order to compare the results previously obtained for
pure VO, (M1),> high-pressure midinfrared reflectivity
R(w) and transmittance T(w) spectra of the x=0.025 sample
(M?2) have been collected with the experimental setup de-
scribed in Sec. II and in Ref. 25. Present results for the
Cr-doped sample together with those for VO, are shown in
Fig. 8 at selected pressure.

At ambient pressure the low-frequency reflectivity of the
Cr-doped sample is characterized by a steep phononic ab-
sorption, whereas, on increasing frequency, R(w) is almost
flat. The interference fringes, well evident in both R(w) and
T(w) originate by the multiple reflections within the sample-
KBr bilayer. The low T(w) values in the high-frequency side
of the graph are due to the absorption of the low-frequency
tail of the electronic band. Data are not shown in the
1600-2700 cm™' range, where the multiphonon diamond
absorption prevents data reliability. The bump at about
3500 cm™! is due to a bad compensation of the diamond
absorption in this region.

On increasing pressure, R(w) does not change remarkably
up to 10 GPa, whereas T(w) gradually decreases. On further
increasing the pressure, R(w) starts to increase and T(w) is
strongly reduced due to the shift of the electronic band to-
ward lower frequencies. A clear evidence of this process is
found in the optical density O (w)=-In T(w) shown in the
inset of Fig. 8. The electronic contribution fills the optical
gap and remarkably screens the phonon peak revealing a
pressure-induced carrier delocalization. The comparison with
the data collected on VO, (Ref. 25) shows that both R(w)
and T(w) exhibit similar ambient pressure spectra, as well as
similar pressure dependence.

A careful analysis of the data allows us to achieve a
deeper understanding about the observed effect. Exploiting
the simultaneous measurements of R(w) and T(w), we can
extract n(w) and k(w), the real and the imaginary parts of the
complex refractive index of the sample, respectively. To this
purpose a multilayer scheme diamond-sample-KBr diamond
has been adopted taking into account the multiple reflections
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FIG. 8. (Color online) (a) MIR reflectivity R(w) and (b) trans-
mittance 7(w) of x=0.025 Cr-doped VO, at selected pressures. The
arrows indicate increasing pressure. Data have been cut in the dia-
mond absorption frequency range. The dashed lines are guides for
the eyes. For sake of clarity, fringes have been averaged out in the
reflectivity spectra, except at the lowest pressure. Inset: low-
frequency optical density O4(w).

within the sample and the KBr layers by adding incoherently
the intensities of the reflected beams.>® Knowing the slab
thickness d, the refractive index of diamond,?” and the opti-
cal properties of KBr as a function of pressure,® we had to
solve a nonanalytical system of two equations for each fre-
quency to obtain the real and the imaginary parts of the
sample complex refractive index, n(w) and k(w), respec-
tively. We solved this system by a numerical iteration tech-
nique. To initialize the iterative procedure the guess function
n%w) was set equal to the average refraction index (n) of
room-temperature VO, (from Ref. 39) and k%(w) is obtained
inserting n°(w) into the T(w) equation. The subsequent itera-
tion, n'(w), is obtained inserting k°(w) into R(w) and in turn
n'(w) into T(w) to get k'(w). The iteration procedure rapidly
converges giving results stable within 1% after few steps.
This procedure has been previously adopted in analyzing the
infrared data collected on VO, and the resulting n(w) and
k(w) at the lowest pressure were found to be in good agree-
ment with the ambient pressure data reported in the
literature.”-3 We point out that we have checked the indepen-
dence of the results from the guess function and that a com-
plete agreement is found when a different calculation
technique® is adopted to obtain n(w) and k(w).

From n(w) and k(w), the optical conductivity o(w)
=2w/4mn(w)k(w) of the Cr-doped sample have been calcu-
lated at each pressure and shown in Fig. 9. The results re-
ported in Ref. 25 are also shown for sake of comparison. The
low-frequency region of the spectra has not been reported
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FIG. 9. (Color online) (a) Optical conductivity o;(w) of un-
doped VO, from Ref. 25 and (b) x=0.025 Cr-doped VO, as a func-
tion of pressure. The dashed lines are guide for the eyes.

because the strong variations of the optical constants around
the phonon contribution could affect the reliability of the
results of the iterative procedure. In any case the investigated
spectral region allows us to follow the pressure behavior of
the low-frequency tail of the electronic band, which is the
spectral structure mostly affected by the MIT.”

On increasing pressure, VO, shows a weakly pressure de-
pendent o;(w) up to 4 GPa, whereas on further increasing
the pressure, o(w) progressively increases, mainly within
the 1500-4500 cm™!' frequency range. Above 10 GPa an
abrupt increase in the overall o(w) occurs and a remarkable
pressure-induced band-gap filling is observed. On increasing
pressure in Cr-doped sample a similar o (w) behavior is ob-
served, characterized by a gap filling, but o(w) starts to
increase already on applying relatively small pressure. At
high pressure (P> 10 GPa) the optical conductivity has the
same shape of that observed in the undoped sample. It is
worth to notice that highest-pressure data show that the en-
ergy gap of both the samples, if still open, is well below
1000 cm™'. A rough linear extrapolation of the data collected
at P>10 GPa gives positive, although small, o (w=0) val-
ues, compatible with a bad metal behavior.

Following the same procedure adopted in Ref. 25, the
effect of pressure can be better visualized if the pressure
dependence of the spectral weight is analyzed. At each pres-
sure we calculated the integral of o(w) over the
1050-1700 cm™' and 2700-5000 cm™' frequency ranges,
called SW,(P) and SW(P), respectively. The integration
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FIG. 10. (Color online) Normalized spectral weights as function
of pressure of undoped VO, (black squares) from Ref. 25 and x
=0.025 Cr-doped VO, (red triangles) calculated in the low fre-
quency  (900-1600 cm™) and in the high-frequency
(2600-5000 cm™') regions.

has not been extended to the frequency region above
5000 cm™!, owing to the onset of saturation effects in the
spectra collected at the highest pressures (see in Fig. 8 the
high noise level of these spectra at high frequencies). The
spectral weights normalized to the lowest-pressure values,
SW;(P)=SW,(P)/SW,(0) and SW},(P)=SWy(P)/SW4(0),
have been calculated. Present results in comparison with
those reported in Ref. 25 for VO, are shown in Fig. 10. Low-
and high-frequency spectral weights show the same pressure
dependence, with a rather abrupt change in slope which re-
markably occurs at 10 GPa in both the samples. We notice
that the absolute pressure-induced variation of SW,(P) is
much larger than that observed for SWy(P) as expected if
charge delocalization occurs.” Such a large and abrupt in-
crease in the spectral weight in the gap region is certainly
compatible with the occurrence of a pressure-induced MIT,
although the spectral range of the present measurements does
not allow us to claim undoubtedly the complete optical gap
closure above 10 GPa. We want to finally notice that the
absolute values of the normalized spectral weight are almost
the same for both samples, whereas, differently from the
pure VO,, in the Cr-doped sample a slight increase can be
seen also at low pressure.

VI. DISCUSSION AND CONCLUSIONS

The present results together with those reported in Ref. 25
allow for a careful analysis of the effects of the different
monoclinic distortions on both the lattice and the electronic
dynamics of pure and Cr-doped VO, under pressure. The
regular pressure dependence of the VO, phonon peaks (see
Fig. 7) indicates the stability of the M1 phase at least up to
10 GPa whereas, on the contrary, the anomalous pressure
behavior of the Raman-active phonon peaks of the Cr-doped
compounds shows a low-pressure structural instability of the
M?2 and M3 phases. The peak patterns of the Raman-active
phonon of the three monoclinic phases (M1, M2, and M3)
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remarkably differ at ambient pressure but, on applying pres-
sure, the whole spectrum of the two Cr-doped compounds
evolves toward the spectrum shown by the pure compound at
high pressure (see Fig. 6). The transition is continuous and
extends over a wide pressure range being completed at P
~3 GPa and at P~9 GPa for the x=0.007 (M3) and x
=0.025 (M2) Cr-doped samples, respectively. Since present
ambient pressure measurements show that Raman spectros-
copy is very sensitive to the different monoclinic phases (see
Fig. 3), these results indicate that the three systems are in the
same lattice configuration above 9 GPa. Moreover, since the
Raman phonon frequencies of the x=0.007 (M3) and x
=0.025 (M2) Cr-doped samples keep significantly different
at least up to 9 GPa, our data do not confirm the M2 to M3
structural transition at ~1.5 GPa (Ref. 14) claimed for the
x=0.025 sample. We just notice a weak anomaly in the low-
pressure behavior of the three phonon peaks of the x
=0.025 Cr-doped sample shown in Fig. 7.

As discussed in Sec. I, the three monoclinic phases differ
for the V ion pairing and the tilting of the V-V pairs which
causes an off-center displacement of the V ions. This pro-
duces a general distortion of the oxygen octahedral cage
leading to different V-O bond lengths within the same octa-
hedron and, in Cr-doped samples, also between the two
classes of octahedra. To make a rough comparison among the
three monoclinic structures, an average volume per octahe-
dron can be calculated from the average equatorial and apical
V-0 bond lengths using the available data.'* Following this
procedure we obtain almost equal octahedron volumes for
M1 and M3 phases whereas the average volume is slightly
larger for the M2 phase (about 0.5%). Moreover, following
Ref. 14 a measure of the octahedral distortion can be pro-
vided by the standard deviation of the V-O distances from
the average value. The result is that the octahedral distortion
decreases on going from M2 to M3 to M1.'* Bearing in mind
these findings, the peculiar pressure dependence shown by
the wy phonon of the three samples can be ascribed to a
progressive compression and symmetrization of the octahe-
dra. Indeed on applying pressure, M3 (intermediate distor-
tion, minimum volume) transforms into M1 (minimum dis-
tortion, minimum volume) at ~3 GPa, whereas M2
(maximum distortion, maximum volume) transforms into
M1 at a much higher pressure (~9 GPa). On further in-
creasing the pressure, the change in slope in the pressure
dependence of the V mode shown by all the three samples
above 10 GPa [see Fig. 7(c)] suggests a slight rearrangement
of the V chains, leading to a common monoclinic phase
(M,), where the extent of the Peierls distortion is still un-
known.

The comparison between the infrared data of pure and x
=0.025 Cr-doped VO, shows that the partial removal of the
V-V dimerization, characteristic of the M2 phase, does not
sensibly affect the low-frequency electronic properties, since
the two samples show rather similar low-frequency optical
conductivity [o(w)]. Also the o (w) pressure behaviors are
quite similar in the two samples, except for slight differences
in the spectral weights at low pressure (see Fig. 10). Two
regimes below and above a threshold pressure P*~ 10 GPa
can be clearly identified in both the samples. While for P
< P* a weak pressure dependence in optical conductivity is

PHYSICAL REVIEW B 77, 235111 (2008)

observed (see Figs. 9 and 10), for P>P" a clear charge
delocalization process occurs, quite remarkable at the highest
pressures. The spectral shape and the o(w) values at low
frequency at highest pressures show the achieving of a bad
metallic behavior. Bearing in mind the Raman data, the
whole of these results indicates that, on increasing pressure,
Cr-doped VO, enters the same M, structure of the high-
pressure pure VO,, in which the pressure enables a metalli-
zation process.

Combining high-pressure Raman and infrared results, we
can outline an unexpected regime for room-temperature pure
and Cr-doped VO, at high pressure, where the monoclinic to
rutile and the insulator to metal transitions are decoupled.
Indeed, the observed pressure-induced metallization process
occurs within the monoclinic lattice symmetry, which retains
well above 15 GPa (at least up to 19 GPa for VO,). Prelimi-
nary high-pressure x-ray diffraction measurements* extend
the stability of the monoclinic symmetry for VO, up to 42
GPa, giving further support the above statement. Further-
more the same structural data show an abrupt reduction in
the volume of the unit cell on increasing pressure above 10
GPa,* indicating the occurrence of a lattice instability within
the monoclinic symmetry, here conjectured on the basis of
Raman results.

Since the monoclinic lattice symmetry is the structural
signature of Peierls lattice distortions, the present results sup-
port a major role of the electron correlations against struc-
tural effects (Peierls charge-lattice coupling) in driving the
system toward a metallic phase. The discontinuity shown by
the low-frequency V-V modes wy, and wy, at P* (see Fig. 7)
suggests a subtle rearrangement of the V-V chains which
may play a role in driving the system toward a metallic
phase. Nevertheless, since the large lattice distortion from
the M1 phase shown by the M3 and M2 phases does not
induce sensible effects on the electronic properties of these
systems, we can guess that the onset of the metallization in
all the investigated samples is mainly related to the elec-
tronic correlation and not to the lattice dynamics. On the
other hand, recent results obtained on pure VO, confirm the
relevance of electronic correlation on the MIT and a Mott
transition within an insulator/metallic phase-coexistence sce-
nario has been indeed revealed.?

In summary, we have reported on a high-pressure Raman
and infrared investigation on two Cr-doped VO, compounds.
We pointed out the presence of a common high-pressure
monoclinic lattice structure M,. Differently from ambient
pressure, where the metallic phase is shown only in conjunc-
tion with the rutile structure (slightly above RT), a metallic
phase appears accessible at room temperature in the high-
pressure regime of the monoclinic M, phase. Although this
transition seems to be related also to subtle rearrangements
of the V-V chains, the comparison of the effect of pressure
on samples with different extents of Peierls distortion sup-
ports a major role of the electron correlations against
charge-lattice coupling. The present results thus open to
new experimental queries and represent a severe benchmark
for theoretical model aimed at addressing the role of the
electron-electron correlation and the structural transition in
driving the MIT in VO,.
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